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Toroviruses (ToVs) are enteric pathogens and comprise three species, equine torovirus (EToV), bovine torovirus (BToV), and porcine torovirus (PToV). In this study, a novel torovirus (antelope torovirus, AToV) was discovered from fecal samples of Tibetan antelopes (Pantholops hodgsonii) with viral loads of 2.10×109 to 1.76×1010 copies/g. The genome of AToV is 28,438 nucleotides (nt) in length encoding six open reading frames (ORFs) with 11 conserved domains in pp1ab and a putative slippery sequence (14171UUUAAAC14177) in the overlapping region of ORF1a and ORF1b. Phylogenetic analysis illustrated strains of AToV form a unique clade within ToVs and comparative analysis showed AToV share relatively low sequence identity with other ToVs in six ORFs (68.2–91.6% nucleotide identity). These data suggested that AToV represents a novel and distinct species of ToVs. Based on the M genes, evolutionary analysis with BEAST of AToV and other ToVs led to a most recent common ancestor estimate of 366years ago. Remarkably, recombination analysis revealed AToV was the unknown parental ToV that once involving in the recombinant events of HE genes of two Dutch strains of BToV (B150 and B155), which indicated that AToV occurred cross-species transmission and existed both in the Netherlands and China. This study revealed a novel torovirus, a natural reservoir host (Tibetan antelope) of toroviruses for the first time, and appealed to further related studies to better understand the diversity of toroviruses.

Keywords: novel torovirus, Tibetan antelope, RNA sequencing, natural reservoir host, cross-species transmission


INTRODUCTION

Toroviruses (ToVs) primarily infect and cause enteric disease and diarrhea in ungulates, especially equine, bovine, and porcine. Toroviruses once belonged to genus Torovirus, subfamily Torovirinae, family Coronaviridae, order Nidovirales, then, were reclassified into subgenus Renitovirus, genus Torovirus, subfamily Torovirinae, family Tobaniviridae, suborder Tornidovirineae, order Nidovirales according to the Virus Taxonomy: 2018b Release (MSL #34; Hu et al., 2019).1 Toroviruses exhibit polymorphisms of spherical, kidney-shaped, and rod-shaped enveloped virions with 100–140 nm in diameter. The genomes of toroviruses are large (~28kb), single-stranded, and positive-sense RNAs. The genomic organization of torovirus is similar to that of coronavirus with non-translated regions (NTRs) locate at both the 5' and 3' termini, two large and overlapping open reading frames (ORFs), ORF1a and ORF1b, which together encode replicase polyprotein (pp1ab), and four small open reading frames corresponding to the S, M, HE, and N genes, which encode the structural proteins: spike protein, membrane protein, hemagglutinin-esterase, and nucleocapsid protein (Draker et al., 2006; Dhama et al., 2014).

Renitovirus is the only subgenus in the monotypic genus Torovirus including three virus species: equine torovirus (EToV), bovine torovirus (BToV), and porcine torovirus (PToV). human torovirus (HToV) was excluded from the genus Torovirus (Hu et al., 2019). EToV, also called as BEV (Berne virus), has been considered as the prototype species of the genus Torovirus. In 1972, EToV was initially isolated in cell culture from a rectal swab obtained from a horse with diarrheic and hepatic diseases in Berne, Switzerland (Weiss et al., 1983). BToV, also known as BRV (Breda virus), was later observed by electron microscopy in 1979 from feces of 5-day-old calf with acute enteritis in a dairy farm in Breda, Iowa, United States (Woode et al., 1982). PToV was initially detected in 1998 from the feces of piglets in the Netherlands using immunoelectron microscopy. Sequence alignments revealed that the N gene of the PToV only shares 68.7 and 68.3% nucleotide identity with N genes of previously discovered BToV and EToV, respectively (Kroneman et al., 1998). Both BToV and PToV have been reported worldwide including North and South America, Europe, Asia, and South Africa (Dhama et al., 2014; Hu et al., 2019).

Intertype recombination events often occurred between BToV and PToV at regions of the 5'-NTR, ORF1a, ORF1b, HE gene, N gene, and 3'-NTR. Even some BToV and PToV strains carried chimeric HE genes, which were demonstrated deriving from recombination events among BToV, PToV, and unknown ToVs (Smits et al., 2003; Cong et al., 2013; Ito et al., 2016). Moreover, inter-order recombination events were found between ToV (order Nidovirales) and enterovirus G (order Picornavirales). The genome of porcine enterovirus G detected in feces of diarrheal pigs in farms of China, South Korea, Japan, United States, and Belgium was demonstrated inserting with a gene encoding a papain-like cysteine protease of ToV at the junction site of 2C and 3A genes (Conceição-Neto et al., 2017; Knutson et al., 2017; Shang et al., 2017; Tsuchiaka et al., 2018; Wang et al., 2018; Lee and Lee, 2019).

With the development of high-throughput sequencing, a few new toro-like viruses within the family Tobaniviridae were discovered with whole or partial genome sequences in recent years, such as Guangdong chinese water snake torovirus and Guangdong red-banded snake torovirus (Shi et al., 2018). A Tobaniviridae phylogenetic analysis showed that Guangdong chinese water snake torovirus does not cluster with toroviruses within the subfamily Torovirinae and clusters with members of the subfamily Serpentovirinae (Ferron and Debat, 2020). Recently, full genomes of two unclassified toroviruses, goat torovirus (GToV, accession number NC_034976) and Torovirus sp. (ToV sp., accession number MK521914) derived from Capra hircus and Sarcophilus harrisii, respectively, were recorded in Genbank, but there is no further related research about these toroviruses. In this study, we discovered a novel species of torovirus (antelope torovirus, AToV) from Tibetan antelopes in Qinghai-Tibet plateau of China by RNA sequencing (RNA-seq). Remarkably, our study showed the newly found AToV had been involved in the recombination events of the chimeric HE genes of BToV B150 and B155, which had been identified in Dutch veal calf farms (Smits et al., 2003).



MATERIALS AND METHODS


Sample Collection

Fecal samples of Tibetan antelopes were collected in 2014 from Hoh Xil National Nature Reserve, which is located at the Qinghai-Tibet plateau and administratively belongs to Qinghai Province in China. The excreted feces were picked up directly after Tibetan antelopes moved away. A total of 505 fecal samples were collected from five sites, including 73 samples were collected from site A at an altitude of 4479.5m (36°41' N, 94°92' E), 57 samples were collected from site B at an altitude of 4514.4m (35°37' N, 93°44' E), 162 samples were collected from site C at an altitude of 4561.7m (35°51' N, 93°73' E), 147 samples were collected from site D at an altitude of 4614.6m (35°55' N, 93°86' E), and 66 samples were collected from site E at an altitude of 4693.5m (35°59' N, 94°03' E). The feces were collected in 50-ml sterile tubes with viral transport medium, stored at −20°C in a freezer, and transported to the laboratory in Beijing, and then transferred and stored in a −80°C freezer until use. The fecal samples were collected in a non-invasive way, which was approved by Wildlife Protection Agents of Qinghai.



RNA Extraction and RNA Sequencing

Total RNA was extracted from each fecal sample using QIAamp RNA Minikit (Qiagen, Hilden, Germany) and eluted in 50μl RNase-Free Water. The extractions obtained from 160 fecal samples were randomly chosen and merged into three pools for RNA sequencing. Total RNA was initially processed as follows: after DNase I digestion, rRNA was removed by Ribo-Zero Magnetic Gold Kit (Human/Rat/Mouse) and Ribo-Zero Magnetic Gold Kit (Bacterial; Epicentre, Madison, United States). The remaining RNA was used to construct RNA-seq library according to the protocol provided by Illumina (Illumina, Sandiego, United States). Briefly, RNA was purified and enriched using oligo (dT) magnetic beads and then fragmented and reverse transcribed into cDNA. After the synthesis of the cDNA, ends repair was performed, followed by adenylation of the 3' end, ligation of sequencing adapter, and quantification using Agilent 2,100 Bioanalyzer and ABI StepOnePlus Real-time PCR system. Pair-end (125bp) sequencing was performed on Hiseq 2,500 platform (Illumina, Sandiego, United States). The library construction and sequencing procedures were performed in BGI Tech (Shenzhen, China). The resulting sequencing reads were analyzed as previously described (Dai et al., 2018).



RT-PCR Screening

AToV screening for 505 fecal samples was performed by semi-nested RT-PCR. Specific primers were designed based on contigs obtained by RNA sequencing to amplify a 390-bp fragment of the N gene. PrimeScript One Step RT-PCR kit (TaKaRa, Japan) was used for the first reaction. Two microliter of total RNA of each fecal sample was added to an RT-PCR mixture (50μl) included 2μl PrimeScript one Step Enzyme Mix and 1μl (20μM) of each outer primer (F1: 5'-TATGCCTTTTCAACCACCAAC-3', R1: 5'- TGAGACGTTTCATCAGTGGC-3'). After Reverse transcription at 50°C for 30min and initial denaturation at 94°C for 2min, 30cycles of amplification (94°C for 30s, 51°C for 30s, and 72°C for 30s) were performed, followed by 72°C for 10min for the final extension. Subsequently, 5μl of the first-round products were used as the template of the second reaction. In this round, a PCR mixture (20μl) included 2.5U ExTaq DNA polymerase (TaKaRa, Japan) and 1μl (20μM) of each inner primer (F2: 5'- ATGCCTGTTCAGTATCCTTTG-3', R1). After 94°C for 5min, 30cycles of amplification (94°C for 30s, 50°C for 30s, and 72°C for 30s) were performed, followed by 72°C for 10min for the final extension. Products of the second reaction were gel-purified using a QIAquick gel extraction kit (Qiagen, Hilden, Germany) and sequenced using the ABI prism 3700 DNA Analyzer (Applied Biosystems, Foster City, CA, United States) by Sanger method. The sequences of gel-purified products were compared with the sequences of the N gene of AToV.



Complete Genome Sequencing

To determine the full genome of AToV, a set of specific primers were designed (Supplementary Table S1) based on contigs obtained by RNA sequencing. The total RNA of the AToV-positive fecal sample was used as the template. All RT-PCR amplifications were performed using PrimeScript One Step RT-PCR kit and ExTaq DNA polymerase (TaKaRa, Japan). The terminal ends of the genome were confirmed using a 5'/3'RACE Kit (Roche, Switzerland). The amplicons were sequenced after ligation into the pGEM-T vector (Promega, United States). Sequences were assembled with SeqMan (version 7.1.0) to produce the full-length virus genome sequences.



Genome Analysis

Open reading frames (ORFs) were predicted by genome comparison of AToV and three annotated ToVs (accession numbers: AY427798, KM403390, and JQ860350). The predicted amino acid sequences of conserved replicase domains of pp1ab of AToV were identified by aligning with annotated pp1ab of other ToVs (accession numbers: P0C6V7 and P0C6V8) and reconfirmed using PSI BLAST. The secondary structure of RNA pseudoknot was predicted using Hotknots online software (Ren et al., 2005). Nucleotide and amino acid sequences were aligned using the ClustalW within the BioEdit software (version 7.1). Phylogenetic analysis was conducted by the maximum likelihood method using MEGA7.0 with 1,000 bootstrap replications. Bootscanning analysis was performed to detect potential recombination events by using an alignment of nucleotide sequences of the M-HE-N (gaps are excluded) segments of BToV B150 (the query), BToV Breda1, PToV Markelo, and AToV Qinghai1 with the SimPlot software. The following parameters were used in bootscanning analysis: window size, 200bp; step size, 20bp; NJ method under Kimura’s two-parameter correction with 100 bootstrap replicates; transition\transversion ratio, 2.0; the threshold for the bootscan was set at 60%.



Real-Time Quantitative RT-PCR

Real-time RT-PCR was performed on each AToV-positive fecal sample. A forward primer (5'-TGTTTTGTGACCAATCTCTTTACCC-3') and a reverse primer (5'- ACAATAAAAATCAGGTTGGCGGCTA-3') were designed based on sequences of 5'UTR region of AToV genome. Using procedures as follows: the extracted total RNA was diluted 10 times to minimize the interference of background DNA, then, the diluted RNA was reverse transcribed with 1μl (10μM) reverse primer using a PrimeScript RT reagent Kit with gDNA Eraser (Perfect Real Time; TaKaRa, Japan) to produce cDNA. cDNA was amplified with SYBR Premix Ex Taq II kit (Tli RNaseH Plus; TaKaRa, Japan). Concisely, 25μl of a reaction mixture included 2μl cDNA, 10μM of each forward and reverse primers were thermal cycled at 95°C for 30s, followed by 40cycles of 95°C for 5s, 63°C for 30s and 72°C for 30s, using a Rotor-GeneQ cycle (Qiagen, Hilden, Germany). At the end of the assay, PCR products were subjected to melting curve analysis (65 to 95°C, 0.5°C/s) to confirm the specificity of the assay. For quantitation, a reference standard curve was constructed using the pGEM-T Vector (Promega, United States) containing the target sequence.



Evolutionary Analysis

The mean time of the most recent common ancestor (tMRCA) was estimated based on complete M genes sequence data using the Bayesian Markov Chain Monte Carlo (MCMC) approach employed by BEAST package (version 1.8.0; Drummond and Rambaut, 2007). The jModeltest (version 2.1.10) software was used to estimate the best-fit nucleotide substitution model according to the Akaike information criterion (AIC), with GTR+I+G as the best substitution model (Posada, 2008). Constant size under a relaxed clock model (uncorrelated exponential) was adopted based on Bayes factor analysis (Supplementary Tables S2 and S3). The MCMC analysis was performed with 60 million generations and sampled every 10,000 generations with 10% burn-in. Convergence of parameters was assessed on the basis of the ESS reaching values >200 using Tracer software (version 1.5). Maximum clade credibility (MCC) trees were subsequently generated after 10% burn-in using Tree Annotator and viewed by FigTree. Virus strains used in this study are listed in Supplementary Table S4.



Electron Microscopy

Positive fecal sample was diluted to 20% suspensions in phosphate-buffered saline (PBS) and centrifuged at 9,000rpm for 10min. The supernatant was collected and further centrifuged at 12,400rpm for 10min. The supernatant was collected again and centrifuged at 100,000 × g for 60min. The sediment was collected, resuspended, and subjected to negative staining. The viral particles were observed using transmission electron microscopy (TECNAI 12, FEI, Blackwood, NJ) with an acceleration voltage of 80kV.



Nucleotide Sequence Accession Numbers

The complete genome sequences of AToV Qinghai1, Qinghai2, and Qinghai3 were submitted to the GenBank with accession numbers MZ438674, MZ438675, and MZ438676, respectively.




RESULT


Identification of AToV Genome From Tibetan Antelope

The RNA extractions of 160 fecal samples of Tibetan antelopes were merged into 3 pools to construct 3 libraries for RNA sequencing. 332,781 and 306,169 Tobaniviridae family-related reads were yielded from library 1 (a total of 134,806,135 reads) and library 3 (a total of 248,668,776 reads), respectively. Six contigs were assembled from these reads with a length range of 125–28,438 nt and showed 78–91% amino acid identity to BToV Breda1. Three of these contigs are longer than 10,000nt, one (28,438nt) from library 1 and two (10,504nt and 17,590nt) from library 3.

Thus, the existence of AToV in fecal samples of Tibetan antelopes was revealed by RNA sequencing. Three AToV-positive fecal samples were found from site C (35°51' N, 93°73' E) and site E (35°59' N, 94°03' E) by detection of the semi-nested RT-PCR method (Figure 1). Two derive from 160 samples that were used for RNA sequencing and one is from the left 345 fecal samples. Full-length genome sequences of the three strains, Qinghai1, Qinghai2, and Qinghai3 (corresponding fecal sample ID 394, 61, and 419, respectively), were obtained by a combination method of RNA-seq, RT-PCR, and RACE. RNA-seq data have already covered the full genome of Qinghai1 and 98% genome of Qinghai2. The three strains of AToV shared the same genome length with 99% identity with each other. The amounts of AToV RNAs detected by quantitative real-time RT-PCR are 2.10×109, 9.30×109, and 1.76×1010 copies/g in the three positive fecal samples.

[image: Figure 1]

FIGURE 1. Detection of the antelope torovirus (AToV) by semi-nested RT-PCR. One percent of agarose gel electrophoresis. Lanes: M, Marker, DL2000; 1–3, AToV-positive fecal samples; and 4, negative control. Specific amplicon for the antelope torovirus (AToV) corresponds to a size of 390bp.




Genomic Characterization

The genome of AToV is a 28,438 nucleotides RNA. The G+C content is 37%, which is slightly lower than that of BToV (38%) and higher than that of PToV (35%). The AToV genome consists of six open reading frames (ORFs), an 854-nt NTR at 5' end, and a 195-nt NTR at 3' end common to other ToVs (Figure 2A). ORF1a (13,329nt) and ORF1b (6,876nt) are partially overlapped and locate at the 5'-terminal of the genome, almost cover 70% of the genome. The expression of the huge replicase polyprotein (pp1ab) encoded together by ORF1a and ORF1b is translated upon a ribosomal frameshifting event, which requires two elements, namely a specific seven-nucleotide slippery sequence and an RNA pseudoknot (Brierley, 1995). A putative slippery sequence, 14171UUUAAAC14177, was just found upstream of the AToV ORF1a translation stop codon, and the sequence downstream of the putative slippery sequence could be modeled into an RNA pseudoknot structure with two loops and two stems (Figure 3). These two elements are very similar to those predicted for EToV and BToV (Snijder et al., 1990; Draker et al., 2006). Ten predicted domains (Figure 2B) are identified in pp1ab of AToV including ADP-ribose 1-phosphatase (ADRP), papain-like protease (PLP), 3C-like main protease (Mpro), cyclic phosphodiesterase (CPD), RNA-dependent RNA polymerase (RdRp), Zn-binding domain (ZBD), Helicase (Hel), 3'-to 5' exoribonuclease domain (ExoN), nidoviral uridylate-specific endoribonuclease (NendoU), and ribose 2'-O-methyltransferase (MT) by aligning with annotated pp1ab of other ToVs and searching result of PSI BLAST. A new domain, conserved in nidoviruses and is N-terminally adjacent to the RdRp, named as nidovirus RdRp-associated nucleotidyl-transferase (NiRAN; Lehmann et al., 2015) has been discovered in AToV as well. The positions of these domains have been described in the figure legend of Figure 2. The main proteinase Mpro, which mediates the processing steps of the central and C-terminal portions of nidovirus replicase polyprotein, has been identified in BToV and EToV as a serine protease due to the presence of a serine nucleophile in the catalytic triad His-Glu-Ser (Draker et al., 2006). Alignment results revealed that Mpro of AToV is also a serine protease with predicted catalytic triad His-Glu-Ser similar to BToV and EToV. Downstream of ORF1b, as ordered from 5' to 3', there are S (4,749nt), M (702nt), HE (1,254nt), and N (489nt) genes (Figure 2A). ORF1b and S gene are partially overlapped, and there are three short non-coding sequences (gaps) between S-M, M-HE, and HE-N with lengths of 28nt, 17nt, and 43nt, respectively.

[image: Figure 2]

FIGURE 2. Genomic organization of AToV. (A) Schematic representation of AToV genome; (B) schematic representation of pp1ab. Conserved domains are highlighted as follows: a represents ADRP, residues V1645-C1773; PL represents PLP, residues G1820-L1968; Mpro, residues S3131-Q3417; C represents CPD, residues Q4269-D4439; Ni represents NiRAN, residues F4440-R4650; RdRp, residues P4651-Q5233; Z represents ZBD, residues S5284-L5365; Hel, residues V5538-V5813; Exo represents ExoN, residues S5842-V6171; U represents NendoU, residues G6316-Q6465; MT, residues R6466-H6730.


[image: Figure 3]

FIGURE 3. Predicted structure of the AToV ribosomal frameshifting element. The putative slippery sequence and the ORF1a translation termination codon are shaded in gray. N11 indicated 11 unshown nucleotides.


We conducted a comparative analysis of six ORFs among AToV, BToV, EToV, PToV, and unclassified toroviruses GToV and ToV sp. (Table 1). ORFs of ToV strains used for comparative analysis are non-recombinant excluded HE genes of BToV B150 and B155. For ORF1a, ORF1b, and M gene, AToV Qinghai1 shared 68.8–89.4% nucleotide identity and 76.1–92.3% amino acid identity with that of other ToV strains. Sequence identity of S, HE, and N genes between AToV Qinghai1 and other ToV strains (except BToV B150 and B155) were<80% at both nucleotide and amino acid levels. Surprisingly, the HE gene of AToV Qinghai1 shared high sequence identity (91.7–92.0% nucleotide identity and 94.8% amino acid identity) with recombinant HE genes of BToV B150 and B155. A previous study showed that the HE genes of BToV B150 and B155 resulted from recombination events. About 20% of the HE gene sequences of BToV B150 and B155 were derived from a BToV parent and a PToV parent, and the left 80% were derived from an unknown ToV parent. The HE gene sequences of BToV B150 and B155 were 99.0% identical to each other and shared 66.7–73.6% nucleotide identity with that of other BToV and PToV strains (Smits et al., 2003). The high sequence identity between HE genes of BToV B150, B155, and AToV Qinghai1 revealed that AToV is likely to be the unknown ToV parent.



TABLE 1. Pairwise nucleotide and amino acid sequences comparisons of six open reading frames (ORFs) of antelope torovirus (AToV) Qinghai1 and other Torovirus (ToV) strains.
[image: Table1]



Phylogenetic and Evolutionary Analyses

Phylogenetic trees were constructed using the amino acid sequences of the ORF 1a and ORF 1b of representative virus species of subfamilies Torovirinae, Piscanivirinae, and Orthocoronavirinae. In the two phylogenetic trees, three strains of AToV were clustered with toroviruses within the subfamily Torovirinae (Figure 4). Phylogenetic tree based on nucleotide sequences of complete genomes of three strains of AToV and ToVs, which are available in Genbank showed strains of AToV formed a unique clade within ToVs (Figure 5).

[image: Figure 4]

FIGURE 4. Phylogenetic relationship of toroviruses, piscaniviruses, and coronaviruses within the order Nidovirales. (A) The phylogenetic tree of ORF1a; (B) The phylogenetic tree of ORF1b. Strains of AToV were marked with black circles. Phylogenetic trees were constructed using MEGA 7.0 by the maximum likelihood method (1,000 bootstrap replications). Bootstrap values (>70%) are shown at the branches. Scale bars below indicate the amino acid substitutions per site.


[image: Figure 5]

FIGURE 5. Phylogenetic analysis of the complete genomic nucleotide sequence of all ToVs. Strains of AToV were marked with black circles. The tree was constructed using MEGA 7.0 by the maximum likelihood method (1,000 bootstrap replications). Bootstrap values (>70%) are shown at the branches. The scale bar below indicates the nucleotide substitutions per site.


BEAST was used to estimate the tMRCA of toroviruses, based on complete nucleotide sequences of the M genes (702nt). Maximum clade credibility (MCC) tree was constructed with 55 strains of ToVs, including 10 strains of BToV, one strain of EToV, one strain of GToV, three strains of AToV, one strain of ToV sp., and 39 strains of PToV (Figure 6). The most recent common ancestor of AToV and other ToVs was estimated at 366 (95% HPD=124–1835) years ago. AToV and PToV were diverged about 192 (95% HPD=66–431) years ago. The estimated mean substitution rate of the M genes dataset was 1.3 × 10−3 (95% HPD=4.7 × 10−4-2.3 × 10−3) substitution per site per year.

[image: Figure 6]

FIGURE 6. The Bayesian maximum clade credibility tree of M genes of ToVs. The year of sampling, strain name, and virus species are on the tip labels. Node labels indicated the most recent common ancestor (tMRCA) and the posterior probabilities. Strains of AToV were marked with black circles.




Recombination Analysis

To examine whether AToV has occurred in genetic recombination events of BToV B150 and B155, we performed a bootscanning analysis using the SimPlot software. As shown in Figure 7A, for the M gene, BToV B150 was more similar to BToV Breda1; for the HE gene, BToV B150 was more similar to BToV Breda1 from an approximate position the ATG codon to nt 80, more similar to AToV Qinghai1 from nt 81 to 1,100, and more similar to PToV Markelo from nt 1,101 to the end of the HE gene; for the N gene, BToV B150 was more similar to PToV Markelo (Figure 7A). The results of phylogenetic analyses based on M, HE, and N genes (Figure 7B) are consistent with the result of bootscanning analysis. These results are almost identical to that of the previous study (Smits et al., 2003) and demonstrated AToV is the unknown parental ToV of BToV B150 and B155 (Figure 7C).

[image: Figure 7]

FIGURE 7. Recombination analysis among BToV, AToV, and PToV. (A) Bootscanning analysis was conducted with BToV B150 as the query, BToV Breda1, AToV Qinghai1, and PToV Markelo as the parental sequences; (B) Phylogenetic trees were constructed based on complete nucleotide sequences of M, HE, and N genes, respectively, by the maximum likelihood method. BToV B150 is italic bold. ToV strains cluster with BToV Breda1, AToV Qinghai1, and PToV Markelo are in the blue, pink, and green backgrounds, respectively. Bootstrap values (>70%) are shown at the branches. Scale bars below indicate the nucleotide substitutions per site; (C) Presumptive recombination event of BToV B150. Torovirus genomes are depicted schematically with different colors (BToV, AToV, and PToV were represented by blue, pink, and green, respectively).




Morphological Observation

Three AToV-positive fecal samples were examined by transmission electron microscopy. Two spherical enveloped ToV-like particles with surface spikes of about 100nm in diameter were observed from one fecal sample (ID 61), which was one of the 160 fecal samples used for RNA sequencing. Each particle in a separate field of vision and was shown in Figure 8.

[image: Figure 8]

FIGURE 8. Virion. Negative stained ToV-like particles. (A) The low magnification TEM image of particle A; (B) the high magnification TEM image of particle A; (C) the low magnification TEM image of particle B; (D) the high magnification TEM image of particle B.


To justify considering these as toroviruses, therefore, we checked RNA sequencing data and found no contigs related to other viruses that have spikes in their particle surface including coronavirus in the family Coronavirdae, respirovirus, morbillivirus, henipavirus, avulavirus, rubulavirus, and pneumovirus in the family Paramyxoviridae and influenza virus A in the family Orthomyxoviridae (He et al., 2014). Only contigs related to toroviruses in the family Tobaniviridae were identified.




DISCUSSION

To date, there are three certain species of toroviruses, equine torovirus (EToV), bovine torovirus (BToV), and porcine torovirus (PToV) have been recognized in domestic ungulates. In this study, we have discovered three strains (Qinghai1, Qinghai2, and Qinghai3) of a novel ToV in a wild even-toed ungulate Tibetan antelope in Qinghai-Tibet plateau of China. We tentatively named the novel torovirus antelope torovirus (AToV) for its host as a species of antelope. Two ToV-like particles were observed directly from one AToV-positive fecal sample in separate visions by transmission electron microscopy.

AToV shares a similar genome organization with other species of ToVs, which contains six open reading frames and two non-coding regions at 5'-terminal and 3'-terminal. Eleven predicted conserved domains, including a newly found domain NiRAN (Snijder et al., 1990), were identified in pp1ab of AToV. Like other ToVs, the Mpro of AToV is a serine protease that resembled the Mpro of arterivirus; a putative slippery sequence was found in the overlapping region of ORF1a and ORF 1b; a predicted RNA pseudoknot with two loops and two stems locates downstream of the putative slippery sequence (Draker et al., 2006).

In phylogenetic trees conducted by amino acid sequences of ORF1a and ORF 1b of members of subfamilies Torovirinae, Piscanivirinae, and Orthocoronavirinae, three strains of AToV were clustered with members of the subfamily Torovirinae and formed a unique clade. In phylogenetic trees conducted with species of toroviruses within the subgenus Renitovirus using nucleotide sequences of complete genome, S (data not shown), M, HE, and N genes (Figures 5, 7B), three strains of AToV separated from other ToVs and formed an independent clade. Comparisons of the nucleotide and amino acid sequences of six ORFs between AToV Qinghai1 and other non-recombinant ToV strains, including strains of unassigned toroviruses GToV and ToV sp., showed that AToV Qinghai1 shared relatively low identity with other non-recombinant ToV strains, especially at the nucleotide level for S, M, HE, and N genes (in a range of 67.0–82.3%). Taken together, these data provide strong evidences that AToV represents a novel and distinct species in the subgenus Renitovirus. Evolutionary analysis based on the M genes showed tMRCA of ToVs occurred about 366years ago. The estimated mean substitution rate of the M genes dataset (1.3 × 10−3) is slightly lower than a previously calculated rate of substitutions (1.4 × 10−3) in BToV (Smits et al., 2003). We chose the M gene of ToV to conduct evolutionary analysis for (1) the length (702nt) of M gene is identical in all ToVs, (2) the data of full-length M genes of ToVs are adequate in Genbank, (3) only a few of full-length sequence data of complete genome, ORF1a, ORF1b, S gene, and N gene of ToVs are recorded in GenBank; using these sequence data may induce bias to evolutionary analysis, and (4) genetic recombination often occurred in the HE genes of ToVs (Smits et al., 2003; Cong et al., 2013), which may disturb the molecular clock for evolutionary analysis.

A previous study showed HE genes of BToV B150 and B155 were recombined by a BToV parent, a PToV parent, and an unknown ToV parent (Smits et al., 2003). Most strikingly, comparative, phylogenetic, and bootscanning analyses together indicated that AToV is the unknown ToV parent that involved in the recombinant events of chimeric HE genes of BToV B150 and B155. Segments of the HE gene of AToV were both found in fecal samples of Dutch veal calf (the host of BToV B150 and B155) in the Netherlands, and fecal samples of Tibetan antelope in China, which indicated the existence of AToV in these two animals and these two countries. Tibetan antelope, a wild and unique even-toed ungulate only in China, inhabits the harsh steppe areas at an elevation of 4,000–6,000km in the Qinghai-Tibet Plateau, is under China’s highest level of protection for poaching and used to be an endangered species that listed on the Red List of Threatened Species by the International Union for the Conservation of Nature and Natural Resources. There is no possible direct contact between Tibetan antelope in China and Dutch veal calf in the Netherlands. We speculated that there may exist an unknown animal that functioned as an intermediate host that connected these two animals for AToV spreading (Figure 9).

[image: Figure 9]

FIGURE 9. Possible transmission model of AToV. Red dotted lines indicated unknown routes of transmission for AToV among Tibetan antelope, unknown animal, and Dutch veal calf.


Our findings initially revealed Tibetan antelope is a natural reservoir host of toroviruses and indicated the diversity of toroviruses, which is far more than we know currently. Wild even-toed ungulates have been assessed as potential hosts of undiscovered viruses that may cause emerging zoonoses in the future (Olival et al., 2017). The proactive discovery of AToV of our study should be valued highly for (1) AToV was found in wild even-toed ungulate (Tibetan antelope) host and (2) cross-species transmission of AToV may occur among wild even-toed ungulate (Tibetan antelope), domestic even-toed ungulate (Dutch veal calf), and unknown intermediate host. The pathogenicity, animal infections, and geographic distribution of AToV should be evaluated in future studies.
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The subtype prevalence, drug resistance- and pathogenicity-associated mutations, and the distribution of the influenza A virus (IAV) isolates identified in Bangladesh from 2002 to 2019 were analyzed using bioinformatic tools. A total of 30 IAV subtypes have been identified in humans (4), avian species (29), and environment (5) in Bangladesh. The predominant subtypes in human and avian species are H1N1/H3N2 and H5N1/H9N2, respectively. However, the subtypes H5N1/H9N2 infecting humans and H3N2/H1N1 infecting avian species have also been identified. Among the avian species, the maximum number of subtypes (27) have been identified in ducks. A 3.56% of the isolates showed neuraminidase inhibitor (NAI) resistance with a prevalence of 8.50, 1.33, and 2.67% in avian species, humans, and the environment, respectively, the following mutations were detected: V116A, I117V, D198N, I223R, S247N, H275Y, and N295S. Prevalence of adamantane-resistant IAVs was 100, 50, and 30.54% in humans, the environment, and avian species, respectively, the subtypes H3N2, H1N1, H9N2, and H5N2 were highly prevalent, with the subtype H5N1 showing a comparatively lower prevalence. Important PB2 mutations such D9N, K526R, A588V, A588I, G590S, Q591R, E627K, K702R, and S714R were identified. A wide range of IAV subtypes have been identified in Bangladesh with a diversified genetic variation in the NA, M2, and PB2 proteins providing drug resistance and enhanced pathogenicity. This study provides a detailed analysis of the subtypes, and the host range of the IAV isolates and the genetic variations related to their proteins, which may aid in the prevention, treatment, and control of IAV infections in Bangladesh, and would serve as a basis for future investigations.
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INTRODUCTION

Influenza caused by influenza viruses (types A, B, C, and D) is a contagious respiratory infection distributed worldwide. Influenza has a wide host range depending on the strains of the influenza A virus (IAV). Based on the circulating strains of the influenza virus, a myriad range of hosts have been described. Many avian and mammalian species such as chicken, duck, quail, and crow, and human, swine, horse, and cat, respectively, might be infected with IAV (Taubenberger and Kash, 2010; Hussain et al., 2017). Every year, millions of people are infected with influenza worldwide, with increasing economic losses due to diagnosis, treatment, and vaccine development costs (Molinari et al., 2007; Mao et al., 2012; Palekar et al., 2019). Likewise, some strains of the IAV with a high morbidity and mortality rate severely impact the poultry industries (Thomas and Noppenberger, 2007; Yoo et al., 2018).

IAV is an enveloped virus of around 100-nm diameter. It belongs to the Alphainfluenzavirus genus and Orthomyxoviridae family. It is a segmented RNA virus, which is negative-sense, single-stranded, and contains eight RNA segments (Eisfeld et al., 2015). The entire genome is around 13,588 bases encoding at least 10 viral proteins (Eisfeld et al., 2015). The major proteins encoded by the viral genomes are hemagglutinin (HA), neuraminidase (NA), nucleoprotein (NP), matrix proteins (M1 and M2), polymerase proteins (PB1, PB2, and PA), and non-structural proteins (NS1 and NEP) (McCauley and Mahy, 1983).

The HA and NA proteins are present on the outermost surface of the virion and play crucial roles in the attachment of the virus to the host cells to initiate the infection cycle, leading to the subsequent release of the viral progeny (Suzuki, 2005; Cohen et al., 2013). The currently available anti-influenza drugs primarily target the NA protein (Wilson and von Itzstein, 2003). The IAV can be classified into different subtypes based on the antigenic properties of the HA and NA proteins. To date, 16 HA and 9 NA subtypes have been reported based on their amino acid variations (Lynch and Walsh, 2007; Proença-Módena et al., 2007). The HA protein determines the host specificity of IAV. The HA proteins of the avian and human influenza viruses bind with two to three sialic acid and two to three sialic acid receptors, respectively, whereas the swine influenza binds both (Trebbien et al., 2011; Byrd-Leotis et al., 2017). However, many of IAV subtypes, H5N1, H7N9, and H9N2, can infect both birds and humans (Mostafa et al., 2018). On the other hand, the M2 protein activated during the IAV entry into the host cells releases the ribonucleoprotein into the cytoplasm to initiate the viral replication (Jalily et al., 2020). The drug adamantane blocks the viral replication during the uncoating step by inhibiting the IAV M2 ion transport (Takeda et al., 2002; Jalily et al., 2020). However, mutations in the NA and M2 proteins might affect the drug susceptibility, and resistant IAV strains have been reported (Hussain et al., 2017). Drug-resistant and mutated highly pathogenic IAVs are distributed worldwide (Wen et al., 2018; Moasser et al., 2019).

Surveillance, vaccines, and antiviral drugs are essential to control and eradicate IAV from a region (Hussain et al., 2017). The rapid spread of drug-resistant IAVs interrupts the management and prevention strategies (Ormond et al., 2017). Hence, researchers have been investigating and designing various next-generation antivirals that are effective against drug-resistant IAVs (Shin and Seong, 2019; Musharrafieh et al., 2020; Toots and Plemper, 2020; Yin et al., 2021). In addition, current influenza vaccines provide only partial protection and may fail to protect against the mutated and novel variants of IAVs (Vanderlinden and Naesens, 2014; Paules and Fauci, 2019). Therefore, the surveillance and analysis of the IAV mutations associated with drug resistance are important for the prevention and treatment of IAV infection.

Among the three subunits of IAV polymerases (PB1, PB2, and PA), PB2 is an important virulence determinant (Graef et al., 2010). PB2 initiates the genome replication of IAV by modulating the ribonucleoprotein complex and regulating the host immune system and antiviral signaling pathways (Carr et al., 2006; Graef et al., 2010). Many clinical and experimental studies have shown that mutations in PB2 affect the activity of this polymerase and the pathogenicity of IAV (Tian et al., 2012; de Jong et al., 2013; Song et al., 2014; Wen et al., 2018). PB2 mutations are also responsible for the interspecies transmission of IAV (Yamada et al., 2010; Wen et al., 2018; Wang et al., 2019). Therefore, the mutational analysis of PB2 in terms of the pathogenicity and interspecies transmission of IAV will be very helpful in preventing and controlling IAV infections.

Human and avian IAV infections were reported in Bangladesh in 2002 and 2006, respectively (Chi et al., 2005; Rimi et al., 2019). On the other hand, highly pathogenic avian influenza (HPAI) H5N1 was reported in poultry in 2007 for the first time and posed a serious threat to public health (Rimi et al., 2019). Moreover, HPAI H5N1 and low pathogenic avian influenza (LPAI) H9N2 caused significant damage to the poultry industry in Bangladesh (Turner et al., 2017; Kim, 2018; Parvin et al., 2018). In addition, the genetic reassortment of HPAI and the introduction of the new clades of IAV are now very common in Bangladesh (Parvin et al., 2014; Marinova-Petkova et al., 2016; Nooruzzaman et al., 2019). However, to our knowledge, the overall prevalence of the different IAV subtypes and their host range in Bangladesh have not yet been reported. The analysis of the genetic mutations associated with drug resistance and pathogenicity is necessary for the development of vaccines and treatment strategies to eradicate IAV from Bangladesh. Therefore, this study analyzed the overall prevalence of the IAV subtypes in Bangladesh from 2002 to 2019 along with the determination of their specific host distribution. Moreover, mutational analyses were performed to determine the prevalence of the drug resistance-associated mutations in the NA and M2 proteins and the pathogenicity-associated mutations in the PB2 protein of IAV.



MATERIALS AND METHODS


Collection and Processing of Influenza A Virus Sequences

The genome sequences of the IAV isolates from Bangladesh were retrieved from GISAID.1 The data about IAV isolates deposited between 2002 and 2019 in GISAID was acquired. The sequences were either full or partial. The IAV isolates from Bangladesh were cross-checked with the NCBI influenza virus database (Bao et al., 2007) and Influenza Research Database.2 The retrieved sequences were downloaded, processed, and analyzed using several bioinformatic tools, such as CLC Sequence viewer,3 NCBI influenza virus database (Bao et al., 2007), and Influenza Research Database (see text footnote 2). The CLC Sequence viewer is a basic bioinformatics tool used to view, create, and edit alignments, and analyze the genomic sequences. The Influenza Virus Sequence Annotation Tool of the NCBI influenza virus database is an online application that can predict influenza protein sequences coded by the nucleotide sequences with specific drug resistance- and virulence-associated mutations. The Influenza Research Database contains surveillance data of the non-human and avian species and the clinical data of humans with the phenotypic, genomic, and proteomic data of the isolated virus strain. This database is used to analyze and visualize various features such as alignment, point mutations in specific proteins, and drug resistance (see text footnote 2).



Analysis of the Prevalence of the Influenza A Virus Subtypes

A total of 2,005, either full or partial genome sequences of IAV isolates, were used to determine subtype prevalence. According to the GenBank and NCBI Influenza Virus Database, a few sequences were designated as mixed by the sequence submitter. On the other hand, the subtype of some sequences could not be determined by the sequence submitter. Therefore, these mixed or undetermined subtypes were excluded from the analysis. The sequences were screened either using the NCBI influenza virus database or Microsoft Excel for the specific subtypes and their host distribution, and the prevalence was analyzed accordingly.



Analysis of Drug Resistance-Associated Mutations in Neuraminidase and M2 Proteins

A total of 1,828 amino acid sequences of the viral NA protein of the IAV isolates were analyzed for mutations associated with neuraminidase inhibitor (NAI) resistance. Among these, 1,200, 553, and 75 sequences were from human-, avian-, and environment-derived IAVs, respectively. The mutations were determined using the “Antiviral Resistance Risk Assessment” tool of the Influenza Research Database (Zhang et al., 2016). Based on the previously submitted data, this tool determines the amino acid mutations in the sequences associated with the alteration of susceptibility to antiviral drugs. A total of 1,761 amino acid sequences of M2 protein were retrieved (human: 1,220, avian: 465, and environment: 76), and adamantane resistance-associated mutations were analyzed using the “Identify Point Mutations in Proteins” tool of the Influenza Research Database (Bao et al., 2007; Dong et al., 2015). This tool had three parameters set as default: type of protein to scan for the specified mutation (s), specific mutation coordinate, and specific subtype (s). Within these parameters, the subtype, protein, and mutation name with their amino acid positions were changed every time based on the purpose of the analysis.



Analysis of the PB2 Amino Acid Mutations Associated With Influenza A Virus Virulence

In total, 1,568 amino acid sequences of the PB2 protein were analyzed for the mutations associated with IAV virulence using the “Identify Point Mutations in Proteins” tool of the Influenza Research Database (Bao et al., 2007; Kim et al., 2010; Wen et al., 2018). Of these, 1,050, 456, and 62 sequences were from human-, avian-, and environment-derived IAVs.



RESULTS


Prevalence of Influenza A Virus Subtypes in the Human, Environmental, and Avian Species

The human IAVs were first reported in Bangladesh in 2002, whereas avian influenza was reported in 2006, according to the GenBank information (Chi et al., 2005; Bao et al., 2007; Parvin et al., 2014). Furthermore, a highly pathogenic IAV (H5N1) was reported in 2007 (Rimi et al., 2019). However, during the last two decades, many IAV subtypes have been reported sporadically in Bangladesh. Therefore, the overall prevalence of the identified subtypes in Bangladesh, from 2002 to 2019 from a total of 2,005 IAV isolates, was analyzed (human: 1,311, avian: 618, and environment: 76). To date, 30 subtypes of IAV have been identified in Bangladesh among which only 4 infect humans, 5 were from non-human and non-avian environmental sources, and 29 subtypes infect avian species (Figure 1A). Among the avian IAV subtypes, the subtype H5N1 is highly prevalent (56.80%) followed by H9N2 (26.70%) (Figure 1B). The prevalence of the subtypes H3N2 (52.48%) and H1N1 (47.22%) in humans was higher though sporadic infections were found with H5N1 (0.23%) and H9N2 (0.08%) (Figure 1C). However, in the environment, the prevalence of H9N2 was higher (60.53%) compared with that of H5N1 (34.21%), H7N9 (2.63%), H5N3 (1.32%), and H11N3 (1.32%) (Figure 1D). In summary, among the 30 IAV subtypes circulating in Bangladesh, H5N1 and H9N2 predominantly infect avian hosts or are primarily isolated from the environment, whereas H3N2 and H1N1 infect humans. The subtypes H5N1 and H9N2 were also sporadically identified in humans though they are primarily found in the environment and avian species.
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FIGURE 1. Emergence and prevalence of influenza A virus (IAV) subtypes in humans, environment, and avian species. Data regarding 2,005 IAV isolates (human: 1,311, avian: 618, and environment: 76) collected in Bangladesh from 2002 to 2019 were retrieved from GISAID, and the prevalence of the different subtypes was determined. (A) Year of first reporting of the emergence of subtypes from 2002 to 2019. Prevalence of IAV subtypes in the avian hosts (B), humans (C), and environment (D).




Distribution of the Influenza A Virus Subtypes in Various Species of Birds

As 29 out of the reported 30 subtypes of IAV (618 isolates) have been found in avian species, the distribution of the specific subtypes in different avian hosts was analyzed. These 29 subtypes can infect 10 different avian species (Figure 2). The maximum number of subtypes (27) were isolated from ducks followed by chickens (5) and two each were found in quails, geese, and waterfowls; the remaining five avian species were each found to host only one subtype (Figure 2). Moreover, H5N1 was found to be distributed among the highest number of avian species (eight), followed by H9N2 (four species), H5N6 (three species), and H5N2 and H10N7 (two species each) (Figure 2). Next, the prevalence of the different subtypes in the specific avian hosts was analyzed. From the total of 27 IAV subtypes identified in ducks, 62.5% were H5N1 (Figure 2A). In addition, among the five subtypes circulating in chicken, H5N1 (55%) and H9N2 (40.49%) were found to be highly prevalent (Figure 2B). However, at least two subtypes were identified in quails, geese, and waterfowls (Figure 2C). The other five avian species showed the prevalence of only one subtype of IAV (Figure 2D). In conclusion, though 29 IAV subtypes were identified in the avian hosts in Bangladesh, the subtypes H5N1 and H9N2 were found to be the most predominant. A large number of subtypes (27) were determined to be circulating in ducks.
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FIGURE 2. Distribution of the IAV subtypes in various avian species in Bangladesh. Distribution was analyzed using 618 IAV isolates from 2006 to 2019 retrieved from GISAID. Distribution of 256 IAV duck isolates into subtypes (A). Distribution of 284 chicken, 43 quail, 7 goose, and 3 waterfowl IAV isolates among subtypes (B,C). Distribution of mentioned avian IAV isolates in different subtypes (D).




Analysis of Neuraminidase Inhibitor Resistance-Associated Mutations

Some IAV isolates show resistance against NAIs due to mutations in their neuraminidase (NA) proteins (Abed et al., 2006; Zürcher et al., 2006; Orozovic et al., 2011; WHO, 2018; Moasser et al., 2019). Based on the analysis of 1,828 isolates/sequences of IAV NA proteins, we found 65 IAV isolates showing resistance to oseltamivir and two showing resistance to oseltamivir and zanamivir. The overall prevalence of NAI-resistant IAV isolates was 3.56% (65/1,828). The prevalence in humans, birds, and the environment was 1.33% (16/1220), 8.50% (47/553), and 2.67% (2/75), respectively (Figure 3A). The distribution of the NAI-resistant human and environmental isolates was limited to H1N1 and H7N9. The avian IAV isolates resistant to NAI were distributed among a wide range of subtypes (Figure 3C). Among 47 NAI-resistant avian IAV isolates, 78.72% (37/47) were found in ducks, 12.76% in chickens, 6.38% in geese, and 2.12% in waterfowls (Figure 3B). The corresponding mutations were V116A, I117V, D198N, D199M, I223R, S247N, H275Y, and N295S, which were previously shown to occur naturally in the infected hosts (Table 1).
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FIGURE 3. Prevalence of NAI resistance-associated mutations and their distribution in hosts and virus subtypes. The prevalence of NAI resistance-associated mutations among 1,828 isolates/sequences (human: 1,200, avian: 553, and environment: 75) was analyzed using the “Antiviral Resistance Risk Assessment” tool of the Influenza Research Database (A). The distribution of 47 NAI-resistant isolates among avian species was analyzed (B). The distribution of 65 isolates found resistant to NAI in humans, avian hosts, and the environment (C). H0N0 means mixed isolates.



TABLE 1. Mutations associated with the drug resistance and pathogenicity of the influenza A virus (IAV) isolates found in this study.
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Analysis of the Mutations in the M2 Protein Associated With Adamantane Resistance

Several mutations, such as L26F, V27A, A30T, A30V, S31N, and G34E in the M2 protein, have been reported to be associated with the adamantane resistance of IAVs isolated from infected hosts (Bao et al., 2007; Dong et al., 2015). The prevalence of adamantane-resistant isolates was 78.88% (1389/1761); these isolates were limited to only five subtypes: H9N2, H5N1, H3N2, H1N1, and H5N2 (Figure 4B). Almost 100% (1,209/1,220) of the human IAV isolates from Bangladesh were found to be resistant to adamantanes, followed by the environment-derived IAVs (50%; 38/76), and the avian host-derived IAVs (30.54%; 142/465) (Figure 4A). Moreover, almost 100% of the H3N2, H1N1, and H9N2 subtypes were adamantane-resistant, whereas the least number of the H5N1 isolates (6.67%) showed resistance to adamantanes (Figure 4B). Besides, in the case of avian isolates, the adamantane-resistant IAVs were found only in chickens, ducks, quails, and pigeons (Figure 4C).
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FIGURE 4. Prevalence of adamantane resistance-associated mutations and their distribution in host and virus subtypes. Isolates, 1,761 (human: 1,220, avian: 465, and environment: 76), were screened for M2 protein mutations associated with adamantane resistance, and prevalence was analyzed (A). The prevalence of adamantane-resistant mutations among 1,489 isolates of the abovementioned subtypes was analyzed (B). The distribution of all 1389 isolates showed adamantanes resistant mutations among the different hosts (C).




Mutation in the PB2 Protein Associated With Virulence of Influenza A Viruses

Mutations in the protein PB2 increase the viral polymerase activity and pathogenicity of the IAV (Tian et al., 2012; de Jong et al., 2013; Song et al., 2014; Wen et al., 2018). Our analysis showed that almost 100% of the human IAV isolates contained PB2 mutations. These mutations are required for adaptation in mammalian hosts, and many of them might be associated with the increased pathogenicity. Nearly all of these mutations belonged to H1N1 (46.19%) and H3N2 (53.52%). The prevalence of mutated IAV isolates with increased pathogenicity was 48.46% (221/456) and 30.65% (19/62) in the avian host and environment, respectively. The mutations were found in the H5N1 (208/226), H9N2 (7/135), H5N2 (2/3), H3N8 (2/6), H7N1 (1/7), and H7N2 (1/1) isolates. Most of the PB2 mutations of avian IAVs were found in H5N1 (208/226) and were primarily distributed in ducks (62%) and chickens (28.96%) (Figures 5A,B). All environmental isolates of H5N1 contain mutated PB2. Several mutations were identified in the sequences of the IAV isolates, namely, D9N, K526R, A588I/V, G590S/Q591R, E627K, K702R, and S714R. These mutations were previously reported to be associated with increased pathogenicity (Table 1; Tian et al., 2012; de Jong et al., 2013; Song et al., 2014; Wen et al., 2018). However, many isolates contained multiple mutations in PB2, especially isolates of human IAVs.
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FIGURE 5. Prevalence of PB2 protein mutations associated with increased pathogenicity and distribution in host and subtypes. Data of 1,568 isolates (human: 1,050, avian: 456, and environment: 62) were retrieved and analyzed. In avian hosts, 221 isolates showed PB2 mutations associated with increased pathogenicity, which were from 376 isolates of the abovementioned subtypes (A). Distribution of the 221 isolates among different avian species (B).




DISCUSSION

A total of 16 HA and 9 NA subtypes have been identified worldwide, and many of these have been reported as zoonotic (Proença-Módena et al., 2007; Mostafa et al., 2018). Several subtypes (H1N1, H2N2, and H3N2) of IAV are pandemic in humans, but genetic reassortment of other zoonotic subtypes may increase the risk of infection in humans (Taubenberger and Kash, 2010; Chastagner et al., 2019). In the last few decades, mutations in the IAV genes have made the selection of appropriate antiviral drugs tremendously challenging. Therefore, proper IAV subtyping is essential for selecting the appropriate antiviral drug to cure the specific IAV infection and to identify new therapeutic targets, as several subtypes are resistant to the currently available antiviral drugs (Kaul et al., 2010; Parida et al., 2016). Moreover, IAV vaccine efficacy may vary depending on the virus strain such as against a specific subtype, H3N2 (Belongia et al., 2016). IAV infects a wide range of hosts, and interspecies transmission is possible (Joseph et al., 2017). In this study, 30 subtypes of IAV were identified in Bangladesh from 2002 to 2019. Of these, 29 were found in avian species with a predominance of H5N1 and H9N2. Four human IAV isolates were reported, with 99.7% belonging to H1N1 and H3N2 (Komadina et al., 2014). However, the interspecies transmission and genetic reassortment of IAVs occurred in Bangladesh and correlated with the global cases (Zhou et al., 2011; Lai et al., 2016; Briand et al., 2018). Interestingly both H3N2 and H1N1 were identified only in ducks, which were found to be infected with a total of 27 subtypes of IAVs in Bangladesh (Wilcox et al., 2011). Ducks might be reservoirs of various IAV subtypes, and coinfection with more than one subtype may be very common, and may facilitate the emergence of a more pathogenic new strain of IAV following genetic reassortment (Hinshaw et al., 1980; Sharp et al., 1997; Wilcox et al., 2011; Deng et al., 2013). Moreover, the emergence of H3N2 from ducks after genetic reassortment with other subtypes is alarming as novel virus strains infecting humans or other mammals may emerge (Zhou et al., 2011; El-Shesheny et al., 2018).

IAV-infected patients can be treated with two groups of anti-IAV drugs; adamantanes that block the viral M2 ion channel activity and NAIs, which inhibit the enzymatic activities of the viral NA protein (Hussain et al., 2017; Jalily et al., 2020; Musharrafieh et al., 2020). However, mutated adamantane-resistant IAV strains have been emerging since 1980 due to mutations in the M2 protein, and their prevalence is increasing (Heider et al., 1981; Dong et al., 2015). The IAV subtypes circulating in humans worldwide, especially the H1N1, and H3N2, show significant resistance to amantadine (Hussain et al., 2017). Few reports showed that the prevalence of adamantane-resistant IAVs exceeds 90% in Asian countries (Nelson et al., 2009; Dong et al., 2015). Accordingly, more than 99% of the human isolates in this analysis showed resistance to adamantanes, and they belong to the H1N1 and H3N2 subtypes. Moreover, more than 90% of H9N2 isolates from humans, avian hosts, and the environment also showed adamantane resistance. In addition, a small percentage of avian and environmental H5N1 isolates were also found to be resistant to adamantanes, consistent with previous findings (Cheung et al., 2006; Govorkova et al., 2013).

Though several NAIs are available in the market, oseltamivir and zanamivir have been used worldwide (Principi et al., 2019). However, mutations in the NA protein affecting the sensitivity of these drugs and IAV resistance have also emerged (Abed et al., 2006; Zürcher et al., 2006; Hussain et al., 2017; WHO, 2018; Moasser et al., 2019). During the study period of 2002 to 2019, 3.56% of the IAV isolates have been found to be resistant to oseltamivir. Interestingly the resistance rate is higher in avian species than in humans. All of the oseltamivir-resistant IAVs were of the H1N1 subtype, which is supported by the findings of a previous global analysis (Hussain et al., 2017). However, a wide range of IAV subtypes with NAI resistance were primarily found in ducks (Earhart et al., 2009; Järhult, 2012; Achenbach and Bowen, 2013).

Many mutations in the PB2 protein identified in human IAV isolates are present in avian species confirming the possibility of interspecies transmission (Yamada et al., 2010; Wen et al., 2018; Wang et al., 2019). PB2 mutations E627K and D701N are found in H5N1 among human isolates, whereas avian type PB2 exhibits the mutations 526K, 627E, and 701D (Chen et al., 2005; Mehle and Doudna, 2008). The PB2 K526R mutation is found in H3N2 among mammalian isolates, whereas the H1N1 subtype shows the mutation 590S/591R for replication in humans (Mehle and Doudna, 2009; Song et al., 2014). PB2 K702R is also supposed to be a host marker as it is found in human H5N1 in Indonesia and has not been reported in avian species (Finkelstein et al., 2007). The mutational analysis of human IAV viral PB2 polymerase from 2002 to 2019 showed that all H1N1 subtypes contained G590S/Q591R mutations, whereas almost all of the H3N2 subtypes contained K526R, E627K, and K702R simultaneously. Interestingly, more than 90% of the avian and 100% of the environmental H5N1 PB2 also contained the K526R, E627K, or K702R mutations, and these mutations were mostly distributed in ducks and chickens. This might be due to interspecies transmission and natural selection (Wang et al., 2019).

In summary, a total of 30 subtypes of the IAV were identified in Bangladesh. Among them, H5N1 and H9N2, are predominant in the avian host and environment, whereas H3N2 and H1N1 are prevalent in humans. The subtypes H1N1, H5N1, and H9N2 have been isolated from humans and avian species. A wide range of subtypes (27) has been found in ducks. All human IAV isolates are resistant to adamantanes. Though the prevalence is low, NAI-resistant IAVs have been circulating in Bangladesh. A high number of avian isolates contained PB2 mutations associated with increased pathogenicity in the human IAV.
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Although plateau pikas are the keystone species in the plateau ecosystem of the Qinghai Province of China, little is known about their role in the evolution and transmission of viral pathogens, especially coronaviruses. Here, we describe the characterization and evolution of a novel alphacoronavirus, termed plateau pika coronavirus (PPCoV) P83, which has a prevalence of 4.5% in plateau pika fecal samples. In addition to classical gene order, the complete viral genome contains a unique nonstructural protein (NS2), several variable transcription regulatory sequences and a highly divergent spike protein. Phylogenetic analysis indicates that the newly discovered PPCoV falls into the genus Alphacoronavirus and is most closely related to rodent alphacoronaviruses. The co-speciation analysis shows that the phylogenetic trees of the alphacoronaviruses and their hosts are not always matched, suggesting inter-species transmission is common in alphacoronaviruses. And, PPCoV origin was estimated by molecular clock based on membrane and RNA-dependent RNA polymerase encoding genes, respectively, which revealed an apparent discrepancy with that of co-speciation analysis. PPCoV was detected mainly in intestinal samples, indicating a potential enteric tropism for the virus. Overall, this study extends the host range of alphacoronaviruses to a new order (Lagomorpha), indicating that plateau pikas may be the natural reservoir of PPCoV and play an important and long-term role in alphacoronavirus evolution.

Keywords: plateau pika (ochotona curzoniae), coronavirus, alphacoronavirus, ancestry, evolution


INTRODUCTION

Over past decades, coronaviruses have caused circulating epidemics and worldwide pandemics, including the most recent pandemic caused by the novel coronavirus (SARS-CoV-2; Jiang and Shi, 2020; Liu et al., 2021). Coronaviruses are spherical, single-stranded, positive-sense, enveloped RNA viruses with genome sizes ranging from 27 to 32 kilobases (kb) in length (Schoeman and Fielding, 2019; Haake et al., 2020). They are classified into four genera: Alphacoronavirus, Betacoronavirus, Gammacoronavirus, and Deltacoronavirus, belonging to the family Coronaviridae (Wang et al., 2019; Haake et al., 2020; Zhu et al., 2021a). Alphacoronaviruses originate from bats and predominantly infect mammals, including shrews (Sorex araneus and Suncus murinus), ferrets, pigs, cats, and a wide variety of rats (Woo et al., 2012; Wang et al., 2017; Wu et al., 2018; Haake et al., 2020). Alphacoronavirus contain 19 species in 14 subgenera and are capable of causing mild to lethal diseases in humans and animals. Two human coronaviruses (HCoV NL63 and HCoV 229E) cause mild illnesses; however, four porcine coronaviruses [swine acute diarrhea syndrome coronavirus (SADS-CoV), transmissible gastroenteritis virus (TGEV), porcine epidemic diarrhea virus (PEDV), and porcine respiratory coronavirus (PRCV)] cause watery diarrhea, gastroenteritis, severe villous atrophy, and high mortality in piglets (van der Hoek et al., 2006; Yip et al., 2016; Zhou et al., 2018; Wang et al., 2019; Cheng et al., 2020; Haake et al., 2020; Jung et al., 2020).

Coronaviruses have the largest genomes (26 to 32kb) among RNA viruses, with gene order of 5'-leader-UTR to 3'UTR-poly (A) tail is replicase (ORF1ab)-spike (S)-envelope (E)-membrane (M)-nucleocapsid (N; Wang et al., 2017, 2020). Coronavirus genomes encode three classes of proteins, including 16 nonstructural proteins (nsp1–nsp16) from ORF1ab, four major structural proteins (S, E, M, and N) and several accessory proteins between these structural proteins (Haake et al., 2020). Recently, a predicted NS2 between ORF1ab and S was discovered in rodent alphacoronaviruses within subgenus Luchacovirus. NS2 is not present in any other characterized alphacoronaviruses, but is usually found in betacoronaviruses (Lau et al., 2012b; Tsoleridis et al., 2019).

The plateau pika (Ochotona curzoniae), also known as the black-lipped pika, belongs to family Ochotonidae within order Lagomorpha and is a keystone species of the Tibetan Plateau of China (Yang et al., 2011; Wu et al., 2019). They are small, non-hibernating, rabbit-like mammals with short limbs, rounded ears, no external tail, and inhabiting areas around 3,100 to 5,000 meters above sea level throughout the Tibetan Plateau of China (Yang et al., 2011; Yu et al., 2014; Su et al., 2016). Recently, plateau pikas have been considered as hosts for influenza viruses (H7N2, H9N2 and H5N1; Zhou et al., 2009; Yu et al., 2014; Su et al., 2016). Additional viruses from plateau pikas are rarely reported. Although betacoronaviruses and deltacoronaviruses have been identified in other wild animals in the Qinghai-Tibetan Plateau (Wu et al., 2018; Zhu et al., 2021b), little is known about the role of plateau pikas in the evolution and transmission of coronaviruses. In this study, we identified a novel coronavirus in the plateau pika from the Tibetan Plateau of China and explored the evolution and virus-host co-divergence within the genus Alphacoronavirus.



MATERIALS AND METHODS


Samples

In July 2019, a total of 157 plateau pikas were captured from four sites (3,890–3,970 meters above sea level) in mountainous regions of Yushu Tibetan Autonomous Prefecture in Qinghai Province of China. The distance between sample collection sites is about 50 kilometers. All captured animals were clinically healthy and identified through morphological examination. Pikas were trapped and euthanized, and their respiratory tracts and intestinal contents were removed and preserved in 5-ml tubes directly. All sampling work was approved by the ethics committee of the National Institute for Communicable Disease Control and Prevention of China CDC (ICDC-2019012), and conducted by Yushu Prefecture Center for Disease Control and Prevention as part of plague surveillance.



RNA Extraction and Coronavirus Screening

Viral RNA of each fecal sample was extracted using QIAamp Viral RNA Mini kit (QIAGEN) and resuspended in 50μl of DNase-free, RNase-free water. Conserved primers were used to amplify the 440-bp fragment of RNA-dependent RNA polymerase (RdRp) of coronaviruses (Woo et al., 2005). Reverse transcription-polymerase chain reaction (RT-PCR) was performed by PrimeScript™ One Step RT-PCR Kit Ver.2 (Takara) with 50°C for 30min and 33cycles of 94°C for 30s, 48°C for 30s, 72°C for 30s, and a final extension at 72°C for 10min. The PCR products were gel-purified before conducting Sanger sequencing.



Complete Genome Sequencing

The total RNA of a coronavirus positive sample was firstly rRNA-removed using the Ribo-Zero Gold rRNA Removal Kit. The TruSeq stranded total RNA library prep gold kit was used for library construction according to instructions. Paired reads (2×150bp) were obtained using the Illumina HiSeq2000 platform, which were assembled into contigs using Trinity v2.8 (Grabherr et al., 2011). The assembled contigs were annotated in NCBI non-redundant protein database using Diamond (Buchfink et al., 2015). To confirm the assembled genome, clean data were mapped back to the genome using Bowtie 2 (Langmead and Salzberg, 2012) and assembled using SPAdes (Bankevich et al., 2012). Moreover, several primers were designed to amplify the NS2, S, and N genes followed by Sanger sequencing (Supplementary Table S2).



Genome and Phylogenetic Analyses

The deduced amino acid and nucleotide sequences of the open reading frames (ORFs) were found using ORF finder with default parameters and compared to those of other coronaviruses (Gao et al., 2003). The proteinase cleavage sites of CoVs were predicted using an online tool (Gao et al., 2003). The amino acid and nucleotide identities were calculated using BioAider version 1.334 (Zhou et al., 2020). Protein families and homology searches were performed by InterPro (Blum et al., 2021) and HMMER (Potter et al., 2018), respectively. Transmembrane helices in proteins were predicted by TMHMM with a hidden Markov model (Krogh et al., 2001). N-linked glycosylation and O-GalNAc (mucin type) glycosylation sites were predicated using web server.1 The amino acid sequences were aligned using the MAFFT program (Katoh and Standley, 2013). Aligned regions were polished using Gblocks (Talavera and Castresana, 2007). Phylogenetic analyses were constructed using the maximum-likelihood method by PhyML 3.0 with IBV as the outgroup and bootstrap values of 1,000 (Guindon et al., 2010). Based on AIC criteria, the substitution models were selected using ModelFinder (Kalyaanamoorthy et al., 2017).



Estimation of Divergence Dates

The complete RdRp and M genes of PPCoV and related coronaviruses were acquired and aligned using the MAFFT program (Katoh and Standley, 2013). Sampling times were collected, and the divergence was estimated using a Bayesian Markov chain Monte Carlo (MCMC) method implemented in BEAST v 1.10 (Lau et al., 2012a). Analyses were performed using the SRD06 substitution model with uncorrelated relaxed clock. The MCMC run was 1×108 steps long, with sampling every 1,000 steps. The mean time of the most recent common ancestor (tMRCA) and the highest posterior density regions at 95% (HPDs) were calculated. All the ESS values of statistic parameters were greater than 200 and visualized using Tracer v1.7.1 (Suchard et al., 2001). The trees were summarized in a target tree (a 10% burn-in) by the Tree Annotator program included in the BEAST package.



Virus-Host Co-divergence and Recombination Detection

The host species were collected and used to infer phylogenetic trees of alphacoronavirus mammal hosts using TimeTree (Kumar et al., 2017). A phylogenetic virus tree was built based on polyproteins as described above. A virus-host co-divergence tree was constructed using Jane software package (Conow et al., 2010) with generations set at 100 and population size set at 100. Event costs were set at 0 for co-divergence, 1 for duplications, 1 for host-switching, and 1 for loss. Recombination analysis was conducted using both Simplot version 3.5.1 with setting parameters of the F84 model, window size 1,000bp and step 200bp (Lau et al., 2012b) and Recombination Detection Program (RDP) version 4.97 with default parameters (Martin and Rybicki, 2000).




RESULTS


Novel Alphacoronavirus in Plateau Pikas

A total of 157 plateau pikas were obtained from four sites in Qinghai-Tibet plateau (Qinghai Province) in the northwest of China. RT-PCR targeting a 440bp fragment of the RdRp gene was conducted to screen potentially novel coronaviruses (CoVs). Viral RNA was positive in seven (4.5%) of 157 intestinal samples, with only positive in two respiratory samples of these seven pikas. All seven positive intestinal samples were collected from the same site, with overall detection rate of 13.7% at this site. Sequences of the screening PCR products revealed that they had <85.8% nucleotide identities to the corresponding sequences of known alphacoronaviruses, with 100% nucleotide identity to each other. Primer for multiple genome sites including NS2, S, and N genes were used to confirm the genome of all the positive samples, showing 100% nucleotide similarity among them. These results indicated that a new CoV (sharing <85.8% nucleotide identities to known alphacoronaviruses based on the 440bp fragment) circulates in plateau pikas of this site. No obvious diseases were observed in plateau pikas infected with the new CoV. To further confirm the pathogenesis, sections of respiratory tracts of plateau pikas that were positive for CoV were checked by staining with hematoxylin–eosin (HE). No inflammation was observed in respiratory samples (Supplementary Figure S1).



Complete Genome Characterization

Since partial RdRp sequences indicated that the CoV may represent a new member of the genus Alphacoronavirus, we selected one (designated P83) of the CoV positive samples for high-throughput sequencing. A total of 144,123,796 reads were obtained. To verify the assembled viral genome, a total of 154,419 reads were mapped back to the coronavirus genome. The genome was temporarily named plateau pika coronavirus (PPCoV) P83 (GenBank accession number MZ577265) with a size of 28,312 nucleotides (without 5' and 3' rapid amplification) and 35.8% G+C content. The genome organization of PPCoV was similar to that of other related alphacoronaviruses, with classical gene order of 5'-replicase ORF1ab-spike (S)-envelope (E)-membrane (M)-nucleocapsid (N)-3' (Figure 1; Table 1). A putative transcription regulatory sequence (TRS) motif of 5'-AACUAA-3' was located upstream in majority of the genes (Table 1), which was similar to that in other alphacoronaviruses. Some variations of TRS motif were observed in the PPCoV genome for NS2a (5'-TACUUUAA-3'), E (5'-UACUAA-3'), and NS7a (5'-AAGUAA-3') genes (Table 1), but no TRS motif was observed for NS9 gene. The putative nonstructural proteins (nsp) from ORF1ab with their corresponding cleavage sites are listed in Supplementary Table S1. The lengths of nsp2 and nsp4 in PPCoV differed from those of related alphacoronaviruses (Supplementary Table S1).
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FIGURE 1. Schematic diagram of the genomes of PPCoV and related representative alphacoronaviruses. LRNV, Lucheng Rn rat coronavirus; AcCoV-JC34, Coronavirus AcCoV-JC34; SADS-CoV, Swine acute diarrhea syndrome coronavirus.




TABLE 1. Coding potential and putative transcription-regulatory sequences (TRS) of PPCoV.
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The genome of PPCoV showed 69.2 to 71.4% nucleotide sequence identities to Lucheng Rn rat coronaviruses (LRNVs), and <50.7% to other alphacoronaviruses (Table 2). The ORF1ab of PPCoV shared 75.1 to 76.2% amino acid (aa) identities with the ORF1ab of LRNVs, and <48.6% with that of other CoVs. The replicase domains of 3C-like protease (3CLpro), 3'-to-5' exonuclease (ExoN), nidoviral uridylate-specific endoribonuclease (NendoU) possessed <62.9%, <86.2%, and <85.0% aa identities, respectively, to the corresponding domains of other CoVs (Table 2).



TABLE 2. Sequence identity and genome information for PPCoV compared with related alphacoronaviruses.
[image: Table2]

NS2a gene between ORF1ab and S genes was minimally present in rat coronaviruses with exception of alphacoronavirus UKRn3, LRNV Lucheng-19, RtMruf-CoV-1/JL2014, and RtRl-CoV/FJ2015 (Table 2). An NS2a gene (20,246–21,079nt) was predicated in PPCoV with 277 aa (Table 1); it had 53.1 to 55.8% aa identities to related alphacoronaviruses (Table 2) and <41.0% aa identities to corresponding domains of betacoronaviruses. Multiple alignments of amino acid sequences of NS2a are shown in Supplementary Figure S2. Analyses indicated that NS2a of PPCoV contained no membrane helices, with N-glycosylated sites at 149 and 181, and no O-glycosylation sites. An InterProScan search showed that NS2a had homologs to the cyclic phosphodiesterase superfamily. However, the definite function of NS2a in CoVs remain unclear.

Although showing similar structures to those of related CoVs (Supplementary Figure S3), S protein of PPCoV shared only 69.5 to 73.0% aa identities with LRNVs, and <43.4% aa identities with other CoVs. A transmembrane domain (from residues 1,063 to 1,085) was predicated in the S protein, with most of the protein (residues 1 to 1,062) on the outside of the virus and a cytoplasmic tail (residues 1,086 to 1,120), which was similar to that of the Wencheng Sm shrew CoV and bat coronavirus HKU10 (Lau et al., 2012a; Wang et al., 2017). Meanwhile, N-glycosylated modifications of S protein of PPCoV were detected in 13 sites (93, 150, 190, 300, 326, 540, 657, 778, 919, 981, 997.1,010, and 1,050).

Other predicted proteins of NS3, E, M, NS7a and N proteins of PPCoV showed a difference (<90% aa identities) to corresponding proteins of other alpha CoVs, especially in NS8 (<40% aa identities). Notably, M protein of PPCoV was genetically close to that of RtMruf-CoV-1/JL2014 (87.6% aa identity). However, PPCoV shared the highest (70.7%) aa identity to Alpha-CoV UKRn3 and LRNV Lucheng-19 in N protein (Table 2). NS9 locating downstream from the N gene was also found; this is present in some genomes of alphacoronaviruses, such as LRNVs, transmissible gastroenteritis virus (TGEV), porcine respiratory coronavirus (PRCV), and Rhinolophus bat coronavirus HKU2.



Phylogenetic Relationships

In order to evaluate the evolutionary status of PPCoV, we constructed phylogenetic trees based on aa sequences of ORF1ab, S, M, and N from genera Alphacoronavirus and Betacoronavirus (Figures 2, 3 and Supplementary Figure S3). The phylogenetic tree of ORF1ab (Figure 2) showed that PPCoV formed a distinct lineage within the genus Alphacoronavirus, and was closely related to the cluster of rodent alphacoronaviruses (viruses obtained from rat species; Tsoleridis et al., 2019). A slightly different clustering pattern was observed in phylogenetic trees based on M and N protein sequences, showing that PPCoV was clustered within the rodent coronavirus clade (Supplementary Figure S4).
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FIGURE 2. Phylogenetic analysis based on amino acid sequences of ORF1ab. The tree was built by maximum-likelihood method with Dayhoff model and bootstrap values calculated from 1,000 trees. Only bootstrap values >80% are shown. Virus from this study is labeled with a red star. HCoV, human coronavirus; MHV, mouse hepatitis virus; BCoV, bovine coronavirus; MERS-CoV, MERS coronavirus; SARS-CoV, SARS coronavirus; TGEV, porcine transmissible gastroenteritis virus; RtMruf-CoV-1/JL2014, Rodent coronavirus isolate RtMruf-CoV-1/JL2014; RtRl-CoV/FJ2015, Rodent coronavirus isolate RtRl-CoV/FJ2015; AcCoV-JC34, Coronavirus AcCoV-JC34; PKCoV, Alphacoronavirus Bat-CoV/P.kuhlii/Italy/3398; PEDV, Porcine epidemic diarrhea virus.


[image: Figure 3]

FIGURE 3. Phylogenetic analysis based on amino acid sequences of the spike protein. The tree was built by maximum-likelihood method with Dayhoff model and bootstrap values calculated from 1,000 trees. Only bootstrap values >90% are shown. The virus from this study is labeled with a red star. HCoV, human coronavirus; MHV, mouse hepatitis virus; BCoV, bovine coronavirus; MERS-CoV, MERS coronavirus; SARS-CoV, SARS coronavirus; TGEV, porcine transmissible gastroenteritis virus; RtMruf-CoV-1/JL2014, Rodent coronavirus isolate RtMruf-CoV-1/JL2014; Rodent coronavirus isolate RtRl-CoV/FJ2015; AcCoV-JC34, Coronavirus AcCoV-JC34; PKCoV, Alphacoronavirus Bat-CoV/P.kuhlii/Italy/3398; PEDV, Porcine epidemic diarrhea virus.


Evolutionary tree based on S protein sequences (Figure 3) revealed significantly different clustering patterns to phylogenetic trees based on ORF1ab, M, and N proteins. The tree of S indicated that PPCoV formed a divergent cluster with Shrew-CoV/Tibet2014, Wencheng Sm shrew CoV, SADS-CoV, bat coronavirus HKU2, and rodent alphacoronaviruses. However, the clade of the PPCoV as well as other phylogenetically related sub-genera all clustered together with the betacoronaviruses with high bootstrap values.



Recombination Analysis and Estimation of Divergence Times

All alpha CoVs clustered together in tree of ORF1ab, but some of alpha CoVs clustered together with the beta CoVs in tree of S. This discrepancy in clades between trees suggested a potential recombination for S gene. However, recombination analysis based on S genes of whole set of alpha- and betacoronaviruses indicated that no recombination event was detected for PPCoV (Supplementary Figure S5).

For tip-dating analysis, the RdRp and M genes of PPCoV and related alphacoronaviruses were selected and checked for potential recombination regions. Then, the entire sequence alignment (recombination region free) was used to evaluate the divergence time with relaxed clock model as previously described (Lau et al., 2012a,b). The most recent common ancestor (tMRCA) of PPCoV and rodent alphacoronaviruses was estimated to be in the year of 1935 (HPDs 1782 to 1987; approximately 84years ago; Figure 4). The molecular clock analysis based on the M genes also showed the tMRCA of PPCoV and rodent alphacoronaviruses was at 1935 (HPDs 1,420 to 2,008; Supplementary Figure S6). The mean substitution rate of RdRp and M genes was calculated to be 2.1×10−4 and 4.8×10−4 per site per year, respectively, which is similar to previous report (Woo et al., 2012).
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FIGURE 4. Estimation of the tMRCA of PPCoV based on RdRp genes. The analysis was conducted using BEAST version 1.10 under the SRD06 model and relaxed molecular clock. The mean times of tMRCA are labeled at each node including HPDs in square brackets. The posterior values are labeled at corresponding branches. Brackets after taxa are labeled with sampling time. Labeled nodes are the corresponding mean estimated dates. The virus from this study is labeled with red font and a red star.




Virus-Host Co-divergence Analysis

The evolutionary history of a virus can mirror that of its host over long-term evolutionary timescales (Shi et al., 2016). A tanglegram was obtained by comparing the tree topologies of viruses and their hosts, which revealed a significant codivergence for alphacoronaviruses (p<0.01). The viruses clearly clustered with their hosts at the order level (Figure 5). However, the topology of hosts did not fully match those of viruses with 14 host switching events, two loss events, and three duplication events. Until now, the host species of alphacoronaviruses were clustered into six orders, including orders Artiodactyla, Carnivora, Chiroptera, Eulipotyphla, Rodentia, and Primates (Figure 5). PPCoV was identified in Ochotona curzoniae belonging to order Lagomorpha, which is different from host taxon of other alphacoronaviruses. This extends the host range of alphacoronaviruses. Meanwhile, virus-host co-speciation analysis showed that plateau pikas appear to be infected with the ancestor of PPCoV through cross-species transmission (Figure 5), and indicated that the common ancestor for PPCoV and rodent alphacoronaviruses can now trace back to 11.6 (range 0.2–44.6) million years ago.
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FIGURE 5. Co-phylogenetic analyses of alphacoronaviruses and their hosts. The host tree is labeled in black with coronavirus tree in blue. Co-divergence events, duplication events, host-switching events, and loss events were labeled with filled circles, empty circles, arrows, and dotted lines, respectively. The virus from this study is labeled with a red font.





DISCUSSION

In this study, a novel alphacoronavirus (PPCoV) was detected and characterized from a new host (plateau pikas) in the Qinghai-Tibet Plateau of China. PPCoV was divergent from known alphacoronaviruses, showing 90% aa identities in three conserved replicase domains (3CLpro, ExoU, and NendoU), and <73.0% aa identities in S protein to other members of genus Alphacoronavirus. Moreover, phylogenetic analyses showed that PPCoV clusters together within the clade of rodent CoVs, but separates from the other viruses.

The genome of PPCoV contains an NS2a gene encoding a protein homologous to the cyclic phosphodiesterase superfamily. This gene seems to be nonessential for viral replication, but plays a role in pathogenicity of mouse hepatitis virus (MHV; de Haan et al., 2002; Lau et al., 2012b). Further studies are needed to understand the potential function of the NS2a protein. Recently, it was shown that blocking N-glycan biosynthesis will enhance S protein proteolysis, which could decrease SARS-CoV-2 binding to host ACE2 and reduce viral entry (Yang et al., 2020). Thus, the N-glycosylated modifications in S protein of PPCoV may have an important role in viral virulence. By comparing all the trees, and observing discrepancies in clades between trees and values in Table 2, there may be recombination because all alpha CoVs cluster together in tree of ORF1ab, but some of alpha CoVs cluster together with the beta CoVs in tree of S. The identical PPCoV in seven samples indicated that PPCoV is circulating in this site, with a relatively high detection rate of 13.7% in the positive sampling site (Lau et al., 2012b; Wang et al., 2017; Mendenhall et al., 2019). The fact that the respiratory tract of plateau pikas infected with PPCoV showed no obvious pathological change, and that PPCoV was mainly detected in fecal samples with only two positive respiratory samples, suggests a benign enteric tropism for PPCoV, which is similar to that of bat coronavirus HKU10 (Lau et al., 2012a).

Molecular-clock analysis estimates that the tMRCA of PPCoV and rodent alphacoronaviruses emerged around the year of 1935. The virus-host co-speciation analysis shows that alphacoronaviruses co-diverged with their hosts over long-time scales and had a complex evolutionary history with host-switching. Moreover, the study reveals that (1) plateau pikas may have been infected with the common ancestor of PPCoV through cross-species transmission from other unknown mammalian hosts; and (2) the genome of PPCoV represents the first genome of alphacoronaviruses from hosts belonging to the order Lagomorpha, thus broadening the host range of alphacoronaviruses into the seventh order. However, we must acknowledge that the time scales estimated by molecular clock and virus-host co-divergence analyses had a huge discrepancy. There are two possibilities for this discrepancy: (1) the molecular clock is not constant (Holmes, 2003; Sharp and Simmonds, 2011). Because the relative rates of substitution are different between sites along the sequence, and could change dramatically both between viruses and lineages, which lead to a substantial underestimation of divergence times (Holmes, 2003). Also, the genome of PPCoV may have changed by combination of multiple substitution and mutation to adapt to host and/or environmental factors in the long evolutionary history, which influenced the result of tip-dating analysis. Thus, the co-speciation over millions of years between pikas and PPCoV is true. (2) The PPCoV is young as depicted by molecular clocks. It is well-known that cross-species transmissions between closely related host species occurs more easier than between distantly related hosts (Charleston and Robertson, 2002). Thus, PPCoV may in fact infect the pikas through occasional cross-species jump from a closely related animal species recently, and the match between PPCoV and host phylogenies gives a false impression of co-speciation. In addition, a previous report showed that the genus Alphacoronavirus may have originated early in Asian house shrews (Suncus murinus; Wang et al., 2017). Recently, another phylogenetically distinct genome of alphacoronavirus (Shrew-CoV/Tibet2014) was also identified in shrews that belong to order Eulipotyphla (Wu et al., 2018). Results of tMRCA and co-divergence analyses support shrews as emerging hosts of alphacoronaviruses and suggest that alphacoronaviruses may have emerged from Sorex araneus. The role of shrews in alphacoronavirus evolution needs continuous studies.

Although no evidence for recombination was detected for S gene of PPCoV, the recombination of coronaviruses at this site deserves future attention. Previously, we have identified a new deltacoronavirus in birds and marmots at the same sampling site (Zhu et al., 2021b). Interestingly, birds and plateau pikas may inhabit the same caves in the Qinghai-Tibet Plateau of China. Coinfection of different CoVs in the same sites may potentially create opportunities for new recombination and emergence of new viruses.

In conclusion, based on its host, phylogenetic status, and sampling location, PPCoV represents a novel member of the genus Alphacoronavirus. This study indicates that plateau pikas may play a significant and previously unrecognized role in the ecology of alphacoronaviruses, and that their role in coronavirus evolution merits further study.
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Enterovirus D68 (EV-D68) is a respiratory viral pathogen that causes severe respiratory diseases and neurologic manifestations. Since the 2014 outbreak, EV-D68 has been reported to cause severe complications worldwide. However, there are currently no approved antiviral agents or vaccines for EV-D68. In this study, we found that zinc ions exerted substantial antiviral activity against EV-D68 infection in vitro. Zinc salt treatment potently suppressed EV-D68 RNA replication, protein synthesis, and infectious virion production and inhibited cytopathic effects without producing significant cytotoxicity at virucidal concentrations (EC50=0.033mM). Zinc chloride (ZnCl2) treatment moderately inhibited EV-D68 attachment. Time-dose analysis of EV-D68 structural protein VP1 synthesis showed stronger suppression of VP1 in the culture medium than that in the cell lysates. Furthermore, a zinc ionophore, pyrrolidine dithiocarbamate, which can transport zinc ions into cells, also enhanced the anti-EV-D68 activity of ZnCl2 treatment. Taken together, our results demonstrated that the enhancement of zinc influx could serve as a powerful strategy for the therapeutic treatment of EV-D68 infections.
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INTRODUCTION

Enterovirus D68 (EV-D68) of the Enterovirus genus (Picornaviridae family) was first isolated in 1962 (Schieble et al., 1967; D'Esposito and Postle, 2015). It has been found that EV-D68 particularly affects children, occasionally causing respiratory illness (Nafisa et al., 2021). It was initially considered a rare virus until the first large outbreak in 2014 (Midgley et al., 2014). Importantly, recent studies have found that EV-D68 infection not only triggers sporadic respiratory illness but is also associated with serious neurological conditions as acute flaccid myelitis (AFM), mainly occurs in pediatric patients (Midgley et al., 2015; Chang et al., 2017). Although EV-D68 is considered to be the main causative agent of AFM, therapeutic drug or treatment specifically for EV-D68 infections is still not available globally.

Enterovirus D68 is a non-enveloped, single-stranded, positive-sense RNA virus. Unlike most enteroviruses that encode ORF2p/uORF (Guo et al., 2019; Lulla et al., 2019), the EV-D68 genome has only one open reading frame (ORF). The ORF encodes a polyprotein precursor, which can be processed by viral proteases into four structural proteins (VP1, VP2, VP3, and VP4) and seven nonstructural proteins (2A, 2B, 2C, 3A, 3B, 3C, and 3D). The known EVD68 receptors are sialic acid and ICAM-5 (Liu et al., 2015a; Baggen et al., 2016; Wei et al., 2016). Thus far, the pathogenesis of EV-D68 infections remains poorly understood.

Zinc ion is the second most abundant transition metal ion in human bodies. It plays vital roles in many biological processes, including cell fate and development, gene transcription, and viral infection. Zinc ion inhibits viral replication by impairing polyprotein processing (Lanke et al., 2007), inhibiting transcription (Haraguchi et al., 1999; Fenstermacher and DeStefano, 2011), interfering with viral-cell membrane fusion to block viral binding and attachment (Suara and Crowe, 2004), and inhibiting viral genome replication (Korant et al., 1974; Bracha and Schlesinger, 1976). Furthermore, zinc plays a crucial role in enhancing host resistance to viral infections by sustaining immune homeostasis. Conversely, zinc deficiency impairs the cellular immune response and weakens cellular immunity. Compounds that are capable of transporting zinc into cells or redistributing cellular zinc exert a viral inhibitory effect.

In this study, we aimed to evaluate the inhibitory effects of intracellular zinc concentration on EV-D68 replication. We also aimed to enhance the antiviral activity of zinc salts using a zinc ionophore. Our results collectively provide proof-of-concept evidence for the clinical investigation of zinc supplementation in EV-D68 therapy.



MATERIALS AND METHODS


Cells and Viruses

RD cells (CCL-136, ATCC, Manassas, VA, United States), A549 cells (CCL-185, ATCC), and HeLa cells (CCL-2, ATCC) were cultured in Dulbecco’s modified Eagle medium (DMEM; cat no: SH30022.01, HyClone, Logan, UT, United States) supplemented with 10% fetal bovine serum (FBS, REF: 04–001-1, Biological Industries, Beit HaEmek, Israel) and 1% penicillin/streptomycin solution. EV-D68 prototype Fermon (VR-1826, ATCC) and EV-D68 2014 US circulating strains, US/MO/14-18947(VR-1823D, ATCC) and US/KY/14-18953(VR-1825D, ATCC), were amplified in RD cells. A mixture of cell and supernatant was collected approximately 3days post-infection and subjected to multiple cycles of freezing and thawing. Then, the samples were clarified using low-speed centrifugation and passed through a 0.22-μm filter, and viral particles were pelleted through a 20% sucrose cushion in an SW28 rotor by centrifuging at 28,000rpm for 90min. The virus stocks were stored at −80°C until further use. All the experiments in this study were approved by the ethics committee of the First Hospital of Jilin University.



Cell Viability Assay

The cells were treated with dose-gradient zinc when the confluency of RD cells was 80%. We prepared quadruplicate wells for each dose in a 96-well plate and filled each well with 100μl medium. A blank group was prepared without cells but filled with medium. Before adding zinc solution, the wells were washed off once with phosphate-buffered saline (PBS) to prevent the interference of dead cells. After 24h of incubation, the wells were washed off once with PBS and 10μl MTS (Biocompare, San Francisco, CA, United States) was added into each well, in dark conditions. Over the next 4h, the OD value was tested at 490nm by a 550 Bio-Rad plate reader every hour. The data were analyzed with GraphPad Prism 8.0 software (GraphPad Software, San Diego, CA, United States), and the IC50 was calculated.



Virus Titer Assay

Viruses from the supernatants were isolated as previously described (Jiang et al., 2020). The supernatant was subjected to three freeze–thaw cycles. Then, the samples were centrifuged at 3,000rpm for 10min, and the supernatants were collected. Virus titers were determined based on the appearance of cytopathic effects (CPEs) in RD cells using a microtitration analysis in accordance with the Reed-Muench method (Reed and Muench, 1938). Virus titers were expressed as the 50% tissue culture infectious dose (TCID50).



Viral RNA Quantification

Total RNA was extracted using a viral RNA isolation kit (Foregene, Chengdu, Sichuan, China) according to the manufacturer’s protocol. cDNA was generated using a reverse transcriptase kit (TransGen, Beijing, China). The viral RNA was quantified using qRT-PCR with the SYBR Green reaction mix (GenStar, Beijing, China) in a Roche LightCycler 480 (Roche, Basel, Switzerland). The following primer was used: GAPDH forward primer 5'-GCAAATTCCATGGCACCGT-3'; GAPDH reverse primer 5'-TCGCCCCACTTGATTTTGG-3'; EV-D68 forward primer 5'-TGTTCCCACGGTTGAAAACAA-3'; and EV-D68 reverse primer 5'-TGTCTAGCGTCTCATGGTTTTCAC-3'. The relative levels of EV-D68 RNA in different samples were determined using a comparative 2−△△CT method and normalized to the GAPDH gene (Wei et al., 2016).



Immunoblotting

Cells were harvested at various time points post-infection, washed twice with cold PBS, and lysed in lysis buffer [150mM Tris (pH 7.5) containing 150mM NaCl, 1% Triton X-100, and complete protease inhibitor cocktail (Roche)] and loading buffer [0.08M Tris (pH 6.8) containing 2.0% SDS, 10% glycerol, 0.1M DTT, and 0.2% bromophenol blue]. The solutions were boiled and vortexed for 10min and then centrifuged at 12,000rpm for 10min. Supernatant proteins were separated using SDS-PAGE and transferred to nitrocellulose membranes using a semi-dry apparatus (Bio-Rad, Hercules, CA, United States). The membranes were probed with primary antibodies [anti-EV-D68 VP1 polyclonal antibody (GTX132312, Genetex, Irvine, CA, United States) and anti-α-tubulin monoclonal antibody (A01410, GenScript, Nanjing, Jiangsu, China)] at 4°C overnight, followed by incubation with secondary antibodies (alkaline phosphatase-conjugated goat anti-rabbit IgG (code: 115-005-045, Jackson ImmunoResearch Laboratories, West Grove, PA, United States) and goat anti-mouse IgG (code: 115-055-062, Jackson ImmunoResearch Laboratories, West Grove, PA, United States), respectively for 1h at 25°C. The membranes were stained with 5-bromo-4-chloro-3-indolyl phosphate and nitrotetrazolium blue chloride (Sigma-Aldrich, St. Louis, MO, United States) and visualized for band quantification.



Viral Attachment Assays

For virus attachment experiments, cells were first rinsed with cold PBS and then incubated with viruses (multiplicity of infection, MOI=0.1) at 4 or 37°C for 2h. Following this, the infected cells were washed with cold DMEM to remove unbound viruses. Total RNA was extracted using a viral RNA isolation kit (Foregene, Chengdu, Sichuan, China). The bound viral RNA was determined using qRT-PCR as described above.



Statistical Analysis

All statistical analyses were performed using GraphPad Prism software 8.0 (GraphPad Software, San Diego, CA, United States). Differences among test groups were analyzed using ANOVA. A value of p<0.05 was considered statistically significant.




RESULTS


Zinc Ions Inhibit Replication of EV-D68

To investigate the effects of zinc salts on EV-D68 infectivity, RD cells were treated with zinc chloride (ZnCl2), followed by challenge with an EV-D68 prototype Fermon (MOI=0.1). The CPEs were detected at 48h post-infection (hpi) in the control group, whereas ZnCl2-treated cells showed prominent resistance to CPEs (Figure 1A). The titers of total viruses were significantly suppressed upon ZnCl2 treatment (Figure 1B). Consistently, the viral structural protein VP1 in the supernatant of infected cells was also reduced (Figure 1C). The EC50 value of ZnCl2 against EV-D68 replication was approximately 0.033mM (Figure 1D). We also measured ZnCl2 cytotoxicity using the MTS assay and determined that the IC50 of ZnCl2 was 0.26mM (Figure 1E), which was much higher than the EC50 of the antiviral activity. The anti-EV-D68 activity of ZnCl2 was also observed in other permissive cells, namely A549 cells and HeLa cells (Supplementary Figure S1). Furthermore, we also confirmed the inhibitory effect of zinc sulfate and zinc acetate on EV-D68 replication (Table 1). Collectively, zinc ions could potently inhibit EV-D68.
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FIGURE 1. ZnCl2 inhibits enterovirus D68 (EV-D68) replication. (A) After a 2-h exposure to EV-D68, RD cells were treated with ZnCl2. The cells were incubated under standard conditions. Cytopathic effects (CPEs) were observed 48h post-infection (hpi). (B) Determination of progeny viral production. Supernatants were collected 48hpi, and viral titers were determined by standard plaque assay. Error bars indicate the SD (p<0.05, p<0.01, and p<0.001). (C) VP1 expression in the supernatant of ZnCl2-treated RD cells. The supernatant was collected at 48hpi, and the samples were prepared for western blot. (D) Effect of zinc on EV-D68 RNA replication (EC50=0.033mM). (E) Cell viability assay. Cellular toxicity of zinc chloride was evaluated by MTS assay.




TABLE 1. Effect of various zinc salts on EV-D68 replication.
[image: Table1]



Zinc Ions Suppress EV-D68 Entry

We sought to determine the phase of the EV-D68 life cycle that was inhibited upon ZnCl2 treatment. ZnCl2-pretreated RD cells were incubated with equal amounts of EV-D68 particles at 4 and 37°C (Figure 2A). Two hours later, the unbound virions were washed off with cold PBS, and the attachment and entry of the viral RNA were determined using qRT-PCR. The results indicated that both virus attachment and entry were inhibited by ZnCl2 treatment (Figures 2B,C), compared to the control groups.

[image: Figure 2]

FIGURE 2. Zinc ions suppress EV-D68 entry. (A–C) RD cells pretreated with ZnCl2 for 24h. RD cells were precooled at 4°C for 30min before challenging with Fermon strain of EV-D68, and the cells were kept at 4 or 37°C for 2h. Unattached virus particles were washed off. The cells were collected for qRT-PCR assay to detect the viral replication. (D–F) EV-D68 was incubated with ZnCl2 for 2h at 37°C. The precooled RD cells were treated with this mixture at 4 or 37°C for 2h. The cells were collected at 2 hpi for qRT-PCR assay. Error bars indicate the standard deviation (p<0.05; p<0.01; and p<0.001).


To eliminate the potential effects of the interaction between zinc ions and EV-D68 particles on the antiviral activity of ZnCl2, we first incubated EV-D68 virions with ZnCl2 for 2h before processing the virus attachment or entry assay (Figure 2D). Pre-incubation with ZnCl2 had no significant influence on EV-D68 entry (Figures 2E,F). Thus, our results suggested that zinc ions inhibited EV-D68 entry apparently due to the effect of ZnCl2 on the ability of cells to support virus replication rather than a direct effect on the virus itself.



Zinc Ions Also Interfere With Release of EV-D68

As our data showed that the inhibition of EV-D68 entry was milder than the suppression of EV-D68 replication by zinc ions, we suspected that zinc salts may also block viral replication at other steps in the life cycle of EV-D68. The levels of VP1 were used as indicators of the intracellular viral protein synthesis and viral particle release. RD cells were challenged with EV-D68 (MOI=0.1). After 48h, the cells and supernatant were harvested for the immunoblotting assay. ZnCl2 showed mildly effects on the expression of VP1 in the cell lysates, but potently decreased extracellular VP1 (Figures 3A,B). We then measured the changes in VP1 levels during infection in the presence or absence of ZnCl2 at different times after infection and found that ZnCl2 inhibited extracellular VP1 expression levels more potently than intracellular VP1. We also found that ZnCl2 exerted an inhibitory effect on the levels of extracellular VP1 after 8h, which was toward the end of the first life cycle of EV-D68 (Figures 3C–E). In summary, zinc ions seemed to exhibit dual antiviral activity against EV-D68 during the viral entry and release steps.

[image: Figure 3]

FIGURE 3. Zinc ions suppress release of EV-D68. (A) VP1 expression in supernatant and cell lysate at 48hpi. (B) The level of viral capsid protein expression from supernatant and cell lysate under same ZnCl2-treated concentration was compared with each other. (C) The changes of VP1 expression of the supernatant and cell lysates between the ZnCl2 treatment group and the control group at different times after infection. RD cells were treated with ZnCl2 at several specific time points, and the viral capsid protein expression level of supernatant (D) and cell lysates (E) was compared with that of the control group by Image J.




Zinc Ions Inhibit Isolate 2014 US Circulating Strains of EV-D68

Recently, we and others demonstrated that the EV-D68 prototype virus and 2014 US circulating strains maintain different sensitivities for sialic acid-mediated viral entry (Wei et al., 2016). To evaluate the broad anti-EV-D68 activity of ZnCl2, we examined its antiviral activity against viral infection by primary EV-D68 isolates (US/MO/14–18947 [MO] and US/KY/14–18953 [KY]). The results showed that ZnCl2 treatment protected RD cells against both 2014 US circulating strains of EV-D68, as demonstrated by decreases in related CPEs (Figure 4A). The viral protein VP1 was also reduced by zinc ions (Figures 4B,C). Further, we also observed significantly higher suppression of VP1 levels in the supernatant than in the cell lysates, which further supported our conclusion that zinc ions maintained dual antiviral activities on virus entry and release. Furthermore, ZnCl2 treatment significantly decreased the virus titers of total virions of the MO and KY strains (Figures 4D,E), compared to the control group.

[image: Figure 4]

FIGURE 4. Zinc exerts inhibitory effects on US/MO/14-18947 and US/KY/14-18953 strains. (A) Cytopathic effects were observed at 48 hpi. (B,C) Immunoblotting showing VP1 expression at 48hpi. (D,E) Determination of progeny viral production. Supernatants were collected 48hpi, and viral titers were determined by standard plaque assay. Error bars indicate the SD (p<0.05; p<0.01; and p<0.001).




Pyrrolidine Dithiocarbamate Enhances the Antiviral Activity of Zinc Ions Against EV-D68

Pyrrolidine dithiocarbamate (PDTC), a zinc ionophore, has been shown to restrict infection by different human viruses by facilitating the import of zinc ions into cells (Lanke et al., 2007; Qiu et al., 2013). We investigated whether PDTC could strengthen the anti-EV-D68 activity of zinc ions. We used a much lower concentration of ZnCl2 (0.0005mM) to treat RD cells, which showed no protective effect against EV-D68 infection (Figure 5). Meanwhile, a single treatment with PDTC at a concentration of 65μM also showed no influence on viral infection. Intracellular VP1 expression was suppressed only in the presence of both PDTC and ZnCl2, compared to the control group (Figure 5A). PDTC and ZnCl2 treatment significantly enhanced the resistance of RD cells to EV-D68 infection (Figure 5B). We noted the fold change of the titers of released virion is higher than that of intracellular VP1 expression in presence of PDTC treatment, which further supports our conclusion that EV-D68 inhibition by zinc influx is mainly targeting at virus release step. In addition, we confirmed that the zinc ions from FBS were associated with the antiviral activity of PDTC (Figure 5C). Hence, enhanced zinc ions influx could boost host cells against EV-D68 infection.

[image: Figure 5]

FIGURE 5. Combined treatment of zinc and pyrrolidine dithiocarbamate (PDTC) inhibits EV-D68 replication. (A) The combination of PDTC and zinc has an inhibitory effect on cellular VP1 expression. (B) The combination of PDTC and zinc decreases the amount of released virion of infected RD cells. (C) Infected cells were treated with PDTC with or without fetal bovine serum (FBS). The zinc ion in FBS helps PDTC to exert viral inhibitory effect.





DISCUSSION

Enterovirus D68 and EV-A71 are the two major non-polio enteroviruses that circulate periodically around the world. Due to the current coronavirus disease of 2019 (COVID-19) pandemic, the number of reported EV-D68 cases has decreased in recent years. However, EV-D68 is still a non-negligible threat to public health due to its rapid spread and irreversible neurological toxicity. In our study, we demonstrated that zinc ions can suppress CPE and infectious virus generation by EV-D68 in vitro. Different zinc salts, namely zinc chloride, zinc sulfate, and zinc acetate, had identical effects on EV-D68 inhibition (Table 1). The inhibition was concentration-dependent and broad-spectrum for both the prototype and 2014 US circulating EV-D68 strains (Figure 4). Hence, our results support the notion that zinc supplementation could serve as a potential prophylactic and therapeutic treatment against EV-D68 infection.

Reportedly, zinc supplementation inhibits the replication of diverse viruses, such as herpes simplex virus (HSV), human immunodeficiency virus (HIV), and vaccinia virus (Korant et al., 1974; Katz and Margalith, 1981; Kumel et al., 1990; Baum et al., 2010). Zinc supplementation interferes with these viruses at different stages, including inhibition of viral uncoating, viral genome transcription, viral protein translation, and viral polyprotein processing (Fridlender et al., 1978; Kumel et al., 1990; Arens and Travis, 2000; Yuasa et al., 2006; Lanke et al., 2007; Liu and Kielian, 2012). Here, we found that zinc ions decreased the capacity of EV-D68 to attach to the targeted cells, which is the initial step for EV-D68 entry (Figure 2). Similar to this behavior, previous studies revealed that zinc ions can fit into the canyons on the surface of rhinovirus virions, thereby preventing the binding of viruses to the cell surface (Kumel et al., 1990). These results were consistent with previous cryo-electron microscopy structural studies that showed high similarity between the surface conformation of EV-D68 and rhinovirus (Liu et al., 2015b). Furthermore, we confirmed that the inhibition relied on the effect of ZnCl2 on the ability of cells to support virus replication rather than a direct effect on the virus itself.

In addition to the inhibition of EV-D68 entry, we also found that zinc treatment suppressed the total virion release from producing cells, by comparing the expression rates of VP1 in the cells and supernatant during viral replication (Figure 3). Hence, zinc ions potently blocked EV-D68 infection through the dual inhibition of virus entry and release. The detailed intracellular factors targeted by zinc ions, which are essential for its anti-EV-D68 activity, warrant further investigation. Nevertheless, the present study further enriched our understanding of the mechanisms of action of zinc salts against viral infections.

The physiological level of zinc in plasma is 10–20μM (Sugarman, 1983), and only about 10–20% of ingested zinc is absorbed. Increasing the sensitivity of host cells to EV-D68 inhibition by zinc salts could be helpful for the application of zinc salts in antiviral treatment. We found that the zinc ionophore PDTC, which facilitates the influx of zinc ions into cells, strongly amplified the antiviral activity of zinc. The concentration of ZnCl2 we used was much lower than the EC50, showing no significant effect on EV-D68 infection in single-treated cells, but potently suppressing virus infection in the presence of PDTC. These results showed that increasing the zinc influx may be a potential effective strategy for antiviral treatment.

It is important to further investigate EV-D68 infection and clinical outcomes in populations with zinc deficiency and in infants with zinc supplementation. Considering the safety of zinc usage, its easy availability, and the antiviral activity, the work described herein provides compelling evidence that zinc supplementation is an optimal therapeutic candidate for treating EV-D68 infections.
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Porcine circovirus type 4 (PCV4) is an emerging etiological agent which was first detected in 2019. The nucleolar localization signal (NoLS) of PCV4 Cap protein and its binding host cellular proteins are still not elucidated. In the present study, we discovered a distinct novel NoLS of PCV4 Cap, which bound to the nucleolar phosphoprotein nucleophosmin-1 (NPM1). The NoLS of PCV4 Cap and serine-48 residue at the N-terminal oligomerization domain of NPM1 were necessary for PCV4 Cap/NPM1 interaction. Furthermore, the charge property of serine residue at position 48 of the NPM1 was crucial for its oligomerization and interaction with PCV4 Cap. In summary, our findings show for the first time that the PCV4 Cap NoLS and the NPM1 oligomerization determine the interaction of Cap/NPM1.
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INTRODUCTION

Porcine circoviruses (PCVs), which are small non-enveloped viruses within the genus Circovirus of the family Circoviridae, have a circular single-stranded DNA (ssDNA) genome with a size of about 1.7–2.0 kb in length (Breitbart et al., 2017). Four genotypes of PCVs (PCV1, PCV2, PCV3, and PCV4) have been recognized (Zhang et al., 2019; Oh and Chae, 2020; Opriessnig et al., 2020). PCV1 is not an etiological agent for pigs, but PCV2 infection results in a wide range of clinical symptoms, causing enormous economic loss to the global swine industries (Tischer et al., 1982; Gillespie et al., 2009). PCV3 was first detected in the United States in 2015 with metagenomic sequencing and is associated with various clinical diseases, including porcine dermatitis and nephropathy syndrome (PDNS), reproductive failure, respiratory disease, and diarrhea (Phan et al., 2016; Palinski et al., 2017; Jiang et al., 2019). PCV4, a previously unidentified PCV, which was first detected in Hunan province, China, in 2019, was considered to be related to serious clinical signs, including respiratory distress and PDNS (Zhang et al., 2019). Since then, PCV4 has also been discovered in some other provinces in China (Sun et al., 2020; Chen et al., 2021; Ha et al., 2021; Tian et al., 2021), demonstrating that PCV4 is probably prevalent in Chinese pig farms. Additionally, PCV4 was also reported in South Korea but was not discovered in Italy and Spain (Franzo et al., 2020; Nguyen et al., 2021).

The PCV4 genome contains a size of 1,770 nucleotides (nt) in length and encodes two major open reading frames (ORFs), namely, a replicase (Rep) and a capsid (Cap) gene (Zhang et al., 2019). Due to lack of autonomous DNA polymerases, circoviruses rely on the host cell’s replication machinery for viral DNA synthesis (Heath et al., 2006). For all PCVs, the N-terminal amino acids of the Cap protein constitute a nuclear localization signal (NLS) (Liu et al., 2001; Shuai et al., 2008; Mou et al., 2019). The NLS sequences, which consist of conserved amino acids, can be grouped into monopartite and bipartite motifs for transporting cellular proteins into the nucleus (Jans et al., 2000). The amino acid sequences of PCV4 Cap protein are remarkably distinct from those of PCV1, PCV2, and PCV3, but their motifs share high similarities within the NLSs regardless of different PCV genotypes (Liu et al., 2001; Shuai et al., 2008; Mou et al., 2019). The viral proteins containing NLS play a major role in viral genome replication, protein synthesis, and cell cycle progression and division (Wurm et al., 2001; Hiscox, 2002; Salvetti and Greco, 2014). As a newly identified virus with potentially evident implications on pig farming, the functions of PCV4 viral proteins are still not completely clear. Thus, mapping the functional NLS in PCV4 Cap will help us understand the function of the viral protein.

Nucleolar phosphoprotein nucleophosmin-1 (NPM1) participates in a number of cellular processes, such as DNA replication and repair, modulation of cell growth, ribosome biogenesis, and nucleocytoplasmic transport (Lindstrom, 2011). NPM1 is a multifaceted protein primarily situated in the nucleolus but frequently transporting between the nucleus and cytoplasm (Yun et al., 2003). Furthermore, NPM1 possesses a defined structure with functional domains containing an N-terminal oligomerization domain (OligoD), a central histone-binding domain (HistonD), and a C-terminal nucleic acid-binding domain (NBD) (Okuwaki, 2008). NPM1 has also been shown to involve various phases of viral infection by interacting with a wealth of viral proteins, such as human immunodeficiency virus type 1 (HIV-1) Rev (Fankhauser et al., 1991), human T-cell leukemia virus type 1 (HTLV-1) Rex (Adachi et al., 1993), adenoviral core (Samad et al., 2007), Japanese encephalitis virus (JEV) core (Tsuda et al., 2006), herpes simplex virus type 1 (HSV-1) UL24 (Lymberopoulos et al., 2011), Epstein–Barr virus nuclear antigen 2 (Liu et al., 2012), and capsid proteins of PCV2 and PCV3 (Zhou J. et al., 2020; Zhou J.W. et al., 2020; Song et al., 2021; Zhou et al., 2021). However, whether NPM1 binds to PCV4 Cap remains unknown.

In the present study, we reported that the nucleolar localization signal (NoLS) of PCV4 Cap and serine-48 residue of the NPM1 N-terminal oligomerization domain are required for PCV4 Cap/NPM1 interaction. Furthermore, the serine-48 charge property of the NPM1 is crucial for its oligomerization and interaction with PCV4 Cap. Overall, these results indicate for the first time that the NoLS of PCV4 Cap and oligomerization of the NPM1 determine Cap/NPM1 interaction.



RESULTS


The Amino Acid Residues 1–37 at the N-Terminus of Porcine Circovirus Type 4 Cap Comprise a Nucleolar Localization Signal

An Internet website (NucleOlar location sequence Detector1 and NLS Mapper2) was used to testify whether PCV4 Cap bears a NoLS. Luckily, a distinct novel NoLS might be present at the Cap N-terminal of all PCV4 strains deposited in GenBank. In order to confirm the NoLS, we constructed a huge range of PCV4 Cap-truncated mutants fused with GFP: Cap-WT (1–228 aa), Cap-M1 (38–228 aa), Cap-M2 (1–37 aa), Cap-M3 (1–20 aa), and Cap-M4 (21–37 aa) (Figure 1A). The indicated plasmids were, respectively, co-transfected into HEK293T cells together with the mCherry-nucleolin (NCL) plasmid. Confocal microscopy assays demonstrated that GFP-PCV4-Cap-WT, Cap-M2, and Cap-M3 could accumulate mostly in the nucleolus and colocalized with mCherry-NCL, while GFP-PCV4-Cap-M1 and Cap-M4 were located in the cytoplasm and nucleus, respectively (Figure 1B). The results indicated that amino acid residues 1–37 (mainly 1–20 aa) at the N-terminus of PCV4 Cap was a NoLS and played a prominent role in nucleolar localization.
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FIGURE 1. The N-terminal residues 1–37 of PCV4 Cap are a nucleolar localization signal. (A) Schematic depicting the truncated mutants of PCV4 Cap in the context. (B) HEK293T cells were co-transfected with mCherry-NCL and GFP-PCV4-Cap-WT, Cap-M1, Cap-M2, Cap-M3, or Cap-M4 for 24 h. The HEK293T cells were incubated with DAPI and then observed under a confocal microscope. Scale bar, 10 μm.




Porcine Circovirus Type 4 Cap Binds to Nucleolar Protein Nucleolar Phosphoprotein Nucleophosmin-1

As the NoLSs of Cap within different PCV genotypes exhibit high amino acid sequence homology and PCV2 and PCV3 Cap interact with NPM1 (Zhou J. et al., 2020; Zhou J.W. et al., 2020; Zhou et al., 2021), we continued to examine the intracellular localization of PCV4 Cap to NPM1. The results indicated that PCV4 Cap overlapped with NPM1 in the nucleoli of co-transfected HEK293T cells and PK-15 cells (Figures 2A,B). To further determine the relationship between PCV4 Cap and NPM1, co-immunoprecipitation (Co-IP) assays were conducted during transfection. We found that PCV4 Cap interacted with NPM1 in co-transfected HEK293T cells (Figures 2C–E). In addition, glutathione-S-transferase (GST) pull-down assays further confirmed that NPM1 interacted directly with PCV4 Cap (Figure 2F). These results showed that PCV4 Cap binds directly to NPM1.
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FIGURE 2. PCV4 Cap binds to NPM1. (A,B) Colocalization of NPM1 with PCV4 Cap in co-transfected cells. HEK293T cells (A) or PK-15 cells (B) were co-transfected with GFP-PCV4-Cap and mCherry-NPM1 for 24 h, and the cells were fixed followed by nuclei staining with DAPI (A,B). Scale bar, 10 μm. (C) PK-15 cells were co-transfected with an empty vector and Flag-PCV4-Cap for 48 h. (D,E) The cell lysate extracts were immunoprecipitated with Flag beads (C,D) or anti-Myc purified IgG (E). (F) The Flag-PCV4-Cap-transfected HEK293T cell lysates mixed with the GST, and GST-NPM1 proteins subjected to a GST pull-down assay and then detected by western blotting using corresponding antibodies.




Amino Acid Residues 1–20 at the N-Terminus of Porcine Circovirus Type 4 Cap Are Essential for Association With Nucleolar Phosphoprotein Nucleophosmin-1

To verify the domain within PCV4 Cap essential for binding to NPM1, plasmids GFP-PCV4 Cap-WT, Cap-M1, Cap-M2, Cap-M3, and Cap-M4 were, respectively, co-transfected into HEK293T cells along with the Flag-NPM1 plasmid. The results showed that amino acids (aa) 1–37 (M2) and 1–20 (M3) and the full-length PCV4 Cap (WT) could bind to NPM1, but aa 38–228 (M1) and aa 21–37 (M4) of Cap could not bind to NPM1 (Figures 3A,B). The results showed that the amino acid residues 1–20 at the N-terminus of Cap are essential for the interaction of PCV4 Cap with NPM1.
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FIGURE 3. N-terminal residues 1–20 of PCV4 Cap are essential for binding to NPM1. (A,B) HEK293T cells were co-transfected with plasmids containing full-length PCV4 Cap or truncated mutants, together with the Flag-NPM1 plasmid for 48 h; the cell lysate extracts were immunoprecipitated with Flag beads (A) or anti-GFP purified IgG (B) and then detected by western blotting using the indicated antibodies.




Serine-48 in the Oligomerization Domain of Nucleolar Phosphoprotein Nucleophosmin-1 Is Required for Interaction With Porcine Circovirus Type 4 Cap

To testify that the domain in NPM1 is essential for interaction with PCV4 Cap, plasmids NPM1-WT (1–294 aa), NPM1-OligoD (1–117 aa), NPM1-HistonD (118–188 aa), NPM1-NBD (189–294 aa), NPM1-OligoD-HistonD (1–188 aa), NPM1-HistonD-NBD (118–294 aa), and NPM1-OligoD-NBD (1–117 aa + 189–294 aa) were, respectively, co-transfected into HEK293T cells together with the Flag-PCV4-Cap or Flag-gst-PCV4-Cap plasmid. The results demonstrated that the truncated mutants OligoD, OligoD-HistonD, and OligoD-NBD bound to PCV4 Cap, but HistonD, NBD, and HistonD-NBD did not (Figures 4A,B), demonstrating that the oligomerization domain of NPM1 is essential for interaction with PCV4 Cap.
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FIGURE 4. NPM1 serine-48 is crucial for binding to PCV4 Cap. (A,B) The NPM1-OligoD (1–117 aa) interacted with PCV4 Cap. HEK293T cells were co-transfected with expression plasmids GFP-NPM1-WT or its serial GFP-NPM1 truncated mutants M1 to M6, together with the Flag-PCV4-Cap or Flag-gst-PCV4-Cap plasmid. The cell lysate extracts were immunoprecipitated or subjected to a GST pull-down assay followed by western blotting using the indicated antibodies. (C,D) Mapping the critical amino acids of OligoD required for interaction with PCV4 Cap. HEK293T cells were co-transfected with NPM1 or NPM1 mutant plasmids (NPM1-S48A, NPM1-S48E, NPM1-S88A, NPM1-S88E, NPM1-T95A, or NPM1-T95D), together with the Flag-PCV4-Cap or Flag-gst-PCV4-Cap plasmid, and the cell lysate extracts were immunoprecipitated or subjected to a GST pull-down assay followed by western blotting using the indicated antibodies.


Phosphorylation of the oligomerization domain of NPM1 is required for its structural polymorphism (Mitrea et al., 2014). To characterize the pivotal amino acid residues in the oligomerization domain of NPM1 responsible for binding to PCV4 Cap, we co-transfected a huge range of GFP-NPM1 mutants, containing GFP-NPM1-S48A, GFP-NPM1-S48E, GFP-NPM1-S88A, GFP-NPM1-S88E, GFP-NPM1-T95A, and GFP-NPM1-T95D, into HEK293T cells and conducted Co-IP and GST pull-down assays. We found that that the mutants NPM1-S48A, S88A, T95A, S88E, and T95D interacted with Flag-PCV4-Cap or Flag-gst-PCV4-Cap. However, the mimic-phosphorylated mutant S48E was not able to interact with PCV4 Cap (Figures 4C,D). Taken together, these results demonstrated that the unphosphorylated serine-48 of NPM1 was essential for PCV4 Cap/NPM1 interaction.



Serine-48 Charge Property Plays a Vital Role in Nucleolar Phosphoprotein Nucleophosmin-1 Oligomerization and Its Interaction With Porcine Circovirus Type 4 Cap

The mutant NPM1-S48A but not the mutant NPM1-S48E bound to PCV4 Cap, which spurred us to further analyze the amino acid residue serine-48. The distinct charge properties existed between S48A and S48E; thus, we determined whether the serine-48 charge property of NPM1 was required for interaction with PCV4 Cap. Overexpression plasmids of GFP-NPM1-WT, GFP-NPM1-S48A, GFP-NPM1-S48D, GFP-NPM1-S48E, GFP-NPM1-S48K, GFP-NPM1-S48R, and GFP-NPM1-S48T were subjected to Co-IP and GST pull-down assays. We found that NPM1 bearing a neutral amino acid in serine-48 still bound to PCV4 Cap, but replacing the neutral amino acid with an acidic or basic one failed to interact with PCV4 Cap (Figures 5A,B). Therefore, these results indicated that the serine-48 charge property of NPM1 was essential for binding to PCV4 Cap.


[image: image]

FIGURE 5. The serine-48 charge property of NPM1 determines its oligomerization and NPM1/Cap interaction. (A,B) The serine-48 charge property of NPM1 is essential for interaction with PCV4 Cap. HEK293T cells were co-transfected with NPM1 or NPM1 mutant plasmids (NPM1-S48A, NPM1-S48D, NPM1-S48E, NPM1-S48K, NPM1-S48R, or NPM1-S48T), together with the Flag-PCV4-Cap or Flag-gst-PCV4-Cap plasmid, and the cell lysate extracts were immunoprecipitated or subjected to GST pull-down assay followed by western blotting using the indicated antibodies. (C) Charged amino acids replaced by serine-48 disrupted the oligomerization of NPM1. Lysate extracts of PK-15 cells co-transfected with an empty vector, GFP-NPM1-WT, GFP-NPM1-S48A, GFP-NPM1-S48D, GFP-NPM1-S48E, GFP-NPM1-S48K, GFP-NPM1-S48R, or GFP-NPM1-S48T for 48 h were immunoprecipitated with anti-GFP purified IgG and then subjected to Co-IP assays.


To further characterize whether replacements of charged amino acids at serine-48 disrupted the oligomerization of NPM1 and then abolished NPM1/Cap interaction, we examined the interaction between GFP-tagged NPM1 mutants and endogenous NPM1 to test their ability to form oligomers. Lysate extracts of PK-15 cells after transfection with empty vector, GFP-NPM1-WT, GFP-NPM1-S48A, GFP-NPM1-S48D, GFP-NPM1-S48E, GFP-NPM1-S48K, GFP-NPM1-S48R, or GFP-NPM1-S48T for 48 h were immunoprecipitated with anti-GFP purified IgG and subjected to Co-IP assays. The results demonstrated that NPM1 bearing non-charged amino acids at serine-48 still interacted with endogenous NPM1, whereas switching of non-charged amino acids to charged ones reduced dramatically (Figure 5C). Hereby, we propose that charged amino acids replaced with serine-48 may alter the spatial conformation of NPM1 and disrupt the oligomerization of NPM1, which agreed with the previous study (Mitrea et al., 2014). Taken together, we concluded that the serine-48 charge property of NPM1 plays a major role in its oligomerization status and interaction with PCV4 Cap.



DISCUSSION

Porcine circovirus type 4 is an emerging etiological agent with enormous economic loss to global pig farms, which is linked to diverse clinical symptoms, including respiratory and gastrointestinal signs and PDNS (Zhang et al., 2019). Since 2019, PCV4 has been reported in about six provinces in China (Zhang et al., 2019; Sun et al., 2020; Chen et al., 2021; Ha et al., 2021; Tian et al., 2021). The PCV4 genome bears two ORFs: ORF1 encoding replicase and ORF2 encoding capsid (Zhang et al., 2019). The capsid protein belongs to the karyophilic proteins which are situated in the nucleus (Cheung and Bolin, 2002; Heath et al., 2006), and we found that PCV4 Cap could locate in the nucleolus as well (Figure 1B). Sequence analyses demonstrated that the N-terminus of Cap from different PCV genotypes contains highly conserved basic amino acids (Zhou J.W. et al., 2020). The intracellular distribution of truncated PCV4 Cap indicated that the N-terminal amino acid residues 1–37 of PCV4 Cap mediated the translocation of the capsid protein into the nucleus (Figure 1B). This is common to PCV1, PCV2, and PCV3 Cap (Liu et al., 2001; Shuai et al., 2008; Mou et al., 2019).

The NLSs are considered crucial components of viruses-encoding proteins (Wurm et al., 2001; Hiscox, 2002; Salvetti and Greco, 2014). Specific viral proteins containing NoLSs play a wide variety of roles in modulating cellular transcription and division as well as virus transcription and translation (Puviondutilleul and Christensen, 1993; Liu et al., 1997; Hiscox et al., 2001; Matthews, 2001; Wurm et al., 2001). No strict consensus sequences are observed on NLS, but the sequences are generally classified into monopartite or bipartite NLS (Silver, 1991). The motif of NoLS in PCV4 Cap (8RRRR-RR-RRR20) is similar to those identified in PCV1 Cap (4PRRR-RRRR-RPR-H18), PCV2 Cap (4PRRR-RRRRHRPR18), and PCV3 Cap (8RRR-R-RRRRRHRRR22) (Liu et al., 2001; Shuai et al., 2008; Mou et al., 2019). Synthesis of circovirus DNA occurs exclusively in the host cell nucleus, and the active nuclear import of ssDNA molecules requires karyophilic proteins (Heath et al., 2006). For PCVs and beak and feather disease virus, the NLS is essential for DNA accumulation (Cheung and Bolin, 2002; Heath et al., 2006). The N-terminus of PCV2 Cap can bind to receptor gC1qR on the nuclear membrane to modulate DNA binding (Fotso et al., 2016). This implies that the NLS of PCV4 Cap may contribute to DNA binding regulation of viral replication as well.

As a multifunctional nuclear protein, NPM1 takes part in multiple aspects of the viral life cycle, containing entry of the nucleus, viral genome synthesis, assembly of the capsid, and egress by interaction with viral NLS-containing proteins (Liu et al., 2012; Jeong et al., 2014; Day et al., 2015; Nouri et al., 2015). NPM1 is also a multifaceted protein bearing ribonuclease, molecular chaperone, and nucleic acid-binding activities (Okuwaki, 2008). The region binding to the core protein of Japanese encephalitis virus was mapped at the NPM1 N-terminus (Tsuda et al., 2006). The regions interacting with PCV2 and PCV3 Cap were also mapped at the NPM1 N-terminus, and serine-48 was indispensable for the interaction of PCV2 or PCV3 Cap with NPM1 (Zhou J. et al., 2020; Zhou J.W. et al., 2020; Zhou et al., 2021). Whether PCV4 Cap, bearing a previously unidentified NoLS, could interact with NPM1 and the role of PCV4 Cap in the viral replication have not been studied.

Our results showed that amino acid residues 1–37 at the N-terminus of PCV4 Cap comprise a NoLS (Figure 1). PCV4 Cap binds to nucleolar protein NPM1, and amino acid residues 1–20 at the N-terminus of PCV4 Cap are essential for association with NPM1 (Figures 2, 3). In addition, we demonstrated that the serine-48 charge property of NPM1 is crucial for its oligomerization and spatial conformation and binding to PCV4 Cap (Figures 4, 5). Intriguingly, when the serine-48 residue of NPM1 was mutated to neutral amino acids (Ala, Thr, etc.), it retained nucleolar localization. However, when it was mutated to acidic amino acids (Glu and Asp) or alkaline amino acids (Lys, Arg, and His), it no longer localized in the nucleolus (Zhou et al., 2021). Phosphorylation of the oligomerization domain is responsible for the spatial conformation of NPM1 and its nucleolar localization (Mitrea et al., 2014); we thus speculate that different charge properties of NPM1 affect its subcellular localization and interaction with other proteins and conclude that the serine-48 charge property of NPM1 is crucial for its oligomerization and spatial conformation and binding to PCV4 Cap (Figure 5). Considering that the NoLS at the N-terminus of PCV4 Cap functions as an NPM1 binding site, we hypothesize that NPM1 promotes intracellular nucleolar trafficking of PCV4 Cap. The NPM1 targets PCV4 Cap to the nucleolus via interaction with its NoLS and facilitates assembly of viral particles, and hence, it is essential for viral replication inside the nucleus of infected cells, which is consistent with the previous study (Duan et al., 2014).

At the early stage of PCV infection, Cap may enter the nucleolus for supporting viral transcription and genome DNA replication or disturbing the cell cycle progression of the S phase and synthesis of related cellular proteins (Finsterbusch et al., 2005). Accumulation of the viral proteins Rep, Rep’, and Cap in the nucleoplasm during PCV infection implied that encapsidation of the circular ssDNA and DNA replication occur exclusively in the nucleus but not in cytoplasmic compartments (Liu et al., 2001; Finsterbusch et al., 2005). It will be of great interest to further investigate whether Cap of PCV4 binds to other host factors for regulation of viral transcription.

In summary, our results mapped the NoLS of PCV4 Cap and showed that the serine-48 charge property of NPM1 played a vital role in its oligomerization and interaction with PCV4 Cap. Overall, this study broadens our insight into the nucleolar entry of PCV4 Cap and interaction with NPM1, thereby leading to highlighting potential targets for therapeutic intervention and prophylactic control of PCV4 infection.



MATERIALS AND METHODS


Cells

PK-15 cells were cultivated in minimal essential medium (MEM) (Gibco, Carlsbad, CA, United States) supplemented with 10% fetal bovine serum (FBS) (Gibco). HEK293T cells (CRL-11268, ATCC, Manassas, VA, United States) were maintained in Dulbecco’s modified Eagle medium (DMEM) (Gibco). Both PK-15 and HEK293T cells were maintained in an incubator with 5% CO2 at 37°C.



Antibodies and Reagents

Mouse monoclonal antibodies (mAbs) raised against GST (M0807-1) and β-actin (M1210-2) as well as rabbit polyclonal antibodies (pAbs) raised against Flag (0912-1), Myc (R1208-1), and GFP (SR48-02) were obtained from Huaan Biological Technology (Hangzhou, China). Mouse anti-Flag (F1804) and anti-Myc (05-419) mAbs were purchased from Sigma-Aldrich (St. Louis, MO, United States). Rabbit mAb raised against NPM1 (ab52644) was obtained from Abcam (Cambridge, MA, United States). Anti-Flag affinity resin (A2220) for immunoprecipitation was obtained from Sigma-Aldrich. NP-40 cell lysis buffer [50 mM Tris (pH 7.4), 150 mM NaCl, 1% NP-40] was obtained from Beyotime (P0013F; Shanghai, China). Horseradish peroxidase (HRP)-conjugated goat anti-rabbit and anti-mouse IgG were obtained from KPL (Milford, MA, United States).



Construction and Transfection of Plasmid

DNA fragments containing full-length and truncated PCV4 Cap variants were amplified by polymerase chain reaction (PCR) from PCV4 genomic DNA (accession no. MK986820.1) (Zhang et al., 2019) and cloned into vectors pCMV-Flag-N, pCMV-Flag-gst-N, pCMV-Myc-N, or pEGFP-C3 (Clontech, Palo Alto, CA, United States) to obtain plasmids Flag-PCV4-Cap, Flag-gst-PCV4-Cap, GFP-PCV4-Cap-WT (1–228 aa), GFP-PCV4-Cap-M1 (38–228 aa), GFP-PCV4-Cap-M2 (1–37 aa), Myc-PCV4-Cap, GFP-PCV4-Cap-M3 (1–20 aa), and GFP-PCV4-Cap-M4 (21–37 aa). NCL (accession no. XM_021074959.1) and NPM1 (accession no. XM_013990662.2) and its truncated NPM1 variants from PK-15 cells were cloned into vectors pCMV-Flag-N, pmCherry-C1, pEGFP-C3, and pGEX-4T-1 (GE Healthcare Biosciences, Piscataway, NJ, United States) to obtain plasmids mCherry-NCL, mCherry-NPM1, Flag-NPM1, GFP-NPM1-WT (1–294 aa), GFP-NPM1-M1 (1–117 aa), GFP-NPM1-M2 (118–188 aa), GFP-NPM1-M3 (189–294 aa), GFP-NPM1-M4 (1–188 aa), GFP-NPM1-M5 (118–294 aa), GFP-NPM1-M6 (1–117 aa + 189–294 aa), GFP-NPM1-S88A, GFP-NPM1-S88E, GFP-NPM1-T95A, GFP-NPM1-T95D, GFP-NPM1-S48E, GFP-NPM1-S48D, GFP-NPM1-S48A, GFP-NPM1-S48T, GFP-NPM1-S48K, and GFP-NPM1-S48R. The primers used are summarized in Table 1. PK-15 or HEK293T cells grown onto plates or glass coverslips up to 70–90% confluency were transfected or co-transfected with 4.0 μg of the, respectively, indicated plasmids using the jetPRIME transfection reagent (Polyplus Transfection, New York, NY, United States) or ExFect transfection reagent (T101-01/02, Vazyme Biotechnology, Nanjing, China) as described in the manufacturer’s protocols.


TABLE 1. List of primers adopted in the study.

[image: Table 1]



Confocal Microscopy

PK-15 or HEK293T cells co-transfected with 2.0 μg of the, respectively, indicated plasmids fused with mCherry or GFP tags for 24 h were fixed with 4% paraformaldehyde, stained with DAPI, and observed under a Nikon Al confocal microscope.



Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis and Western Blotting

The cell lysate extracts after transfection or co-transfection were collected and separated by standard sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes (GE Healthcare). After being blocked, the membranes were incubated with primary antibodies followed by being incubated with HRP-conjugated secondary antibodies. An enhanced chemiluminescence reagent (34096, Thermo Scientific) was used to visualize immunoreactive protein bands and further imaged by AI800 Images (GE Healthcare).



Co-immunoprecipitation and Glutathione-S-Transferase Pull-Down Assays

For Co-IP assays, the cell lysate extracts from HEK293T cells co-transfected with 4.0 μg of the, respectively, indicated plasmids for 48 h were pretreated with protein A/G plus agarose (sc-2002, Santa Cruz Biotechnology), immunoprecipitated using anti-Flag beads, and then boiled before SDS-PAGE. For GST pull-down assays, expressed GST and GST-NPM1 were purified and immobilized on glutathione agarose beads (16100, Thermo Fisher Scientific, United States) to prepare the bait proteins, while Flag-PCV4-Cap-transfected HEK293T cell lysates served as the prey proteins. The detailed procedures for Co-IP and GST pull-down assays were performed as described elsewhere (Zhou J. et al., 2020; Zhou J.W. et al., 2020; Zhou et al., 2021).
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Fowl adenoviruses (FAdVs), which are distributed worldwide, have caused considerable economic losses to poultry farms. Co-infection with FAdVs and other avian pathogens has been reported previously. However, the pathogenicity of different serotypes of FAdVs causing co-infection remains unclear. Herein, strain HN from FAdV species C serotype 4 (FAdV-4) and strain AH720 from species E serotype 8a (FAdV-8a) were used to assess the pathogenicity of their co-infection in specific-pathogen-free (SPF) chickens. Compared with chickens infected with FAdV-4 alone, those co-infected with FAdV-4 and FAdV-8a showed similar clinical symptoms, mortality rates and degree of tissue lesions, and notably decreased viral loads of HN. Conversely, the viral loads of AH720 increased markedly in the co-infection group compared with that in chickens infected with AH720 strain alone. Increased viral loads of AH720 in the liver were suspected to contribute to the pathogenicity of chickens co-infected with the HN and AH720 strains. This was further investigated by histopathology and terminal deoxynucleotidyl transferase dUTP nick-end labeling (TUNEL) staining analyses. Collectively, these data indicated that co-infection with FAdV-4 and FAdV-8a suppresses the replication and proliferation of FAdV-4 but enhances the replication and proliferation of FAdV-8a in chicken liver. This study will provide valuable information for the further investigation of the interactions between FAdV-4 and FAdV-8a during co-infection.
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INTRODUCTION

Fowl adenoviruses (FAdVs) are non-enveloped double-stranded DNA viruses belonging to the genus Aviadenovirus, the family Adenoviridae (Besson et al., 2020). FAdVs are classified into five species (FAdV-A to -E) and 12 serotypes (FAdV-1 to -8a and -8b to -11) (Hess, 2000). Among these, FAdV-A and FAdV-B include FAdV-1 and FAdV-5, respectively, FAdV-C includes FAdV-4 and FAdV-10, FAdV-D includes FAdV-2, FAdV-3, FAdV-9, and FAdV-11, and FAdV-E includes FAdV-6, FAdV-7, FAdV-8a, and FAdV-8b (Fauquet et al., 2005).

Fowl adenoviruses are transmitted horizontally and vertically (Chandra et al., 2000; Grafl et al., 2012), and 3- to 5-week-old broilers are highly susceptible to infection with FAdVs (Shah et al., 2017). Some FAdVs can cause various clinical symptoms, such as hydropericardium-hepatitis syndrome (HHS), inclusion body hepatitis (IBH), and gizzard erosion (Kajan et al., 2013; Zhao et al., 2018; Harrach et al., 2019). HHS is characterized by pericardial effusion and an enlarged liver with petechial hemorrhages in broilers (Ganesh et al., 2002). FAdV-4 is the major causative agent of HHB, which was first reported in Pakistan in 1987 and soon spread worldwide (Yu et al., 2018). Recently, FAdV-4 has emerged as an important pathogen in chickens. Since 2015, outbreaks of HHS caused by FAdV-4 have occurred in many chicken farms in China; this has resulted in an extremely high mortality in chickens (Zhao et al., 2015, 2018; Zhang et al., 2016; Pan et al., 2017c). IBH is characterized by an enlarged liver with hepatic necrosis and eosinophilic or basophilic intranuclear inclusion bodies in hepatocytes; it can be caused by FAdV-2, 8a, 8b, and 11 (Ojkic et al., 2008; Mittal et al., 2014). The presence of FAdV-8a and novel FAdV-E has been reported in poultry farms in China (Chen et al., 2020; Lv et al., 2021).

Recently, several studies have reported co-infections with FAdVs and other pathogens. Yu et al. (2019) reported that the infection rate of FAdV-4 has reached 65.2% in 36 farms in Shandong province, China, and co-infection with FAdV-4 and avian influenza virus (AIV), infectious bursal disease virus (IBDV), and chicken infectious anemia virus (CIAV) were found to be common in these samples. Co-infections with FAdVs and CIAV in broilers have been reported in India as well (Brown Jordan et al., 2019). More recently, Yan et al. (2020) reported the co-infection with FAdV-4 and avian orthoreovirus (ARV) in broilers, and that the co-infection rate in ARV-positive samples reached 63%. Moreover, PCR-based methods, combined with the restriction enzyme analysis of chicken samples have revealed that co-infections with different serotypes of FAdVs exist frequently in broiler chickens (Meulemans et al., 2001; Rahul et al., 2005; Mittal et al., 2014). However, little is known about the pathogenicity of different serotypes of FAdVs during co-infection.

In our previous studies, the FAdV-4 strain HN and FAdV-8a strain AH720, isolated from chickens from poultry farms in Hunan and Anhui provinces, respectively, were identified and characterized (Wang et al., 2019; Lv et al., 2021). In the present study, we aim to establish a chicken model of co-infection with both these stains to investigate the interactions between FAdV-4 and FAdV-8a in specific-pathogen-free (SPF) chickens. This may provide valuable information for further investigations of the interactions between FAdV-4 and FAdV-8a during co-infection.



MATERIALS AND METHODS


Cells, Viruses, and Animals

The chicken liver hepatocellular carcinoma cell line LMH was purchased from the American Type Culture Collection (ATCC); LMH cells were cultured in DMEM/F12 (Gibco, NY, United States) supplemented with 10% fetal bovine serum (FBS) (Gibco). The FAdV-4 strain HN and FAdV-8a strain AH720 were isolated as described previously (Wang et al., 2019; Lv et al., 2021) and allowed to replicate in LMH cells. SPF chickens were purchased from Merial Vital Laboratory Animal Technologies Co., Ltd. (Beijing, China). All animal experiments were performed with strict adherence to the guidelines for animal use with approval from Shanghai Laboratory Animal Management Committee and the Animal Care and Use Committee of Shanghai Veterinary Research Institute, Chinese Academy of Agricultural Sciences (permit number: SYXK 2020-0027).



Co-infection With Fowl Adenovirus Serotype 4 and 8a in Specific-Pathogen-Free Chickens

The pathogenicity of FAdV-4 and FAdV-8a during co-infection with these strains was demonstrated in the SPF chickens. First, 52 3-week-old SPF chickens were randomly divided into four groups (n = 13 per group). The chickens in group I and group II were challenged intramuscularly with 100 μl of 105 TCID50 of strain HN and 100 μl of 105 TCID50 of strain AH720, respectively. The chickens in group III were challenged intramuscularly with a mixture of 100 μl of 105 TCID50 of strain HN and 100 μl of 105 TCID50 of strain AH720. The chickens in group IV were intramuscularly challenged with 100 μl of PBS. At 3 days post-challenge, three chickens from each group were sacrificed. Tissue samples, including tissues from the liver, pancreas, kidney, spleen, lung, duodenum, jejunum, rectum, and cecum, were collected. These samples were divided into two parts. One part was used for DNA extraction to monitor the viral loads and the second part was fixed in 10% neutral formalin. The remaining 10 chickens from each group were monitored daily and scored for clinical signs for 14 days, as described previously (Zhao et al., 2015). The scoring scheme was as follows: 0 for normal, 1 for mild depression, 2 for severely depressed, 3 for paralysis/prostration, and 4 for death. The survival of the remaining chickens was monitored.



Quantification of Viral Loads in Tissues

The viral loads in the tissues of infected chickens were determined using TaqMan probe fluorescence quantitative polymerase chain reaction (qPCR). The total DNA was isolated from the liver, pancreatic, kidney, spleen, lung, duodenal, jejunal, rectal, and cecal tissue samples. The FAdV-4 hexon gene (1293–1417 nt) was used as an indicator for the presence of HN strain DNA and the FAdV-8a fiber gene (836–904 nt) was used as an indicator for the presence of AH720 strain DNA, as described in previous studies (Wang et al., 2019; Lv et al., 2021). qRT-PCR was performed on an Applied Biosystem 7500 Fast instrument with the following cycling conditions: 95°C (5 min), 40 cycles at 95°C (10 s) and 60°C (15 s) and 60°C (30 s). The standard curves were generated, based on which the quantity of the viral DNAs in the tissue samples were calculated.



Histopathology Examination

The liver, kidney, lung, and spleen tissue samples collected from three chickens in each group were fixed in 10% neutral-buffered formalin for histopathological examination. The samples were routinely dehydrated, embedded in paraffin wax, and then sectioned for hematoxylin and eosin (H&E) staining. The tissue samples were examined under a Nikon microscope equipped with an Olympus DP25 camera. The histopathological lesions were assessed using the following scoring scheme: 0 for no lesions, 1–3 for mild lesions, 4–6 for moderate lesions, and 7–10 for severe lesions (Zhao et al., 2015).



Immunofluorescence Assay

An immunofluorescence assay (IFA) was performed to investigate the distribution of the viral particles in the livers of chicken infected with the mixture of the HN and AH720 strains. The slides of livers from chickens infected with the HN and AH720 strains were serially cut, blocked using 2% BSA for 1 h, and incubated overnight at 4°C with FAdV-4 Hexon 1B4 monoclonal antibody (1:1000 dilution) and FAdV-8a Fiber polysera (1:1000 dilution) (both prepared by our lab), respectively. Following three washes in PBS buffer, the slides were incubated with Alexa Fluor 488-conjugated goat anti-mouse antibody and Alexa Fluor 594-conjugated goat anti-mouse IgG, respectively. Whole-slide images were captured using the Pannoramic confocal 3D HISTECH system and analyzed by PanoramaStudio Pro software.



Terminal Deoxynucleotidyl Transferase dUTP Nick-End Labeling Staining

Terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick-end labeling (TUNEL) assay was performed to evaluate the degree of apoptosis in liver samples from the chickens in the different infection groups, according to the manufacturer’s instructions. The samples were incubated with 50 μl of TUNEL reaction mixture (TdT and fluorescein – dUTP) at 37°C for 60 min in a humid atmosphere. The TUNEL staining intensity was examined, and images were captured using a Pannoramic confocal 3D HISTECH system and analyzed using the PanoramaStudio Pro software. The TUNEL-positive cells were counted, and the average numbers of these cells were compared.



Statistical Analysis

The data were presented as the means ± SEM. All the data were analyzed using the Prism 7 software (GraphPad, La Jolla, CA, United States). A paired two-tailed Student’s t-test was performed to compare the means of data from two groups. The differences were considered statistically significant at p-values < 0.01 or < 0.05.



RESULTS


Pathogenicity of Chickens Co-infected With the HN and AH720 Strains

To determine the pathogenicity of chickens co-infected with HN and AH720 strains, the chickens were first randomly divided into four groups and then challenged with the HN strain (group I), AH720 strain (group II), mixture of the HN and AH720 strains (group III), and PBS (group IV). During the infection period, the clinical scores varied for the chickens from the different infection groups. The clinical scores for AH720 infection were less than those for HN infection and those for HN + AH720 infection (Figure 1A). The chickens from groups I and III showed typical symptoms of HHS and IBH, with enlarged yellow and hemorrhagic liver and pericardial effusion (Figure 1B). The chickens from group II showed mild symptoms with minor liver hemorrhage (Figure 1B). The control chickens (those from group IV) showed no clinical symptoms.
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FIGURE 1. Pathogenicity of chickens from different infection groups. (A) Clinical scores of chickens in four different infection groups. Chickens were randomly divided into four groups and challenged with HN strain (group I), AH720 strain (group II) and a mixture of HN and AH720 strains (group III), and PBS (group IV). Clinical scoring: 0 for normal, 1 for mild depression, 2 for severely depressed, 3 for paralysis/prostration, and 4 for death. (B) Gross lesions of chickens in four different infection groups. The livers of chickens from groups I and III both showed enlarged yellow and pericardial effusion. A chicken in group II showed a liver with hemorrhages and a chicken from group IV showed a normal liver. (C) Survival rate of the chickens in four different groups. No death was found in the chickens infected with AH720 strain. The mortality rate of chickens challenged with HN strain reached 100% within 4 days post-challenge. However, 100% mortality rate in chickens from group III was within 6 days when co-infected with HN and AH720 strains.


Further, the mortality rates of the chickens from the different groups were investigated. The mortality rates of the chicken from groups I and III were both 100%, while no death was observed in the cases of the chickens from groups II and IV (Figure 1C). Notably, the mortality rate of the chicken from group I reached 100% within 4 days post-challenge. However, the mortality rate of the chickens from group III reached 100% at 6 days post-challenge (Figure 1C). These data suggested that co-infection with the HN and AH720 strains was slightly less lethal to the chickens than the infection with the HN strain alone.



Quantification of the Viral DNA Using TaqMan Probe RT-PCR

To investigate the distribution and viral loads of the HN and AH720 strains in infected chickens, viral copy numbers in different tissues from the FAdV-infected chickens were determined at 3 days post-challenge using the previously established TaqMan probe RT-PCR for FAdV-4 and FAdV-8a (Wang et al., 2019; Lv et al., 2021), respectively.

In chickens from group I, the HN strain was detected in all the tissue samples, with the highest counts in the liver (approximately 2.5 × 107 copies/mg), followed by the pancreas, jejunum, kidney, duodenum, and cecum (Figure 2). In the chickens from group II, the AH720 strain was detected in most tissue samples, but the viral loads were relatively low, with the highest viral load being observed in the cecum (approximately 1 × 104 copies/mg) (Figure 2). However, the viral loads of the HN and AH720 strains in the chickens from group III differed markedly from these in the chickens from group I and group II. On one hand, the viral loads of the HN strain in the liver, pancreas, jejunum, kidney, and duodenum in the chickens from group III were significantly lower than those in the corresponding organs of chickens from group I. On the other hand, the viral loads of the HN strain in the cecum, rectum, spleen, and lungs from the chickens in group III were higher than those in the corresponding organs from the chickens in group I (Figure 2). In addition to the pancreas and jejunum, a significant increase in the viral load of the AH720 strain was observed in all the tested tissue samples from the chickens in group III, compared with that in the tested tissue sections from the chickens in group II (Figure 2). These results suggested that the interaction between the HN and AH720 strains may influence the viral replication and proliferation of the HN and AH720 strains in different tissues.
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FIGURE 2. Viral loads in different infected tissues. Tissue samples from liver, pancreas, jejunum, kidney, duodenum, cecum, rectum, spleen, and lung were collected from chickens at 3 days post-challenge. Viral DNA was detected using TaqMan quantitative real-time PCR. The error bars indicate SEM. ns represents not significant, **P < 0.01, ***P < 0.001, ****P < 0.0001 (Student’s t-test).




Histopathology

At 3 days post-challenge, the liver, kidney, lung, and spleen tissues from the chickens in the four different groups were fixed for histopathological analysis. Pathological lesions were observed in various tissues of chickens in the different infection groups (Figure 3). The liver tissues from the chickens in group I showed severe liver lesions and presented typical basophilic inclusions with many infiltrating lymphocytes (Figure 3A1). Hepatocyte necrosis was found in the liver tissues of the chickens from group II (Figure 3A2). Lymphocyte infiltration and hepatocyte necrosis were observed in the liver tissues of the chickens from group III (Figure 3A3). No histological changes were observed in the livers of the chickens from the control group (Figure 3A4).
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FIGURE 3. Histological examination of tissue samples from the chickens in different infection groups. (A1,B1,C1,D1) H&E staining of liver, kidney, lung, and spleen samples from the chickens infected with HN strain alone. (A2,B2,C2,D2) H&E staining of liver, kidney, lung, and spleen samples from the chickens infected with the AH720 strain alone. (A3,B3,C3,D3) H&E staining of liver, kidney, lung, and spleen samples from the chickens co-infected with HN and AH720 strains. (A4,B4,C4,D4) The normal tissue sample staining in the chickens of the PBS control.


Renal tubular structural disorder was observed in the kidney tissues from chickens in all the three infection groups (Figures 3B1–B3). Inflammatory exudation was observed in the kidneys of the chickens from groups I and III (Figures 3B1,B3). Severe renal hemorrhage was seen in the kidneys of the chickens from group I (Figure 3B1). No histological changes were observed in the kidneys of the chickens from the control group (Figure 3B4).

Structural disorder of the pulmonary bronchus, inflammatory exudation, and alveolar rupture were observed in the lung tissues from the chickens in group I (Figure 3C1). The lung tissues from the chickens in group II were relatively normal (Figure 3C2). Desquamation of pulmonary epithelial cells was observed in the lung tissues from the chickens in group III (Figure 3C3). No significant histological changes were observed in the lung tissues from the chickens in the control group (Figure 3C4).

The number of lymphocytes was reduced in the spleen tissues from the chickens in group I (Figure 3D1). Splenic hemorrhage was observed in the spleen tissues from the chickens in group II (Figure 3D2). Splenic hemorrhage and reduced lymphocytes were observed in the spleen tissues from the chickens in group III (Figure 3D3). No significant histological changes were observed in the spleen tissues from the chickens in the control group (Figure 3D4).

Compared with the control groups, the histopathological lesions in the liver, kidney, lung, and spleen tissues from the chickens in the infection groups were notable (Figure 4). Among the four sampled tissues, the liver tissue showed the highest histopathological scores; the highest histopathological scores were observed for the livers from the chickens in group I (Figure 4).


[image: image]

FIGURE 4. Scores of histopathological lesions in sampled tissues of chickens in different infection groups. Lesion scoring: 0 for no lesions, 1-3 for mild lesions, 4-6 for moderate lesions, and 7-10 for severe lesions. The error bars indicate SEM. ns represents not significant, *P < 0.05 (Student’s t-test).




Immunofluorescence Assay

The liver tissues collected from the chickens in group III were serially sectioned to investigate the distribution of the viruses in the livers of chickens co-infected with the HN and AH720 strains by IFA. The presence of the HN strain was seen as a green color that was detected by incubation with FAdV-4 Hexon antibody, and subsequently, incubation with Alexa Fluor 488-conjugated secondary antibody. The presence of the AH720 strain was seen as a red color that was detected by incubation with FAdV-8a Fiber antibody, and subsequently, incubation with Alexa Fluor 594-conjugated secondary antibody. IFA analysis of the liver slides revealed that in the chickens co-infected with the HN and AH720 strains, the HN strain presented a scattered distribution and the AH720 virus particles were accumulated in the hepatic cells (Figure 5). This result corresponded with that observed from the histopathological examination of the liver tissues from the chickens co-infected with the HN and AH720 strains.
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FIGURE 5. Distribution of viruses in liver of the chickens co-infected with HN and AH720 strains. The slides of liver samples were blocked in 2% BSA and incubated with previously prepared FAdV-4 Hexon 1B4 monoclonal antibody and FAdV-8a Fiber polysera, followed by incubation with Alex Fluor 488 and Alex Fluor 594-conjugated secondary antibodies, respectively. Images were captured by Pannoramic confocal 3D HISTECH system and analyzed by PanoramaStudio Pro software.




Apoptosis in the Liver Tissues

To further investigate the apoptosis of the liver cells in the chickens from the different infection groups, the collected liver tissue samples were analyzed by TUNEL staining. As shown in Figure 6, the number of TUNEL-positive cells in the livers of chickens from group I was the highest, but this number was not statistically significant compared with that in the livers of chickens from group III. However, the number of TUNEL-positive cells in the livers of chickens from group II was significantly less than that in the livers of chickens from groups I and III. These data indicated that the decrease of the viral load of the HN strain was compensated by the increase of the viral load of the AH720 strain in the liver samples from the chickens in group III, resulting in a similar apoptotic level being observed in the samples from the chickens in group I.
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FIGURE 6. TUNEL staining of livers of the chickens from different infection groups. (A) TUNEL staining of livers of chickens from four infection groups. (B) Quantification of the TUNEL stained cells. The slides of liver samples were incubated with 50 μl of TUNEL reaction mixture at 37°C for 60 min in a humid atmosphere. The TUNEL intensity was examined and captured by Pannoramic confocal 3D HISTECH system and analyzed by PanoramaStudio Pro software. The TUNEL-positive cells were counted and the average number was compared. The error bars indicate SEM. ns represents not significant, ∗∗P < 0.05 (Student’s t-test).




DISCUSSION

Outbreaks of HHS caused by FAdV infection have been reported in broiler farms in China since 2005 (Pan et al., 2017a; Niu et al., 2018). This highly contagious disease has caused the death of large numbers of chicken, resulting in great economic losses to the poultry industry (Pan et al., 2017b). The pathogenicity of FAdV in cases of co-infection with other pathogens has been previously reported. However, little is known about the pathogenicity of two serotypes of FAdVs during co-infection. Although FAdV-4 was reported as the dominant serotype in chickens infected with FAdVs, isolation of other serotypes of FAdVs, such as FAdV-8a and FAdV-8b, was reported in chicken farms in China (Chen et al., 2019; Cui et al., 2020). In this study, a co-infection model was developed using the FAdV-4 strain HN and FAdV-8a strain AH720 to investigate the co-infection with FAdV-4 and FAdV-8a in chickens. The clinical symptoms, mortality rates, viral loads, and histopathological features of tissues after co-infection were then investigated.

The pathogenicity of different serotypes and strains of FAdVs is different (Grgic et al., 2011; Steer et al., 2015; Wang et al., 2019). We have previously reported that the FAdV-4 strain HN is a virulent strain that could cause 100% mortality in experimentally infected chickens, whereas AH720 is an attenuated strain that caused IBH in, but was not lethal to, chickens (Wang et al., 2019; Lv et al., 2021). To characterize the pathogenicity of the HN and AH720 strains during co-infection with these strains, the chickens were challenged with HN strain (group I), AH720 strain (group II) and a mixture of HN and AH720 strains (group III), and PBS (group IV). Although the mortality rates of the chickens from groups I and III were both 100% (Figure 1C), the trends shown by the change in mortality rates in these two groups were slightly different. The mortality rate in group I reached 100% at 4 days post-challenge, while that in group III was 90% at 4 days post-challenge and reached 100% 2 days later (Figure 1C). In contrast, the mortality rates of chickens in groups III and IV were 0 (Figure 1C), suggesting that the AH720 strain is mildly pathogenic in chickens. This result is consistent with findings from previous studies regarding the pathogenicity of FAdV serotype 8 strains (Grgic et al., 2011; Ruan et al., 2017; Lv et al., 2021). The differences between the mortality rates of the chickens from the four infection groups indicated that interactions between the HN and AH720 strains may slightly influence the outcomes of the disease.

Interactions between FAdVs and other avian pathogens have been previously investigated, and researchers have found that co-infection with FAdVs and other avian pathogens could produce synergistic effects. For instance, co-infection with IBDV and FAdV-4 in chickens could induce immunosuppression and enhance the pathogenicity of FAdV-4 (Xu et al., 2021). Co-infection with Avibacterium paragallinarum and FAdV-4 in layer chickens caused more severe clinical symptoms (with 50% mortality), than that caused by infection with FAdV-4 alone (with 40% mortality) (Mei et al., 2020). In addition, co-infection with CIAV and FAdV-4 in chickens can increase the mortality rate and cause severe symptoms, with pericardial effusion and the formation of intranuclear inclusion bodies in hepatocytes (Toro et al., 2000).

In the present study, although the clinical symptoms and mortality rates of the chickens in groups I and III were similar, the viral loads in the tissues of chickens from the different infection groups differed markedly (Figure 2). Compared with the chickens from group I, the viral loads of the HN strain in the liver, pancreas, jejunum, kidney, and duodenum of the chickens from group III were significantly lower, but those in the cecum, rectum, spleen, and lung were relatively higher. Compared with the chickens from group II, all the tested tissues from chickens in group III, except the pancreatic and jejunal tissues, showed significantly higher viral loads of the AH720 strain. Of these changes, it is notable that the biggest decrease of the viral load of the HN strain and increase of the viral load of the AH720 strain were presented in the livers of chickens from group III, compared with the case for the chickens from group I or group II. It is likely that the significant decrease of the viral load of the HN strain in chickens from group III was compensated by the marked increase of the viral loads of the AH720 strain, resulting in similar symptoms and mortality rates being observed in the chickens infected with HN alone.

Further, the histopathological features of tissues of the liver, kidney, lung, and spleen were investigated. Histopathology lesions were observed in all the sampled tissues of the chickens from different infection groups compared with that of the chickens from the control group (Figure 3). Among these, liver tissues of chickens showed the most severe lesions. Notably, hepatocyte accumulation in the liver was observed in the chickens from group III (Figure 3). This is consistent with the results of the IFA analysis, which showed that the HN strain presented a scattered localization, whereas the AH720 strain presented an accumulated localization in the livers of the chickens from group III (Figure 5). Moreover, the TUNEL staining analysis showed that the degree of apoptosis in the livers of the chickens from groups I and III were similar. These data indicated that the decrease in the viral loads of the HN strain in the livers of the chickens infected with the HN and AH720 strains did not affect the symptoms significantly due to the marked increase of the viral loads of the AH720 strain.



CONCLUSION

In conclusion, in this study, we established an avian model of co-infection with a FAdV-4 strain and FAdV-8a strain. Co-infection with the HN and AH720 strains decreased the replication and proliferation of the HN strain, and conversely, increased the replication and proliferation of the AH720 strain in chicken livers. The interaction between the HN and AH720 strains allows chickens co-infected with these strains to present similar symptoms and mortality rates as those presented by chickens infected with the HN strain alone. However, the mechanisms underlying the interactions between the HN and AH720 strains during co-infection in chickens require further investigation. To the best of our knowledge, this is the first study that investigates the co-infection with FAdV-4 and FAdV-8a strains experimentally. These findings will lay the foundation for further investigations of the mechanisms underlying co-infection with strains of FAdV-4 and FAdV-8a in chickens.
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Sex hormones are steroid hormones synthesized from the gonads of animals and tissues such as the placenta and adrenocortical reticular zone. The physiological functions of sex hormones are complex. Sex hormones are not only pathologically correlated with many diseases of the reproductive system, but are etiological factors in some viral infectious diseases, including disease caused by infections of coronaviruses, herpesviruses, hepatitis viruses, and other kinds of human viruses, which either exhibit a male propensity in clinical practice, or crosstalk with androgen receptor (AR)-related pathways in viral pathogenesis. Due to the global pandemic of coronavirus disease 2019 (COVID-19), the role of androgen/AR in viral infectious disease is highlighted again, majorly representing by the recent advances of AR-responsive gene of transmembrane protease/serine subfamily member 2 (TMPRSS2), which proteolytically activates the receptor-mediated virus entry by many coronaviruses and influenza virus, along with the role of androgen-mediated signaling for the transcription of hepatitis B virus (HBV), and the role of sex hormone responsive genes during Zika virus (ZIKV) pathogenesis, et al. Collectively, we propose to provide a comprehensive overview of the role of male sex hormones during multiple phases in the life cycle of different human viruses, which may be partly responsible for the sex-specific prevalence, severity and mortality of some diseases, therefore, may provide clues to develop more efficient prevention and treatment strategies for high-risk populations.

Keywords: human viruses, virus infection, male predominance, androgen receptor, transmembrane protease/serine subfamily member 2


INTRODUCTION

The ongoing pandemic of COVID-19, caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), highlights those viral infectious diseases still present a serious threat to human health (Guan et al., 2020; Rozenberg et al., 2020). This is also evident from the regional outbreaks of influenza (Iuliano et al., 2018), viral hepatitis (Lee and Banini, 2019; Megahed et al., 2020), Ebola virus disease (EVD) (WHO, 2016), and the Zika epidemic (Duffy et al., 2009; Musso et al., 2014), all of which exhibit a male propensity for virus infection and pathogenesis that is mediated by different mechanisms.

Male bias in COVID-19 mortality is observed in nearly all countries with available sex-disaggregated data, and the risk of death in males is 1.7 times higher than in females (Scully et al., 2020). This disparity was first reported in China, where, the death rate among men was 2.8% vs. 1.7% in women (Gemmati et al., 2020). Regarding the infection rate, the ratio in males to females was 3:1 in Italy (Gebhard et al., 2020). Notably, there are several other viruses, including Kaposi’s sarcoma-associated herpesvirus (KSHV), HBV, influenza virus, and Respiratory syncytial virus (RSV) which predominantly affect males (Tsay et al., 2009; Lorenzo et al., 2011; Jones et al., 2019; Orimadegun et al., 2020). KSHV, HBV, and hepatitis C virus (HCV) are three types of human oncoviruses, which are defined as sex hormone responsive (Bosch et al., 2004; Jemal et al., 2011; Bradley et al., 2020). It was reported that men are more susceptible to seasonal influenza virus, and that the clinical outcomes are more severe (Wong et al., 2019). Besides, invasion or damage of the male reproductive system are reported outcomes of viral infection with SARS-CoV-2, Ebola virus (EBOV), and ZIKV (Counotte et al., 2018; Den Boon et al., 2019; Vishvkarma and Rajender, 2020). Taken together, these data suggest the significant implications of sex hormones in the gender differences observed in virus-associated susceptibility, prevention, clinical manifestations, treatment, prognosis, and pathogenesis (Baggio et al., 2013).

Androgen receptor is a ligand-dependent nuclear transcription factor (Dai et al., 2017). It mainly works in combination with natural agonists such as testosterone and dihydrotestosterone (DHT). At the absence of the ligand, AR complex with heat shock proteins and immunophilin, anchoring to cyto-skeletal elements, and residing primarily in the cytoplasm (Smith and Toft, 2008). However, upon the binding of ligand, the homodimer of ligand-AR translocates from cytoplasm to nucleus and binds to the androgen response elements (AREs) of target genes, thus regulating the downstream transcription cascades (Claessens et al., 2001; Dai et al., 2017). TMPRSS2, a well-known AR-responsive gene, emerged as hot topics in COVID-19 by processing a universal proteolytical activating effect to coronavirus family and influenza virus (Kawase et al., 2012; Böttcher-Friebertshäuser et al., 2014; Yamamoto et al., 2016; Shen et al., 2017; McKee et al., 2020), thus emphasize the requirement to fully elucidate the molecular mechanisms which underling the sex disparity in several viral infectious diseases.

Most studies to date have investigated this discrepancy in terms of gender-specific immune responses, and the results have shown that females have a greater ability to elicit immune responses against infection (Moulton, 2018; Ortona et al., 2019). Some hypotheses, which are mainly discussed in the review, suggest a direct effect by male sex hormones on pathogen infection. TMPRSS2, which is expressed in an androgen-dependent manner, is utilized by SARS-CoV-2 for the priming of viral spike (S) protein, which is essential for viral entry into primary target cells and for viral spread in the infected host (Mjaess et al., 2020). Similarly, TMPRSS2 acts as the major hemagglutinin (HA)-activating protease of influenza A virus (IAV) in human airway cells and of influenza B virus (IBV) in type II pneumocytes (Limburg et al., 2019). To the early-stage infection of other viruses, AR is involved in the coordinated activation of Src/RSK1/EphA2 Ser897 signaling, which promotes primary infection by KSHV (Wang et al., 2017). On the contrary, 17β-estradiol (E2) can inhibit HCV spread and/or entry by activating G-protein-coupled estrogen receptor, GPR30, increasing matrix metalloproteinase 9 (MMP-9) activation and exporting to the extracellular space leading to cleavage of occludin in Domain D (Ulitzky et al., 2016). The well-documented role of HBV in hepatocellular carcinoma (HCC) indicates that a virus–host feedback loop between the X gene of HBV and AR is established in HBV-infected male hepatocytes (Zhu et al., 2011). Similarly, HCV core protein mediated the feedback loop between AR and JAK/STAT signaling pathway also plays a vital role in HCV infection (Kanda et al., 2008).

Hence, this review aimed to further analyze the literature concerning (i) the implication of the androgen/AR axis and its downstream signaling in primary virus infection, and (ii) other mechanisms mediated by sex steroids or associated molecules in the regulation of virus replication or viral pathogenesis. This review may provide strategies for endocrine-based interventions and personalized treatment for high-risk groups.



CORONAVIRUSES

Transmembrane protease/serine subfamily member 2 is an androgen-regulated gene encoding a transmembrane serine protease (Figure 1A), which is located on human chromosome 21q22.3, and is approximately 66 kb in length (Shen et al., 2017). The full-length TMPRSS2 cDNA encodes a polypeptide of 492 amino acids, with a domain structure comprising a type II transmembrane domain, a receptor class A domain, a scavenger receptor cysteine-rich domain and a C-terminal ectodomain encompassing a large serine protease subunit (Figure 1B; Bottcher-Friebertshauser et al., 2010). It is well established that TMPRSS2 is highly expressed in prostate epithelial cells, and the TMPRSS2-ERG [erythroblast transformation-specific transcription factor (ETS) -related gene, ERG] fusion gene is frequently expressed in benign prostatic hyperplasia and primary prostate cancer tissues (Perner et al., 2007; FitzGerald et al., 2008; Park et al., 2014). In recent years, TMPRSS2 was confirmed to play a critical role in catalyzing virus–cell membrane fusion during SARS-CoV infection by proteolytically cleaving the S protein and activating its conformational flexibility (Heurich et al., 2014; Zmora et al., 2015). It is notable that this process is hijacked by a variety of human viruses, including middle east respiratory syndrome coronavirus (MERS-CoV) (Shirato et al., 2013), IAV (Tarnow et al., 2014; Cheng et al., 2015), and HCV (Esumi et al., 2015). Therefore, TMPRSS2 has emerged as a promising antiviral candidate in many types of infectious diseases (Kawase et al., 2012; Yamamoto et al., 2016; McKee et al., 2020).
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FIGURE 1. Priming of the SARS-CoV-2 S proteins and HA protein of influenza virus by TMPRSS2. (A) Sex hormone binding globulin (SHBG) transports androgens (mainly testosterone) and mediates cell entry. Intracellular 5α-reductases induce testosterone to produces active DHT that interacts with AR. The androgen and AR complex enters the nucleus and binds to ARE, then interacts with the TFIIF subunit, RNA polymerase II, TATA-binding polypeptide (TBP), CBP, AR co-activators, and other transcription factors to regulate the transcription of TMPRSS2. (B) The functional domains of TMPRSS2: the serine protease domain containing the catalytic triad consisting of histidine (H), aspartic acid (D) and serine (S); scavenger receptor cysteine-rich domain (SRCR); low-density lipoprotein receptor domain class A (LDLRA); and the N-terminal transmembrane domain. (C) The functional domains of coronavirus S protein: S1 subunit (attachment); and S2 subunit (fusion) including putative fusion peptide (FP) and transmembrane domain (TM); The S1/S2 and S2’ cleavage sites are indicated by black arrows. (D) ACE2 binds to the receptor-binding S protein of SARS-CoV-2 to accelerate the endocytosis of the virus into host cells; ‘TMPRSS2 cleaves the S2’ site of SARS-CoV-2 S protein to promote the direct fusion of viral particles to the cell and release of the viral genome, and activates S protein and cleaves the envelope protein on intracellular Golgi bodies to facilitate virus assembly and release. (E) A negative feedback regulation exist between the androgen/AR and ACE2. Lacking of androgen increases the expression of ACE2 in prostate cancer patients, and in turn ACE2 is constitutively expressed in adult-type Leydig cells which affects the secretion of testosterone. (F) The functional domains of influenza virus HA protein: HA1 subunit; and HA2 subunit including FP and TM; The HA1/HA2 cleavage site is indicated by a black arrow. (G) The HA1 subunit of the influenza virus HA protein binds to the sialic acid receptor to accelerate the endocytosis of virus particles into the cytoplasm. Influenza virus uses the released viral ribonucleoprotein complexes (vRNPs) as a template to transcribe and replicate, and then TMPRSS2 cleaves HA on intracellular Golgi bodies to facilitate virus assembly and release.


Like other class I viral fusion proteins, the human coronavirus spike (S) proteins require proteolytic priming to be activated (Bertram et al., 2012; Zhou et al., 2015). Priming of coronavirus S by host cell proteases is essential for viral entry into cells (Figure 1). The S proteins include cell receptor-binding domains (RBDs) and virus–cell membrane fusion domains (Kirchdoerfer et al., 2016). The S1/S2 cleavage site of SARS-CoV-2 S harbors several arginine residues (multibasic residues), which indicate its high cleavability (Figure 1C). Hoffmann et al. (2020) showed that SARS-CoV-2 depends on furin-mediated precleavage of its S protein at the S1/S2 site for subsequent S protein activation by TMPRSS2 in lung cells (Figure 1D; Bestle et al., 2020; Hoffmann et al., 2020). Furin cleaves the R-R-A-R685↓ site in the S1/S2 domain of S protein, whereas, TMPRSS2 cleavage occurs at KR815↓ at the S2’ site (Coutard et al., 2020; Walls et al., 2020). For MERS-CoV, TMPRSS2 mediated precleavage at the S1/S2 motif (RSVR751), but this was not essential for subsequent virus activation. By contrast, the S2 site (RSAR) was required for efficient entry and the integrity of one of the two arginines was sufficient for cleavage, usually most of which are cleaved by TMPRSS2 or cathepsin L (Kleine-Weber et al., 2018). In the case of SARS virus, TMPRSS2 cleaved and activated the S protein at separate sites, i.e., R667 and R797 (Reinke et al., 2017).

Transmembrane protease/serine subfamily member 2 has been widely studied in the context of prostate cancer, where, it is highly expressed, and TMPRSS2 expression is increased in response to androgens through direct transcriptional regulation by the AR (Lin et al., 1999; Lucas et al., 2014). A 15-bp sequence of the androgen response element is located at position ∼148 from the putative transcriptional start site of TMPRSS2 (Figure 1A; Lin et al., 1999). This feature has been hypothesized to contribute to the high frequency of genomic rearrangements involving the TMPRSS2 promoter and ERG, which places this oncogene under AR control (Haffner et al., 2010). Taken together, inhibition of AR activity and downregulation of TMPRSS2 could be targeted to prevent SARS-CoV-2 infection (Stopsack et al., 2020). This hypothesis was partly supported by a retrospective study in Italy that found that prostate cancer patients receiving androgen deprivation therapy (ADT) were less susceptible to SARS-CoV-2 infection (Montopoli et al., 2020). The reasons for these gender disparities are still under investigation. Recent studies reported that the active genetic variant of AR, with a long CAG repeat, is associated with more severe COVID-19 disease (McCoy et al., 2021).

The cellular receptor of SARS-CoV-2, angiotensin-converting enzyme 2 (ACE2), was identified as another AR-regulated target (Majdic, 2020; Qiao et al., 2020; Figure 1A). Different from that of male sex hormones-activating TMPRSS2, a negative feedback regulation exists between the androgen/AR and ACE2 (Figure 1E). That is, ADT might increase ACE2 expression in patients of prostate cancer, which might be beneficial when SARS-CoV-2 competes with angiotensin II for binding sites (Cattrini et al., 2020). On the other hand, ACE2 is constitutively expressed in adult-type Leydig cells which affect the secretion of testosterone, and the mechanism may account for the testosterone deficiency in men infected with COVID-19 (Hackett and Kirby, 2020; Hussain et al., 2020; Giagulli et al., 2021). Transcriptional repression of the AR enhanceosome with AR or the bromodomain and extraterminal domain (BET) antagonists led to decreased expression of both TMPRSS2 and ACE2 in subsets of lung epithelial cells, and inhibited SARS-CoV-2 infection in vitro (Qiao et al., 2020). A few AR-binding motifs were also identified within ACE2 regulatory regions (Ragia and Manolopoulos, 2020), but it is still not known whether these elements actually cause the ACE2 promoter to exhibit an androgen-dependent response.

The full array of mechanisms responsible for the gender disparities observed in COVID-19 outcomes is likely to be multifactorial. The androgen/AR axis exhibits a multidimensional response to SARS-CoV-2 infection, from active genetic variants to transcriptional regulation of host entry factors by TMPRSS2 and ACE2.



HERPESVIRUSES

In contrast to the genomic regulation of AR to the key target genes, such as TMPRSS2 and ACE2, that promote coronavirus and influenza virus infection (Lin et al., 1999; Shen et al., 2017), membrane-localized AR has been shown for the first time to be associated with KSHV entry and endocytosis (Wang et al., 2017). Cell entry by KSHV is a multistep process involving viral envelope glycoproteins as well as several cellular attachment and entry factors (Chandran, 2010; Chakraborty et al., 2012). One such factor is ephrin receptor A2 (EphA2), which is localized to the cell membrane subdomains/lipid rafts, and Wang et al. (2017) demonstrated that AR act as a host factor to facilitate KSHV entry by mediating Src/RSK1/EphA2 Ser897 signaling cascades (Figure 2A). KSHV envelope glycoproteins H and L bind to EphA2 and trigger the phosphorylation of EphA2, thereby promoting endocytosis of KSHV, which involves the signaling cascades mentioned above (Akula et al., 2003; Raghu et al., 2009). The specific mechanism involves the AR-mediated recruitment of Src, leading to the activation of p90 ribosomal S6 kinase 1 (RSK1), which in turn, leads to Ser897 phosphorylation of EphA2 (Figure 2A). From these results, it can be concluded that the gender difference in KSHV infection may be related to the cascade of androgens that promote KSHV infection of endothelial cells and epithelial cells. This may also imply a new mechanism affected by gender differences in the pathogenesis of Kaposi’s sarcoma.
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FIGURE 2. Sex hormone signaling axis modulates viral infection at the viral entry, transcription and replication stages. (A) AR mediated recruitment of Src, which led to the activation of the kinase p90 RSK1, which led to Ser897 phosphorylation of EphA2. AR coordinated activation of the Src/RSK1/EphA2 Ser897 signal to accelerate endocytosis of KSHV. (B) Androgen pathway increased the transcription of HBV mRNAs through direct binding to ARE1 (913–927 bp) and ARE2 (949–963 bp) in HBV enhancer I. The HBx gene can also enhance AR activity by activating c-Src signaling pathways and inactivating GSK-3β signaling pathways; ER-α binds to HNF-4α, causing molecular chelation, which inhibited the DNA binding ability of HNF-4α to HBV enhancer I, resulting in a decrease in enhancer I activity and HBV gene transcription. (C) ZIKV infection attracted S100A4 + macrophages to aggregate and differentiate into interferon-γ-expressing cells in the testis and secrete interferon-γ, increasing the permeability of the blood–testicular barrier (BTB), thereby facilitating the entry of ZIKV into the spermatogenic tubules; S100a4-Cre (GFP +) cells are expressed in the testis and rarely expressed in the interstitial tissue of the ovary. The interruption of the PTCH1 signaling pathway decreases the expression of Cga, which causes a decrease in the levels of follicular stimulating hormone (FSH), luteinizing hormone (LH), and thyroid stimulating hormone (TSH). Finally, the function of the ovaries and testes is damaged.


Zhang et al. (2018) recently reported that EphA2 is also a key receptor for Epstein-Barr virus (EBV) to infect epithelial cell. As a member of gamma-herpesvirus of human herpes virus type IV, the infection of EBV is also associated with sex hormones (Sasaki et al., 2020). Persistent EBV reactivation induces host B cells to differentiate into plasma cells and produce various isotypes of Ig, relating to autoimmune diseases (Hara et al., 2018), such as Graves’ disease (Hara et al., 2019) and Multiple sclerosis (MS) (Al-Temaimi et al., 2015), which occur predominantly in women. However, the progression of MS was more severe in male patients (55.1%) than in females (34.8%) (Al-Temaimi et al., 2015). In addition, studies have shown that the use of progesterone analog may decrease the DNA titer of EBV in plasma of cachectic patients with recurrent/metastatic nasopharyngeal carcinoma (NPC) (Hung et al., 2017). However, the underlying mechanism by which AR-pathways may involve in the process remains elusive and should be very interesting in the future work.



HUMAN HEPATITIS VIRUSES

Virus-induced HCC is present worldwide, representing 60–80% of all liver cancer cases and the risk factors of viral infection with HBV is 54% of all HCCs, and/or HCV is 31% of all HCCs (El-Serag, 2012; Yang et al., 2019). Moreover, HBV and HCV infection showed explicit gender-related differences (Tsay et al., 2009; Bradley et al., 2020). However, the mechanisms of sex disparities in HBV and HCV infection are considerable differences.

Researchers reported that the rate of spontaneous clearance of HBV/HCV was higher among HBV/HCV-infected females when compared with male patients (Bakr et al., 2006; Wang et al., 2007), and sustained virologic response (SVR) was more prominent among male patients (Akuta et al., 2007; Iyer et al., 2017). Differences in immune capacity between men and women may be part of reasons to this bias, and it was reported that number of monocytes, macrophages and dendritic cells, which participated in preventing human from virus infection were higher in females (Klein, 2012). Besides, women usually produce more effective immune responses than men after virus infection (Ruggieri et al., 2016). On the other hand, gender bias in virus entry, transcription and replication can also contribute to this bias.

Sodium taurocholate co-transporting polypeptide (NTCP) has been supposed to play a key role for HBV entering (Yan et al., 2012), and it was reported that NTCP mRNA and protein expression were higher in male than female in rat hepatic sinusoid (Simon et al., 2004). Similarly, the entry of HCV for human liver cells also display gender differences. Scavenger receptors, which are critical for HCV entry were reported could be up-regulated by testosterone whiling be down-regulated by estrogen (Langer et al., 2002; Scarselli et al., 2002; Stangl et al., 2002; Evans et al., 2007; Meng et al., 2011). In addition, E2 was also reported to inhibit HCV entry through down-regulation of occludin (OCLN), which is also critical for viral infection (Ulitzky et al., 2016), it can activate GPR30, increase MMP-9 activation and export to the extracellular space leading to cleavage of occludin in Domain D, disrupting occludin-occludin and occludin-claudin-1 interaction.

Sex hormone pathways classically modulate HBV infection by activating their cognitive nuclear receptors, which act as transcriptional regulators, controlling the expression of HBV genes (Figure 2B; Wang et al., 2009, 2012). Wang et al. (2009) reported that the androgen pathway can increase the transcription of HBV mRNAs through direct binding to ARE1 (913–927 bp) and ARE2 (949–963 bp) in HBV enhancer I (Ruggieri et al., 2018). In turns, studies reported that HBx could promote AR transcriptional activity through glycogen synthase kinase-3β (GSK-3β) and c-Src kinase pathway (Chiu et al., 2007; Yang et al., 2009). This forms a positive loop which promotes the progression of HBV infection seriously in males. On the contrary, Wang et al., also concluded that estrogen receptor-α (ER-α) could reduce transcription of the HBV gene by suppressing HBV enhancer I activity. The hinge region and the boundary region between the DNA binding domain (DBD) and the hinge (amino acids 252–263) of ER-α bind to hepatocyte nuclear factor-4 alpha (HNF-4α), causing molecular chelation, which inhibited the DNA binding ability of HNF-4α (1134–1146 bp) to HBV enhancer I, resulting in a decrease in enhancer I activity and HBV gene transcription (Wang et al., 2012, 2015).

The sex hormone signaling axis is also associated with HCV replication, E2 was found to inhibit production of mature HCV virions at the virion assembly/secretion phase through binding to ER-α (Hayashida et al., 2010) according to Magri et al. (2017) estrogen pathway inhibited hepatitis C virus acting by interfering with assembly/release phases of its life cycle. In addition, one study suggested selective estrogen receptor modulators (SERMs) seemed to target multiple steps of HCV viral life cycle such as replication and post replication events, and it may be potential candidates for the treatment of HCV infection (Murakami et al., 2013). Interestingly, the HCV virus production also affects the sex hormone signal axis. Kanda et al. (2008) have demonstrated that HCV core protein can enhance AR-mediated transcriptional activity by activating JAK/STAT signaling pathway. These aforementioned studies might elucidate the role of sex hormone in modulating HCV infecting hepatocytes cells which may contribute to the sex bias in HCV infection.



OTHER VIRUSES

Besides coronaviruses family, TMPRSS2 function in a similar way to the de novo infection of IAV, which is also regulated by androgen/AR axis (Figure 1A). Bottcher-Friebertshauser et al. (2010) first suggested that TMPRSS2 and human airway trypsin-like protease (HAT) are candidates for proteolytic activation of influenza viruses in vivo (Bottcher-Friebertshauser et al., 2010). HA was a prerequisite for successful binding to sialic acid-containing cell surface receptors and fusion between viral and endosomal membranes during virus entry. Cleavage of HA is essential for infection and determines viral pathogenicity and tissue tropism (Sakai et al., 2016). HA is synthesized as a precursor protein, HA0, and needs to be cleaved by a host cell protease into subunits HA1 and HA2 to gain fusion capacity (Figure 1F; Bottcher-Friebertshauser et al., 2010; Sakai et al., 2016). The residues of HA comprise the N-terminal of the scissile bond (↓) P1 and the C-terminal P1’; corresponding residues in the substrate binding domain of the activating enzyme are designated S1 and S1’ (Schechter and Berger, 1967; Luczo et al., 2015). Proteolytic cleavage of HA has been demonstrated to occur on the smooth membranes within the trans-Golgi network or at the cell surface for highly pathogenic and lowly pathogenic viruses, respectively (Bottcher-Friebertshauser et al., 2010). Unlike the membrane priming of TMPRSS2 to the S protein of SARS-CoV-2, membrane-bound TMPRSS2 cleaved the HA but this did not necessarily lead to its proteolytic activation (Böttcher-Friebertshäuser et al., 2014). Meanwhile, the newly synthesized HA within the cell was also cleaved by TMPRSS2, most probably during the transport of HA from the endoplasmic reticulum to the plasma membrane, where, virus assembly and budding take place (Figure 1G; Bottcher-Friebertshauser et al., 2010; Böttcher-Friebertshäuser et al., 2014). HAT and TMPRSS2 mediate proteolytic cleavage at a highly conserved arginine residue (Baron et al., 2013; Garten et al., 2015). Cleavage activation of TMPRSS2 was shown to occur autocatalytically. TMPRSS2 seems to possess only marginal enzymatic activity at the cell surface, whereas, HAT is a fully enzymatically active protease at the cell surface (Garten et al., 2015). These results further support the concept that TMPRSS2 cleaves the viral glycoproteins in different cellular compartments, leading to different functionality. Taken together, these findings indicate that potent protease inhibitors targeting TMPRSS2 are potential novel drugs for virus treatment.

Zika virus, a neglected mosquito-borne Flavivirus, was recently reported to establish long-term infection in the testes by preferentially infecting spermatogonia, primary spermatocytes and sertoli cells, thus resulting in sexual transmission and impaired male fertility (Lozier et al., 2018; Clancy et al., 2019). Our understanding of the mechanisms involved was recently advanced, as shown in Figure 2C. Yang et al. (2020) reported that S100A4 + macrophages may facilitate ZIKV crossing of the blood–testis barrier in multiple ways, establishing a biological association between male steroids and ZIKV infection.

Both the calcium binding protein S100A4/Mts1 and its endogenous receptor (receptor for advanced glycosylation end products; RAGE) have been implicated in the development of sex hormone-dependent formation of the cortical bone (Erlandsson et al., 2013) and pulmonary arterial hypertension (Dempsie et al., 2011). It was shown that physiological concentrations of E2 increased S100A4 expression led to cell proliferation, which was inhibited by soluble RAGE, by antagonizing the membrane-bound form of RAGE. Estrogen-related receptor γ (ERRγ) promotes the aggressiveness of endometrial cancer by activating the transcription of S100A4 (Hua et al., 2018). In feedback regulation, Ren et al. (2019) reported that the activity of the S100A4 promoter-driven Cre recombinase (S100A4-Cre) is restricted to CD45 + cells of hematopoietic origin, causing sex-specific changes in the expression of genes in regulating fertility and endocrine function. Consistent with this, the CD45 + myeloid macrophage subpopulation located in mice testes, which is susceptible to ZIKV infection, comprised mainly of S100A4 + cells. Mechanically, it was demonstrated that interferon-γ secreted by S100A4 + macrophages induced the tight junction protein Claudin-1 to translocate from the plasma membrane into the nuclei, thus increasing the permeability of the blood–testis barrier (an indispensable structure surrounding the seminiferous tubules and protecting the spermatogenic cells inside from viral infection and immune attack). Whether S100A4 directly functions in ZIKV infection through a sexually dimorphic mechanism remains to be determined. A few studies have also shown the various roles of S100A4 + cells in the pathogenesis of sexually transmitted viruses, which indicates that S100A4 is a promising target of viral infectious diseases.

The infection of RSV is also showed a male propensity in severe RSV bronchiolitis. Meta-analyses showed that the gender of male is a known risk factor for the disease (Lanari et al., 2015; De Jacobis et al., 2020; Orimadegun et al., 2020). A recent study showed that upon androgen treatment, higher amounts of RSV were detected in body fluids in comparison to solvent (Echchgadda et al., 2011). The current researches contribute the sex difference usually from the aspects from the immune discrepancy between genders (Carvajal et al., 2019), the possible direct mechanisms by which AR axis may crosstalk with the virus are lacking.

Finally, the outbreaks of EVD are clinically evidenced a sexual transmission. Even after 6 months to more than one year after recovery from EVD, male patients can also transmit the EBOV to their partner (Mate et al., 2015). And the EBOV RNA can be detected from semen tissues up to 965 days, from the onset of EVD (Fischer et al., 2017). Therefore, the research into the sexual transmission mechanism of ZIKV may provide a reference for studying the disparity in related diseases caused by EBV infection.



CONCLUSION

Currently, our knowledge on the potential mechanisms determining sex disparity in infectious diseases, either immunological or via signaling pathways, is fragmented and not exhaustive. The male predominance of multiple types of human viruses has been clinically observed in viral infectious diseases; however the underlying mechanisms of male sex steroids action need further investigation, especially its versatile functions by targeting on different stages of virus lifecycle. In terms of the initial virus infection, the infection pathway is likely to influence the duration and severity of infection. Thus, in-depth studies on the function of sex hormones in each specific step of the virus life cycle will be vital. The molecular mechanisms responsible for sex bias in virus infections are only beginning to be revealed; however, identification of the key molecules and signal pathways involved may provide new insight into identifying high-risk groups and disclosing new targets for personalized medicine, targeted drugs and vaccinology.
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Many efforts have been dedicated to the discovery of antiviral drug candidates against the mumps virus (MuV); however, no specific drug has yet been approved. The development of efficient screening methods is a key factor for the discovery of antiviral candidates. In this study, we evaluated a screening method using an Aequorea coerulescens green fluorescent protein-expressing MuV infectious molecular clone. The application of this system to screen for active compounds against MuV replication revealed that CD437, a retinoid acid receptor agonist, has anti-MuV activity. The point of antiviral action was a late step(s) in the MuV life cycle. The replication of other paramyxoviruses was also inhibited by CD437. The induction of retinoic acid-inducible gene (RIG)-I expression is a reported mechanism for the antiviral activity of retinoids, but our results indicated that CD437 did not stimulate RIG-I expression. Indeed, we observed antiviral activity despite the absence of RIG-I, suggesting that CD437 antiviral activity does not require RIG-I induction.
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INTRODUCTION

Mumps virus (MuV), of the genus Orthorubulavirus in the family Paramyxoviridae, has a worldwide circulation. Infection by MuV usually causes a mild or moderate disease with fever and swelling of the parotid gland, but is occasionally associated with serious complications such as aseptic meningitis and hearing loss (Hviid et al., 2008). Mumps vaccines are effective against MuV infection and are widely used, especially in developed countries. However, recurrent outbreaks have occurred in several countries despite their common use of mumps vaccines (Watson-Creed et al., 2006; Kutty et al., 2014; Rubin et al., 2016; Su et al., 2020). Several candidates have been reported in the development of antiviral compounds against MuV infection (McCammon and Riesser, 1979; Kosugi et al., 1994; Katoh et al., 2015; Forgione et al., 2020; Lawson et al., 2020), but no drug against MuV infection has yet been approved. Therefore, treatment for MuV infection mainly focuses on alleviating the symptoms (McLean et al., 1964; Trojian et al., 2009).

Mumps virus has a single-stranded negative-sense RNA genome of approximately 15 kb. The genome encodes seven viral proteins (N, V, P, M, F, SH, HN, and L) and possesses control regions at both genomic termini (Whelan et al., 2004; Rubin et al., 2015). In its lifecycle, the paramyxovirus attaches to the host cells, and the ribonucleoprotein (RNP) complex in the virion is released into the host cell cytoplasm. Then, the RNA genome in the RNP complex is transcribed into viral mRNAs, and translated viral proteins are used for viral genome amplification and the assembly of progeny viruses. Recently, the monitoring activities of reporter proteins encoded in recombinant virus genomes have led to the development of several high-throughput screening methods of antiviral drugs and the discovery of novel antiviral candidates (Peng et al., 2007; Tran et al., 2013; Kato and Hishiki, 2016). These reporter-based methods have several benefits, such as high sensitivity and highly efficient screening; furthermore, they have the advantage of targeting all steps, rather than a single specific step, of the viral lifecycle.

We previously developed an Aequorea coerulescens green fluorescent protein (AcGFP)-expressing MuV based on the Odate strain (referred to as AcGFP-MuV in this manuscript) (Katoh et al., 2017). In the present study, we evaluated whether this recombinant virus can be used in a high-throughput screening system for identifying anti-MuV drug candidates. We also evaluated the point of action of the identified anti-MuV drug candidate.



MATERIALS AND METHODS


Construction of Knockout A549 Cell Lines

A549 cells constitutively expressing human signaling lymphocytic activation molecule (A549/hSLAM) (Takeda et al., 2005) were studied because this cell line is useful for examining not only MuV but also measles virus (MeV) as another important human paramyxovirus. To produce knockout A549/hSLAM cell lines by genome editing technology, the pSELECT-CRISPR-Cas9 plasmid was used (Ogawa et al., 2018; Yamaji et al., 2019a,b). This plasmid was cleaved by BsmBI and a 20-nucleotide guide sequence against interferon-alpha/beta receptor subunit 1 (IFNAR1), mitochondrial antiviral signaling protein (MAVS), retinoic acid inducible gene I (RIG-I), or melanoma differentiation-associated gene 5 (MDA5) was inserted into this site. Guide RNA sequences were: IFNAR1: 5″-AACAGGAGCGATGAGTCTGT-3′, MAVS: 5′-TCAGCCCTCTGACCTCCAGC-3′, RIG-I: 5′-AAACAACAAGGGCCCAATGG-3′, and MDA5: 5′-CG TCTTGGATAAGTGCATGG-3′.

These plasmids were transfected into A549/hSLAM cells using TransIT-LT1 reagent (Mirus Bio, Madison, WI, United States) according to the manufacturer’s instructions. After 24 h, puromycin was added to the culture medium at a final concentration of 5 μg/ml to remove untransfected cells. Three days after puromycin addition, the culture medium was changed to puromycin-free medium, and the cells were cloned by limiting dilution. Genome sequences of the knockout cell lines were checked using Big Dye Terminator v3.1, and analyzed on an ABI3500xl Genetic Analyzer (Applied Biosystems, United States). The target knockouts were confirmed by western blotting (Supplementary Figure 1), and its method is described below.



Cells and Viruses

Vero, VeroE6, Huh7, Hep2, A549/hSLAM, and knockout A549/hSLAM cell lines (IFNAR1-, RIG- I-, MDA5-, and MAVS-KO A549/hSLAM cells) were cultured in Dulbecco’s modified essential medium (D-MEM) (FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan) with 10% fetal bovine serum (FBS), and 100 U/100 μg/ml penicillin–streptomycin (Nacalai Tesque Co., Kyoto, Japan). VeroE6/TMPRSS2 (Nao et al., 2019) and Vero/hSLAM cells (Ono et al., 2001) were cultured in D-MEM with 10% FBS, penicillin–streptomycin, and 500 μg/mL G-418 (Nacalai Tesque Co.). T7 polymerase expression BHK-21 cells (BHK/T7-9) (Ito et al., 2003) were cultured in Glasgow’s MEM (Thermo Fisher Scientific, Waltham, MA, United States) with 10% FBS and, penicillin-streptomycin.

Molecular clones of the original wild-type MuV Odate strain and AcGFP-MuV have been established in previous studies (Katoh et al., 2016, 2017). Green fluorescent protein (GFP)-expressing respiratory syncytial virus (RSV), whose details will be published elsewhere, was kindly provided by Dr. M. A. Rameix-Welti (Paris-Saclay University, INSERM, Paris, France) and Dr. J. F. Eleouet (Paris-Saclay University, INRAe, Paris, France) (Rameix-Welti et al., 2014). Green fluorescent protein-expressing human parainfluenza virus type 1 (GFP-HPIV1) was kindly provided from the National Institute of Allergy and Infectious Diseases (Rockville, MD, United States). GFP-HPIV3 was purchased from ViraTree (Research Triangle Park, NC, United States). EGFP-MeV was reported previously (Hashimoto et al., 2002). The clinical isolated MeV IC-B strain (Kobune et al., 1990), HPIV1 2272-Yamagata-2009 strain (Abe et al., 2013), and RSV A/NIID/2367/14 strain (Shirato et al., 2021) were used in the present study. Recombinant MuV was amplified using Vero cells. Recombinant RSV, recombinant and the clinical isolated HPIV1, and recombinant and the clinical isolated HPIV3 were amplified using VeroE6/TMPRSS2 cells. The clinical isolated RSV was amplified using the Hep2 cells. Recombinant and the clinical isolated MeV were amplified using Vero/hSLAM cells. Infectious viral titers were measured by plaque assays.



Plaque Assay

Cells were seeded in 6-well plates at 1 × 106 cells per well and infected with serially diluted virus samples. At 1 h post-infection (p.i.) Eagle’s minimum essential medium (E-MEM) supplemented with 2% FBS and 0.5% agarose ME was added, and the cells were incubated for 4–6 days. They were then stained with 0.033% neutral red (NR) in E-MEM and fixed with 1% glutaraldehyde in phosphate-buffered saline (PBS). If plaques were poorly visible after NR staining in reporter gene expressing recombinant viruses, the numbers were counted using a fluorescent microscope, as the plaques expressed AcGFP, EGFP, or GFP. Vero and Vero/hSLAM cells were used for MuV and MeV, respectively, VeroE6/TMPRSS2 cells were used for HPIV1, HPIV3, and recombinant RSV, and Hep2 cells were used for the clinical isolated RSV to perform the plaque assays.



Evaluation of Screening Methods and Screening of a Chemical Library

VeroE6, Huh7, A549/hSLAM, and A549/hSLAM IFNAR1 KO cells were seeded in 96-well plates at 3 × 104 cells per well. After 24 h, the cells were infected with AcGFP-MuV at a multiplicity of infection (MOI) of 0.01, then cultured with 1:20 dilution of neutralizing antibody, 10 μM (final concentration) of mycophenolic acid (MPA; Sigma-Aldrich, St Louis, MO, United States) or nocodazole (R&D Systems Minneapolis, MN, United States), which inhibits a late step of MuV infection (Katoh et al., 2015) at 37°C with 5% CO2. At 3 days p.i., the infection level was evaluated by observation with a fluorescence microscope (RX-800, Keyence Co., Osaka, Japan). The AcGFP brightness was analyzed using BZ-X800 analyzer software (Keyence Co.). Each test was performed 60 times. The Z′ factor was calculated using the formula described previously (Zhang et al., 1999; Kato et al., 2019).

To identify the novel anti-MuV compounds, Tocriscreen small molecule compound libraries (#2890, R&D Systems), consisting of 1,120 biologically active compounds were screened for their ability to inhibit MuV infection. A549/hSLAM IFNAR1 KO cells were seeded in 96-well plates at 3 × 104 cells per well. After 24 h, EGFP-MuV at a MOI of 0.01 was inoculated and each compound was added at a final concentration of 10 μM. Cells were cultured at 37°C with 5% CO2 for 3 days, then examined under a fluorescence microscope. The GFP brightness was analyzed using BZ-X800 analyzer software. Additional compounds were purchased from Sigma-Aldrich.

To exclude cytotoxicity caused by the compound, a cytotoxicity assay was performed. Cells were seeded in 96-well plates at 3 × 104 cells per well. After 3 days of cultivation with 10 μM of each compound, Cell Count Reagent SF (Nacalai Tesque) was used according to the manufacturer’s protocol. The absorbance at 450 nm for each well was measured using a GloMax Discover Microplate Reader (Promega, Madison, WI, United States). Each screening was performed twice.



Calculation of the Half Maximal Effective Concentration (EC50) and Cytotoxicity Concentration (CC50)

Cells were seeded in 24-well plates at 3 × 105 cells per well. Following 18 h incubation, they were infected with the viruses at a MOI of 0.01 for 1 h, and then a fresh medium containing 0–10 μM of CD437, BMS961, and CD1530 was added. After 3 days co-culture, the supernatant was collected and the viral titer was measured by plaque assay as described above. The half maximal effective concentration (EC50) was calculated by the Reed and Muench method (Reed and Muench, 1938).

Cells were seeded in 96-well plates at 3 × 104 cells per well. After 3 days of cultivation with different concentrations of each compound (0–100 μM), Cell Count Reagent SF (Nacalai Tesque) was used according to the manufacturer’s protocol. The absorbance at 450 nm for each well was measured using a GloMax Discover Microplate Reader (Promega). The half-maximal cytotoxicity concentration (CC50) was then calculated.



Time-of-Addition Assay

A549 IFNAR1 KO cells were seeded in 12-well plates at 3 × 105 cells per well. After 18 h incubation, the cells were infected with AcGFP-MuV at a MOI of 2 for 1 h. Next the viral inoculum was removed, and cells were washed twice with PBS. Then, 10 μM of CD437 was added to infected cells at 2 h intervals until 22 h. After 24 h of infection, the supernatant was collected to include MuV RNA in released progeny virions; the viral titer was measured by plaque assay and MuV RNA expression was determined by quantitative reverse transcription (qRT)-polymerase chain reaction (PCR).



Minigenome Assay

Minigenome assay was basically constructed in previous study (Katoh et al., 2017). In this study, expression vectors for N, P, and L were rearranged to pSITE vector. Expression vectors for N, P, and L MuV proteins and a luciferase coding minigenome vector were transfected into BHK/T7-9 using TransIT LT1 (Takara Bio Co., Shiga, Japan) according to the manufacturer’s instructions. Then, 0–10 μM of CD437 and 10 μM of MPA were added and incubated for 2 days. Cells were lysed, and the luciferase activity was measured using a luciferase assay system (Promega) in a microplate reader.



Quantitative Reverse Transcription-Polymerase Chain Reaction

Total RNA was extracted from the cells and culture supernatants using a RNeasy Mini Kit (Qiagen, Germantown, MD, United States) according to the manufacturer’s protocol. MuV genome quantification has been described previously (Katoh et al., 2017). For RIG-I mRNA quantification, A549/hSLAM cells were treated with 0–10 μM of CD437 and 1,000 Units/ml of IFN αA/D (Sigma-Aldrich) for 24 h. Total RNA was extracted and one-step quantitative RT-PCR was performed using the RNA-direct SYBR Green Realtime PCR Master Mix (Toyobo, Osaka, Japan) in a LightCycler 480 system using the following primers: 5′-CTTTTTCTCAAGTTCCTGTTGGA-3′ and 5′-TCCCAACTTTCAATGGCTTC-3′ (Hergovits et al., 2017). RNA expression was normalized to that of hypoxanthine phosphoribosyltransferase 1 using the following primers: 5′-CATTATGCTGAGGATTTGGAAAGG-3′ and 5′-CTTGAGCACACAGAGGGTACA-3′.



Western Blotting

IFNAR1-KO A549/hSLAM cell lines were seeded in 6 well plate 1 × 106 cells/well and infected with MuV at a MOI of 2. After 24 h of cultivation with different concentrations of each compound (0–10 μM), the cells were lysed using Passive Lysis Buffer (Promega). The anti-MuV N rabbit polyclonal antibody was prepared as described previously (Katoh et al., 2019), and the anti-actin (AC-15) mouse monoclonal antibody was purchased from Sigma-Aldrich. Cells were collected using Passive Lysis Buffer (Promega), and protein samples were separated by sodium dodecyl sulfate–polyacrylamide gel electrophoresis and transferred to polyvinylidene fluoride blotting membranes. Bands were detected using the SuperSignal West Femto Maximum Sensitivity Substrate (Thermo Fisher Scientific). MuV N protein density was normalized to β-actin levels in the same sample. Each experiment was performed in triplicate and an average was obtained.

Knocking out IFNAR1, RIG-I, MDA5, and MAVS of A549/hSLAM were checked by western blotting (Supplementary Figure 1). RIG-I and MDA5 knockout cells were stimulated using 1,000 units/ml of IFN αA/D (Sigma-Aldrich) for 24 h. Anti-IFNAR1 (EPR6244) (Abcam, Cambridge, United Kingdom), anti-MAVS (D5A9E), RIG-I (D14G6), and MDA5 (D74E4) (Cell Signaling Technology, MA, United States) were used for detection. Can Get Signal reagent (Toyobo, Osaka, Japan) was used to enhance the signal.



Flow Cytometry

IFNAR1-KO A549/hSLAM cell lines were seeded in 6 well plate 1 × 106 cells per well and infected with MuV at a MOI of 2. After 18 h of cultivation with different concentrations of CD437 (mock, 1, 3, and 10 μM), the cells were harvested using 0.25% trypsin (Nacalai Tesque Co.). The cells were fixed and re-suspended using Flow Cytometry Fixation Buffer and Flow Cytometry Staining Buffer (R and D systems, MN, United States), and GFP expression was measured using BD FACSLyric (Becton, Dickinson and Company, NJ, United States).



Statistical Analysis

Data are expressed as means and standard deviations (SD). All statistical analyses were performed using Student’s t-test; P < 0.05 was considered statistically significant.



RESULTS


Establishment of a Screening Method for Anti-mumps Virus Candidate Drugs

To establish an efficient screening system using AcGFP-MuV, Huh7, Vero, A549/hSLAM, and A549/hSLAM IFNAR1 KO cells were evaluated by Z′ factor, which is an important index for screening (Zhang et al., 1999). The growth kinetics based on the virus infectious titer were almost parallel to the GFP brightness measured by fluorescence (Figure 1A). Thus, virus replication was assessed by quantifying the AcGFP expression levels. MPA, which inhibits RNA synthesis in MuV and several other viruses (Kosugi et al., 1994; Diamond et al., 2002; Shen et al., 2019), was used as a control drug to evaluate the Z′ factor. The Z′ factor values for Huh7, Vero, A549/hSLAM, and A549/hSLAM IFNAR1 KO cells were 0.27, 0.67, 0.40, and 0.58, respectively. Correspondingly, Vero cells showed the highest index (Z′ factor = 0.67). However, these cells derived from the African green monkey so are not the ideal choice for drug screening, whereas A549/hSLAM cells are derived from human lung epithelial cells. Therefore, they were also evaluated, despite having a lower index. In addition, the culturing period with viruses and compounds was assessed. The 72 h p.i. and culturing with compounds indicated the clearest positive/negative ratio compared to the 24, 48, and 96 h.
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FIGURE 1. Green fluorescent protein (GFP)-expressing recombinant mumps virus (MuV)-based high-throughput screening. (A) Growth kinetics of the brightness and infectious virus titer. AcGFP-MuV was infected with an multiplicity of infection (MOI) of 0.01 to IFNAR1-KO A549/hSLAM cell. Data were analyzed by plaque assay in triplicate. (B) Validation of Z factor by measuring the GFP brightness of AcGFP Odate infected IFNAR1-KO A549/hSLAM cell at 72 h post-infection. MOI equals 0.01. Inhibitor, 1:20 diluent of neutralizing antibody, 10 μM of MPA and 10 μM of Nocodazole, were co-cultured for 3 days. Each assay was repeated 60 times. Vertical axis indicates GFP brightness (Log10). (C) Workflow of the screening in the present study. 1,120 compounds were examined, with 10 μM of the final concentration in each compound was used at the primary and secondary screening. Each screening was performed twice.


An assay with a Z′ factor higher than 0.5 is generally accepted as reliable (Zhang et al., 1999), andA549/hSLAM IFNAR1 KO cells showed a higher index than parental A549/hSLAM cells (0.58 > 0.40). Therefore, they were adopted as the drug screening system in the present study. To further validate the screening method using AcGFP-MuV and A549/hSLAM IFNAR1 KO cells, the Z′ factor was also evaluated using a neutralizing antibody and nocodazole (Figure 1B and Supplementary Figure 2). The Z′ factor values were 0.54 and 0.52, respectively. The coefficient of variation index was low: 0.2% in the mock-treated cells, 0.6% in the neutralizing antibody-treated cells, 0.4% in the nocodazole-treated cells, and 1.3% in the MPA-treated cells. In A549/hSLAM IFNAR1 KO cells, the replication kinetics assessed by the infectious virus titer of the original wild-type Odate MuV strain were parallel to the AcGFP expression level of AcGFP-MuV (Figure 1C). These results indicate that the AcGFP-MuV and A549/hSLAM IFNAR1 KO cell systems are reliable and useful for the high-throughput screening of anti-MuV drugs.



Application of the Screening System and Identification of the CD437 Candidate

Anti-Mumps virus drug candidates were screened from a chemical library consisting of 1,120 compounds (Figure 1C). In the primary screening, a final concentration of 10 μM of each compound was assessed by reducing the GFP brightness signal. Next, compounds causing cell toxicity were excluded by the cytotoxicity assay as a secondary screening. The screening identified eight compounds with antiviral activity without cytotoxicity; among them, the retinoic acid receptor (RAR) gamma agonist CD437 was revealed as an anti-MuV candidate (Figure 2A). When inhibition was assessed using AcGFP expression, the EC50 of CD437 against MuV infection was 0.98 ± 0.02 μM (Figure 2B). As expected, a similar EC50 level (0.79 ± 0.11 μM) was shown when inhibition was assessed using infectious virus titers (Figure 2C). The CC50 of CD437 was 34.9 μM (Figure 2D), and the selective index (CC50/EC50 = 34.9/0.79) was 46.1. The anti-MuV effect of CD437 was also confirmed using Huh7 and parental A549/hSLAM cells (Figures 3E,F), indicating that the effect was unrelated to IFNAR1 KO and not specific to A549/hSLAM cells. CD437 also exhibited antiviral activity against other viruses in the family Paramyxoviridae (MeV, HPIV1, and HPIV3) and family Pneumoviridae (RSV) (Figure 3 and Supplementary Figure 3), with an EC50 of 0.74 at MeV, 1.16 at HPIV1, and 2.34 at RSV.
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FIGURE 2. CD437 inhibited MuV replication. (A) Structure of CD437. (B) CD437 inhibited MuV replication in a dose-dependent manner. A total of 0–10 μM of CD437 was co-cultured with AcGFP-MuV at an MOI of 0.01 in IFNAR1-KO A549/hSLAM cells. At 72 h post-infection, GFP brightness was measured using a fluorescence microscope and image analyzer. EC50 was calculated using the Reed and Muench method. (C) CD437 inhibited MuV replication in a dose-dependent manner. A total of 0–10 μM of CD437 was co-cultured with AcGFP-MuV at an MOI of 0.01 in IFNAR1-KO A549/hSLAM cells. At 72 h post-infection, the supernatant was collected and the infectious titer was measured by plaque assay. The EC50 was calculated using the Reed and Muench method. (D) Cytotoxicity of CD437; 0–100 μM of CD437 was co-cultured in IFNAR1-KO A549/hSLAM cells and cell viability was measured at 72 h after culture was started using WST-8 reagent. The CC50 was calculated using the Reed and Muench method.
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FIGURE 3. CD437 inhibition of other paramyxoviruses and MuV inhibition in Huh7 and A549 parental cells. (A) MeV, (B) HPIV1, and (C) RSV were inhibited by CD437. A total of 0–10 μM of CD437 was co-cultured with each virus at an MOI of 0.01. Vero/hSLAM cells were used in MeV, VeroE6/TMPRSS2 cells were used in HPIV1, and Hep2 cells were used in RSV. At 72 h post-infection, the supernatants were collected and the infectious titer was measured using a plaque assay. The EC50 was calculated using the Reed and Muench method. MuV was inhibited by CD437 in panel (D) Huh7 and (E) parental A547/hSLAM cells. A total of 10 μM of CD437 was co-cultured with AcGFP-MuV at an MOI of 0.01. At 72 h post-infection, GFP brightness was measured using a fluorescence microscope and image analyzer.




CD437 Exhibits Anti-mumps Virus Activity Independently of the Retinoic Acid-Inducible Gene-I-Like Receptor Signaling Pathway

A previous study revealed that CD437 functions as an agonist of RAR gamma (Bernard et al., 1992). To determine whether there is a relationship between RAR gamma agonistic activity and the antiviral activity of CD437, two RAR-related compounds (CD1530, an analog of CD437, and BMS961, an agonist of RAR gamma) were analyzed for antiviral activity against MuV. No anti-MuV activity was observed for any of the two compounds (Supplementary Figure 4). Previous studies also revealed that retinoids bind to RAR and inhibit MeV and MuV infections via RIG-I promoter activation (Soye et al., 2011, 2013). To assess the contribution of the RIG-I signaling pathway to the anti-MuV activity of CD437, similar experiments were performed using RIG- I-, MDA5-, and MAVS- KO A549/hSLAM cells. CD437 inhibition of MuV propagation was observed in RIG- I-, MDA5-, and MAVS-KO cells, as well as in IFNAR-KO and parental A549/hSLAM cells (Figures 4A–E). Consistent with these results, CD437 did not increase RIG-I mRNA expression in A549/hSLAM cells, whereas the IFNβ treatment did so significantly (Figure 4F). These results showed that the anti-MuV activity of CD437 was independent of the RIG-I signaling pathway (Figure 4F).
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FIGURE 4. CD437 also inhibited MuV replication in RIG-I knockout cells. MuV was inhibited by CD437 in panel (A) parental A549/hSLAM cells, (B) IFNAR1-KO A549/hSLAM cells, (C) RIG-I-KO A549/hSLAM cells, (D) MAVS-KO-A549/hSLAM cells, and (E) MDA5-KO-A549/hSLAM cells. A total of 0–10 μM of CD437 was co-cultured with the MuV Odate strain at an MOI of 0.01. At 72 h post-infection, the supernatant was collected and the infectious titer was measured by plaque assay. The EC50 was calculated using the Reed and Muench method. (F) Quantification of retinoic acid-inducible gene (RIG-I) mRNA using IFN β as a control. A total of 0–10 μM of CD437 and 1,000 Units/ml of IFN αA/D were treated with A549/SLAM for 24 h. mRNA was measured by qRT-PCR.




CD437 Inhibits a Late Step of the Mumps Virus Multiplication Cycle

To identify the point of action of CD437 in the MuV cycle, a time-of-addition assay was performed. During a single MuV life cycle, during the first few hours, the virus attaches and invades the host cells, and primary transcription begins immediately, and viral proteins are translated within the next several hours. RNA synthesis begins started at 4–6 h after infection. Viral particles and genomes are assembled, and progeny virus are released in to outer cell approximately 16 h after the first infection. CD437 reduced the production of infectious viruses, even when it was added as late as 12 h p.i. (Figure 5A). Furthermore, the viral genome levels were not affected by CD437 treatment.


[image: image]

FIGURE 5. CD437 inhibited a late step in the MuV life cycle. (A) Time-of-addition assay. A total of 10 μM of CD437 was co-cultured with AcGFP-MuV at MOI of 2 in IFNAR1-KO A549/hSLAM cells. The left vertical axis and bar indicate the infectious titer in the supernatant 24 h post-infection. The right vertical axis and white circle indicate the intracellular RNA expression. (B) Minigenome assay. N, P, and L of MuV protein expression vector and luciferase coding minigenome plasmid were transfected into IFNAR1-KO A549/hSLAM cells and co-cultured with 10 μM of CD437. The luciferase activities were measured at 48 h post-transfection. (C) Detection of MuV N protein with or without CD437 treatment at 24 h post-infection. IFNAR1-KO A549/hSLAM cells were cultured with 10 μM or mock medium and infected with MuV at MOI of 2. Western blotting was performed and the band density was measured. (D) One-step growth curve of viral RNA in cells. IFNAR1-KO A549/hSLAM cells were cultured with 10 μM or mock medium and infected with MuV at MOI of 2. The cells were collected every 2 h and viral RNA was quantified by qRT-PCR. (E) One-step growth curve of the infectious titer in the supernatant. IFNAR1-KO A549/hSLAM cells were cultured with 10 μM or mock medium and infected with MuV at MOI of 2. The supernatants were collected every 2 h and the virus titer was quantified by plaque assay.


To clarify this further, the effect of CD437 on the MuV minigenome replication system, which specifically reproduces viral genome replication and transcription, was analyzed. CD437 did not inhibit MuV minigenome RNA synthesis at any concentration (Figure 5B). Next, at a single infection round, viral protein and GFP expression levels after CD437 treatment were analyzed by western blotting and flow cytometry, respectively, and there was no significant change after CD437 treatment (Figure 5C and Supplementary Figure 5). These results indicated that CD437 did not affect viral protein translation or GFP activity. Finally, viral RNA levels in the inner cells and progeny virus titer outer cells at a single infection round were assessed. CD437 did not affect MuV RNA levels in cells during a single round infection, especially in early steps (0–12 h p. i.); however, it significantly reduced MuV infectious titers in culture media at or after 16 h p.i., regarded as late steps (Figures 5D,E). Therefore, CD437 inhibited the late step event(s), such as assembly, budding, and releasing steps, although it did not inhibit the early viral replication steps, including the viral attachment and entry step, or the viral protein expression and genome synthesis.



DISCUSSION

In this study, we evaluated AcGFP-MuV for the high-throughput screening of antiviral candidates. The screening method presented in this study could identify candidates targeting any of multiple steps of the viral cycle, and evaluated viral growth quickly, easily, and sensitively. However, our system cannot identify drug candidates targeting IFN-related pathways because IFNAR1 KO cells are used.

We screened the antiviral activity of a chemical library consisting of 1,120 compounds with known pharmacological activity and a wide coverage of cellular targets (Kato et al., 2019). This confirmed that it was possible to identify candidates with novel antiviral mechanisms, and that it was relatively easy to estimate the point of action despite phenotypic screening. In fact, we identified various anti-dengue virus candidates from the same chemical library in a previous study (Kato et al., 2019). The present study identified CD437 as an anti-MuV candidate.

Recently, antiviral drug candidates with strong suppressive activity against positive- and negative-stranded RNA viruses have been identified, including remdesivir, NITD008, MPA, and favipiravir. These drugs have a broad spectrum against various viruses and can be quickly adapted for use against emerging or re-emerging diseases by drug repositioning (Barrows et al., 2016; Tani et al., 2016; Wang et al., 2020). In a previous study, CD437 demonstrated antiviral activity against SARS-CoV-2, which is a single positive-stranded RNA virus (Kato et al., 2020). CD437 has also shown antiviral activity against many paramyxo- and pneumoviruses.

Given broad antiviral spectrum was shown, the antiviral mechanism of CD437 may be related to host factors. The RAR has been reported as a key factor for antiviral activity in several candidates. Previous studies suggested that retinoid-induced RIG-I expression is essential for their antiviral activity (Soye et al., 2011, 2013). Indeed, CD437 has potent pharmacological activity as a RAR agonist. We showed that it still has antiviral activity in RIG-I KO cells, and does not increase the mRNA expression of RIG-I, suggesting that its mechanism of action does not require RIG-I and that a different novel mechanism may be responsible for its antiviral activity. Some studies have reported that CD437 induces apoptosis by increasing the cyclin-dependent kinase inhibitory factor through a RAR-independent pathway (Hsu et al., 1997; Zhao et al., 2001). In the present study, evident apoptosis was not observed after CD437 treatment, and CD437 acted as a specific point of action in the viral life cycle. Therefore, the mechanism of CD437 antiviral activity might not be related to apoptosis; however, careful experiments and discussion are needed in future studies.

CD437 did not inhibit the early steps of the MuV life cycle, such as attachment and entry, transcription, translation of viral proteins, and RNA synthesis. However, it did inhibit the later steps such as assembly, budding, and the release of progeny virus. In multi-round infections, the reduced production of the progeny virus by CD437 resulted in reduced secondary and subsequent infections and eventual antiviral activity. In the present study, we could not identify a definitive point of action during the late steps. It is also possible that there was more than one point of action in these steps. In other viruses, such as neuraminidase inhibitors in the influenza virus, late step inhibitors are one of the targets for developing antiviral drugs. Clarification of this critical point of action is important for the future development of CD437 as an antiviral drug candidate.

CD437 inhibited a late step(s) of the MuV lifecycle. Only a small number of candidates, including nocodazole, have been reported as having antiviral activity against MuV and acting in the late steps of the virus lifecycle. However, nocodazole is a toxic compound that interferes with the polymerization of microtubules and interrupts the cell cycle; therefore, there are concerns about its therapeutical use. Thus, CD437 could be an alternative antiviral candidate that suppresses a late step(s) of the MuV viral cycle.

In conclusion, this study developed an efficient high-throughput screening method for MuV antiviral drug discovery. This enabled the identification of CD437 as having anti-MuV activity, and targeting a late step(s) of the MuV replication cycle. Further studies about the detailed mechanism underlying the point of action of CD437 against MuV infection may lead to the development of novel antiviral drugs.



DATA AVAILABILITY STATEMENT

The original contributions presented in the study are included in the article/Supplementary Material, further inquiries can be directed to the corresponding author.



AUTHOR CONTRIBUTIONS

FK, YN, and KM performed the experiments and analyzed the data. FK, YN, and MT wrote the manuscript. TH and TY provided the reagents. KM, AW, TK, TH, TY, MK, and HK interpreted the data and edited the manuscript. All authors contributed to the article and approved the submitted version.



FUNDING

This study was supported by a Grant-in Aid from the Japan Agency for Medical Research and Development (AMED) (Grant Numbers JP21wm0325024 and JP21fk0108087) and from the Japan Society for the Promotion of Science (Grant Number JP20K16020).



ACKNOWLEDGMENTS

We thank Jean-Francois Eleouet from the Paris-Saclay University, INSERM, and Marie-Anne Welti from Paris-Saclay University, INRAe for kindly providing the reporter recombinant RSV. We also thank Alexander Schmidt from the National Institute of Allergy and Infectious Diseases for kindly providing the reporter recombinant HPIV1, Hijikata Kyoto University, INFRONT for kindly providing the chemical library, and Naoto Ito for providing the BHK/T7-9 cells.



SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmicb.2021.751909/full#supplementary-material

Supplementary Figure 1 | Confirmation of knockout by western blotting. (A) Confirmation of IFNAR1 and MAVS knockout. A549/hSLAM, IFNAR1-KO-A549/hSLAM, and MAVS-KO-A549/hSLAM were lysed and analyzed by western blotting. (B) Confirmation of knockout in RIG-I and MDA5 cells. A549/hSLAM, RIG-I-KO-A549/hSLAM, and MDA5-KO-A549/hSLAM were treated with 1,000 Units/ml of IFN αA/D for 24 h. The cells were lysed and analyzed by western blotting.

Supplementary Figure 2 | (A) Neutralizing antibody, (B) MPA, and (C) nocodazole inhibited MuV. Each reagent was diluted and co-cultured with MuV Odate strain at MOI of 0.01 in IFNAR1-KO A549/hSLAM cells. At 72 h post-infection, the supernatant was collected, and the infectious titer was measured using a plaque assay. EC50 was calculated using the Reed and Muench method.

Supplementary Figure 3 | (A) MeV, (B) HPIV1, (C) HPIV3, and (D) RSV inhibited CD437 expression. A total of 10 μM of CD437 was co-cultured with AcGFP-MuV at MOI of 0.01. At 72 h post-infection, GFP brightness was measured using a fluorescence microscope and an image analyzer.

Supplementary Figure 4 | Analogs of CD437 and other RAR agonists had no indication of antiviral activity. GFP brightness of AcGFP-MuV under treatment with (A) CD1530, an analog of CD437, and (B) BMS961, RAR gamma agonist. A total of 0–10 μM of each compound was co-cultured with AcGFP-MuV at an MOI of 0.01 in IFNAR1-KO A549/hSLAM cells. At 72 h post-infection, the brightness of GFP was measured.

Supplementary Figure 5 | CD437 did not affect GFP expression. (A) Detection of GFP positive cells under treatment with CD437 by flow cytometry. (B) Percentage of GFP positive cells. AcGFP-MuV at MOI of 2 and 10 μM of CD437 or mock infected/treated cells were cultured for 18 h in IFNAR1-KO A549/hSLAM cells. GFP expression was measured using flow cytometry.
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Suppression and Activation of Intracellular Immune Response in Initial Severe Acute Respiratory Syndrome Coronavirus 2 Infection
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is currently the most important emerging pathogen worldwide, but its early transcriptional dynamics and host immune response remain unclear. Herein, the expression profiles of viral interactions with different types of hosts were comprehensively dissected to shed light on the early infection strategy of SARS-CoV-2 and the host immune response against infection. SARS-CoV-2 was found to exhibit a two-stage transcriptional strategy within the first 24 h of infection, comprising a lag phase that ends with the virus being paused and a log phase that starts when the viral load increases rapidly. Interestingly, the host innate immune response was found not to be activated (latent period) until the virus entered the log stage. Noteworthy, when intracellular immunity is suppressed, SARS-CoV-2 shows a correlation with dysregulation of metal ion homeostasis. Herein, the inhibitory activity of copper ions against SARS-CoV-2 was further validated in in vitro experiments. Coronavirus disease 2019-related genes (including CD38, PTX3, and TCN1) were also identified, which may serve as candidate host-restricted factors for interventional therapy. Collectively, these results confirm that the two-stage strategy of SARS-CoV-2 effectively aids its survival in early infection by regulating the host intracellular immunity, highlighting the key role of interferon in viral infection and potential therapeutic candidates for further investigations on antiviral strategies.
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INTRODUCTION

Coronavirus disease 2019 (COVID-19) is a novel pathology caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which is highly infectious, insidious, and pathogenic. During viral infection, people often present with acute respiratory symptoms, such as fever, cough, fatigue, and dyspnea, and in severe cases, the disease develops into pneumonia, severe acute respiratory syndrome, renal failure, or even death (Guan et al., 2020; Zhou P. et al., 2020). COVID-19 was first discovered in Wuhan, China, at the end of 2019 and subsequently spread rapidly across the country and the world, causing a global pandemic. The World Health Organization reported 186,762,453 confirmed COVID-19 cases (including 4,030,918 deaths) as of July 13, 2021, which shows a grim situation of global prevention and control (WHO, 2020). In response to this outbreak, multiple types of vaccines were developed and administrated to people at an unprecedented rate (Dagotto et al., 2020; Wang et al., 2020), with 12.6% of the global population being fully vaccinated as of July 12, 2021.1 The successful development of these vaccines is a leap forward in COVID-19 research, but given the time required to establish the immune barrier and the continued emergence of new virus variants, SARS-CoV-2 will continue to impact human society for some time in the future. Therefore, it is necessary to continue to explore the etiology and infection characteristics of SARS-CoV-2.

Severe acute respiratory syndrome coronavirus 2 is a beta genus coronavirus that has a genome of nearly 30-kb single-stranded RNA with a 5′ cap structure and 3′ poly-A tail, encoding structural [spike (S), envelope (E), membrane (M), and nucleocapsid (N) proteins] and accessory (3a, 6, 7a, 7b, 8, and 10) proteins, as well as non-structural proteins (nsp 1–16) (Gorbalenya et al., 2020; Kim et al., 2020; Wu et al., 2020). Several studies have revealed the structure of the viral genome and transcriptome (Kim et al., 2020), the three-dimensional structure of the viral particles, and the functions of important viral proteins (Bojkova et al., 2020; Yao H. et al., 2020). However, the expression patterns and dynamics of SARS-CoV-2 viral genes remain unclear, and whether they differ within cells with different physiological functions has not been elucidated.

Although no specific therapy for SARS-CoV-2 has been identified to date, some generic antivirals may be effective in COVID-19 treatment, such as type I interferon (IFN), a cytokine that plays an important antiviral role in innate immunity (Hung et al., 2020; Sa Ribero et al., 2020). In contrast to the inadequate IFN responses in SARS patients (Reghunathan et al., 2005; Ziegler et al., 2005), a robust IFN-directed antiviral response was observed in patients with COVID-19, even leading to cytokine storm that exacerbates the disease when pro-inflammatory cytokines were produced in excess (Yao Z. et al., 2020; Zhou Z. et al., 2020). Hence, lack of type I IFN may be a hallmark of severe COVID-19 (Hadjadj et al., 2020). Indeed, a recent study further reported that at least 10.2% of 987 patients with life-threatening COVID-19 pneumonia had human inborn errors in IFNs (existing autoantibodies against type I IFNs) (Bastard et al., 2020), demonstrating the strong link between IFN and SARS-CoV-2 infection.

In the present study, we compared Vero E6 cells, a commonly used monkey kidney cell line for preparation and propagation of SARS-CoV-2 (Harcourt et al., 2020), with Huh7 cells, a human hepatocyte cell line insensitive to SARS-CoV-2, to characterize early transcriptional dynamics of the virus and the respective response landscape in the two cell lines. In addition, the response to SARS-CoV-2 of Huh7 cells and its derivative cell line Huh7.5.1 (type I IFN deficient) was investigated to explore the potential role of IFN in the early stages of SARS-CoV-2 infection.



MATERIALS AND METHODS


Facility and Ethics Statements

All experiments related to living SARS-CoV-2 virus were performed under biosafety level 3 (BSL-3) conditions at a negative pressure in Wuhan Institute of Virology, Chinese Academy of Sciences.



Cell Lines and Culture

Huh7 and Huh7.5.1 hepatocytes were obtained from the Wuhan Institute of Virology of the Chinese Academy of Sciences. Vero E6 cells (American Type Culture Collection # CRL1586) were purchased from the American Type Culture Collection. All cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM) containing 10% fetal bovine serum and incubated at 37°C under a condition of 5% CO2.



Virus Strains and Infection

Severe acute respiratory syndrome coronavirus 2 (Genbank: NC_045512.2) was propagated on the Vero E6 cells and titrated by a single layer plaque assay with standard procedure. Briefly, Vero E6 cells were seeded into 24-well plates at a concentration of 1 × 105 cells per well. Twenty-four hours later, confluent Vero E6 cells were infected with 200 μl of DMEM containing a serial 10-fold dilution of viral stock for 1 h at 37°C. After removal of the inoculum, Vero E6 cells were overlaid with DMEM containing 0.9% methylcellulose and cultured at 37°C for 4 days. Plaques were monitored and counted.

Because cells differ in their susceptibility to SARS-CoV-2, to make viral transcription in cells observable, we tested different gradients of viral multiplicity of infection (MOI) and finally determined the minimum MOI for effective infection in each cell. Then, SARS-CoV-2 virus infections were performed in Huh7, Vero E6, and Huh7.5.1 cells using their minimum effective MOI of 0.5, 0.05, and 0.05, respectively. Cells were collected from 0 to 24 hpi and lysed with 1-ml TRIzol reagent (Invitrogen) to obtain total final RNA for RNA sequencing after every 2 h.



Immunofluorescence

To visualize SARS-CoV-2-infected cells, the infected cells at the indicated time were fixed twice in 4% formaldehyde in PBS and washed twice in PBS. After permeabilization with 0.1% Triton X-100, the cells were stained with a monoclonal antibody recognizing SARS-CoV-2 N protein. The bound antibodies were visualized by using Alexa Fluor 488-labeled (green) goat anti-rabbit immunoglobulin G.



Next-Generation Sequencing Library Preparation and Sequencing

RNAs from infected cells were quantified separately using Qubit 3.0, and qualified samples were further enriched for messenger RNA (mRNA) using Dynabeads mRNA Purification Kit (Invitrogen, cat. no. 61006), followed by fragmentation, reverse transcription, and double-stranded complementary DNA synthesis. We ligated the adaptor at the end of the repaired double-stranded complementary DNA and cyclized the polymerase chain reaction (PCR) products using MGIEasy mRNA Library Prep Kit (no. 85-05536-01, MGI Technology, Shenzhen, China) according to the manufacturer’s instructions to obtain the final libraries. After detection by the Agilent 2100 Bioanalyzer, the libraries were loaded into the chip of the MGI2000 platform for paired-ends sequencing based on DNA nano ball technology, with a read length of 150 bp.



Raw Data Processing

The raw data were first quality filtered using fastp (v0.20.1) (Chen et al., 2018) to trim 10 low-quality bases at the front and tail of the sequences, removing sequences with shorter than 20 bases and reads with a number of N bases > 6. Clean reads were compared with the host and viral reference genomes by hisat2 (v2.1.0) (Kim et al., 2015) (Vero E6: http://ftp.ensembl.org/pub/release-100/fasta/chlorocebus_sabaeus/dna/Chlorocebus_sabaeus.ChlSab1.1.dna.toplevel.fa.gz; Huh7 and Huh7.5.1: http://ftp.ensembl. org/pub/release-100/fasta/homo_sapiens/dna/Homo_sapiens.GRCh38.dna.primary_assembly.fa.gz; SARS-CoV-2: NC_045512.2); samtools (v1.9) (Li et al., 2009) was used for process file format conversion and mapping rate statistics. Based on the genome annotation (Vero E6: http://ftp.ensembl.org/pub/release-100/gtf/chlorocebus_sabaeus/Chlorocebus_sabaeus.ChlSab1.1.100.chr.gtf.gz; Huh7 and Huh7.5.1: http://ftp.ensembl.org/pub/release-100/gtf/homo_sapiens/Homo_sapiens.GRCh38.100.chr.gtf.gz; SARS-CoV-2: homemade) and the resulting BAM files, the raw gene count matrices for each time point of Vero, huh7, and SARS-CoV-2 contained in them were obtained independently by featureCounts (v1.6.3) (Liao et al., 2014) for subsequent analysis.



Differential Expression Analysis

DESeq2 (v1.26.0) (Love et al., 2014) was used in this study to analyze differential gene expression. Gene count matrices for Vero E6, Huh7, and Huh7.5.1 were used as input files to explore the differential expression of host genes as SARS-CoV-2 infection became longer, using their respective 0 hpi as a control group with a p-value < 0.05 and | log2fc| > 1 as the criterion. Based on the K-medoid algorithm, the identified differentially expressed genes (DEGs) were clustered into clusters with different expression patterns. The graphical part was implemented by ggplot2 (v3.3.2) (Wickham, 2009). In addition, some important DEGs such as cytokines and DEGs shared by two cell lines were highlighted in the form of heat maps.



Functional Enrichment Analysis

Gene ontology (GO) functional analysis and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis were applied to the multiple DEG sets. Multiple hypothesis testing corrections for a p-value was performed by clusterProfiler (v3.14.3) (Yu et al., 2012) using the Benjamini and Hochberg false discovery rate method, retaining only GO entries and KEGG pathways with an adjusted p < 0.05. The concept of z-score, as mentioned by GOplot (v1.0.2) (Walter et al., 2015), was used here to characterize whether biological processes are more likely to be decreased (negative value) or increased (positive value), with the formula [image: image]. The top 10 GO terms independently enriched at each time point were presented by Circos (v0.69.6) (Krzywinski, 2009), whereas the semantic similarity between terms was computed by GOSemSim (v2.12.1) (Yu et al., 2010).



Gene Expression of Severe Acute Respiratory Syndrome Coronavirus 2

Appropriate host internal reference genes are essential for standardizing the expression levels of viral genes, so we first calculated the coefficient of variation ([image: image]) of the host genes to assess their stability and selected the three most stable of them as reference genes (ref-genes, RGs). The viral expressions were normalized by the formula “[image: image]” as input to plot the expression curve. The growth rate (Ggrowth  rate, [image: image]) of viral genes during infection was further calculated to investigate the pattern of changes in the transcriptional activity of each gene.



Construction of Weighted Co-expression Networks

The weighted gene co-expression networks were constructed by R package WGCNA (v1.69) (Zhang and Horvath, 2005). The full gene expression matrices of Vero E6 and Huh7 after variance stabilizing transformation standardization were read, respectively, and the one-step network construction was performed with β value = 6 and cut height = 0.25 to make the gene distribution conform to a scale-free network. The time of infection of the cell samples was used as trait information, and the most relevant gene modules were identified by Pearson correlation analysis. The genes contained in each module were subjected to GO enrichment analysis by clusterProfiler, and the modules most relevant to SARS-CoV-2 infection were further extracted into Cytoscape (v3.7.2) (Shannon et al., 2003) for visualization and extracted hub-genes using the cytoHubba plugin.



Discriminatory Role of Hub-Genes in Clinical Data

In the face of SARS-CoV-2 infection, DEGs shared by two different cell lines and hub-genes of infection-associated modules in Huh7 were considered as candidate markers to identify COVID-19. We used a random forest algorithm (R package randomForest v4.16.14) to screen for biomarkers that best distinguish clinical COVID-19 patients from non-COVID-19 patients and evaluated the classification effect by receiver operating characteristic (ROC) curves and area under the ROC curve. Large-scale clinical patient data were obtained from the Gene Expression Omnibus public database, including 100 COVID-19 and 26 non-COVID-19 inpatients at Albany Medical Center from April to June 2020 (Gene Expression Omnibus accession: GSE157103) (Overmyer et al., 2021). According to the literature, the team used LeukoLOCK® filters to process patient blood samples to obtain leukocytes and further eluted RNA for RNA-seq (Overmyer et al., 2021).



Addition of Copper Ion and Cytotoxicity Assay

Vero E6 cells were seeded in 96-well plates (1 × 104 cells per well) and allowed to grow for 24 h before treatment. Then, serial 10-fold dilutions of copper sulfate were added to the cells. At 48 h, the cells were incubated with a 10-μl CCK-8 reagent (cell counting kit-8, Bimake) for 1 h at 37°C. The absorbance at 450 nm was read by a microplate reader (Varioskan Flash, Thermo Fisher). For each compound concentration, six wells were performed in parallel, and the mean values of the cell viability were calculated. The inhibition activity of copper ions on cell viability was expressed as a percentage of the treated cells to untreated cells. Using non-linear regression analysis of GraphPad Prism 8.0 software, the cytotoxic concentration of CC50, at which 50% of the cells are viable, was calculated.

After determining the cytotoxicity of copper ion, Vero E6 cells and Huh7 cells were cultured in the standard medium or the medium supplemented with different concentrations of CuSO4 (a concentration of 0.125, 0.25, or 0.5 mM). Then, SARS-CoV-2 (MOI = 0.05 for Vero-E6 cells and MOI = 0.5 for Huh7 cells) was added to each well, incubated at 37°C for 24 h, and the viral genes N and RdRp in the supernatant were measured by relative real-time quantitative (Qrt)-PCR assay (N-QF: 5′- TAACCAGAATGGAGAACGCAGTG-3′, N-QR: 5′-TGAGTGAGAGCGGTGAACCAAGAC-3′; RdRp-QF: 5′-CAAAATGYTGGACTGAGACTGACC-3′, RdRp-QR: 5′-ACGATATCATCDACAAAACAGCCG-3′).



RESULTS


Distinct Transcriptional Dynamics of Severe Acute Respiratory Syndrome Coronavirus 2 in Sensitive and Unsensitive Cell Lines

To elucidate the transcriptional dynamics of SARS-CoV-2 in Vero E6 and Huh7 cell lines, we first standardized the viral gene counts by using host reference genes (BMS1, IWS1, and WDR33 for Huh7 and PPP2CB, SEL1L3, and HADH for Vero E6) and investigated the accumulation pattern of viral genes after infection. Overall, the expression of viral genes was much higher in Vero E6 than in Huh7 from 8 hpi, although both showed an increasing trend (Figure 1A, Supplementary Figures 1A,B, and Supplementary Table 1). Using the SARS-CoV-2-sensitive Vero E6 as control, the relative abundance of each viral gene was roughly stable in Huh7, except for decreased ORF6, nsp13, nsp14, nsp15, and nsp16, and increased nsp1, nsp6, and nsp10. The genes with the highest and lowest abundance were both ORF10 and S, respectively (Figure 1B). As Vero E6 has a defective type I IFN secretion and ORF6, nsp13, nsp14, and nsp15 have recently been shown to be potent IFN antagonists (Yuen et al., 2020), it is possible that they exhibit lower accumulation in Huh7 because of their interactions with IFN, whereas the interactions of nsp1, nsp6, and nsp10 with IFN are still unknown.


[image: image]

FIGURE 1. Expression dynamics of SARS-CoV-2 viral genes. (A) Genomic structure of SARS-CoV-2 and expression trends of its genes in Vero E6 and Huh7. Heatmap showing dynamics of normalized viral gene expression (ranging from 0 to 10), with white and red representing no and high expression, respectively, and horizontal and vertical axes representing each gene of SARS-CoV-2 and time of infection, respectively. (B) Comparison of relative abundance of each viral gene in different cells. Mean value of each viral gene at 0–24 hpi was calculated, and its percentage of total expression was determined as relative abundance; genes with inconsistent trends are marked in red. (C) Immunofluorescence assay of nucleocapsid protein of SARS-CoV-2. (D) Growth pattern of viral genes in Vero E6 and Huh7 cells. Expression heatmaps consist of normalized counts, which show accumulation of viral load, and growth curves represent transcriptional activity of viral genes at different moments. Due to large variation in y-axis range, structural genes are shown separately from non-structural genes, and small views of same y-axis range as Huh7 are appended to Vero E6.


Immunofluorescence imaging targeting viral N proteins was used next to confirm the viral transcriptional dynamics. A gradual increase in viral proteins in Vero E6 from 14 hpi was observed, with more than 70% of cells being invaded at 24 hpi (Figure 1C and Supplementary Figure 1E); however, the increase in N proteins in Huh7 started at 12 hpi, and only less than 10% of cells were invaded at 24 hpi. These results indicate that the transcription efficiency of SARS-CoV-2 differed between the two cell lines. Further calculation of the transcriptional activity of the viral genes revealed that the transcriptional activity of all viral genes in Vero E6 reached a small peak at 12 hpi and decreased to zero at 14 hpi, when the genes had completed the first round of active transcription and then entered the second round of active state (Figure 1D and Supplementary Figures 1C,D). Unexpectedly, the first active cycle of viral genes ended at 10 hpi in Huh7, which was earlier than in Vero E6 (Figure 1D).



Differential Responses Against Severe Acute Respiratory Syndrome Coronavirus 2 in Vero E6 and Huh7

Possibly due to the deficient pathway of type I IFN, only a few genes were differentially expressed in Vero E6 during the first 20 h of infection and increased at 22–24 hpi, when the mapping rate of SARS-CoV-2 was already as high as 26.10–30.27% (Figure 2A and Supplementary Table 1). In contrast, a considerable number of DEGs at each time point, with only a small decrease at 12–16 hpi were observed in Huh7. qRT-PCR was also performed on a small number of genes to confirm the reliability of the RNA-Seq results (Supplementary Figure 2A and Supplementary Table 2). Based on the expression pattern, 312 and 1,049 DEGs of Vero E6 and Huh7, respectively, were clustered into downregulated clusters I and III and upregulated clusters II and IV (Figures 2B,C). Functional enrichment of the four clusters showed that biological processes related to defense against exogenous bacteria were increased in both cell lines. In addition, processes associated with acute inflammatory responses were increased in Huh7 cells, whereas processes associated with metal ions were inhibited (Figures 2B,C and Supplementary Table 2).


[image: image]

FIGURE 2. Comparative analysis between SARS-CoV-2-induced response on Vero E6 and Huh7 cells during 24 h. (A) Proportion of SARS-CoV-2 and distribution of DEGs in two cell lines during infection. (B,C) Functionality of DEG sets with different expression patterns in Vero E6 and Huh7, respectively. Unsupervised clustering based on k-medoids algorithm was performed on DEGs of two cell lines, and resulting clusters were subjected to GO enrichment analysis. Downregulated gene set cluster I in Vero E6 was not enriched for functional terms with P < 0.05. (D) Noteworthy characteristics of DEGs are highlighted. (E) SARS-CoV-2 viruses were suppressed by addition of different concentrations of copper ions in vitro. RdRp and N of SARS-CoV-2 in cell culture supernatant were detected separately, and –ΔΔCt (i.e., log2foldchange) was calculated using blank group as control.


Next, detailed analysis of the 49 DEGs shared by Vero E6 and Huh7 cells, which may be generic genes associated with SARS-CoV-2 infection, revealed that some of these genes, which were related to positive regulation of cell death, had opposite expression trends in the two cell lines (Figure 2D and Supplementary Figure 2B). Moreover, SARS-CoV-2 infection of renal and hepatocyte cells was found to potentially trigger a wave of inflammatory responses accompanied by increased expression of pro-inflammatory cytokines and immune markers (Supplementary Figure 2C). Although neither Vero E6 nor Huh7 cells are immune cells and several common checkpoint genes were not significantly altered, many cytokine-related genes, including chemokines, interleukins (ILs), tumor necrosis factor (TNF), and IFN, were upregulated upon viral stimulation, suggesting the presence of a cytokine storm. We found that these signaling molecules could be divided into two categories, according to their expression patterns: genes that were continuously upregulated during the time of infection, such as CXCL10, ACKR4, CX3CR1, OASL, and ADM in Vero E6 and CXCR6, CXCL2, CCL27, TNFSF11, TNFSF18, FFAR2, STEAP4, APOBEC3G, CEBPD, LRG1, CRP, and SAA1 in Huh7 (Supplementary Figure 2C), and genes that respond during the second stage of the infection, such as CXCL1, CXCL6, IL6, TNFAIP6, C1S, and LCN2. CXCL10, CXCL1, and OASL were the most upregulated genes in Vero E6 (Figure 2D). Indeed, CXCL10 was reported to be a key regulator of the cytokine storm in SARS-CoV-2 infection, CXCL1 to play a role in chemotactic neutrophils in bacterial infections, and OASL to be involved in IFN-gamma signaling and PI3K-Akt signaling pathways, which can restrict virus infection (Stelzer et al., 2016). In Huh7 cells, increased expression of acute-phase proteins, such as C-reactive protein and serum amyloid A1, was observed with the progression of infection, whereas FFAR2 and STEAP4 with metalloreductase activity showed significantly higher upregulation than other genes (Figure 2D and Supplementary Table 2B). Similar to Vero, a number of cytokines associated with bacteria were identified in Huh7 cells, such as lipocalin 2 (LCN2), which inhibits bacterial infection, was upregulated, whereas C-C motif chemokine ligand 26 (CCL26), a chemoattractant for eosinophils and basophils, was downregulated.

In addition, many of the downregulated DEGs in Huh7 belonged to the metallothionein gene family, which led us to investigate further the role of metal ions, especially copper ions, in SARS-CoV-2 infection. In vitro experiments confirmed that the addition of copper ions into the cell culture could effectively inhibit SARS-CoV-2 replication in a dose-dependent manner, but the inhibition rate of copper ions against the virus in Vero E6 cells was much higher than that in Huh7 (Figure 2E).



Severe Acute Respiratory Syndrome Coronavirus 2 Does Not Elicit Significant Cellular Immune Response Until the Second Cycle of Transcription in the Host

Gene ontology and Kyoto Encyclopedia of Genes and Genomes analyses by individual time-point were conducted to probe the host immune response during the two-stage SARS-CoV-2 infection process. In the case of Vero E6, biological processes associated with hematopoiesis, inflammation, and immune response were gradually enriched and upregulated from 16 hpi but without any significant changes during the first 14 h (Figure 3A and Supplementary Table 3A). Defensive processes against bacterial infections, such as cellular response to lipopolysaccharide (GO:0071222), response to molecule of bacterial origin (GO:0002237), and response to a bacterium (GO:0009617), were repeatedly enriched. Accordingly, KEGG analysis also showed no significant differences in cellular pathways. Only small-scale pathways were downregulated in the first 14 hpi, and multiple infectious disease and immune-related pathways were activated after 16 hpi (Figure 3B).


[image: image]

FIGURE 3. Individual GO and KEGG enrichment analysis based on identified DEGs. (A,B) Dynamic biological processes and pathways in Vero E6 between 2 and 24 hpi, with top 10 terms displayed for each time. (C,D) Similarly, trends in biological processes and pathways in Huh7 during SARS-CoV-2 infection. Color of bar chart or bubble represents z-score (up-/down trend); size of bubble represents enrichment factor. All results meet P < 0.05, sorted by P, and top 10 results from each group are shown. See Supplementary Table 3 for additional details.


Unlike Vero E6, many biological processes were altered in Huh7 cells after SARS-CoV-2 infection. Combined with GO-terms semantic similarity analysis, the predominant state of Huh7 between 2 and 10 hpi was found to be the inhibition of metal ion-related processes, such as cellular response to copper ion (GO:0071280), detoxification of copper ion (GO:0010273), zinc ion homeostasis (GO:0055069), and stress response to metal ion (GO:0097501), whereas within 12–24 hpi, cellular immune-related responses were activated, such as acute inflammatory response (GO:0002526), response to molecule of bacterial origin (GO:0002237), humoral immune response (GO:0006959), and regulation of inflammatory response (GO:0050727) (Figure 3C and Supplementary Figure 3). KEGG analysis provided consistent results, with most of the enriched pathways associated with metal ions being downregulated in the first 10 h, and active immune-related responses being noticeable after 12 hpi, including infectious diseases (associated with bacteria and parasites), complement and coagulation cascades, IL-17 signaling pathway, and cytokine–cytokine receptor interaction (Figure 3D). Overall, neither Vero E6 nor Huh7 showed a corresponding rapid antiviral response during the first round of active viral transcription. After the virus entered the second stage of transcription, the results showed an enrichment of immune pathways associated with bacterial or even parasitic infections and inflammatory responses mediated by IL-17.



Network of Co-expressed Gene Modules Associated With Viral Infection

Considering the subjective effect of selecting DEGs by a threshold, we used all host genes to construct weighted gene co-expression networks. The 8,415 genes of Vero E6 were clustered into 11 modules, and the yellow module was associated with double-stranded DNA binding and transcriptional regulation, showing the highest correlation with the SARS-CoV-2 infection process (Supplementary Figures 4A–C and Supplementary Table 4). The core genes of the yellow module encoded enzymes or binding proteins required for transcriptional regulation and basic substance generation, including FABP5 related to fatty acid uptake, transport, and metabolism and THBS1 involved in endoplasmic reticulum stress (Supplementary Figures 4D,E). The 12,894 genes of Huh7 were grouped into 17 clusters, of which the turquoise module was strongly associated with viral infection events (Figure 4A and Supplementary Figures 4F–H). Genes in the turquoise module were indeed associated with acute inflammatory response and were involved in the complement system (C4BPA, C3, C1R, C1S, CFH, C5, and C4BPB), coagulation (PROS), and innate immunity (SAA1, HP, IFITM3, and LBP) (Figures 4B,C).


[image: image]

FIGURE 4. Developmental patterns of co-expression gene modules associated with SARS-CoV-2 infection. (A–C) Weighted gene co-expression network analysis for Huh7. (A) Pearson correlation of gene modules with SARS-CoV-2 infection. (B) Top 30 hub genes in turquoise module associated with infection. (C) Stage-related changes in expression trends of 30 hub genes occurring after 10 hpi. (D,E) Classification model to identify COVID-19 based on core genes. (D) Characterization of core genes in clinical patients. Expression patterns of 79 key genes in COVID-19 and non-COVID-19 patients were evaluated. Then, patients were classified by a random forest algorithm, and classification contribution of each gene was assessed (MeanDecreaseAccuracy and MeanDecreaseGini). Top 15 genes achieved most effective identification are shown here. (E) Receiver operating characteristic curves for genes with good identification of COVID-19 patients. True-positive rate (sensitivity) is represented as vertical coordinate and false-positive rate (1-specificity) as horizontal coordinate. In combination with area under receiver operating characteristic curve, classification effects of core genes were evaluated. (F) Host response pattern differs between first and second rounds of viral infection. Functional enrichment analysis of co-expression modules of genes most affected by virus in first and second rounds of infection reveals cellular state.


To clarify whether these infection-related immune genes were specifically affected by SARS-CoV-2, we examined the expression of shared DEGs and infection-associated hub genes in leukocytes from clinical patients (Figure 4B, Supplementary Figure 2B, and Supplementary Table 5). These clinical patients consisted of non-COVID-19 donors (n = 26) and COVID-19 patients (n = 100) presenting from mild to critical disease grades (Supplementary Figure 5A; Overmyer et al., 2021). These genes were used as identifiers to classify the 126 patients based on the random forest algorithm, revealing that CD38, PTX3, and HSPA1A were able to classify patients into the correct groups and contribute specifically to COVID-19 (Figure 4D). Analysis of the ROC further showed that CD38, PTX3, and TCN1 performed well with an area under the ROC curve greater than 0.8. In particular, CD38 was found to distinguish COVID-19 patients at the RNA level; thus, it may serve as a potential host target for antiviral research (Figure 4E and Supplementary Figure 5B).

Overall, the trend of the hub genes showed a two-stage profile corresponding to the transcriptional stage of SARS-CoV-2 within 24 h (Figure 4C and Supplementary Figure 4E). Therefore, weighted gene co-expression network analysis was performed next to assess in detail each stage of viral infection. In the first transcriptional stage of the virus, the enriched biological processes were mainly cellular metabolic and biogenesis processes, as well as lipid and metal ion homeostasis in Huh7 (Figure 4F and Supplementary Figures 6A–D, 7A–D). In the second stage, the most affected pathways in Vero E6 were the metabolism and binding of macromolecules, such as proteins and double-stranded RNA, which may be related to the binding of the host inflammatory sensor to intermediates of viral nucleic acids (Bauernfried et al., 2020). When the virus finished its first stage and began the second stage, immune processes related to response to stimulus, neutrophil-mediated immunity, and acute inflammatory response became apparent in Huh7 cells (Figure 4F and Supplementary Figures 6E–H, 7E–H). Hence, the host’s innate immune system is activated during the second stage. These results indicated that the difference in immune response at different time points might be due to the two-stage strategy of SARS-CoV-2.



Effect of Type I Interferon on the Interaction Between Hepatocytes and Severe Acute Respiratory Syndrome Coronavirus 2

Next, to explore the role of IFN in the two stages of SARS-CoV-2 infection, we established infection experiments with Huh7.5.1, a type I IFN-deficient cell line of Huh7, and compared them based on the responses of the virus and the host. The proportion of virus in Huh7.5.1 was found to be as low as that in Huh7 in the first stage of viral infection, but its increase rate from 14 hpi onward was much higher than that in Huh7, reaching approximately 3.72% by 24 hpi (Figure 5A). In addition, the transcriptional dynamics of the viral genes showed that the first transcriptional stage of SARS-CoV-2 in Huh7.5.1 was 0–12 h (Supplementary Figures 8A,B), indicating that SARS-CoV-2 efficiently replicated from the second round of infection. Interestingly, the transcriptional stage of the virus was positively correlated with the susceptibility of the cell to the virus, with the more susceptible cells (Vero E6 > Huh7.5.1 > Huh7) showing increased viral replication and a longer transcriptional stage. We further compared the abundance of each viral gene in both cell lines. Compared with Huh7.5.1, the abundance of ORF6, nsp14, nsp15, and nsp16 was decreased, and the expression of nsp1 was increased in Huh7 cells, which is consistent with previous results (Figure 1B). In addition, nsp2 and ORF10 were increased in Huh7, whereas nsp12 and ORF7b were decreased in Huh7 cells (Figure 5C).


[image: image]

FIGURE 5. Interaction of IFN+/– hepatocytes with SARS-CoV-2. (A,B) Proportion of SARS-CoV-2 (A) and distribution of DEG numbers (B) in Huh7.5.1 during infection. (C) Comparison of relative abundance of each viral gene in IFN+/– hepatocytes. (D) Functions of unique and shared DEGs within Huh7.5.1 and Huh7 cells. (E) Enriched pathways in Huh7.5.1 are shown along with corresponding Huh7 at each time point as a control. Colors represent z-score of the pathways.


Unlike Huh7, Huh7.5.1 produced more DEGs in response to SARS-CoV-2 in the first stage of viral infection; however, these DEGs still did not trigger an antiviral immune response (Figure 5B and Supplementary Figures 8C,D). The intracellular immune activity of IFN-normal Huh7 was significantly affected; unique DEGs of which were mainly involved in antiviral responses, such as IFN-gamma-mediated signaling pathway, acute inflammatory response, chemokine production, and response to the virus. In contrast, the functions of DEGs unique to IFN-deficient Huh7.5.1 were related to basal morphogenesis (Figure 5D). Nonetheless, the DEGs shared by Huh7 and Huh7.5.1 cells represented a generalized pattern of hepatocyte-SARS-CoV-2 interactions, primarily including an antimicrobial immune response and stress response to copper ions. Finally, Huh7 cells were used as the control group to integrate the datasets of Huh7 and Huh7.5.1, further showing that immune pathways in Huh7.5.1 cells were downregulated, whereas pathways associated with cancer response, metal ion homeostasis, and especially metabolic responses to various substances were significantly upregulated (Figure 5E). These findings may indicate the importance of type I IFN in the regulation of hepatocyte immunity and intracellular metabolism in SARS-CoV-2 early infection.



DISCUSSION AND CONCLUSION

The emerging pandemic of COVID-19 has severely impacted public health in the past year and a half, with tangible and terrible effects worldwide. In this context, this study focused on the transcriptional dynamics and infection characteristics of SARS-CoV-2 in cells from different backgrounds, thereby revealing some general patterns of SARS-CoV-2. Coronaviruses can evade IFN through various pathways, such as the nsp1 of SARS-CoV, which promotes host mRNA degradation and thus inhibits IFN production (Kamitani et al., 2006), or the ORF4a, 4b, and M proteins of the Middle East respiratory syndrome (MERS)-CoV, which inhibit IFN signaling by suppressing the IFN-stimulated response element (Yang et al., 2013). It has been clarified that SARS-CoV-2 has a stronger ability to inhibit IFN than SARS-CoV and the Middle East respiratory syndrome-CoV (Xia et al., 2020; Yao Z. et al., 2020), and many proteins (including ORF6, nsp1, nsp6, nsp13, nsp14, and nsp15) were reported to antagonize type I IFN (Sa Ribero et al., 2020; Thoms et al., 2020; Xia et al., 2020; Yuen et al., 2020). Herein, we focused on the pattern of combined intracellular expression of these IFN antagonist genes rather than on individual genes. This broader approach showed different types of up- or downregulation in Huh7 cells compared with Vero E6 and Huh7.5.1, which may be related to the ability to antagonize IFNs (Figures 1B, 5C). In addition to the viral genes mentioned earlier, several other endogenous type I IFN-sensitive viral genes were herein identified to potentially play a role in host–virus interactions, such as nsp10 and nsp16, which can function as methyltransferases for 2′-O modification of viral mRNA to mimic the host capping process, implying that this capping modification may also help SARS-CoV-2 to evade IFN-mediated immune recognition or response (Daffis et al., 2010; Viswanathan et al., 2020). Furthermore, although there is still no experimental evidence to confirm the function or even the existence of ORF10 (Michel et al., 2020), we sequenced the mature mRNA by capturing the polyA tail, and the collected data showed that ORF10 and its upstream N gene were consistently expressed in high abundance during infection, presumably owing to their involvement in the regulation of viral genome replication. Noteworthy, the analysis approach applied in this study captured not only the subgenomic mRNAs of viral transcripts but also mixed viral genomic RNAs; thus, it was difficult to distinguish viral transcripts from viral replication using these data solely. We further examined the expression of some viral subgenomic RNAs in Vero E6 cells by qRT-PCR, revealing that both the inflection point of the expression trend (–ΔΔCt) (Supplementary Figure 10A) and the relative relationship between the Ct values of each subgenomic RNA (Supplementary Figure 10B) were consistent with the RNA-seq results (Figures 1B,D). Therefore, for the purpose of this study, the use of RNA-seq data to explain the transcriptional dynamics of SARS-CoV-2 is robust.

Focused on the host response to the different viral transcriptional stages, we were surprised to find that no significant immune activity was triggered in the host cells before the initiation of the second viral transcription (Figure 3, Supplementary Figures 6,7, and Supplementary Tables 6,7). The host immune system, especially in immortalized cell lines, is known to have a lagging response to pathogenic stimuli (Speranza and Connor, 2017); nonetheless, the herein observed lagged responses associated with viral transcription or infection stage were more suggestive of a hidden nature of SARS-CoV-2 when it invades the immune system of host cells. Therefore, we hypothesized that SARS-CoV-2 might suppress the innate immune system through its two-stage pattern in early infection; that is, the virus is latent in the first round of infection, and no immune response occurs in either IFN-deficient or normal host cells before it starts the second round. The host immune system is only significantly activated when the virus acquires a certain amount of accumulation and enters the second stage of logarithmic growth (Figure 2A). Although Huh7 cells were able to effectively restrict the viral processes, IFN-deficient Huh7.5.1 cells were not, and IFN-deficient Vero E6 cells even became culture vessels for SARS-CoV-2, indicating the need for type I IFN signals in early antiviral therapy. Notably, the metabolic activity of IFN-deficient Huh7.5.1 cells was significantly higher than that of Huh7 (Figure 5E). It has been shown earlier that IFN is able to resist viral infection by regulating intracellular metabolism (Wu et al., 2016). Thus, SARS-CoV-2 may use this approach to evade the IFN pathway.

Unlike other RNA viruses, the prominent host immune response is more likely to be resistant to bacterial infection than the typical IFN antiviral pathway, such as RIG-I, which is inhibited by the viral encoded protein (Rosenberg et al., 2018; O’Neal et al., 2019). This perspective opens two new questions: (i) Does the hidden nature of SARS-CoV-2 work by interfering with the pattern recognition receptor of the host? (ii) Does the host response more closely resemble bacterial-induced chronic infections due to inhibition of the IFN antiviral pathway? In particular, we noted that the IL-17 signaling pathway, which plays a key role in the pathogenesis of multiple chronic inflammatory diseases, was significantly upregulated in the second round of SARS-CoV-2 infection and may serve as a key mechanism to moderate inflammatory damage in COVID-19 (Durham et al., 2015; Maxwell et al., 2015). It should be noted that copper ions inhibited virus replication in both cells in vitro (Figure 2E), suggesting that the inhibition of SARS-CoV-2 by copper ions in vitro masked the cellular antiviral effects of metal ions in Huh7. Accumulation of copper ions may lead to increased oxidative stress and non-specific binding to macromolecules; therefore, most cells evolve complex copper regulation and transport systems that balance copper detoxification with copper acquisition (Ishida et al., 2013). However, the relationship between metal ion homeostasis and liver injury induced by SARS-CoV-2 infection needs to be further explored.

An effective way of combating self-limiting viruses is to identify host factors for targeted therapy (Ulrich and Pillat, 2020). Here, we propose three host genes that are highly associated with COVID-19: CD38, PTX3, and TCN1. It is unclear what role they play in COVID-19, but earlier studies have demonstrated that CD38 can act as a functional axis connecting IFN responses and respiratory syncytial virus-induced oxidative stress by inducing the production of local reactive oxygen species, thereby promoting the activation of inflammatory and antiviral processes (Lee et al., 2015; Wei et al., 2015; Schiavoni et al., 2018). In addition, CD38 is a marker of CD8+T-cell activation, with data showing high and sustained expression of CD38+HLA–DR+ and CD38+PD–1+ on CD8+ T-cells in fatal cases of COVID-19 (Xu et al., 2020; Zeng et al., 2020). These cases imply that inhibitors targeting CD38 may therapeutically alleviate the excessive inflammatory response caused by SARS-CoV-2. PTX3 encodes an acute-phase protein involved in regulating inflammation and angiogenesis, which can bind influenza virus and cytomegalovirus, and subsequently inhibit viruses in multiple ways (Bottazzi et al., 2006; Reading et al., 2008). In the field of coronavirus, a protective effect of PTX3 against coronavirus-induced acute lung injury has been demonstrated (Han et al., 2012), and a recent study identified PTX3 as a new mortality biomarker for COVID-19 (Genç et al., 2020). Although these results imply the promise of PTX3 as a SARS-CoV-2 inhibitor, the dosing and clinical conditions need to be carefully evaluated to circumvent PTX3-induced adverse effects, such as unbalanced inflammatory response and endothelial dysfunction (Carrizzo et al., 2015; Magrini et al., 2016). Additionally, TCN1 encodes a protein that is a major component of the secondary granules in neutrophils, suggesting that degranulation of neutrophils is strongly associated with SARS-CoV-2 infection (Stelzer et al., 2016; Akgun et al., 2020). Taken together, these three genes have distinct expression trends in clinical COVID-19 and non-COVID-19 cases and may serve as targets in immunotherapy or antiviral studies. It is necessary to further confirm biomarkers related to disease progression and determine the appropriate timing of interventional therapy.

Overall, mRNA as a product of the first step of biosynthesis reflects the earliest dynamics in host–virus interactions. Herein, dual transcriptional analysis of SARS-CoV-2 with different characterized hosts revealed the transcriptional dynamics of SARS-CoV-2 in the very early stages of infection, elucidating its “two-stages” infection profile and identifying the latency of intracellular immune response in the host, which may be related to disease progression and pathogenesis. Moreover, the IFN pathway was found to potentially contribute to the regulation of antiviral immunity and intracellular metabolism in hepatocytes. The limitation of this study is that the inferences obtained through data analysis have not been fully demonstrated by experimental means, but it is positive that these findings have been supported to varying degrees in other studies (Felgenhauer et al., 2020; Tian et al., 2020; Overmyer et al., 2021). In the future, more comprehensive and rigorous experimental designs should be carried out, combined with better analytical algorithms, to provide more reliable evidence for SARS-CoV-2 studies.

In conclusion, this study suggests potential mechanisms of viral infection and the function of some special host factors or type I IFN in host–virus interactions, providing new insights and targets for antiviral research and precision therapy.
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Supplementary Figure 1 | Details of transcriptional patterns of SARS-CoV-2. (a) The expression curves of each viral gene at 0–24 hpi in Vero E6. (b) Expression curves of each viral gene at 0–24 hpi in Huh7. (c) Growth curves of each viral gene at 0–24 hpi in Vero E6. (d) Growth curves of each viral gene at 0–24 hpi in Huh7. (e) Immunofluorescence images corresponding to the time of appearance of the first peak and two troughs of the viral gene growth rate shown in Supplementary Figure 1. The bright-field was used as reference for cell density.

Supplementary Figure 2 | DEGs shared by Vero E6 and Huh7 cells after infection by SARS-CoV-2. (a), qRT-PCR validation of DEGs. Six DEGs with function in Vero E6 and Huh7 were selected for qRT-PCR detection and compared with the RNA-Seq results. Log2 (foldchange) of qRT-PCR is represented by –ΔΔCt. (b) DEGs shared by Vero E6 and Huh7 cells. Genes with opposite changes in the two cell lines are shown in red. (c) Expression of typical cytokines in the two cell lines.

Supplementary Figure 3 | GO-terms semantic similarity of each group in Huh7 cells. Given the abundance and overlap of biological processes in each group of Huh7, we performed a GO-term semantic similarity analysis to calculate cell state correlations. hclust clustering revealed that the cellular states were more similar between 2 and 10 h and possessed distinct states between 12 and 24 h.

Supplementary Figure 4 | Relation between gene co-expression modules and SARS-CoV-2 infection. (a–e) Weighted gene co-expression network analysis for Vero E6. (f–i) Weighted gene co-expression network analysis for Huh7. (a,f) Phylogenetic clustering tree of the genes. After identifying the gene modules according to the dynamic tree cut method, hclust was used to assign all the genes to their corresponding modules. (b,g) Pearson correlation between the module or genes with the trait (SARS-CoV-2 infection). (c,h) Functional enrichment analysis for each module. The Benjamini-Hochberg method was used to adjust the P-value, showing only the most central term. (d) Top 30 hub genes in the modules associated with infection. (e,i) Expression pattern of the hub genes in the modules correlated with infection. Log2 (foldchange) curves of genes at different time points are shown.

Supplementary Figure 5 | Evaluation of the classification effect of the core genes on clinical data. (a) Principal coordinates analysis of 100 patients with COVID-19 and 26 patients with non-COVID-19. Clinical sequencing data from the Gene Expression Omnibus public database, accession number: GSE157103. (b) Receiver operating characteristic curves for the key genes.

Supplementary Figure 6 | Independent weighted gene co-expression network analysis of Vero E6 corresponding to SARS-CoV-2 transcriptional rounds. The expression profiles of Vero E6 were split into two datasets for WGCNA analysis, corresponding to the first (0–14 hpi) and second (16–24 hpi) rounds of transcription of SARS-CoV-2, respectively. (a,e) Phylogenetic clustering tree of the genes. (b,f) Pearson correlation between the module with the trait (SARS-CoV-2 infection). (c,d,g,h) Function of the gene modules most associated with SARS-CoV-2 infection.

Supplementary Figure 7 | Independent WGCNA analysis of Huh7 corresponding to SARS-CoV-2 transcriptional rounds. The expression profiles of Huh7 were split into two datasets for WGCNA analysis, corresponding to the first (0–10 hpi) and second (12–24 hpi) rounds of transcription of SARS-CoV-2, respectively. (a,e) Phylogenetic clustering tree of the genes. (b,f) Pearson correlation between the module with the trait (SARS-CoV-2 infection). (c,d,g,h) Function of the gene modules most associated with SARS-CoV-2 infection.

Supplementary Figure 8 | Details of the transcriptional pattern of SARS-CoV-2 and enrichment analysis in Huh7.5.1. (a,b) Expression (a) and growth (b) curves of each viral gene at 0–24 hpi. (c,d) Enriched biological processes (c) and pathways (d) between 2 and 24 hpi.

Supplementary Figure 9 | Correlations of CD38, TCN1, and PTX3 with some immune markers in clinical patients. Clinical sequencing data from the GEO database, accession number: GSE157103.

Supplementary Figure 10 | Comparison of methods for measuring the relative abundance of viral genes. (a) Determination of viral subgenomic RNA expression trends in Vero E6 by qRT-PCR. (b) Relative relationship between the Ct values of each subgenomic RNA largely consisted with the relative abundance of each open reading frame in RNA-seq.

Supplementary Table 1 | Stat of sequencing data and gene counts matrices.

Supplementary Table 2 | DEG lists and QPCR detection.

Supplementary Table 3 | Top 10 GO-terms for each group.

Supplementary Table 4 | Correspondence of co-expressed genes and modules.

Supplementary Table 5 | TPM matrix from 126 clinical patients of 79 infection-related genes.

Supplementary Table 6 | Phased WGCNA Results of Vero E6.

Supplementary Table 7 | Phased WGCNA Results of Huh7.
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Three genotypes (B3, D8, and H1) of the measles virus (MeV) have recently caused global outbreaks. In Korea, four measles outbreaks were reported during 2018–2019 and most patients were infants and health care workers in their 20s and 30s. To investigate the genetic characteristics and molecular epidemiology of the outbreaks, we analyzed the sequence of MeVs by targeting the N-450, MF-NCR, and/or H gene regions. Considering their phylogenetic relationships, besides the N-450 and MF-NCR sequences that are commonly used for genotyping MeVs, the MF-NCR-H sequence was related to the dynamics for identifying the transmission of MeVs. Phylogenetic clustering patterns reconstructed from the MF-NCR-H sequence set revealed that genotype D8 caused three of the four outbreaks, while B3 seemed to have induced the fourth outbreak. These results suggest that the MF-NCR-H sequence is useful for rapid confirmation of measles outbreaks and to identify the epidemiological routes of MeVs.
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INTRODUCTION

Measles morbillivirus, of the family Paramyxoviridae, causes the highly contagious disease, measles, among vulnerable individuals with a broad range of case fatality rates depending on their immunization status, age of infection, and nutrition (Wolfson et al., 2009; Moss, 2017; Minh et al., 2020). Measles can be prevented by two doses of vaccines, and at least 95% vaccination coverage rates are expected to prevent its outbreak (Majumder et al., 2015). However, the first and second dose coverage seems to be approximately 85 and 67%, respectively, (World Health Organization [WHO], 2019b). Based on the provisional surveillance data of the World Health Organization, the reported cases of measles in the first quarter of 2019 increased to approximately 300%, compared to those during the same period in 2018 (World Health Organization [WHO], 2019b). In Korea, the WHO declared the elimination of measles in 2006, probably owing to increased immunization rates through an extensive vaccination program initiated in 2001 (Centers for Disease Control Prevention [CDC], 2007; Muller et al., 2007). However, an increasing number of imported cases of measles by overseas travelers still threatens public health in Korea (Yang et al., 2015; Eom et al., 2018). However, confirmed cases of measles suddenly increased in 2014, and the virus was prevalent again in 2019, resulting in >140 cases in the first 4 months of its prevalence (World Health Organization [WHO], 2019a).

Molecular epidemiology is one of the most important methods to closely investigate evolutionary relationships of individual viral strains and their transmission routes in measles. Furthermore, this approach can help examine nationwide vaccine coverage against measles outbreaks (Rota et al., 1996; Bellini and Rota, 1998). Molecular epidemiology of the measles virus (MeV) can be assessed by detecting the highly variable regions of its single-stranded RNA genome. Considering the genetic variations in the N-450 region, 24 distinct genotypes of MeVs have been identified thus far (No authors listed, 2003; Rota and Bellini, 2003); moreover, the non-coding region (NCR) between matrix (M) and fusion (F) protein genes have been used for genotyping various viral strains, considering their reconstructed phylogenetic relationships (Gardy et al., 2015; Rota and Bankamp, 2015). Of the four main genotypes (B3, D4, D8, and H1), D8 is prevalent in North and South America, Europe, Oceania, and Asia, whereas B3 is widespread in Africa and the Middle East for the past year (as of June 2019) (World Health Organization [WHO], 2019a). Although the genotypes B3 and H1 have caused more outbreaks in China, and genotype B3 has also been reported in Japan, and only D8 has been reported in Korea thus far (World Health Organization [WHO], 2019a).

This study aimed to evaluate the genetic characteristics and molecular epidemiology of the measles outbreaks in Korea, in 2019, by targeting the N-450, MF-NCR, and/or H gene regions. Considering the phylogenetic relationships among N-450, MF-NCR, and MF-NCR-H regions, we subsequently investigated the transmission routes of MeV and discussed the effectiveness and future directions of the national vaccination program against measles in Korea.



MATERIALS AND METHODS


Specimens

A suspected measles case was defined as a patient with fever, maculopapular skin rash, and more than one of the three following symptoms: cough, coryza, or conjunctivitis. Serum, urine, and throat swab samples were obtained from suspected measles for laboratory analysis. For about 6 months from December 2018 to May 2019, the genetic characteristics of the MeVs were analyzed from samples of measles patients identified through the measles monitoring system in South Korea.



Immunoassay

Measles-specific IgM and IgG antibodies were detected using commercial ELISA kits (Enzygnost anti-measles Virus/IgM and/IgG, respectively, Siemens Healthcare Diagnostics, Germany) in accordance with the manufacturer’s instructions. The results were classified as follows: optical density > 0.2 was positive, 0.1–0.2 was equivocal, and < 0.1 was negative. IgG titer was calculated, and ODs were converted to international units using the α-method in accordance with the manufacturer’s instructions. A fourfold increase in the IgG titer of convalescent serum (collected 10–30 days after the collection of acute serum) compared to that of acute serum was determined compatible with recent measles infection.



Real-Time RT-PCR for MeV Detection

Real-time RT-PCR assays were performed for the detection of measles virus N gene using the 7,500 fast Real-time PCR system (Applied Biosystems). The amplification used a forward (MVN1139-F: 5′-TGGCATCTGAACTCGGTATCA C-3′) and a reverse (MVN1213-R: 5′-TGTCCTCAGT AGTATGCATTGCAA-3′) primer. A probe (MVNP1163-P: 5′-CCGAGGATGCAAGGCTTGTTTCAGA-3′) was labeled at the 5′ terminus with a fluorescent reporter dye, 6-carboxyfluorescein (FAM), and at the 3′ terminus with a non-fluorescent quencher, black hole quencher-1 (BHQ1). The amplification conditions were as follows: 50°C for 30 min, followed by 95°C for 10 min and 40 cycles of 95°C for 15 s and 60°C for 1 min. Real-time RT-PCR assays has been verified and used by the Standard Operation Protocol (SOP) Verification Committee in Korea Disease Control and Prevention Agency (KDCA).



Genotype Identification and Genetic Analysis

Viral RNAs were extracted from throat swab samples using a QIAamp Viral RNA Mini Kit (Qiagen, Venlo, Netherlands) in accordance with the manufacturer’s instructions. The highly variable 450-nucleotide (nt) region in the carboxy-terminus of nucleocapsid protein (N-450) was amplified and sequenced for genotyping using forward (MeV216: 5′-TGGAGCTATGCCATGGGAGT-3′) and reverse (MeV214: 5′-TAACAATGATGGAGGGTAGG-3′) primers. RT-PCR was performed using OneStep RT-PCR Kit (Qiagen, Venlo, Netherlands) in accordance with the manufacturer’s instructions. The amplification conditions were as follows: 50°C for 30 min, followed by 95°C for 15 min, and 40 cycles of 95°C for 30 s, 95°C for 30 s, and 72°C for 30 s, with a final 10-min extension at 72°C.

cDNAs between matrix (M) gene end and Hemagglutinin (H) gene end (MF-NCR-H) were obtained with the primer MeH6_R: 5′-CAGATAGCGAGTCCATA ACG-3′ using SuperScript III reverse transcriptase (Invitrogen, Carlsbad, CA, United States) in accordance with the manufacturer’s instructions. PCR was performed using appropriate forward (MeV4200_F: 5′-GGCACCAGTCTTCACATYAGAAG-3′) and reverse (MS9221_R: 5′-CTTGGACCCTAYCTTTTTCTTAAT-3′) primers. The amplification conditions were as follows: 94°C for 3 min, followed by 35 cycles of 94°C for 30 s, 58°C for 30 s, and 72°C for 5 min, finally ending with an extension at 72°C for 10 min. we sequenced the resulting PCR amplicons by Sanger sequencing using an ABI 3730 Analyzer (Applied Biosystems)1.



Phylogenetic Analysis

The sequences obtained herein were aligned with the CLC Main Workbench 7.9.1, including genotypes D8 and B3 reference sequences from GenBank. MEGA6 was used to generate phylogenetic trees through the neighbor-joining method using the maximum composite likelihood-parameter distance matrix listed in the software; bootstrap values were obtained through random sampling of 1,000 replicates.




RESULTS


Population Analysis of the Patients Diagnosed With Measles and Laboratory Diagnosis

In South Korea, 4 large outbreaks (Daegu, Ansan, Anyang, and Daejeon) had occurred, along with sporadic cases, from December 2018 to May 2019, with 163 confirmed cases (Figure 1). Measles cases identified as measles with specific IgM antibodies (anti-MeV IgM) and measles virus N gene detection (MeV RNA) of measles viruses were analyzed using ELISA and real-time RT-PCR. Among the 163 patients, 161 (98.8%) were detected with MeV RNA, and 49 (30.0%) had anti-MeV IgM. In term of sex, 94 (57.7%) were female and 69 (42.3%) were male. The age group accounting for the largest proportion was of 20–29 years (41.7%). Most confirmed cases in the outbreak group in Anyang were health care workers, most being female nurses aged 20–29 years of age. Forty-five of 163 patients (27.6%) were up to 4 years old; furthermore, in a pediatric hospital in Daejeon, 10 of 20 patients (50.0%) were infants under 12 months of age. In South Korea, genotypes B3 and D8 were identified between December 2018 and May 2019, and no case of the endemic genotype (H1) was noted. The number of imported cases with a documented travel history was 61 (37.4%). The index case of three outbreaks (Daegu, Ansan, and Anyang) is unknown, although genetic analysis confirmed it to have been imported from abroad (Table 1).
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FIGURE 1. Geographical distribution of cases of measles across South Korea in 2019. Measles outbreaks occurred in four regions of South Korea (Daegu, Ansan, Anyang, and Daejeon; red fill). Sporadic cases are represented by blue dots.


TABLE 1. Characteristics of 163 confirmed cases of measles in South Korea, December 2018–May 2019.
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Genetic and Phylogenetic Analyses

Analysis of the 155 sequences of MeV N-450 gene and 81 sequences of MeV MF-NCR-H gene identified 115 and 60 sequences of the D8 genotype and 40 and 21 sequences of the B3 genotype, respectively. Three of these cases are known strains in the MeaNS database, and belonged to the same genotype, in accordance with the topology of the phylogenetic tree. In case of MeV D8 genotype, the identified N-450 gene sequence cluster was confirmed in a phylogenetic clade of the Daejeon, Ansan, and Anyang outbreaks (Figure 2A). The identified MF-NCR gene sequences clustered in the phylogenetic clade of Ansan, whereas those of Daejeon and Anyang outbreaks are not indicated. Interestingly, phylogenetic analysis of the MF-NCR-H gene sequence revealed consistency with a consequence of the N-450 gene (Figure 2B). According to the MeaNS database, the Daejeon outbreak was exactly matched with Vietnam strain and Ansan outbreak exactly matched with the Myanmar strain; furthermore, the Anyang outbreak was also related to the Vietnam strain. The sporadic cases, excluding the 3 outbreaks, were identified with individual import cases.
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FIGURE 2. Phylogenetic analysis of MeV genotype D8 strains based on nucleotide sequences using the neighbor-joining tree. Values on branches are shown as percentages on the basis of 1,000 bootstrap replicates. The black dot indicates the MeV genotype D8 relevant to Korean occurrences in 2019 and named strains accepted in MeaNS. The tree was rooted with respect to the genotypes D8 and B3 based on WHO and GenBank reference sequence. (A) N-450 gene analysis of MeV genotype D8. The black squares indicate the MeV genotype B3 reference using genotype D8 outgroup. (B) MF NCR gene analysis of MeV genotype D8. The black squares indicate the MeV genotype D8 reference using genotype B3 outgroup. (C) MF NCR-H gene analysis of MeV genotype D8. The black squares indicate the MeV genotype D8 reference using genotype B3 outgroup. The blue box indicates Ansan, the green box indicates Anyang, and the red box indicates Daejeon, respectively.


The Daegu outbreak identified with MeV B3 genotype, and matched with all cases of the N-450 and MF-NCR-H gene sequences clustered in a phylogenetic clade and exactly matched with Philippines strain based on the MeaNS database. The sporadic cases were identified with individual imported cases, together with the MeV D8 genotype (Figure 3).
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FIGURE 3. Phylogenetic analysis of MeV genotype D8 strains based on nucleotide sequences using the neighbor-joining tree. Values on branches are shown as percentages on the basis of 1,000 bootstrap replicates. The black dot indicates the MeV genotype D8 relevant to Korean occurrences in 2019 and named strains accepted in MeaNS. The tree was rooted with respect to the genotypes D8 and B3 based on WHO and GenBank reference sequence. (A) N-450 gene analysis of MeV genotype D8. The black squares indicate the MeV genotype B3 reference using genotype D8 outgroup. (B) MF NCR gene analysis of MeV genotype D8. The black squares indicate the MeV genotype D8 reference using genotype B3 outgroup. (C) MF NCR-H gene analysis of MeV genotype D8. The black squares indicate the MeV genotype D8 reference using genotype B3 outgroup. The skyblue box indicates Daegu outbreak.


Finally, the nucleotide sequence homology comparison between N-450 of D8 and B3 identified 100% homology within the outbreak. The MF-NCR and MF-NCR-H genes were identified within a range of 97.54–100 and 99.69–100%, respectively (Table 2).


TABLE 2. Comparison of the similarity of the identified measles genes in South Korea from December 2018 to May 2019.
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DISCUSSION

Since the declaration of the elimination of measles by WHO in 2006, recurrent outbreaks have been sporadically reported in Korea (Choe et al., 2013). Especially in 2007, 2010, 2013, and 2014, > 100 cases have been reported, and even in the first three quarters of 2019, 352 cases have been confirmed till date (as of September 8, 2019), which has been the second highest since 2002 (Centers for Disease Control Prevention [CDC], 2007). Introduction of a single virus from overseas might instigate some index cases, after which the virus spreads very efficiently across vulnerable individuals to cause multiple outbreaks in Korea (Eom et al., 2018). The levels of existing neutralizing antibodies among vaccinated individuals appear to largely affect the outbreak size and duration. Hence, gradual waning of measles antibodies after vaccination must be considered for implementing an optimized vaccination program against measles (Kang et al., 2017). Of note, the latest measles outbreaks in Korea was reported among unvaccinated infants in nursery centers and health care workers (in their 20s or 30s with waning the measles antibody) across hospitals (Table 1), in accordance with the 2014 immunodeficiency survey.

As recently reported, the world has also faced a recurrence of measles since 2006. In particular, the number of measles patients surged worldwide over the first half year in 2019, and among the five genotypes currently in circulation (B3, D3, D9, G3, and H1), the D8 genotypes were mainly found in Europe and Asia, while the B3 and H1 genotypes were dominant in the United States and China, respectively (World Health Organization [WHO], 2019a). In Korea, most cases reported in 2015 seemed to have been caused by the genotype D8. However, considering the global economic and human networks, any genotype could be newly introduced in Korea, and the genotype(s) with better viral fitness, in terms of viral transmission and/or immune evasion from vaccine-induced antibodies, potentially replacing the old ones. Considering the unpredictability of measles outbreaks, rapid detection of measles cases and analysis of their genealogical relationships by comparing with previous outbreaks would be essential. Globally, only four genotypes (B3, D4, D8, and H1) appear to be primarily circulating, of which D8 is responsible for > 80% of human cases (World Health Organization [WHO], 2019a). It was the same in Korea, and MeV strains of the three Korean outbreaks (Daejeon, Ansan, and Anyang) in 2018–2019 were associated with genotype D8 (Figure 1); one outbreak (Daegu) was caused by the genotype B3 (Figure 2). As presented in Figures 2, 3, by using MF-NCR-H, not just N-450, we could interpret how different Korean measles outbreaks were related each other in a genomic level. In Figure 2A, which was obtained only using the N-450 sequences, Daejeon outbreak might be closely related to Ansan outbreak. However, the MF-NCR-H sequences of Korean measles outbreaks suggest the close relatedness of Daejeon and Anyang outbreaks. It is similarly demonstrated in Figure 3. In Figure 3A, the Daegu sequences appeared to be dispersed along with the sequences of other regions. In Figure 3B, however, by analyzing the MF-NCR-H sequences, we could observe the closely grouped Daegu sequences together whereas N-450 sequence analysis resulted in the dispersed Daegu sequences with others. These might indicate the usefulness of the MF-NCR-H sequences of measles virus for investigating the molecular epidemiology of measles outbreaks. Furthermore, given the grouping patterns of the reference sequences along with the Korea measles sequences, our phylogenetic analysis suggested Philippines-strain possibly to be the source of one of the Korean outbreaks in 2018–2019 even though traveling routes of the index patients in the Anyang and Daegu outbreaks were not well-matched with their genetic relatedness to Vietnam- and Philippines-like strains.

The genetic identification and characterization of reporting measles viruses enabled us to highlight the specific occurrence of four different outbreaks caused by two genotypes (D8 and B3) in the Republic of Korea. However, this molecular epidemiological study required a lot of comparable genomic reference information. In the case of the Measles virus, there were limitations in sufficient comparison and analysis of infection sources due to very few country-specific genetic information of MF-NCR-H sequences. In addition, MF-NCR-H sequences cannot have sequences in all samples due to differences in the sensitivity of primers. Therefore, continuing international imports of the measles virus and the production and storage of genomic information of outbreaks in the event of a resurgence are especially important.

In conclusion, molecular epidemiology, phylogenetic analysis, and the study of the transmission clusters could be considered important tools to maintain the level of measles elimination. In fact, this multi-faceted approach enables us to track the introduction of imported strains, to observe their persistence in a defined geographic area and highlight the occurrence of large epidemics and their periodic patterns.
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The name porcine reproductive and respiratory syndrome virus (PRRSV) NADC30-like was first coined in 2015. It originated from the NADC30 strain that was introduced into China by importing breeding pigs and has since undergone mutations or recombination, resulting in variant viruses. Following widespread outbreaks in China in recent years, these NADC30-like strains have presented major health challenges in swine production systems. Outcomes induced by PRRSV NADC30-like infection are highly variable, ranging from inapparent to severe, depending on the recombination between NADC30 and field PRRSV strains prevalent in swine farms. Vaccines and strict biosecurity measures have been explored to fight this disease; however, current PRRSV commercially modified-live virus vaccines (MLVs) have the potential to revert to virulence and only provide limited or no cross-protection efficacy against NADC30-like strains. PRRSVs will remain an ongoing challenge to the swine industry until safe and effective vaccines or antiviral reagents are developed.
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INTRODUCTION

Porcine reproductive and respiratory syndrome (PRRS) is a highly contagious disease caused by PRRS viruses (PRRSVs), which are small, enveloped, positive single-stranded RNA viruses in the genus Porartevirus, family Arteriviridae, and order Nidovirales (Adams et al., 2017). Currently, PRRSV exists as two distinct virus species, i.e., PRRSV-1 (known as the European genotype, type strain Lelystad) and PRRSV-2 (known as North American genotype, strain VR-2332), with both species sharing ∼60% nucleotide identity at the genomic level and are subjected to frequent mutation and viral recombination events (Nelsen et al., 1999; Adams et al., 2017).

Porcine reproductive and respiratory syndrome virus contains an infectious RNA genome in a proteinaceous nucleocapsid, surrounded by a lipid layer including five or six enveloped structural proteins. The genome of PRRSV contains ∼15 kb nucleotides, with cap structure at the 5′ end and a poly (A) tail at the 3′ end, and contains approximately 11 open reading frames (ORFs) (1a, 1b, 2a, 2b, 3, 4, 5a, 5, 6, 7, and a short transframe ORF) expressed from genomic and subgenomic (sg) mRNAs (sgmRNAs) (Conzelmann et al., 1993). ORF1a and ORF1b are translated as large polypeptides, pp1a and pp1ab, which are then proteolytically processed into the nonstructural proteins (nsp) of PRRSV (nsp1α, nsp1β, nsp2, nsp2TF, and nsp3–nsp12); ORFs 2–7 encode the structural proteins of PRRSV (GP2a, E, GP3–GP5, M, and N) (Meulenberg et al., 1997; Snijder and Meulenberg, 1998; Snijder et al., 2013).

Since the highly pathogenic PRRSV strains were seeded in swine farms in China in 2006 (Li et al., 2007; Tian et al., 2007; Tong et al., 2007), the clinical prevalence of PRRSV has become complicated. To make matters worse, the PRRSV NADC30 strain began to infect Chinese pigs in 2014 (Zhao et al., 2015; Zhou et al., 2015; Li C. et al., 2016; Li Y. et al., 2016). Currently, the recombination characteristics of NADC30 contribute to the emergence of variant NADC30-like viruses, as well as the highly variable clinical symptoms, ranging from inapparent to severe symptoms (Zhao et al., 2015; Zhou et al., 2015; Wang et al., 2018). Herein, we review the current information related to the novel PRRSV strains (NADC30-like) in China in terms of their molecular characterization (genetic diversity) and pathogenicity (virulence), and the questionable efficacy of current vaccines against this disease.



MOLECULAR CHARACTERIZATION (GENETIC DIVERSITY OF VIRUSES)

The molecular markers of NADC30 are 131-aa discontinuous deletions in nsp2, including a 111-aa deletion at position 322–432, a 1-aa deletion at position 483, and a 19-aa deletion at position 504–522 corresponding to the NADC30 complete sequence (Brockmeier et al., 2012). All the isolates, called NADC30-like strains, also have the same molecular markers and belong to lineage 1 based on GP5 analysis (Figure 1A) and subgroup 1 based on nsp2 analysis (Figure 1B) (Shi et al., 2010).
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FIGURE 1. Phylogenetic tree based on PRRSV ORF5 (A) and nsp2 gene (B) sequences. The phylogenetic tree was constructed using the neighbor-joining method in MEGAX64 with 1,000 bootstrap replicates. Multiple sequence alignments were generated using MUSCLE. NADC30 (GenBank number: JN654459) and 17 references NADC30-like PRRSV strains are indicated by closed red triangles and open red triangles, respectively.


Recombination breakpoints occurring in genes encoding nsps and/or minor structural proteins contribute to the variant pathogenicity of individual isolates, including highly pathogenic, moderate virulent, or mild strains, depending on their other recombination positions with variant local PRRSV strains (Zhao et al., 2015; Zhou et al., 2015; Sun et al., 2016; Wang et al., 2018; Zhang et al., 2019). Currently, there is no reasonable explanation for the random recombination of variant NADC30-like isolates; the postulated reason is the pressure of the complicated PRRSV pool in a swine farm pushes the invading NADC30 strain to survive via a new strategy. Those recombination breakpoints can be found in the 5′ UTR, nsp1-9, nsp12, ORF3, and ORF5-3′ UTR (Guo et al., 2019; Zhang et al., 2019; Zhao et al., 2020).


Outcomes Produced by Porcine Reproductive and Respiratory Syndrome Virus NADC30-Like Infection Are Highly Variable

All the NADC30-like isolates reported from swine farm outbreaks of PRRS are characterized by abortions and stillbirth in pregnant sows, as well as high fever, anorexia, red discoloration of the body, blue ears, and respiratory disorders in piglets. The impact of NADC30-like infection contributes to the swine farm referring to its virulence, as well as the age and immune status of the infected pigs, and the presence of concurrent infections. Pig infection experiments in the laboratory may not replicate the outcomes of clinical cases, but can be used to evaluate the pathogenicity of an isolate.

The pathogenicity of NADC30-like strains was first investigated using JL580 (accession no. KR706343), which acquired increased genetic diversity by recombining with local HP-PRRSV 09HEN1 in China at six different sites in its genome (Zhao et al., 2015; Sun et al., 2016). Six-week-old PRRSV-free piglets were inoculated intramuscularly (1 ml) and intranasally (2 ml) with JL580-F2 at 3 × 104.0 TCID50 in 3 ml of Dulbecco’s modified Eagle’s medium (DMEM) per pig. These piglets were reported to develop obvious clinical symptoms from 3 days post-inoculation (DPI), e.g., higher fever, cough, anorexia, and red discoloration of the body and ears, accompanied by severe lung lesions with pulmonary consolidation, and interstitial pneumonia (Zhao et al., 2015). The outcomes induced by NADC30-like JL580 are much more severe than those of NADC30 isolates (e.g., HNjz15, CHsx1401, SC-d, SD-A19) (Brockmeier et al., 2012; Sun et al., 2016; Zhou et al., 2017; Wang et al., 2018) and CH-1a (Xue et al., 2004), and are similar to those of the HP-PRRSV strains that appeared in China from 2006 (Li et al., 2007; Tian et al., 2007; Tong et al., 2007).

Similarly, the pathogenicity of another NADC30-like isolate, HNjz15 (accession no. KT945017), with no recombination with other PRRSV strains, as compared with the pathogenicity with highly pathogenic PRRSV JAX1 strain (accession no. EF112445) (Sun et al., 2016). Six-week-old PRRSV-free pigs were inoculated intranasally with 2 ml (5 × 104 TCID50/ml) of HNjz15 or JXA1. Piglets infected with one of the two PRRSV isolates developed typical PRRS symptoms, e.g., high fever and respiratory disorders, and the difference was that JXA1-infected piglets developed more severe clinical manifestations than the HNjz15-infected piglets (Sun et al., 2016). Analysis of the data from HNjz15- and JL580-infected piglets demonstrated that HNjz15 is less pathogenic than the JXA1 and JL580 PRRSV strains, even though those experiments were not performed at the same time.

To further clarify their pathogenic characterization, three isolates, including non-recombinant NADC30-like PRRSV (SD-A19), recombinant NADC30-like PRRSV (SC-d), and highly pathogenic PRRSV (HuN4), were used to inoculate 5-week-old SPF piglets intranasally (3 ml, 1 × 105 TCID50/ml), respectively. The results showed HuN4 infection induced most severe PRRS disease, including rectal temperature, thymic atrophy, and interstitial pneumonia, and the SC-d isolate infection induced milder PRRS disease than that of HuN4, but more severe than that of the SD-A19 isolate (Wang et al., 2018).

Based on cumulative data, recombination is responsible for the pathogenicity variance and genetic diversity of NADC30-like PRRSVs in China, and the pathogenicity tends to be intermediate between those of the parental strains. However, we cannot find the key factors that determine viral pathogenicity.



Lesions of Central Immune Organs

Bone marrow and the thymus are the primary lymphoid organs of the mammalian immune system, which provide suitable sites for antigen-independent B- and T-lymphocyte differentiation from stem cells. Therefore, they play important roles in humoral or cell-mediated immunity, respectively. PRRSV-induced central immune organ lesions have become a concern since severe thymic atrophy induced by highly pathogenic PRRSV infection was first reported (Wang et al., 2011). Since then, different PRRSV-1 and PRRSV-2 isolates with variable pathogenicity have been evaluated for their contribution to bone marrow and thymus lesions (Guo et al., 2013; Amarilla et al., 2016, 2017; Wang et al., 2016, 2018). PRRSV infection of susceptible CD14+ cells incapacitates their ability to act against microbial infection and antigen recognition, processing, and presentation to T and B cells; and PRRSV infection induced apoptosis in precursor cells, as well as CD4+CD8+ thymocytes directly by infection or indirectly via a bystander effect (He et al., 2012; Li et al., 2014; Wang et al., 2016). The cumulative effect leads to immunomodulation, and impairs the host’s ability to resist and/or eliminate secondary infectious agents (Wang et al., 2019, 2020).

Porcine reproductive and respiratory syndrome virus NADC30(-like) infection also induces thymic atrophy. The average ratio of thymus/body weight (g/kg) of piglets induced by recombinant NADC30-like PRRSV SC-d isolate infection was lower than that of piglets induced by non-recombinant NADC30-like PRRSV SD-A19 isolate infection, but was significantly higher than that of piglets induced by the highly pathogenic PRRSV HuN4 strain (Wang et al., 2018). The further data are sparse since the new PRRSV isolates were only reported from 2015 in China. The thymic atrophy induced by PRRSV NADC30 (-like) isolate infection suggested that their infection can cause immunomodulation by destroying the function of central immune organs. Herein, we remind investigators of the concerns regarding thymic atrophy and the mechanism by which PRRS induces these lesions because the mammalian thymus plays important roles in cell-mediated immunity.



Current Commercial Modified Live Vaccines Against Porcine Reproductive and Respiratory Syndrome Virus NADC30-Like Isolates

Currently, different kinds of commercial PRRSV modified-live virus vaccines (MLVs) have been used widely in Chinese swine farms, and these MLVs are effective in homologous PRRSV strain challenges (Tian et al., 2009; Leng et al., 2012; Yu et al., 2015). However, NADC30-like strains inducing PRRS still cause outbreaks in vaccinated pigs, which indicates the inefficiency of current commercial PRRSV vaccines. Some reports offered evidence that current commercial PRRSV MLVs provide cross-, limited, or no protection against NADC30-like PRRSV infection, and these vaccines include VR-2332 (Boehringer-Ingelheim, Mannheim, Germany), JXA1-P80 (Pulike Biological Engineering Co. Ltd., Luoyang, China), HuN4-F112 (Harbin Weike Biotechnology Development Company, Harbin, China), GDr180 (Guangdong Yongshun Biological Pharmaceutical Co. Ltd. Guangdong, China), and TJM-F92 [Qingdao Yibang Biological Engineering Co. Ltd or Sinovet (Beijing) Biotechnology Co. Ltd. or Zoetis] as well as an attenuated low pathogenic PRRSV HB-1/3.9-P40 vaccine that was not commercialized. These commercial vaccines include classical MLVs and HP-PRRSV MLV vaccines used in swine farms in China. The inoculated PRRSV isolates include NADC30-like HNjz15 (accession number KT945017, virulent to pigs, but is less pathogenic than the JXA1 and JL580 PRRSV strains) (Sun et al., 2016), CHsx1401 (GenBank accession no. KP861625, a moderately virulent virus for piglets) (Zhou et al., 2017), HN201605 (with lower pathogenicity than HP-PRRSV strain) (Zhang et al., 2018), and v2016/ZJ/09-03 (a virulent PRRSV) (Chai et al., 2020). The cumulative results demonstrated that the pathogenicity of NADC30-like strains is complicated, and suitable PRRSV MLVs for swine farms remain to be evaluated. However, following reports of more NADC30-like strains, it is likely that PRRSV MLVs will have limited cross-protection efficacy to some NADC30-like strains (Table 1).


TABLE 1. The efficacy of commercial PRRSV MLVs to NADC30-like isolates.
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Other Attempted Strategies to Control Porcine Reproductive and Respiratory Syndrome in Swine Herds

This section describes attempted strategies to control the PRRS in swine herds in China.


Tylvalosin Attenuated Porcine Reproductive and Respiratory Syndrome Virus-Induced Acute Lung Injury in Piglets

Tylvalosin is a member of third-generation macrolides, which has broad-spectrum activity and can exert a variety of pharmacological effects. It is often used to control the Mycoplasma hyopneumoniae infection in swine farms, and the premix formulation (Aivlosin 42.5 mg/g premix for medicated feedstuff) and oral powder formulation (Aivlosin 42.5 mg/g oral powder for pigs) are licensed in the EU for the treatment and metaphylaxis of EP (CVMP European Public Assessment Report [EPAR], 2013; Lopez Rodriguez et al., 2020). The Committee for Medicinal Products for Veterinary Use (CVMP) European public assessment report (EPAR) for Aivlosin is available online.1 In recent years, tylvalosin has been advertised because of its anti-PRRSV activities, especially for existing PRRSV NADC30-like or HP-PRRSV-like strains. In China, tylvalosin is used widely to control PRRS in many swine farms. An animal study reported that piglets received feed containing 75 ppm tylvalosin for 28 days, following challenge with PRRSV Hn isolate intranasally (2 ml, 1 × 104.5 TCID50/ml), and then continued to receive tylvalosin medicated feed or not for another 21 days. The outcomes showed that tylvalosin attenuated PRRSV-induced clinical disease and improved growth, and similar low-intensity clinical signs were observed in these piglets compared with the piglets infected with the PRRSV Hn isolate directly (Zhao et al., 2014). Mechanistically, it was postulated that tylvalosin inhibited PRRSV-induced NF-κB activation, as well as the production of inflammatory cytokines, such as IL-6, IL-8, and TNF-α (Zhao et al., 2014).



Bioactive Compounds From Traditional Chinese Medicines Exhibit Anti-Porcine Reproductive and Respiratory Syndrome Virus Activities

Bioactive compounds from TCMs exhibit features of PRRSV replication inhibition; therefore, many crude TCM herbal extracts have emerged as effective alternatives in the control of PRRS, as premixes for medicated feedstuff or administration via intramuscular injection. The mechanisms by which bioactive compounds of TCMs inhibit PRRSV replication in vitro have been reviewed in detail (Bello-Onaghise et al., 2020), and include blocking PRRSV attachment and entry into cells, exerting activity against different stages of the PRRSV life cycle (i.e., interfering with viral RNA replication, viral particle assembly, and particle release), or acting as immunomodulators through cytokine regulation.

Since NADC30-like strains and HP-PRRSV-like strains appeared in swine farms, the commercially available PRRSV MLVs have provided limited protection or no protection against these genetically diverse isolates. Some bioactive compounds from TCMs remain popular in swine farms in China in different forms, including medicated feedstuff or oral or injected formulations.



Strict Biosecurity Measures

In China, a set of strict biosecurity measures were carried out in response to the African swine fever virus (ASFV), a highly contagious virus that is a major threat to domestic pigs and wild boars, which appeared in China in 2018. Since there was no effective vaccine or medicine that could be used to control the disease, biosecurity measure was the only way to prevent virus transmission. Risks, including people, pigs, vehicles and equipment, feed and water, as well as pests and air, were treated sterilely as soon as possible to keep this swine pathogen out of swine farms. The outcome was that the swine populations seemed to have remained healthy for a long time. Thus, many swine farmers have given their herds PRRSV vaccination. However, PRRSVs exist in most swine farms in China, and free use of PRRSV vaccination has led to HP-PRRSV-like or NADC30-like strains re-emerging in seemingly healthy populations since the end of 2020.



Inactivated Porcine Reproductive and Respiratory Syndrome Virus Vaccines

Different adjuvants (cytokines, chemical reagents, and bacterial products; detailed in Charerntantanakul, 2009), different administration routes (intramuscular or into the skin using dissolving microneedle patches), and different inactivation manners [binary ethyleneimine (BEI)-inactivated, beta-propiolactone (BPL)-inactivated, or ultraviolet (UV)-inactivated] have been tested to obtain inactivated PRRSV vaccine candidates to provide a better protective efficacy against clinical PRRSV isolate infection in piglets. Although some attempts could induce humoral immune responses, no successful cases have been reported that provided satisfactory protection efficacy to relieve clinical symptoms and reduce viremia and the pathological changes in the lung and other organs (Nilubol et al., 2004; Tabynov et al., 2016; Vreman et al., 2019, 2021).

There have been no reports about the efficacy of PRRSV-inactivated vaccines against NADC30-like strains in swine farms of China. However, following the appearance of NADC30-like strains in swine farms, sows have continued to be inoculated with the only commercial PRRSV-inactivated vaccine (CH-1a strain) in China. Currently, although the protective mechanism of the inactivated vaccine is unclear, it provides good protection for the gilts in PRRSV-affected swine farms.





IMPLICATIONS AND CONCLUSION

As a “mystery swine disease” that first appeared in swine farms (Pol et al., 1991; Stevenson et al., 1993; Wensvoort, 1993; Wills et al., 1997), PRRS has existed for more than 25 years. During this period, researchers have been working to determine the pathogenesis, immune mechanisms, and efficient control measures of PRRS, and have achieved milestones in clarifying the mechanism of immune responses, immunosuppression, and antiviral innate immunity evasion, as well as the development of MLV vaccines to relieve clinical symptoms, and reduce viremia and the pathological changes in the lung and other organs (for detailed information, see Lunney et al., 2016; Du et al., 2017; Wang et al., 2019, 2020). However, because of the recombination and variation characteristics, PRRSVs are still active in swine farms and have evolved into many variant strains, which have inflicted major losses on swine productivity.

In mainland China, since PRRS was first reported in 1996 (Guo et al., 1996), the virus has experienced two main variations. HP-PRRSV was the product of the first variation in May 2006, which represented a great challenge for the development of the pig industry in the following ∼10 years (Li et al., 2007; Tian et al., 2007; Tong et al., 2007). The second variation began in 2014 because of the invasion of the PRRSV NADC30 strain and recombination with the field PRRSV strains that were prevalent in the Chinese swine farms, causing various clinical outcomes from inapparent symptoms to severe symptoms, and representing new challenges for farms (Zhao et al., 2015; Zhou et al., 2015; Sun et al., 2016; Wang et al., 2018; Zhang et al., 2019). Although PRRS was placed under limited control in most swine farms, depending on the commercial MLV vaccines available before 2014, the invasion of PRRSV NADC30 and NADC30-like strain from 2014 onward broke the vulnerable PRRSV control balance. Routine and reliable control of PRRSV will require long-term exploration, and the recombination characteristics of PRRSV contribute to the emergence of variant virus strains, meaning their effects on swine farms must be monitored in the future.
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Severe fever with thrombocytopenia syndrome virus (SFTSV) is a new tick-borne pathogen that can cause severe hemorrhagic fever. Fever with thrombocytopenia syndrome caused by SFTSV is a new infectious disease that has posed a great threat to public health. Therefore, a fast, sensitive, low-cost, and field-deployable detection method for diagnosing SFTSV is essential for virus surveillance and control. In this study, we developed a rapid, highly sensitive, instrument-flexible SFTSV detection method that utilizes recombinase polymerase amplification and the CRISPR/Cas12a system. We found that three copies of the L gene from the SFTSV genome per reaction were enough to ensure stable detection within 40 min. The assay clearly showed no cross-reactivity with other RNA viruses. Additionally, our method demonstrated 100% agreement with Q-PCR detection results for SFTSV in 46 clinical samples. We simplified the requirements for on-site detection instruments by combining the CRISPR/Cas12a tool and immunochromatographic strips to create a system that can reliably detect one copy/μl sample of the L gene, which showed extremely high sensitivity and specificity for detecting the virus. Taken together, these findings indicate that the new SFTSV detection method is a powerful and effective tool for on-site detection, which can contribute to diagnosing SFTSV quickly and sensitively.

Keywords: SFTSV, CRISPR/Cas12a, RPA, immunochromatographic strips, detection


INTRODUCTION

The spread of a new bunyavirus, severe fever with thrombocytopenia syndrome virus (SFTSV), has resulted in more than 11,986 cases diagnosed clinically and a total mortality rate of 5.1% in 18 provinces of China (Zhan et al., 2017). In addition, cases of SFTS have also been reported in Vietnam, Japan, and South Korea, and the average mortality rate in Japan and South Korea is as high as 6–30% (Li et al., 2021; Xu et al., 2021; Zhou and Yu, 2021). Individuals of any age are susceptible to SFTSV; most of them live in mountainous and hilly areas and are predominantly engaged in agricultural work, such as planting crops or tea (Zhan et al., 2017; Chen et al., 2019). The virus has attracted great concern about public health safety worldwide. Generally, patients infected with SFTSV experience fever, leukopenia and thrombocytopenia, bleeding, gastrointestinal symptoms, and multiple organ failure (Bopp et al., 2020). Since SFTSV poses a great threat to public health and there is no vaccine or drug for clinical prevention or treatment of humans infected by SFTSV (Reece et al., 2018), it is essential to diagnose suspected cases accurately in the early stage of infection to avoid widespread infection (Li et al., 2021).

SFTSV is an enveloped, single-stranded, negative-sense RNA virus belonging to the family phlebovirus. Its genome consists of three single-stranded negative-strand RNA fragments: large (L), medium (M), and small (S). The L segment contains 6,368 nucleotides and encodes RNA-dependent RNA polymerase (RdRp), which mediates viral RNA replication and mRNA synthesis (Saijo, 2018b; Bopp et al., 2020; Li et al., 2021). The M segment consists of 3,378 nucleotides, contains an open reading frame, and encodes viral envelope glycoproteins (glycoprotein N Gn and glycoprotein C Gc), which play an important role in virus assembly and virus particle formation. The S fragment consists of 1,744 nucleotides and functions as ambisense RNA (Saijo, 2018a; Bopp et al., 2020); it contains two reverse reading frames, which encode the virus nucleoprotein (NP) and virus non-structural protein (NSs) (Zhan et al., 2017). The S segment is the most conserved gene; the L segment also has a conserved region and can be used as a target for testing (Vogel et al., 2020). Accordingly, the L, M, and S genes of SFTSV could all be used for nucleic acid detection; the detection of these three genes reveals that there are no obvious differences in sensitivity or specificity by the L, M, and S segments (Lee et al., 2020).

A series of molecular detection assays targeting the SFTSV genome have been developed, based on methods, such as PCR, real-time PCR (RT-PCR; Sun et al., 2012), and loop-mediated isothermal amplification (LAMP; Yang et al., 2012). However, most of these methods show low sensitivity or a high false-negative rate. Recently, the CRISPR/Cas endonuclease detection system has shown a broad prospect in the field of molecular diagnostics due to its high sensitivity and specificity and low cost (Zetsche et al., 2015). Cas9, which recognizes seven or eight of 20 bases in gRNA, is the first and most commonly used enzyme in CRISPR technology. However, because it can cut a DNA sequence similar to the target DNA – which is known as the missing target effect – Cas9 is not an ideal candidate tool to detect SFTSV. Compared with Cas9, Cas12a can recognize up to 18 bases before fully combining with the target DNA, which results in a lower rate of mistakes and higher security. Furthermore, Cas12a is considered a good choice to solve the known shortcomings of CRISPR. Previous studies have shown that Cas12a is activated to arbitrarily cut single-strand DNA (ssDNA) after recognizing double-strand DNA (dsDNA) (Li et al., 2018; Qian et al., 2019). Additionally, the CRISPR/Cas12a technology has been successfully applied to detect bacteria (Pang et al., 2019; Li et al., 2020), viruses (Yuan et al., 2020), plants (Wu et al., 2020), and exosomes (Zhao et al., 2020). This technology is most widely used for virus detection, including the African swine fever virus (ASFV) (He et al., 2020), human papillomavirus 16 (HPV16) (Dai et al., 2019), parvovirus B19 (PB-19), white spot syndrome virus (Chaijarasphong et al., 2019), and other viruses.

In this study, we developed a nucleic acid molecular detection system targeting the L gene for SFTSV detection with CRISPR/Cas12a technology. This method has the advantages of high sensitivity and specificity of CRISPR/Cas12a technology and can be used for on-site testing with a portable testing instrument or immunochromatographic strips.



MATERIALS AND METHODS


Human Clinical Sample Collection and RNA Preparation

Clinical RNA samples used in this study were obtained from the Chinese Center for Disease Control and Prevention (Beijing) and Weifang Medical University (Weifang). Clinical samples used in this study were collected and treated in strict accordance with the standard operating procedures for SFTSV recommended by the WHO. 30 sample treatments were conducted in the Laboratory of China, Beijing, and 16 sample treatments were conducted in the Laboratory of China, Weifang. In accordance with the requirements of the National Health Commission of China, SFTSV was inactivated in a BSL-2 laboratory at 60°C for 30 min. Additionally, the viral RNA was extracted in a BSL-2 laboratory using a QIAamp Viral RNA Kit in accordance with the manufacturer’s instructions (QIAGEN, cat. no. 52906).



Nucleic Acid Preparation

The SFTSV HB29 segment L was cloned into the VR1012 vector. The RNA of the L gene was transcribed with VR-SFSTV-L as a template using the T7 Transcription Kit (VIEWSOLID BIOTECH, cat. no. VK010) in accordance with the manufacturer’s instructions. The concentration was determined using Nanodrop, and the samples were stored at −80°C until use. The crRNA, primer, ssDNA FQ probe, and ssDNA FB probe were also synthesized by GenScript. The sequences are listed in Table 1.



TABLE 1. List of primers and crRNA.
[image: Table1]

For the extraction of viral RNA, 140 μl of 106 PFU/ml SFTSV strain HB29, 104 PFU/ml influenza virus strain PR8, and 106 PFU/ml human enterovirus D68 (EV-D68) and human enterovirus 71 (EV71) were used. Next, reverse transcription of the viral RNA was performed using a commercial reverse transcription First-Strand cDNA Synthesis SuperMix (TRANS, cat. no. AH321-01) in accordance with the manufacturer’s instructions. Finally, 4 μl of cDNA was added to each detection system for the specificity test.



Human Enterovirus 71 Culture

Enterovirus 71 (EV71) was propagated in rhabdomyosarcoma (RD) cells. After 72 h, the virus was harvested, and then, the cells were repeatedly frozen and thawed to release the virus. The supernatant and the frozen and thawed cells were mixed evenly, centrifuged, and stored at −80°C.



Human Enterovirus D68 Culture

Enterovirus D68 (EV-D68) was propagated in RD cells. After 72 h, the virus was harvested, and then, the cells were repeatedly frozen and thawed to release the virus. The supernatant and the frozen and thawed cells were mixed evenly, centrifuged, and stored at −80°C.



Influenza Virus PR8 Culture

Influenza virus PR8 was propagated in Madin–Darby Canine Kidney (MDCK) cells. The supernatant was harvested 3 days post-infection, centrifuged, and stored at −80°C.



Quantitative Real-Time PCR

The quantitative real-time PCR (Q-PCR) detection of SFTSV was carried out using a Fast Advanced Master Mix approved for the market in accordance with the manufacturer’s instructions (Applied Biosystems, cat. no. 4444556). In brief, we prepared single-tube PCRs containing 10 μl TaqMan® Fast Advanced MasterMix (2×), 0.4 μl 10 μM SFTSV-L forward primer, 0.4 μl 10 μM SFTSV-L reverse primer, 0.4 μl 10 μM SFTSV-L probe (Sun et al., 2012), 6.8 μl DEPC water, and 2 μl sample DNA. The amplification conditions used included an initial denaturation step of 45°C for 2 min and 95°C for 10 min, followed by 40 cycles of 95°C for 15 s and 60°C for 60 s. If the cycle threshold (Ct) value was ≤40, the sample was judged as SFTSV-positive.



CRISPR/Cas12a Detection Reaction

Isothermal amplification of the L gene was performed using a commercial recombinase polymerase amplification (RPA) kit (TwistAmp, cat. no. TABAS03KIT) in accordance with the manufacturer’s instructions. In brief, a 50-μl reaction assembled with a 4 μl DNA sample (4 μl DEPC water as a blank group), 2.5 μl forward primer and reverse primer (10 μM), 29.5 μl Primer Free Rehydration buffer, 9 μl DEPC water, and 2 μl activator was incubated at 39°C for 20 min. Next, 4 μl crRNA (1 μM) and 3 μl buffer were incubated with 1 μl Cas12a (1 μM; New England Biolabs cat. no. M0653S) at 25°C for 20 min and fully combined. Then, a 20 μl RPA reaction system and 2 μl ssDNA FQ probe (10 μM, labeled with FAM and BHQ1) were transferred to the CRISPR/Cas12a cleavage assay. Reactions were incubated in a GS8 Isothermal Cycler (GenDX, cat. no. GS8) for 20 min at 37°C, with fluorescence measurements taken every 30 s.

For immunochromatographic strip detection reactions, the 20-μl RPA reaction system and 2 μl ssDNA FB probe (100 μM, labeled with FAM and biotin) were transferred to the CRISPR/Cas12a cleavage assay. The reaction was performed at 37°C for 20 min, after which the CRISPR/Cas12a detection reaction was diluted 1:2 in detection buffer, and then, the strips (Milenia Biotec, cat. no. MGDH1) were inserted and incubated at room temperature for 1 min. The strips were then removed and photographed with a camera. To quantify and visualize the strips, the band density was analyzed by ImageJ.



Statistics and Reproducibility

All results were analyzed with GraphPad Prism software and are presented as mean ± SD. The unpaired t test was applied for the statistical analysis in GraphPad Software Prism 8, *p < 0.05; **p < 0.01; and ***p < 0.001.




RESULTS


Schematic Diagram of SFTSV Detection Based on CRISPR/Cas12a

The principles of the CRISPR/Cas12a-based SFTSV detection system are shown in Figure 1. First, the target gene fragment is amplified by an RPA kit. Under a constant temperature of 39°C, the DNA recombinase capable of binding oligonucleotide primers and specific nucleic acid amplification primers forms protein–DNA complexes in RPA. The complex can search for homologous sequences in the SFTSV genome in the system and amplifies the DNA. The RPA system can amplify target genes exponentially within 20 min. Then, the Cas12a–crRNA complex is added to the amplification system. According to the principle of base complementary pairing, crRNA guides Cas12a to bind to the SFTSV genome. After Cas12a is combined with the PAM sequence, the Cas12a endonuclease is activated; the activated Cas12a cuts the target DNA; the non-specific ssDNA-FQ reporters in the system and the quenching group on the ssDNA are trans-cut, and the reporter emits strong fluorescence. GS8 Isothermal Cycle is a portable fluorescence constant-temperature amplification instrument. It is used to collect fluorescent signals, thereby providing the detection results. The machine can automatically identify positive samples and display the positive signal detection time by calculating the difference in fluorescence values. Compared with the Q-PCR instrument and multilabel plate readers, the GS8 Isothermal Cycle is small and easy to carry and has gradient heating and a built-in battery, which offers great advantages for on-site detection.

[image: Figure 1]

FIGURE 1. The schematic diagram of severe fever with thrombocytopenia syndrome virus (SFTSV) detection based on CRISPR/Cas12a. The SFTSV-DNA standard substance or SFTSV-DNA extracted from the virus is amplified by recombinase polymerase amplification (RPA). After Cas12a is combined with the PAM sequence, the Cas12a endonuclease is activated and the activated Cas12a cuts the target DNA, the non-specific ssDNA in the system is trans-cut to separate the reporter and the quenching group on the ssDNA, and the reporter emits strong fluorescence.




Establishment of SFTSV Nucleic Acid Detection Method Based on CRISPR/Cas12a

Based on the sequence provided by the NCBI, we designed a specific crRNA for L (Figure 2A). CrRNA-1 can be combined with the crRNA-1 target for SFTSV detection, and crRNA-2 can be combined with the crRNA-2 target for SFTSV detection. We used crRNA-1 to establish a CRISPR/Cas12a-based SFTSV nucleic acid detection method. First, we verified the entire CRISPR/Cas12a system (Figure 2B). We found that Cas12a nuclease was activated, and the reporter was only activated when Cas12a, crRNA, and SFTSV were present in the system. Subsequently, we transcribed the plasmid containing the SFTSV L segment by T7 RNA polymerase in vitro and obtained the SFTSV-RNA standard. The CRISPR/Cas12a detection of SFTSV showed a significant increase in the fluorescence signal (Figure 2C). At the same time, six pairs of primers were designed to improve the amplification efficiency of RPA. The final concentration of 1,000 copies/μl sample was increased by RPA at 39°C for 20 min, and then, samples were added to the CRISPR/Cas12a system. The fluorescence detection results showed that the primer 5 group resulted in a stronger fluorescence signal (Figure 2D) and a shorter positive judgment time (Table 2). Subsequently, we explored the effect of ion concentration on amplification efficiency. The final concentration of 1,000 copies/μl samples was detected by CRISPR/Cas12a at 0.5, 1, and 2 μM KCl for 20 min. Through the intensity analysis of the fluorescence signal, 2 μM KCl was selected as the optimal ion concentration (Figure 2E). All subsequent experiments were amplified with primer 5 at 39°C for 20 min and detected with 2 μM KCl unless otherwise specified.

[image: Figure 2]

FIGURE 2. Establishment of the SFTSV nucleic acid detection method based on CRISPR/Cas12a. (A) According to the gene sequence of SFTSV-HB29 on NCBI, two crRNAs were designed on the L segment of the conserved region. (B) The Cas12a + crRNA + SFTSV plasmid, Cas12a + crRNA + negative sample, Cas12a + SFTSV, and blank were subjected to RPA, and the CRISPR/Cas12a system was used for detection. (C) After in vitro SFTSV plasmid T7 transcription, RPA and the CRISPR/Cas12a system were used for detection. (D) There were 1,000 copies/μl DNA (L gene, final concentration) amplified by RPA with six pairs of primers, and the amplification efficiency of the six pairs of primers was detected by CRISPR/Cas12a assay. (E) The 100 copies/μl DNA (L gene, final concentration) was detected by the CRISPR/Cas12a system at 0.5, 1, and 2 μM KCl for 20 min.




TABLE 2. Positive judgment time of primer selection.
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Specificity and Sensitivity Evaluation of the CRISPR/Cas12a Detection System

To further test the specificity of the system, we extracted RNA from the influenza virus strain PR8, EV-D68, and EV71. Compared with these viral RNAs, the final RNA concentration of 1,000 copies/μl of the SFTSV L gene was increased by amplification at the same time and the gene was detected using the CRISPR/Cas12a system and crRNA-1. The results showed that positive signals could be detected in the SFTSV samples within 20 min, even if the amount of template RNA in the control group was much higher than the amount of SFTSV (Figure 3A). Our detection system only targeted the SFTSV L genome nucleic acid; it could not detect genomic nucleic acid sequences of other viruses. Thus, the SFTSV CRISPR/Cas12a detection system showed great specificity.

[image: Figure 3]

FIGURE 3. Specificity and sensitivity evaluation of the CRISPR/Cas12a detection system. (A) The DNA of SFTSV (1,000 copies/μl, L gene), influenza virus strain PR8, EV-D68, EV71, and pseudovirus was amplified by RPA and detected by the CRISPR/Cas12a system. (B) Quantitative real-time PCR (Q-PCR) detection sensitivity evaluation. (C,D) The sensitivity of CRISPR/Cas12a combined with RPA for detection of standard substance and virus.


Thus far, Q-PCR is considered the “gold standard” for SFTSV diagnosis due to its high sensitivity and specificity. However, Q-PCR relies on expensive instruments and well-trained personnel, and it might generate a small percentage of false-negative results. We used a fluorescence Q-PCR method to detect SFTSV nucleic acid (Sun et al., 2012) with a detection limit of 1 copy/μl and found that less than 1 copy/μl samples could not be stably tested as positive results (Figure 3B). However, the CRISPR/Cas12a detection system was able to stably detect even 0.1 copies/μl sample of L gene standard substance (Figure 3C) and 0.1 copies/μl sample of the SFTSV L gene (Figure 3D) within 20 min, with a fluorescence signal five times higher than that of the blank group. The results of the significance analysis are shown in Supplementary Figure 1. Subsequently, we infected Vero cells with SFTSV at a multiplicity of infection (MOI) of 0.01, 0.1, and 1. After 24 h, the cells were harvested and RNA was extracted and tested (Supplementary Figure 2). At all three concentrations, the virus was well detected after infection.



SFTSV Typing Detection Based on CRISPR/Cas12a

Through the gene comparison sequence on NCBI, we found that the SFTSV-HB29 strain and the SFTSV-NM1 strain were only four bases apart in the complementary position of crRNA. To verify whether the CRISPR/Cas12a-based SFTSV detection system could be used for the typing of different strains of the same virus, we cloned and obtained SFTSV-HB29 with one, two, three, and four mutation bases in the detection position. The plasmid sequence with four base mutations was the SFTSV-NM1 strain (Figure 4A). The crRNA refers to crRNA-1 (UAAUUUCUACUAAGUGUAGAUAGAAUUGGGGAAUGUUCCCUCCAC; Table 1). Then, we used crRNA-1 for the genotyping of SFTSV strains HB29 and NM1 (Figure 4B). We observed that the fluorescence intensities of the base at the detection position were greatly reduced after mutation; at the same concentration, virus strains with a difference of a few bases were possible to distinguish (Figure 4B). Then, we tried to design four single-base mutations at 2,775 bp of the SFTSV L gene to verify the specificity of the system again (Figure 4C). We used crRNA-2 (UAAUUUCUACUAA GUGUAGAUGAAAAGUUGCUUGUAGCUUUCAUG), primer-F7, and primer-R7 to complete the detection (Table 1). The results showed that the CRISPR/Cas12a SFTSV detection system could achieve single-base typing (Figure 4D).
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FIGURE 4. SFTSV typing detection based on CRISPR/Cas12a. (A) The SFTSV-HB29 strain and the SFTSV-NM1 strain differ by four bases in the crRNA-1 position. (B) The SFTSV-HB29 strain plasmid was detected after one, two, three, and four point mutations in the crRNA-2 target position. (B1) Only the first mutation shown in (A) has been mutated. (B2) The first mutation and the second mutation shown in (A) have been mutated. (B3) The first mutation, the second mutation, and the third mutation in (A) have been mutated. (B4) The first mutation, the second mutation, the third mutation, and the fourth mutation shown in (A) have been mutated. (C) Four mutation sites were selected at the position of crRNA-1 of SFTSV-HB29. (D) The SFTSV-HB29 strain plasmid was detected after one, two, three, and four point mutations in the crRNA-2 target position. (D1) Only the first mutation shown in (C) has been mutated. (D2) The first mutation and the second mutation shown in (C) have been mutated. (D3) The first mutation, the second mutation, and the third mutation in (C) have been mutated. (D4) The first mutation, the second mutation, the third mutation, and the fourth mutation shown in (C) have been mutated.




Performance of SFTSV CRISPR/Cas12a Assay in Clinical Samples

A total of 34 patient serum samples and 12 healthy serum samples were used for SFTSV detection with the CRISPR/Cas12a assay. Among these samples, 34 samples were determined using crRNA-1 to be L-gene-positive, and 12 samples were determined using crRNA-1 to be L-negative within 20 min (Figure 5A). As a control for SFTSV detection, Q-PCR was also performed in parallel. The fluorescence value and the Ct value of each sample were analyzed by color scale analysis (Figure 5B) and Wayne diagram analysis (Figure 5C). Compared with Q-PCR, the CRISPR/Cas12a assay correctly identified and differentiated all 34 positive samples and 12 negative samples, showing 100% agreement (Supplementary Figure 2). There was no significant difference between CRISPR/Cas12a and Q-PCR detection of SFTSV.
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FIGURE 5. Performance of the SFTSV CRISPR/Cas12a assay on clinical samples. (A) The DNA from 46 serum samples was extracted, reverse transcribed, and preamplified with RPA for 20 min. The fluorescence signal was detected by the CRISPR/Cas12a system for 20 min. NC: Negative Control; BC: Blank Control; PC: Positive Control. (B) The relative fluorescence value and the Ct value of each clinical sample are displayed by a color scale diagram. NC: Negative Control; BC: Blank Control; PC: Positive Control. (C) The Venn diagram shows the consistency between the CRISPR/Cas12a assay and the Q-PCR assay. The unpaired t test was applied for the statistical analysis in GraphPad Software Prism 8, *p < 0.05 and ns p > 0.05.




Detection of SFTSV With CRISPR/Cas12a Through Immune Osmosis

To simplify the field test equipment, we combined the CRISPR/Cas12a system with the immunochromatographic strips. We chose crRNA-1 for immunochromatographic strip detection. As shown in Figure 6A, gold nanoparticle aggregation, immune osmosis principles, and the FAM and biotin-labeled ssDNA probe were used to verify the collateral nuclease activity of CRISPR complexes. After adding the CRISPR/Cas12a system, the FAM-labeled probe was combined with the anti-FAM antibody, and the biotin bound to streptavidin. This resulted in the aggregation of Au-NP, which represented the control band. When the probe was cut, the free probe continued to penetrate upward until the anti-FAM antibody bound to the secondary antibody, which also resulted in Au-NP aggregation, representing a test band and a positive result. By testing the system, we found that the immunochromatographic strips helped to stably detect 1,000 copies/μl sample of the L gene (Figure 6B) in 10 min. We obtained the same conclusion by analyzing test band density with ImageJ and drawing a histogram, finding that the band density of the positive sample was significantly different from that of blank group (Figure 6C). Furthermore, we tested the change of the depth of the strip over time (Figure 6D); the results showed that a longer duration was associated with a deeper test band of the strip. We also used standards to explore the test strip limits and found a clear distinction for the 1 copy/μl SFTSV standard (Figure 6F). Similarly, the test band density was analyzed by ImageJ, and the histogram graph analysis showed that the immunochromatographic strip could stably detect the clinical samples, which was in agreement with Figure 3 (Figures 6E,G). In general, these results show that the CRISPR/Cas12a assay can be stably applied to the immunochromatographic strip detection system, thereby reducing the technical requirements for instruments and operators.
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FIGURE 6. Detection of SFTSV with CRISPR/Cas12a based on immune osmosis. (A) Schematic diagram of the SFTSV detection principle of CRISPR/Cas12a combined with immunochromatographic strips. (B) The feasibility of CRISPR/Cas12a combined with the immunochromatographic strip system was tested. (D) Change trend of the test band over time. (F) The sensitivity of CRISPR/Cas12a combined with immunochromatographic strips for the detection of L genes. (C,E,G) The visualization of sample test band intensity was quantified by ImageJ and GraphPad. The unpaired t test was applied for the statistical analysis in GraphPad Software Prism 8, *p < 0.05; **p < 0.01; ***p < 0.001; and ns p > 0.05.





DISCUSSION

In this study, we developed an efficient and convenient SFTSV detection method combining RPA and the CRISPR/Cas12a system for the early diagnosis of SFTSV infection in patients. We detected the L gene from the SFTSV genome using the CRISPR/Cas12a method, and the CRISPR/Cas12a method was combined with immunochromatographic strips to simplify the requirements for field testing instruments.

Fever with thrombocytopenia syndrome caused by SFTSV infection poses a great threat to public health. Unfortunately, no effective therapeutic drugs or vaccines currently prevent SFTSV infection. Therefore, early detection of SFTSV is necessary. At present, the detection methods for SFTSV mainly focus on virus isolation, real-time PCR, and serological detection. Moreover, although virus isolation and identification is a great way to determine the virus, the trial period is time-consuming, up to 1–2 weeks. Real-time PCR is a very sensitive detection method, but it requires expensive equipment and professional laboratory techniques. The sensitivity and specificity of serological detection often do not meet our requirements. Therefore, none of the above three commonly used detection methods can be used for effective and rapid on-site detection.

Compared with traditional amplification detection methods, CRISPR/Cas12a detection of the SFTSV L gene requires relatively simple equipment conditions, which greatly reduce the cost of detection, shorten the detection duration, and facilitate on-site pathogen detection. We used a portable fluorescence isothermal amplification instrument, which has advantages of its small size, easy operation, and automatic positive signal detection. Unlike other detection methods, CRISPR/Cas12a can effectively achieve the typing and detection of SFTSV (Figure 4). Combined with test strips, this method can even be performed directly in the field, without machine readings, and the results can be judged by the naked eye (Figure 6). Its sensitivity is equal to or even better than of Q-PCR. Regardless of how it is viewed, this is a potentially effective detection method for SFTSV.

The only minor issues associated with the SFTSV detection method based on CRISPR/Cas12a were as follows. The operator needed to open the cover three times during the reaction, which increased the possibility of false-positive results. This was indeed a huge problem faced by CRISPR-based detection systems, but the activity of Cas12a was still affected by temperature and ion concentration, thereby possibly affecting the detection sensitivity. Moreover, one-step detection may affect enzyme activity. Therefore, to optimize Cas12a and amplification enzyme activity, reducing its working temperature requirements or designing and modifying reaction tubes and detection instruments may effectively solve this problem, to achieve open-tube operation in the future. In summary, we developed an SFTSV detection method based on RPA and the CRISPR/Cas12a system that can be used for rapid and ultrasensitive SFTSV diagnosis, providing a powerful and effective tool for on-site detection.
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Rapid and sensitive nucleic acid detection of SARS-CoV-2 has contributed to the clinical diagnosis and control of COVID-19. Although detection of virus genomic RNA (gRNA) has been commonly used in clinical diagnosis, SARS-CoV-2 gRNA detection could not discriminate between active infectious virus with remnant viral RNA. In contrast to genomic RNA, subgenomic RNAs (sgRNAs) are only produced when the virus is actively replicating and transcription, detection of sgRNA could be an indication to evaluate infectivity. CRISPR/Cas-based nucleic acid detection methods have been considered potential diagnostic tools due to their intrinsic sensitivity, specificity and simplicity. In this study, to specifically detect active virus replication, we developed a CRISPR-based active SARS-CoV-2 (CRISPR-actCoV) detection strategy by detecting sgRNAs of SARS-CoV-2. CRISPR-actCoV with CRISPR Cas12a-assisted fluorescence reporter system enables detection of sgRNAs at 10 copies in 35 min with high specificity and can be read out with naked eyes. Further, we performed CRISPR-actCoV mediated sgRNA detection in 30 SARS-CoV-2 potentially infected clinical samples, and 21 samples were SARS-CoV-2 sgRNA positive. A quantitative RT-PCR assay was also performed to detect gRNA of SARS-CoV-2 in parallel. Among the 30 clinical samples, 27 samples were gRNA positive. Taken together, CRISPR-actCoV provides an alternative for rapid and accurate detection of active SARS-CoV-2 and has great significance in better response of coronavirus causing epidemic disease.

Keywords: CRISPR-based detection, CRISPR/Cas12a, virus subgenome, COVID-19, SARS-CoV-2


INTRODUCTION

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), the cause of COVID-19 respiratory disease, has spread worldwide and affected global health and the world economy. Rapid and accurate nucleic acid detection of SARS-CoV-2 has contributed to the early diagnosis and treatment of COVID-19 (Chu et al., 2020; Orive et al., 2020; Seo et al., 2020; Wang et al., 2020c). The commonly reported nucleic acid detection methods, including quantitative real-time PCR (qRT-PCR), isothermal amplification-based detection and CRISPR-based detection, mainly target viral gRNA of SARS-CoV-2 genes, such as E gene, N gene, or orf1a/b gene (Broughton et al., 2020; Dao Thi et al., 2020; Wang et al., 2020c,f). The presence or absence of gRNA has been used to indicate virus contamination or infection (Chia et al., 2020; Yu et al., 2020). However, viral gRNA might still be detectable in months after clinical recovery (Xiao et al., 2020), and detection of gRNA does not prove the presence of active viral replication or infectious virus. It can not distinguish replicable virus from remnant viral RNA or laboratory-generated non-hazardous nucleic acids (Robinson-McCarthy et al., 2021).

SARS-CoV-2 is an enveloped, positive-sense, single-stranded RNA beta-coronavirus and belongs to the Coronaviridae family (Gordon et al., 2020). Coronavirus RNA-dependent RNA synthesis needs the transcription of a collection of sgRNAs that encode the viral structure proteins, and the presence of sgRNAs provides evidence of replicative and intact viruses (Sola et al., 2015). Since sgRNAs of SARS-CoV-2 are only produced when the virus is actively replicating and transcription (Sztuba-Solińska et al., 2011; Kim et al., 2020), detection of sgRNAs can distinguish replicable and intact viruses from remnant viral RNAs, thus providing essential information for better containment of COVID-19. Detection of SARS-CoV-2 sgRNAs has been performed in hospitalized patients of COVID-19 using qRT-PCR (Moreira et al., 2020; Wolfel et al., 2020; Rodríguez-Grande et al., 2021). qRT-PCR-based nucleic acid detection is most commonly used and is considered a gold standard for diagnosis. However, the requirement of dedicated instruments and well-trained technicians limit its on-site diagnostic application, especially in the resource-limiting region (Yin et al., 2021). Therefore, nucleic acid-based diagnostic strategies combining sensitivity, specificity, and flexibility are expected for point-of-care testing (POCT).

The clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR associated proteins (Cas) systems have been considered to have great potential in diagnostic, thus revolutionizing the nucleic acid detection area (Wang et al., 2020b; Lv et al., 2021). The most commonly used Cas proteins in the CRISPR/Cas-based nucleic acid detection system are Cas9, Cas12, Cas13 and Cas14 (Wang et al., 2020e). Among these, Cas12a mediate a robust, non-specific single-strand DNA (ssDNA) cleavage upon specific target recognition (Chen et al., 2018; Li et al., 2018a). Nucleic acid detection systems based on CRISPR/Cas12a have been established to detect various targets, including bacteria, viruses, cancer mutations, and others (Li et al., 2018b,2019; Wang et al., 2020d; Xiong et al., 2020; Lee Yu et al., 2021; Ma et al., 2021). Herein, we reported a CRISPR/Cas12a based nucleic acid detection strategy named CRISPR-actCoV (CRISPR-based active SARS-CoV-2 detection), which detects active SARS-CoV-2 sensitively and precisely. This study could provide useful information for the containment of epidemics caused by viruses, like SARS-CoV-2.



MATERIALS AND METHODS


Clinical Samples and Ethics Statement

The study was approved by the Scientific Research Ethics Review Committee of the First Affiliated Hospital of Guangzhou Medical University. All the clinical samples used in this study were collected and treated in strict accordance with the standard operation for COVID-19 by the WHO and Chinese CDC. Informed consent was obtained from all the patients involved. Nasopharyngeal swab samples were collected from all patients at admission. The clinical sample RNA was extracted using a QIAamp RNA Viral Kit (Qiagen, 52904) in a biosafety level II laboratory. In brief, the nasopharyngeal swab was dissolved in an extraction buffer, and the viral RNA extraction was performed. After the wash step, the RNA was eluted in 60 μl RNase-free H2O.



Nucleic Acid Preparation

For SARS-CoV-2 subgenome validation, nucleic acid fragments containing subgenomic sequences of Orf3a, E, M, Orf6, Orf7a, Orf8 and N genes were amplified from cDNA of a diagnosed patient using reverse transcription PCR (RT-PCR, E045-01A, Novoprotein, China) and sequenced. The primers used to amplify SARS-CoV-2 (GenBank: MN908947) subgenomic sequences were designed and synthesized by GenScript (Nanjing, China). The primer sequences were listed in Supplementary Table 1.

The specific crRNAs targeting E, Orf7a and N genes of SARS-CoV-2 were synthesized by GenScript, and the crRNA sequences were listed in Supplementary Table 2. The nucleic acid fragments containing E, Orf7a and N subgenomic sequence of SARS-CoV-2 were synthesized by GenScript and then cloned into the pUC57 vector with a T7 primer. The sgRNAs of SARS-CoV-2 E, Orf7a and N were transcribed using the MEGAshortscript T7 Transcription Kit (Thermo Fisher, AM1354) and purified with the MEGAclear Kit (Thermo Fisher, AM1908) according to the manufacturer’s instructions. Transcribed RNAs were aliquot and stored at −80°C till used. The primers used for in vitro transcription are listed in Supplementary Table 3.

Total cellular RNA was extracted from HCT116 and A549 cells using a total RNA extraction reagent (Vazyme, R401-01), following the manufacturer’s instructions. Saliva RNA was extracted from the saliva sample using QIAzol Lysis Reagent (QIAGEN, 79306) following the manufacturer’s instructions. All RNAs were stored in aliquots at −80°C till used.



Reverse Transcription Isothermal Amplification

The RT-RPA assays of the E, Orf7a and N sgRNAs were performed with a commercial RT-ERA kit (GenDx Biotech Co., Ltd.) according to the manufacturer’s instructions. The RT-RPA primers (Supplementary Table 4) were designed, and the RT-RPA reaction was performed as previously described (Wang et al., 2020f). In brief, a 50 μL reaction consisting of 2 μL RT-RPA-F (forward primer, 10 μM), 2 μL RT-RPA-R (reverse primer, 10 μM), 2 μL RNA template, and 2.5 μL magnesium acetate (280 mM) was incubated at 39°C for 20 min. Then, the RT- RPA reaction was transferred to the CRISPR/Cas12a-mediated nucleic acid detection assay.



Cas12a-Mediated Nucleic Acid Detection

The CRISPR/Cas12a-mediated nucleic acid detection assays were performed according to the previous reports (Wang et al., 2020f). The Lachnospiraceae bacterium Cas12a (LbCas12a) was expressed and purified. A single-strand DNA reporter labeled with FAM and BHQ1 was synthesized by Genscript. 200 ng LbCas12a protein with 2 μL of RT-RPA product, 25 pM ssDNA FQ DNA reporter and 1 μM crRNA were subjected to detection assays in a 20 μL reaction system. The fluorescence was detected under 485 nm light and photographed with a mobile phone camera as reported (Wang et al., 2020f).



Quantitative Real-Time PCR and DNA Sequencing of Clinical Samples

RNA was extracted from the clinical samples, and cDNA was synthesized using the kit from Thermo Fisher (Catalog Number: 18091050) according to the manufacturer’s manual. Quantitative real-time PCR of clinical samples was performed using HiScript II U + One Step qRT-PCR Probe Kit (Vazyme Biotech Co., Ltd.) according to the manufacture’s manual. The probe and primers for quantitative real-time PCR were synthesized by Genscript, and sequences were listed in Supplementary Table 5. Further, an NMPA-granted commercial kit (Liferiver, China) was used for these clinical samples’ nucleic acid detection assay. The assay was performed according to the manufacturer’s manual. In brief, extracted RNA was subjected to a two-step quantitative real-time PCR, the fluorescent signal of FAM and TexasRed was collected and Ct value < 43 was treated as positive.



Statistical Analysis

All experimental results were shown as Mean ± SD unless stated otherwise. Statistical significance for comparisons of more than two groups was determined using one-way ANOVA. Significance was considered as *p < 0.05; **p < 0.01. Statistical analyses were carried out with GraphPad Prism 7.0.




RESULTS


Amplification and Verification of SARS-CoV-2 Subgenome in a Diagnosed Clinical Sample

sgRNAs of SARS-CoV-2 are only produced during viral replication and are poorly packaged into mature virions, thus they have been proposed to represent a potential marker for active infection and viral replication (Immergluck et al., 2021). To specifically and rapidly detect viral replication, we developed a CRISPR-actCoV detection strategy by combining RT-RPA with CRISPR-Cas12a assisted fluorescence reporter system (Figure 1A). Virus sgRNAs were specifically amplified by RT-RPA to obtain enough DNA substrates using specific primers, and the amplicons were then subjected to CRISPR-Cas12a detection assays. In the reaction, purified Cas12a protein, specific crRNA, amplified DNA, and a single-strand DNA reporter labeled with FAM and BHQ1 were included. Upon target recognition and cleavage, the non-specific ssDNA cleavage activity of Cas12a was triggered, and fluorophores were released from the quencher. Then the detection results can be read by naked eyes under 485 nm light (Figure 1A).
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FIGURE 1. Amplification and verification of SARS-CoV-2 subgenome in a diagnosed clinical sample. (A) Schematic illustration of CRISPR/Cas12a based detection of active SARS-CoV-2 (CRISPR-actCoV). Subgenomic RNA was specifically amplified by RT-RPA and then subjected to CRISPR/Cas12a mediated fluorescence reporter assay, and the results can be read by naked eyes under 485nm light. (B) Schematic diagram of SARS-CoV-2 subgenomic RNAs (sgRNAs) and the location of primers used for sgRNAs amplification. The forward primer (5′-F) was designed to target a common 5′ leader sequence, the reverse primers (orf3a-R, E-R, M-R, orf6-R, orf7a-R, orf8-R, N-R) were designed to target each gene body. (C) Image of DNA agarose gel electrophoresis of amplified nucleic acid fragments containing SARS-CoV-2 sgRNA sequence. Marker, DL2000 DNA marker. sg-E, sg-M, sg-orf6, sg-orf7a, sg-orf8, sg-N, sg-orf3a, the nucleic acid fragments containing sgRNA of E gene, M gene, orf6 gene, orf7a gene, orf8 gene, orf3a gene. (D) Representative chromatograph of Sanger sequencing of amplified sgRNAs.


Each sgRNA of coronavirus contains the common 5′-leader sequence fused to the gene body (Sola et al., 2015; Brant et al., 2021). To verify the existence of SARS-CoV-2 sgRNAs in a clinically diagnosed sample, we performed specific amplification of sgRNAs of orf3a, E, M, orf6, orf7a, orf8, and N gene. The specificity of amplification was ensured by primer designing, and the forward primer was designed to target the 5′ leader sequence and reverse primers were designed to target each gene body (Figure 1B). The agarose gel electrophoresis results demonstrated the existence of SARS-CoV-2 sgRNAs (Figure 1C). This result was further confirmed by Sanger sequencing of amplicons (Figure 1D and Supplementary Figure 1).



Design and Evaluation of crRNAs Targeting SARS-CoV-2 Subgenomic RNAs

After confirming the existence of these sgRNAs, we targeted sgRNAs of E, orf7a and N genes for subsequent investigation due to their functional importance and high abundance in the transcriptome (Kim et al., 2020, 2021). CrRNAs were screened on synthetic DNA fragments using the CRISPR/Cas12a-assisted reporter system. Upon target recognition and cleavage, the non-specific ssDNA cleavage activity will be triggered, and the ssDNA reporter will be cleaved, then the fluorescence signal will be released and detected (Figure 2A). For sgRNA detection, three crRNAs specifically targeting E, orf7a or N (E-cr-1-3, orf7a-cr-1-3, N-cr-1-3) were designed and synthesized separately (Figure 2B). The CRISPR/Cas12a-based detection readout signal relies on the crRNA-guided targeting cleavage efficiency, which is affected by the spacer sequence and secondary structure of crRNA (Kim et al., 2017; Creutzburg et al., 2020). We then assessed the ability of crRNAs to guide Cas12a to detect their targets, individual crRNA and crRNAmix (equal mix work crRNAs targeting each gene, named E-cr-mix, orf7a-cr-mix, N-cr-mix) were included. As the results showed, all tested crRNAs of E, orf7a, or N effectively guided Cas12a to their targets, and crRNAmix generated the strongest fluorescence signal (Figure 2C and Supplementary Figure 2A). The results were further confirmed by the fluorescence signal quantification and a time-course assay (Figure 2D and Supplementary Figure 2B). Thus, crRNAmix targeting each gene (E-cr-mix, orf7a-cr-mix, N-cr-mix) was chosen for subsequent detection.
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FIGURE 2. Screening of crRNAs and RT-RPA primers targeting sgRNA of SARS-CoV-2 E, orf7a or N. (A) Schematic illustration of crRNAs design and screening. For each target, three crRNAs were designed and synthesized, the efficiency of crRNAs was evaluated using CRISPR/Cas12a mediated fluorescence reporter assay. (B) The location of crRNAs designed to target sgRNAs of SARS-CoV-2 E, orf7a or N. 5′UTR, the common leader sequence at 5′ flank of sgRNAs of SARS-CoV-2. cr-1, crRNA-1, cr-2, crRNA-2, cr-3, crRNA-3, cr-mix, mixture of crRNA-1,2,3 with equal amount. (C) crRNAs screening assay targeting sgRNA of E, orf7a, or N. The fluorescent images at 15 min of the reaction were shown. cr-1, crRNA-1, cr-2, crRNA-2, cr-3, crRNA-3, cr-mix, mixture of crRNA-1,2,3 with equal amount, NC, Negative Control. (D) Fluorescent intensities analysis of the fluorescent signal in panel (C). Quantification was performed using ImageJ and analyzed using GraphPad Prism 7.0. (E) RT-RPA primers screening assay. The fluorescent images at 15 min of the reaction were shown. (F–H) The fluorescent intensity of sg-E (F), sg-orf7a (G), sg-N (H) RT-RPA primers screening assay. Quantification was performed using ImageJ and analyzed using GraphPad Prism 7.0. Data were collected from at least three independent experiments and was presented as Mean ± SD, and significance was considered as * p < 0.05; **p < 0.01.




Screening of RT-RPA Primers Targeting SARS-CoV-2 Subgenomic RNAs

The RT-RPA was performed to improve CRISPR/Cas12a detection sensitivity. To enable efficient and highly specific amplification of sgRNAs of E, orf7a or N, a total of 27 RT-RPA primers (three forward primers target 5′ untranslated region (5′UTR) and three reverse primers target individual gene body for each target) were designed and synthesized (Supplementary Figure 3A). Screening of RT-RPA primers was performed using RNA templates which were generated through in vitro transcription (IVT) of synthetic DNA fragments. As is shown, more than one pair of primers were able to mediate sgRNA amplification of E, orf7a, or N (Figure 2E and Supplementary Figures 3B–D). Specifically, for E sgRNA amplification, F3 and R3 primer pair mediated the strongest signal (Figure 2F); the primer pair of F3 and R1 of orf7a sgRNA enabled most efficient target amplification (Figure 2G); primer pair F2 and R2 performed best for N sgRNA amplification (Figure 2H). Thus, F3 + R3 for E sgRNA, F3 + R1 for orf7a sgRNA, and F2 + R2 for N sgRNA were chosen as the most favorable amplification primer pairs for subsequent experiments.



Detection Sensitivity of CRISPR-actCoV on SARS-CoV-2 Subgenomic RNAs

To validate the detection sensitivity of CRISPR-actCoV, RNA fragments containing sgRNA of E, orf7a, or N genes were prepared by IVT and serially diluted for RT-RPA and subsequent fluorescence detection (Figure 3A). As the results of the fluorescence reporter assay showed, sgRNAs of E and orf7a can be detected clearly at 10 copies; however, for sgRNA of N, the fluorescence signal was not obvious at 10 copies (Figure 3B and Supplementary Figure 4). The results of sgRNAs detection sensitivity were further confirmed by a time-course assay (Figures 3C–E). Among the three detection targets, the fluorescent signal against sgRNA of the E gene is the strongest (Figure 3F).
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FIGURE 3. Evaluate the sensitivity of the CRISPR-actCoV detection system. (A) An illustration of sensitivity evaluation assay using serially diluted sgRNA. Gradually diluted sgRNAs were subjected to RT-RPA followed by CRISPR/Cas12a mediated fluorescence reporter assay. (B) CRISPR-actCoV sensitivity evaluation assay. The fluorescent images (top panel) and intensities (bottom panel) at 15 min of the reaction were shown. Quantification of fluorescent images was performed using ImageJ. (C–E) A time-course assay of CRISPR-actCoV sensitivity in detecting sg-E (C), sg-orf7a (D), or sg-N (E). The data was collected in a 5 min interval through 30 min. (F) Comparison of detection sensitivity of CRISPR-actCoV targeting sg-E, sg-orf7a, sg-N. Data were collected from at least three independent experiments and was presented as Mean ± SD.




CRISPR-actCoV Can Detect SARS-CoV-2 Subgenomic RNAs With High Specificity

The specificity of CRISPR-actCoV was also assessed. In the CRISPR-actCoV detection system, DNA substrates were specifically generated by RT-RPA using specific primer pairs, targeting specific crRNAs further ensured the specificity of the following CRISPR/Cas12a mediated fluorescence reporter system (Figure 4A). Here, we evaluated the specificity of CRISPR-actCoV in three aspects: the ability to distinguish sgRNA of SARS-CoV-2 from human background nucleic acid; the ability to distinguish subgenomic RNA from genomic RNA; and the ability to enable detection of the specific target across several subgenomic RNAs. Firstly, the ability of CRISPR-actCoV to distinguish the target nucleic acid from background human nucleic acid was validated. The nucleic acid extracted from two cultured human cell lines and normal human saliva was used as background. As is shown, for E, orf7a, and N, only samples containing target sgRNA showed a robust fluorescence signal, whereas no fluorescence signal was detected in background samples (Figure 4B and Supplementary Figure 5A). Subsequently, the specificity of CRISPR-actCoV against sgRNA was confirmed by its failure to detect gRNA. As illustrated by fluorescent images and fluorescent intensities, fluorescent signals were only detected in samples containing target sgRNAs, but not in samples containing gRNAs or NC (Figures 4C,D). A time-course assay further confirmed that CRISPR-actCoV could discriminate target sgRNAs with gRNAs (Figure 4E and Supplementary Figure 5B). Further, to rule out the possibility of detection signal noise between different sgRNAs, the RNA mixtures containing sgRNAs of E, orf7a, or N genes were detected individually or simultaneously. The detection results showed that no cross-activity was detected among these targets (Figure 4F and Supplementary Figure 6). Taken together, these results indicated the high specificity of CRISPR-actCoV in SARS-CoV-2 sgRNAs detection.
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FIGURE 4. CRISPR-actCoV can detect SARS-CoV-2 sgRNAs with high specificity. (A) Schematic illustration of the specificity assessment workflow. SARS-CoV-2 sgRNAs were amplified by RT-RPA using specific primers and subjected to CRISPR/Cas12a reporter system applied with specific crRNAs and ssDNA reporter. (B) Specificity validation of CRISPR-actCoV by distinguishing SARS-CoV-2 sgRNAs with background nucleic acid from human cell lines (A549, HCT116) or normal human saliva. The fluorescent images and intensities at 15 min of the reaction were shown. (C) Specificity assessment of CRISPR-actCoV by detecting samples containing SARS-CoV-2 sgRNA or gRNA. The fluorescent images at 15 min of the reaction were shown. (D) The fluorescent intensities of data in panel (C) were quantified by ImageJ and visualized with GraphPad. All the error bars were determined from three independent experiments. (E) A time-course assay of SARS-CoV-2 sgRNAs and gRNAs detection. (F) CRISPR-actCoV specificity assessment by detecting cross-reaction between different SARS-CoV-2 sgRNAs. sgRNA of E, orf7a, or N were detected individually or simultaneously in a reaction. The fluorescent images and intensities at 15 min of the reaction were shown. Data were collected from at least three independent experiments and was presented as Mean ± SD. The significance was considered as **p < 0.01.




Evaluation of CRISPR-actCoV in Clinical Samples

Finally, we performed CRISPR-actCoV in clinical samples to detect sgRNAs of SARS-CoV-2. The workflow is shown in Figure 5A. All clinical samples were collected and treated according to the WHO and CDC recommended operation for COVID-19. Briefly, nasopharyngeal swab samples were collected from all patients at admission. The clinical sample RNA was extracted using a QIAamp RNA Viral Kit (Qiagen, 52904) in a biosafety level II laboratory. DNA fragments containing SARS-CoV-2 sgRNA were generated by RT-RPA using specific primer pairs. The RT-RPA products were subjected to CRISPR/Cas12a mediated fluorescence reporter assay, and the results can be read by a plate reader or by naked eyes under 485nm light (Figure 5A). Here, we chose the sgRNA of the E gene as the detection target due to its high detection sensitivity. CRISPR-actCoV was performed to detect sgRNA of E gene in 30 clinical samples, among all the tested samples, 21 samples were determined to be sgRNA positive, the results were confirmed by DNA electrophoresis and Sanger sequencing (Figure 5B and Supplementary Figure 8). The results of a time-course assay showed that the detection signal could be read in 15 min (Figure 5C and Supplementary Figure 7). QRT-PCR assay was also performed to detect gRNA of SARS-CoV-2 using a research only kit (Vazyme, China) and an NMPA-granted commercial kit (liferiver, China) in parallel. Using research only detection kit, gRNA of E gene was targeted, 27 samples had a Ct value below 40, 3 samples had a Ct value above 40, specifically, P6 had a Ct value of 40.2, P18 had a Ct value of 40.5, P30 had a Ct value of 40.9 (Figures 5B,D). Orf1a/b and N were detected using the NMPA-granted commercial kit, the Ct value of all the 30 tested clinical samples were below 43 (Supplementary Figure 9 and Figure 5D).
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FIGURE 5. CRISPR-actCoV mediated SARS-CoV-2 sgRNAs detection in clinical samples. (A) An illustration of the workflow of CRISPR-actCoV mediated SARS-CoV-2 sgRNAs detection in clinical samples. (B) SARS-CoV-2 detection in 30 clinical samples using CRISPR-actCoV (top panel), PCR of sgRNAs (middle panel), and qRT-PCR of gRNA (bottom panel). E gene was chosen as the detection target. (C) A time-course assay of SARS-CoV-2 sgRNA detection by CRISPR-actCoV in 30 clinical samples. (D) The results of CRISPR-actCoV detection in clinical samples compared with real-time PCR.





DISCUSSION

Rapid and accurate identification of pathogens (bacterias, viruses, parasites, etc.) is essential for disease control. RT-PCR-based strategies have been successfully applied in SARS-CoV-2 genomic RNA (gRNA) detection (Broughton et al., 2020; Joung et al., 2020; Wang et al., 2020a,c; Wolfel et al., 2020; Wu et al., 2020, 2021). Since the gRNA of SARS-CoV-2 might still be detectable for weeks or months after clinical recovery (Binnicker, 2021; Santos Bravo et al., 2021), detection of gRNA could not discriminate between actively replicating virus and remnant viral RNA. In contrast, subgenomic RNAs (sgRNAs) of SARS-CoV-2 are only produced and transcribed following host cell infection, and specific detection of sgRNA could provide evidence of active viral replication (Rodríguez-Grande et al., 2021). Alexandersen et al. (2020) suggested that sgRNAs may not be an accurate indicator of active viral replication as SARS-CoV-2 sgRNAs could be detected for up to 17 days after disease onset. Nonetheless, the detection of sgRNAs can rule out the possibility of RNA contamination and indicate viral replication in tested samples. RT-PCR-based detection of SARS-CoV-2 sgRNAs in animal models, hospitalized patients and patients’ excrement have been reported by many researchers (Rodríguez-Grande et al., 2021; Speranza et al., 2021). Although RT-PCR-based nucleic acid detection methods have been considered as the current gold standard for clinical diagnosis of COVID-19, they are not suitable for simple, rapid, and point of care (POC) molecular diagnostics due to the requirement of experiment equipment and professional technician (Kaminski et al., 2021).

Ideal pathogen detection strategies should be rapid, sensitive, specific, cost-effective, and instrument-free (Wang et al., 2020e). In recent years, CRISPR/Cas systems have been repurposed for next-generation diagnosis applications due to their sensitivity, specificity, flexibility and simplicity. The major Cas proteins involved in nucleic acid detection are Cas9, Cas13, Cas14 and Cas12,the discovery of the collateral nuclease activities of Cas13, Cas14, and Cas12 robust the development of CRISPR/Cas based nucleic acid detection (Gootenberg et al., 2017; Chen et al., 2018; Harrington et al., 2018; Li et al., 2018a; Wang et al., 2020e). Upon specific target recognition by Cas13, Cas14, or Cas12, collateral cleavage of irrelevant single-strand (ssRNA), single-strand DNA (ssDNA), or double-strand DNA (dsDNA) were triggered, respectively. CRISPR/Cas12a based detection systems have been well established for detecting various targets, including bacteria, viruses, cancer mutations, and others (Li et al., 2018b,2019; Wang et al., 2020d; Xiong et al., 2020; Lee Yu et al., 2021; Ma et al., 2021). In the current study, we developed a CRISPR-based active SARS-CoV-2 detection strategy (CRISPR-actCoV), enabling rapid, accurate, sensitive and specific detection of SARS-CoV-2 sgRNAs. By targeting sgRNAs of E, orf7a, and N, efficient crRNAs and specific RT-RPA primers were screened, the performance of CRISPR-actCoV was also evaluated. CRISPR-actCoV enables detection of sgRNAs at 10 copies in 35 min with high specificity, and the detection results can be read with naked eyes. This study provides an alternative for rapid and accurate detection of active SARS-CoV-2 and supports that detection of sgRNAs could be considered an indication of active virus replication/active infection.
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Porcine epidemic diarrhea virus (PEDV), a swine enteric coronavirus causing acute diarrhea in piglets, is one of the major threatens to the pork industry globally. Reverse genetics is a valuable tool for the virological study and vaccine development for coronaviruses. Due to the large size and unstable problem in Escherichia coli of coronavirus genome, construction and manipulation of reverse genetics system for coronaviruses remain laborious and time-consuming. In this study, a reverse genetics system of the genotype II PEDV strain HM was generated using the transformation-associated recombination (TAR) technology in yeast within 1 week. The rescued virus (rPEDV) exhibited similar growth properties to the wild-type virus in vitro. With this PEDV infectious cDNA clone, CRISPR/Cas9 technology and homologous recombination were combined to generate a recombinant virus rPEDV-EGFP in which the ORF3 gene was swapped with an EGFP gene. The reporter virus displayed similar growth properties to the parental virus rPEDV and remained stable during serial passage in vitro. Of note, the strategies of construction and manipulation of PEDV infectious cDNA clone are extremely simple and efficient, which could be applied for other RNA viruses and DNA viruses.

Keywords: porcine epidemic and diarrhea virus, transformation-associated recombination, reporter virus, infectious cDNA clone, yeast


INTRODUCTION

Porcine epidemic diarrhea (PED) is a swine enteric disease caused by the porcine epidemic diarrhea virus (PEDV). It was first reported in the United Kingdom and Belgium in the 1970s (Wood, 1977) and then spread to European and Asian countries before 2010 (Song and Park, 2012). Since 2010, a highly virulent PEDV variant classified into genotype II (GII) emerged in China (Li et al., 2012; Sun et al., 2012) and the Chinese strain-like PEDV variants were also reported in the United States and other countries (Huang et al., 2013; Stevenson et al., 2013; Kochhar, 2014; Ojkic et al., 2015; Choudhury et al., 2016). The commercial vaccines developed with the classic PEDV strains are unable to provide full protection to those variants (Hou and Wang, 2019; Liu et al., 2020). PEDV variants have caused a significant economic loss and are still major threaten to the swine industry globally.

As a member of the genus Alphacoronavirus within the Coronaviridae family in the order Nidovirales, PEDV contains a single-stranded positive-sense RNA genome that is about 28 kb in length. The complete genome of PEDV encodes at least seven open reading frames (ORFs), including ORF1a, ORF1b, and ORF2–6. Two polyproteins encoded by ORF1a and ORF1b were further cleaved by viral proteases into 16 non-structural proteins (nsps), nsp1-nsp16. The ORF2–ORF6 encode four structural proteins, including spike (S) protein, envelop (E) protein, membrane (M) protein, and nucleocapsid (N) protein, and an accessory protein, ORF3 (Duarte et al., 1993). Of note, ORF3 was demonstrated to be non-essential for PEDV replication and can be replaced for the expression of reporter genes (Wang et al., 2012; Beall et al., 2016; Wongthida et al., 2017; Peng et al., 2020).

The reverse genetics system is one of the most critical tools in virological research, such as, study the functions of viral genes, viral replication and transcription mechanisms, virus–host interaction, and vaccine development through generation of recombinant viruses. To this end, four types of reverse genetics systems for PEDV have been reported, including a targeted RNA recombination method (Li et al., 2013), the infectious cDNA clones created by ligation of cDNA fragments into a bacterial artificial chromosome (BAC) one by one (Jengarn et al., 2015; Fan et al., 2017; Li et al., 2017; Peng et al., 2020), the infectious cDNA clones assembled by in vitro ligation of contiguous cDNA fragments (Beall et al., 2016), and the infectious cDNA clone based on the homologous recombination in yeast (Lu et al., 2020a). Those reverse genetics systems have been used to study the functions of several PEDV proteins and generate vaccine candidates via the modifications of viral proteins (Hou et al., 2017, 2019; Kaewborisuth et al., 2018; Kao et al., 2018; Deng et al., 2020; Lu et al., 2020a). To simplify the procedures to create PEDV mutants with defined genetic changes using infectious clones, the clustered regularly interspaced short palindromic repeats (CRISPR)/CRISPR-associated protein 9 (Cas9) technology was employed to cleave PEDV cDNA clone (Peng et al., 2020).

In this study, an infectious cDNA clone of GII PEDV strain HM was generated through one-step assembly in yeast through the TAR technology. With this infectious cDNA clone, a PEDV mutant expressing enhanced green fluorescence protein (EGFP) was created using CRISPR/Cas9 technology and in vitro homologous recombination. Here, we provided an efficient platform for the construction of PEDV infectious cDNA clone and manipulation of PEDV genome.



MATERIALS AND METHODS


Cells, Viruses, and Antibodies

Vero CCL-81 cells (ATCC) were cultured in Dulbecco’s modified Eagle medium (DMEM) (HyClone) containing 10% fetal bovine serum (FBS) (Gemini Bio) and 1% penicillin–streptomycin (Gibco™). PEDV strain HM was isolated from the intestine sample of a neonatal piglet with acute diarrhea in China in 2016 using Vero CCL-81 cells supplemented with 10 μg/ml trypsin (Gibco™), and the passage 12 (P12) on Vero CCL-81 cells was used as seed stock in this study. A monoclonal antibody (mAb) against PEDV N protein was purchased from YouLong Biotech, and a mAb against β-tubulin was purchased from Bioworld.



Determination of the Full-Length Genome of PEDV HM P12

The consensus sequence of the complete PEDV genomes was generated by multiple sequence alignment analysis using the CLC Genomics Workbench (QIAGEN) with all PEDV complete genomes in the GenBank sequence database. Seven pairs of primers targeting the highly conserved regions in the consensus sequence were designed to amplify the complete PEDV genome by reverse transcription PCR. The sequences of these primers are available upon request. Briefly, viral RNA of PEDV HM P12 was extracted with a viral DNA/RNA extraction kit (Vazyme Biotech) according to the manufacturer’s instructions. cDNA was generated with the Superscript™ IV first-strand synthesis system (Thermo Fisher Scientific) followed by viral RNA removal with RNase H (NEB). Seven overlapping fragments covering the PEDV HM P12 genome were PCR amplified using Q5 high-fidelity DNA polymerase (NEB). The PCR products were purified and sent for DNA sequencing by the GENEWIZ facility in Suzhou, China. Finally, the complete genome of PEDV HM P12 assembled with SnapGene was submitted to GenBank under accession No. MZ342899.



In-yeast Assembly of a Full-Length cDNA Clone of PEDV HM P12

The pYES1L vector (Thermo Fisher Scientific) containing a yeast artificial chromosome (YAC) and a BAC was utilized to assemble an infectious cDNA clone of PEDV HM (P12) in yeast. With the YAC/BAC, this infectious cDNA clone will be able to replicate in both yeast and E. coli. We inserted the CMV early promoter, hepatitis delta virus (HDV) ribozyme sequence, and bovine growth hormone (BGH) termination signal into linearized pYES1L vector, generating the plasmid pYES1L-CMV-HDVrbz-bGH. The linearized pYES1L-CMV-HDVrbz-BGH vector was prepared by PCR amplification with Q5 high-fidelity DNA polymerase (NEB) using primers pYES1L-F and pYES1L-R. The cDNA of PEDV HM P12 was produced with the Superscript™ IV first-strand synthesis system (Thermo Fisher Scientific) followed by viral RNA removal with RNase H (NEB). With the viral cDNA, seven overlapping DNA fragments (F1: nt 1–4,020, primers YES1L-PEDV-F1/YES1L-PEDV-R1; F2: nt 3,986–8,107, primers YES1L-PEDV-F2/YES1L-PEDV-R2; F3: nt 8,062–12,071, primers YES1L-PEDV-F3/YES1L-PEDV-R3; F4: nt 12,034–16,836, primers YES1L-PEDV-F4/YES1L-PEDV-R4; F5: nt 16,807–20,223, primers YES1L-PEDV-F5/YES1L-PEDV-R5; F6: nt 20,191–24,495, primers YES1L-PEDV-F6/YES1L-PEDV-R6; F7: nt 24,455–28,064, primers YES1L-PEDV-F7/YES1L-PEDV-R7) covering the complete PEDV genome were amplified using Q5 high-fidelity DNA polymerase (NEB) according to the manufacturer’s instructions and then assemble with the linearized pYES1L-CMV-HDVrbz-BGH vector through transformation-associated recombination (TAR) in yeast. The overlapping regions (>30 nt) between neighboring DNA fragments enabled the homologous recombination in yeast. Briefly, the transformation of the MaV203 competent yeast cells (Thermo Fisher Scientific) with the mixture of 100 ng linearized vector and 200 ng of each F1–F7 DNA fragment was conducted with the PEG/LiAc solution according to the manufacturer’s instructions of the GeneArt® High-Order Genetic Assembly System (Thermo Fisher Scientific). Colony PCR was performed to screen yeast colonies containing the full-length cDNA clone pYES1L-PEDV using primer pairs, YES1L-PEDV-F1/PEDV-seq-R12 and PEDV-seq-F25/YES1L-PEDV-R7 (Table 1). The lysate of a positive yeast colony was further electroplated into DH10B competent E. coli cell to prepare pYES1L-PEDV plasmid using NucleoBond® Xtra Midi kit (MACHEREY-NAGEL). In addition, a plasmid pCAGGS-PEDV-N for ectopically expressing PEDV N was constructed by cloning N protein-coding sequence into pCAGGS vector using SacI and XhoI restriction enzyme sites.



TABLE 1. Oligonucleotides used in this study.
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CRISPR/Cas9 Manipulation of pYES1L-PEDV and Swapping ORF3 With an EGFP Gene

A cDNA clone containing an EGFP gene was constructed by swapping a partial ORF3 coding sequence which is nt 24,856–25,395 of the PEDV HM genome. In brief, two guide RNAs, PEDV-sgRNA1 and PEDV-sgRNA2, synthesized by GenScript were used for CRISPR/Cas9 cleavage of the pYES1L-PEDV plasmid. The cleavage reaction containing 3 μg plasmid was conducted with Streptococcus pyogenes Cas9 nuclease (Vazyme Biotech) according to the manufacturer’s instructions. The linearized pYES1L-PEDV was verified by electrophoresis and purified with the Zymoclean Large Fragment DNA Recovery kit (ZYMO RESEARCH) per the manufacturer’s instructions. The EGFP gene amplified with primers EGFP-F and EGFP-R was inserted into the linearized pYES1L-PEDV through homologous recombination using HiFi DNA Assembly Master Mix (NEB) according to the manufacturer’s instructions. Two homologous arms between the EGFP gene and the linearized pYES1L-PEDV are around 20 bp in length. The recombinant plasmid was designated as pYES1L-PEDV-EGFP.



Recovery of Recombinant Viruses

BHK-21 cells at ~80% confluence into a six-well culture plate were co-transfected with 0.5 μg pCAGGS-PEDV-N and 2 μg full-length cDNA clone, pYES1L-PEDV or pYES1L-PEDV-EGFP, using Lipofectamine® 3000 transfection reagent (Thermo Fisher Scientific) according to the manufacturer’s instructions. At 2 days post-transfection (dpt), culture supernatant was harvested to infect Vero CCL-81 cells in a six-well plate. After 2-h incubation, the cell monolayers were rinsed twice with 1xPBS and further cultured with 3 ml of DMEM supplemented with 10 μg/ml of trypsin (Thermo Fisher Scientific) in a 37°C, 5% CO2 incubator. Cells were observed daily for the appearance of cytopathic effect (CPE) or green fluorescence under the IX73 epifluorescence microscope (Olympus). Around 5 dpt, the culture supernatant was harvested as P0 virus and stored at −80°C and then further passaged on Vero CCL-81 cells for at least 10 times.



Indirect Immunofluorescence Assay

Vero CCL-81 cells in 12-well culture plates were infected with PEDV HM, rPEDV, or rPEDV-EGFP for 24 h. The cell monolayers were fixed with 4% paraformaldehyde for 10 min and then permeabilized with 1xPBS containing 0.1% Triton X-100 for 10 min at room temperature. After 30 min blocking with 1xPBS containing 1% bovine serum albumin, the cell monolayers were washed thrice with 1xPBS and then incubated with mAb against PEDV N protein at 37°C for 1 h. After five washes, the cell monolayers were stained with TRITC-conjugated goat anti-mouse IgG(H + L) (Jackson ImmunoResearch Inc.). Cell nuclei were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) solution (Solarbio life sciences) for 5 min at room temperature. After extensive washes with 1xPBS, fluorescent images were visualized with the IX73 epifluorescence microscope (Olympus).



Western Blot Analysis

Vero CCL-81 cells seeded in 12-well plates were infected with PEDV HM P12 or rPEDV, and mock infection was used as control. At 24 h post-infection (hpi), cells were harvested with IP lysis buffer (Beyotime Biotechnology) supplemented with protease inhibitor cocktail (Roche). The cell lysates mixed with 5x loading buffer were boiled at 95°C for 5 min and separated by electrophoresis in 12% SDS-PAGE gel. The proteins in SDS-PAGE gel were transferred onto nitrocellulose membranes (Sangon Biotech). After 1 h blocking with 10% skimmed milk, the membranes were incubated with primary antibodies against PEDV N protein and β-tubulin, followed by HRP-conjugated secondary antibody, and visualized with ECL substrate (Vazyme Biotech) using the Tanon 5200 Multi imaging system.



Identification of the Subgenomic mRNA Expressing EGFP by rPEDV-EGFP in Vero CCL-81 Cells

We confirmed that EGFP protein was expressed through an additional subgenomic RNA in Vero CCL-81 cells infected with the rPEDV-EGFP virus. Total cellular RNA was extracted from Vero CCL-81 cells infected with rPEDV-EGFP P5 virus using FastPure Cell/Tissue Total RNA Isolation Kit (Vazyme Biotech). The subgenomic RNA expressing EGFP was amplified with primers anchoring 5’UTR and EGFP using HiScript II One-Step RT-PCR Kit (Vazyme Biotech). The PCR product was purified and sent for DNA sequencing by GENEWIZ.



Viral Growth Curve

The confluent Vero CCL-81 cells in 24-well culture plates were infected with PEDV HM, rPEDV, or rPEDV-EGFP at a multiplicity of infection (MOI) of 0.1. Cells were incubated with virus supernatant diluted with DMEM for 1 h, then washed twice with 1xPBS, and supplemented with 1 ml DMEM containing 10 μg/ml of trypsin (Thermo Fisher Scientific). Virus supernatants of two wells for each virus were harvested at 0, 24, 48, and 72 hpi) for virus titration by TCID50. The viral growth curves were created with GraphPad Prism 8.



Plaque Assay

The confluent Vero CCL-81 cells in 12-well culture plates were infected with 10-fold diluted PEDV HM, rPEDV, or rPEDV-EGFP, respectively. Cells were incubated with virus supernatant diluted with DMEM for 2 h, then washed twice with 1xPBS, and then overlaid with 5 ml of DMEM containing 1% UltraPure™ Low Melting Point Agarose (Thermo Fisher Scientific) and 10 μg/ml trypsin (Thermo Fisher Scientific). At 3 days post-infection (dpi), the cells were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet to visualize plaques.




RESULTS


Full-Length Genome Sequence Analysis of PEDV HM Strain P12

We isolated the PEDV HM strain through inoculation of Vero CCL-81 cells with an intestine sample from a piglet with acute diarrhea. This virus was further passaged 12 times on Vero CCL-81 cells. At 2 dpi, the typical CPE formation of PEDV infection was observed in Vero CCL-81 cells infected with the P12 virus (Figure 1A). To determine the complete genome of this virus, a panel of primers targeting the highly conserved regions of the PEDV genome was designed to amplify seven overlapping fragments covering the entire genome. These seven fragments were sequenced by the Sanger sequencing method, and the complete genome was assembled with SnapGene software and saved under the GenBank accession No. MZ342899. We further conducted a phylogenetic analysis with this genome and 25 representative PEDV genomes downloaded from the GenBank database using MEGAX (Kumar et al., 2018). Based on the phylogenetic tree generated with the neighbor-joining method, PEDV strain HM was clustered with GII PEDV strains (Figure 1B) which are new PEDV variants and shared 98.2% sequence identity with AJ1102 strain which was isolated from a neonatal piglet with acute diarrhea in China in 2011 (Bi et al., 2012).
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FIGURE 1. Isolation and phylogenetic analysis of the PEDV HM strain. (A) PEDV HM infection of Vero CCL-81 cells. Vero CCL-81 cells were inoculated with PEDV HM P12 at an MOI of 0.1 or mock-infected, and cell monolayers were monitored daily for CPE under a bright field microscope. (B) Evolutionary analysis of the full-length genomic sequences of PEDV HM strain and 25 representative PEDV strains. The phylogenetic tree was generated with the neighbor-joining method using MEGAX, and bootstrap values were set as 1,000 for each node. The evolutionary distances were computed using the Maximum Composite Likelihood method and are in the units of the number of base substitutions per site. The names of the strains, GenBank accession numbers, and genogroups are shown.




Construction of the Full-Length cDNA Clone of PEDV HM Strain P12

To assemble the full-length cDNA clone of PEDV through the TAR technology (Figure 2A), we chose the pYES1L vector containing the YAC/BAC because of its replication ability in yeast and high stability in E. coli. To facilitate TAR in yeast, the pYES1L vector was initially modified to include the CMV early promoter, HDV ribozyme, and BGH termination signal, and designated as pYES1L-CMV-HDVrbz-BGH (Figure 2B). Through transformation with linearized pYES1L-CMV-HDVrbz-BGH into the MaV203 competent yeast cells, seven overlapping DNA fragments were amplified and assembled into pYES1L-PEDV (Figure 2C). In addition, to distinguish from wild-type virus, a genetic marker which is a SalI site knockout in ORF1b was created by incorporating two nucleotide substitutions in primers pYES1L-PEDV-F5 and pYES1L-PEDV-R4 (Figure 2B). The yeast colony containing pYES1L-PEDV was screened with colony PCR with primer pairs, YES1L-PEDV-F1/PEDV-seq-R12 and PEDV-seq-F25/YES1L-PEDV-R7 (Figure 2D). All five yeast colonies screened are positive, suggesting the superior efficiency of the TAR method in the assembly of a large viral genome. Then, one positive yeast colony was lysis to transform E. coli, and the infectious clone plasmid was prepared for verification and virus recovery. Restriction fragment length polymorphism by MluI digestion and DNA sequencing was conducted to verify the sequence of pYES1L-PEDV (Figure 2E). The results suggested that the full-length cDNA clone of PEDV HM strain P12 was successfully constructed, and no deletion or insertion compared with the wild-type sequence was identified.
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FIGURE 2. Construction of a PEDV infectious cDNA clone by homologous recombination in yeast. (A) The procedure of PEDV infectious cDNA clone assembly. Briefly, the complete PEDV genome was divided into seven fragments, and the neighboring fragments share at least 30 nucleotides overlapping regions. Together with a linearized vector (pYES1L) all seven cDNA fragments were transformed into Yeast MaV203 competent cells, and the full-length cDNA clone was assembled by transformation-associated recombination (TAR) in yeast. The yeast colonies were screened by colony PCR targeting the junction regions. The full-length cDNA clone was extracted from the positive colony and electroporated into DH10B Escherichia coli. Competent cells. Finally, the full-length PEDV cDNA clone in E. coli. Was purified using a Plasmid Midiprep Kit (MACHEREY-NAGEL). (B) A schematic diagram of PEDV infectious cDNA clone. In this YAC/BAC vector-based infectious cDNA clone, a CMV early promoter and a hepatitis D virus ribozyme (Rbz) followed by a BGH termination signal were added at 5' and 3' end of viral genomic cDNA, respectively. (C) Agarose gel electrophoresis of seven cDNA fragments covering the complete genome of PEDV HM strain. The complete genome of PEDV HM was amplified by RT-PCR with the Q5 high-fidelity DNA polymerase (NEB) using primers listed in Table 1. The gel-purified PCR products were separated in 1% agarose gel. (D) Colony PCR screening of positive clones. Five yeast colonies grew on CSM-Trp agar plate were picked for colony PCR using two pairs of primers (Table 1) targeting the junction regions of the 5' end and 3' end of the PEDV genome. (E) Restriction fragment length polymorphism analysis of the PEDV cDNA clone. The cDNA clone pYES1L-PEDV digested with MluI restriction enzyme was separated in 0.8% agarose gel. Four DNA fragments were observed at the predicted sizes of 16,538, 10,559, 7,175, and 4,002 bp.




Recovery and in vitro Characterization of rPEDV

BHK-21 cells were co-transfected with pYES1L-PEDV and pCAGGS-PEDV-N to rescue the recombinant PEDV, and virus supernatant was further transferred to the confluent Vero CCL-81 cell monolayer (Figure 3A). At 3 dpi, the typical CPE characterized by cell fusion and syncytium formation was observed. The successful recovery of rPEDV was confirmed by indirect immunofluorescence assay (IFA) and western blot analysis (WB) with mouse mAb against PEDV N protein (Figures 3B,C). To rule to the possibility of contamination, the designed genetic marker which is the inactivation of the SalI site (nt 16,818–16,823) in ORF1b of rPEDV was verified by RT-PCR and DNA sequencing (Figure 3D). We further in vitro characterized the rescued rPEDV (P5) and the parental PEDV HM P12 by multiple-step growth curve and plaque assay using Vero CCL-81 cells. As shown in Figure 4A, rPEDV displayed similar growth behaviors to the parental virus, and both reached peak titers at 48 hpi. For the size and morphology, no significant difference was observed between the plaques formed in cells infected with the recombinant virus and the parental virus (Figure 4B).
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FIGURE 3. Recovery and verification of recombinant PEDV. (A) A schematic diagram of recombinant PEDV recovery and verification. In brief, BHK-21 cells at 70% confluence in a six-well plate were transfected with 2 μg PEDV infectious cDNA clone and 0.5 μg pCAGGS-PEDV-N using Lipofectamine 3000 transfection reagent according to the manufacturer’s instructions. At 48 h post-transfection (hpt), the culture supernatant harvested from BHK-21 cells was transferred to the confluent Vero CCL-81 cell monolayer and replenished with DMEM containing 10 μg/ml trypsin. The cell monolayer was checked daily for CPE, and the expression of N protein was evaluated by IFA and western blot analysis (WB). (B) N protein detection by IFA. At 4 days post-infection (dpi), Vero CCL-81 cells were fixed and stained with a mAb against N protein followed by incubation with the Alexa Fluor 488-conjugated goat anti-mouse IgG(H + L). The fluorescent pictures were taken under an IX73 epifluorescence microscope. (C) N protein detection by WB. Vero CCL-81 cells were infected with PEDV HM P12 or rPEDV at an MOI of 0.1, and mock-infected Vero CCL-81 cells were used as control. At 2 dpi, cell lysates harvested with IP lysis buffer were used for (WB) with a mAb against N protein, and β-tubulin was detected as a loading control. (D) Verification of recombinant PEDV by checking the genetic marker. The regions from nt 16,768 to 19,263 within PEDV HM P12 and rPEDV were amplified and verified by DNA sequencing. As expected, the SalI site in rPEDV was disrupted by two nucleotide substitutions at nt 16,820 and 16,823.
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FIGURE 4. In vitro characterization of the recombinant PEDV. (A) The multiple-step growth curves. Vero CCL-81 cells were inoculated with PEDV HM P12, rPEDV P5, or rPEDV-EGFP P5 at an MOI of 0.1. Culture supernatants were harvested at 0, 24, 48, 72 hpi and titrated by TCID50. Each data point represents the mean value of two replicates with SD. (B) Plaque assay. The confluent Vero CCL-81 cells were infected with 10-fold diluted PEDV HM, rPEDV, or rPEDV-EGFP, respectively. Cells were overlaid with 5 ml of DMEM containing 1% UltraPure™ Low Melting Point Agarose (Thermo Fisher Scientific) and 10 μg/ml trypsin (Thermo Fisher Scientific). At 3 dpi, plaques were visualized by 0.1% crystal violet staining. (C) The stability of the EGFP gene in rPEDV-EGFP during in vitro passages. To this end, rPEDV-EGFP was serially passaged nine times in Vero CCL-81 cells. Viral RNAs of P5 and P9 were extracted and used for RT-PCR amplification of genomic regions containing the EGFP gene. The amplicons were separated in 1% agarose gel, and their expected size is 1,115 bp. DNA sequencing was conducted to confirm their sequences.




Construction of a PEDV cDNA Clone Expressing EGFP With ORF3 Swapped by CRISPR/Cas9 Technology and Homologous Recombination

The ORF3 gene is non-essential for PEDV replication and can be replaced with reporter genes (Wang et al., 2012; Beall et al., 2016; Wongthida et al., 2017; Peng et al., 2020). To prove that our YAC/BAC-based PEDV infectious cDNA is convenient for genome manipulation, the CRISPR/Cas9 technology and homologous recombination technology were employed to construct the pYES1L-PEDV-EGFP variant clone in which the PEDV ORF3 gene was swapped with an EGFP gene. As shown in Figure 5A, two guide RNAs, PEDV-sgRNA1 and PEDV-sgRNA2, compatible with S. pyogenes Cas9 protein were used to cleave at the sites of 24,855–24,856 nt and 25,395–25,396 nt within the ORF3 gene, and the linearized pYES1L-PEDV was purified for homologous recombination in vitro. The EGFP gene containing at least 20 nt homologous arm at both terminals with linearized pYES1L-PEDV was amplified with primers, EGFP-F and EGFP-R (Table 1). The homologous recombination was conducted with the purified DNA fragments using HiFi DNA Assembly Master Mix (NEB; Figure 5A). The recombination reaction was electroporated into DH10B competent cells using Gene Pulser Xcell™ (Bio-Rad) according to the manufacturer’s instructions, and colony PCR amplifying the EGFP gene was performed to screen colonies containing pYES1L-PEDV-EGFP, and the positive clones were verified by DNA sequencing (Figure 5B). To our surprise, all five colonies tested by colony PCR are positive, which suggested the high efficiency of our strategy in the manipulation of the PEDV genome.
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FIGURE 5. Construction of a porcine epidemic diarrhea virus (PEDV) cDNA clone expressing EGFP with ORF3 swapped. (A) The schematic diagram of CRISPR/Cas9 editing PEDV cDNA clone. pYES1L-PEDV was linearized using Streptococcus pyogenes Cas9 nuclease with two guide RNAs, PEDV-sgRNA1 and PEDV-sgRNA2. The homologous arms with this linearized cDNA clone backbone (>20 nt) at both terminals of the EGFP gene were introduced by primers EGFP-F and EGFP-R. This EGFP gene was assembled into a linearized cDNA clone backbone through homologous recombination using HiFi DNA assembly master mix (NEB), and the resulting plasmid was designated as pYES1L-PEDV-EGFP. (B) Verification of the EGFP insertion by DNA sequencing.




Recovery and in vitro Characterization of rPEDV-EGFP

To rescue the recombinant virus, the culture supernatant of BHK-21 cells co-transfected with pYES1L-PEDV-EGFP and pCAGGS-PEDV-N was used to infect Vero CCL-81 cells. At 24 h post-transfection (hpt), a green fluorescence signal was observed in BHK-21 cells with DNA transfection, but not in the mock-transfected cells. Also, the typical CPE with EGFP expression was observed in Vero CCL-81 infected with the rPEDV-EGFP virus at 3 dpi, but no green fluorescence was observed for CPE caused by rPEDV infection. To further confirm the recovery of rPEDV-EGFP, N protein expression in red color was only detected by immunofluorescence assay in cells infected rPEDV-EGFP (Figure 6A). We also confirmed that the EGFP gene was expressed as an additional subgenomic RNA. As shown in Figure 6B, sequence analysis of subgenomic RNA suggested that the body transcriptional regulating sequence (TRS) of ORF3 mediated the jump of the subgenomic RNA expressing EGFP to leader TRS within 5’UTR. rPEDV-EGFP was serially passaged in Vero CCL-81 cells to check the stability of EGFP insertion. As expected, the EGFP gene was amplified and verified by DNA sequencing for P5 and P9 virus, suggesting the genetic stability of this reporter virus in vitro (Figure 4C).
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FIGURE 6. Recovery and verification of rPEDV-EGFP. (A) N protein expression detection by indirect immunofluorescence assay (IFA). Vero CCL-81 cells were infected rPEDV or rPEDV-EGFP at an MOI of 0.1. At 24 h post-infection (hpi), cells were fixed and stained with a mAb against PEDV N protein followed by incubation with TRITC-conjugated goat anti-mouse IgG(H + L). Cell nuclei were counterstained with DAPI. Pictures were taken under the IX73 epifluorescence microscope (Olympus). (B) Identification of the subgenomic RNA expressing EGFP in rPEDV-EGFP infected Vero CCL-81 cells. Vero CCL-81 cells infected with rPEDV-EGFP P5 at an MOI of 0.1 MOI or mock-infected were harvested with TRIzol reagent (Vazyme). Total cellular RNA was extracted and used for RT-PCR amplification of the subgenomic RNA expressing EGFP using primers YES1L-PEDV-F1 and EGFP-R. The expected size of this amplicon is around 880 bp in length. The body TRS-leader TRS junction was identified by DNA sequencing with the amplicon.


The in vitro growth kinetics of rPEDV-EGFP were evaluated by the growth curves and plaque assay in Vero CCL-81 cells. As shown in Figure 6A, the growth kinetics of rPEDV-EGFP is similar to those of rPEDV, although its titers are about 0.5 logs lower than those of rPEDV at 48 and 72 hpi. Taken together, those results supported that ORF3 is not essential for PEDV replication.




DISCUSSION

The construction and manipulation of infectious cDNA clones for coronaviruses are always time-consuming and difficult for some laboratories without such experiences (Almazan et al., 2014). In this study, we generated an infectious cDNA clone of PEDV strain HM based on YAC/BAC system through one-step assembly and edited the genome in vitro using CRISPR/Cas9 technology and homologous recombination. The results suggested that this one-step assembly of PEDV infectious cDNA clone can be complete in 1 week from virus to infectious cDNA clone with superior efficiency, and the manipulation of PEDV genome with CRISPR/Cas9 technology is simpler and more rapid than the method of restriction enzyme digestion and ligation, providing an efficient platform for PEDV investigations.

The TAR cloning system in yeast has been used to generate many molecular virus clones in the past (Nikiforuk et al., 2016; Oldfield et al., 2017; Vashee et al., 2017; Thi Nhu Thao et al., 2020), especially the reverse genetics system of SARS-CoV-2 in such a short time (Thi Nhu Thao et al., 2020). The superior cloning efficiency of this yeast system was demonstrated in previous studies (Thi Nhu Thao et al., 2020). Taking advantage of the TAR technology, we generated an infectious cDNA clone of GII PEDV strain HM. Our results demonstrated the full functionality of the PEDV reverse genetics system generated using TAR technology. In line with the previous reports, the construction of PEDV infectious cDNA can be completed in 1 week without tedious cloning procedures. All of the colonies screened by colony PCR are positive (Figure 2D), suggesting the superior efficiency of yeast-based versus E. coli-based systems.

Based on previous studies of coronavirus reverse genetics, coronavirus genomes cloned in the high-copy number vector are usually unstable in E. coli because of their toxic effects on E. coli (Almazan et al., 2000; Yount et al., 2003; Scobey et al., 2013). To solve this unstable issue, several strategies were employed to establish coronavirus reverse genetics, including in vitro ligation of genomic cDNA fragments (Yount et al., 2003; Scobey et al., 2013), the use of BAC-based vectors (Almazan et al., 2000), vaccinia virus vectored CoV full-length cDNAs (Thiel et al., 2001), and the use of YAC-based vectors in yeast (Thi Nhu Thao et al., 2020). The first reverse genetics system of SARS-CoV-2 assembled in yeast using a YAC-based vector (pVC604) remained stable in yeast; however, their stability in E. coli was not evaluated (Thi Nhu Thao et al., 2020). Due to the lack of BAC elements in pVC604, the YAC-based infectious clone should be unstable in E. coli. The infectious clone plasmid extracted from yeast culture was linearized and used as a template for in vitro transcription to prepare SARS-CoV-2 genomic RNA. The recombinant SARS-CoV-2 was rescued via electroporation of in vitro transcribed viral genomic RNA. In our opinion, there are a few disadvantages of this reverse genetics: yeast plasmid extraction is more complicated, time-consuming, and expensive than bacterial plasmid extraction; for virus recovery, DNA transfection is simpler and cheaper than RNA transfection; The manipulation of the YAC-based infectious clone rely on the TAR in yeast. To improve our reverse genetics of PEDV, we assembled the PEDV infectious clone using the pYES1L vector containing YAC and BAC elements which facilitate stable plasmid replication in yeast and E. coli. A CMV promoter added at the 5′ end of the PEDV genome enabled virus rescuing via DNA transfection. The PEDV cDNA clone was manipulated in vitro through CRISPR/Cas9 cleavage and homologous recombination without relying on TAR in yeast.

In a previous study, CRISPR/Cas9 technology was applied to edit the PEDV genome with a BAC-based infectious cDNA clone (Peng et al., 2020), which was demonstrated to be a simple and rapid method. Deletions within ORF3 were detected in vaccine strains and many field PEDV strains (Cui et al., 2020; Lu et al., 2020b, 2021), suggesting that ORF3 may be non-essential for viral replication. Using reverse genetics systems, ORF3 was demonstrated to be not critical for PEDV replication and can be successfully replaced with reporter genes (Beall et al., 2016; Kaewborisuth et al., 2018; Peng et al., 2020). In the present study, using our YAC/BAC-based infectious cDNA clone, CRISPR/Cas9 nuclease cleavage and homologous recombination were combined to edit the PEDV genome in vitro. Consistent with the previous report (Peng et al., 2020), the recombinant PEDV expressing EGFP was generated within 1 week through the whole process from Cas9 nuclease cleavage, homologous recombination, transformation, plasmid preparation, and virus recovery. As expected, the expression of EGFP by rPEDV-EGFP was confirmed to be through the subgenomic RNA of ORF3. The reporter PEDV remained stable for at least 10 passages in vitro. With the same strategy, a recombinant PEDV expressing a secreted Gaussia luciferase was also generated (data not shown). Since virus replication can be monitored based on the reporter signal, these reporter PEDV viruses could be useful for the study of PEDV infection in vitro and in vivo.

In summary, taking advantage of the TAR technology in yeast, an infectious cDNA clone of GII PEDV was successfully established within 1 week. With this infectious clone, the CRISPR/Cas9 technology and homologous recombination were combined to rapidly edit the PEDV genome for the generation of a reporter PEDV which displayed similar replication properties to the parental virus.
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In recent years, Seneca Valley virus (SVV) as a newly identified pathogen of porcine vesicular disease spread quickly and has posed a potential threat to the swine industry in several countries resulting in economic losses. Considering the evolution of SVV, attention should be given to controlling SVV epidemics. So far there are no commercial vaccines or drugs available to combat SVV. Therefore, development of strategies for preventing and controlling SVV infection should be taken into account. In the current study, we evaluated whether the CRISPR-Cas13d system could be used as a powerful tool against SVV infection. Besides, selected crRNAs showed different capacity against SVV infection. Our study suggests the CRISPR-Cas13d system significantly inhibited SVV replication and exhibited potent anti-SVV activity. This knowledge may provide a novel alternative strategy to control epidemics of SVV in the future.
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INTRODUCTION

Seneca Valley virus (SVV), also known as Senecavirus A, causes vesicular disease in pigs, and it is a non-enveloped, single-stranded RNA virus that belongs to the genus Senecavirus in the family Picornaviridae (Hales et al., 2008). SVV was first isolated and identified as a cell culture contaminant in the United States in 2002 (Reddy et al., 2007). Initially, SVV was mainly used as a potential oncolytic virus in cancer therapy, and there was no evidence that SVV was pathogenic to farm animals (Burke, 2016). However, in recent years, SVV has been reported to cause outbreaks in many countries and is associated with porcine vesicular disease (Hause et al., 2016; Leme et al., 2016; Zhao et al., 2017; Zhu et al., 2017; Zhang et al., 2018). The virulence of SVV seems to have increased when it evolved in pigs, and some newly emerged SVV strains lead to acute death of neonatal piglets (Leme et al., 2016, 2017). Currently, there are no commercial vaccines or drugs available to combat SVV.

The CRISPR-Cas system is recognized as the “adaptive” immune system of bacteria or archaea, protecting these organisms from invasions of viral infection, plasmid transfer, and foreign DNA interference (Horvath and Barrangou, 2010; Liao et al., 2021). CRISPR-Cas9 system has been reported to inhibit DNA virus replication effectively (Tang et al., 2016, 2017, 2018). Recently, the CRISPR-Cas13d system is an RNA-guided, RNA-targeting CRISPR system that exhibits high knockdown efficiency and strong specificity compared to RNA interference (Konermann et al., 2018). CRISPR-associated RNAs (crRNAs) contain an approximately 22-nt spacer sequence that guides the Cas13d protein to target RNA for degradation. Cas13d derived from Ruminococcus flavefaciens XPD3002, also known as CasRx, shows the best knockdown activity in mammalian cells (Konermann et al., 2018). Recently, the CRISPR-Cas13d system has been used to combat several RNA viruses, including SARS-CoV-2, and exhibits potent antiviral activity (Abbott et al., 2020; Nguyen et al., 2020; Lin et al., 2021).



MATERIALS AND METHODS


Cells, Virus, Reagents, and Plasmids

Swine testicle (ST) cells and human embryonic kidney (HEK293T) cells were maintained in Dulbecco’s modified Eagle medium (DMEM; Thermo Fisher, United States) supplemented with 10% fetal bovine serum as previously described (Yang et al., 2020, 2021).

The Senecavirus A strain (GD strain) was isolated and sequenced in our laboratory (unpublished data). The virus was propagated and titered in ST cells. Viral titers were determined by a 50% tissue culture infectious dose (TCID50) assay in ST cells. Viral titers were calculated using the Reed and Muench method (Reed and Muench, 1938).

The anti-HA monoclonal antibody (H9658) was purchased from Sigma. The VP2 monoclonal antibody was produced and preserved by our laboratory. The secondary antibodies used for immunofluorescence analyses were Alexa Fluor 568 goat anti-rabbit or mouse IgG (H + L; Thermo Fisher, United States). The cellular nuclei were stained with 4′,6-diamidino-2-phenylindole (DAPI, Beyotime, Beijing, China).



CRISPR-Cas13d System

The RfxCas13d expression vector pXR001 EF1a-CasRx-2A-EGFP was obtained from Addgene (Addgene, United States). To construct CasRx-del-NSL, two individual nuclear localization signals were removed from the EF1a-CasRx-2A-EGFP plasmid. Briefly, overlapping PCR was performed, and the construct was recloned into the original vector. The four specific crRNA targeting sites were as follows: crRNA#1: TGCATTTCCATAAGAGAGAGCGC, crRNA#2: CATTTCCATAAGAGAGAGCGCTC, crRNA#3: CCAACATAGAAACAGATTGCAGC, and crRNA#4: ATCGTCAGACATTTCCACCCACT. Guide RNA was synthesized as DNA oligos, and then, each crRNA was cloned into the pXR003 CasRx crRNA cloning backbone (Addgene, United States).



Virus Replication Inhibition Assay

HEK-293T cells were seeded in 12-well plates, and 1 μg of CasRx and 1 μg of the indicated crRNA expression vector were cotransfected into 293T cells. Twelve hours later, the cells were infected with SVV at an MOI of 0.01. The virus was collected 24 and 48 hpi. The titers of SVV were determined by the TCID50 assay. IFA was performed as described in our previous work (Zhang et al., 2021).



Colocalization Coefficients Analysis

HEK-293T cells were seeded in 12-well plates, and 1 μg of CasRx and 1 μg of the indicated crRNA plasmid or mix pool (contain four indicated crRNA at equal ratio) were cotransfected into 293T cells. Twelve hours later, the cells were infected with SVV at an MOI of 0.36 random selected images were analyzed by ImageJ. Manders’ Colocalization Coefficients (Manders’ M relate to EGFP) was analysis.



Cell Viability Assay

HEK293T cells were seeded in 96-well plates, and 0.05 μg of the indicated crRNA plasmid (#1, #2, #3, #4, or Mix pool) and 0.05 μg of CasRx were cotransfected into 293T cells. Viability of cells was determined using the Cell Counting Kit-8 (Dojindo, catalog number CK04). Ten microliter of the cck-8 solution was added after 24 or 48 h of incubation. Subject to incubation at 37°C for 2–4 h, the absorbance at 450 nm was measured by An Absorbance Microplate Reader (The ELx808TM).



Statistical Analysis

Statistical significance was analyzed with one-way ANOVA and Tukey’s multiple comparison test or the independent-samples Student’s t-test in Origin GraphPad Prism 8.0 software. All differences with value of p < 0.05 were considered statistically significant.




RESULTS AND DISCUSSION

In the current study, we tested whether the CRISPR-Cas13d system could be used as an effective antiviral strategy to combat SVV. The SVV strain in this study was isolated and sequenced in our laboratory (unpublished data). The genome structure of SVV is shown in Figure 1 (upper panel). To predict the possible crRNA, we first input the whole genome sequence into the predicted software, which is available at https://gitlab.com/sanjanalab/cas13 (Wessels et al., 2020). In software screening, potential crRNA sequences were listed and ranked by their predicted standardized guide scores (Figure 1). We selected four crRNAs with high scores (two targeting P2C, one targeting P3A, and one targeting RdRp) from the list for further investigation. Because SVV mainly undergoes replication and viral RNA synthesis in the cytoplasm rather than the nucleus (Flather and Semler, 2015), CasRx had to be engineered to localize to the cytoplasm for RNA cleavage. The CasRx expression cassette for cellular mRNA knockdown is shown in Figure 2A, and we next removed the two nuclear localization signals (NLSs) from CasRx (CasRx-del-NSL). By immunofluorescence detection, we found that CasRx-del-NSL was successfully expressed and mainly located in the cytoplasm (Figure 2C). As a control, CasRx was retained in the nucleus, as expected (Figure 2B).
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FIGURE 1. Schematic diagram depicting the guide RNA match position in the Seneca Valley virus (SVV) genome. Protein construction from the SVV genome transcript, which demonstrates the cleavage site of the most effective guide RNA in this study (upper panel). Depiction of the score distribution along SVV genome; high scores indicate a higher predicted knockdown efficacy (guide scores range between 0 and 1; lower panel).
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FIGURE 2. Deletion of the nuclear localization signal (NLS) regulates Cas13d subcellular localization. (A) Summary of the constructs used in this study. Cas13d contains two NLSs that allow Cas13d to enter the nucleus. Removal of the NLS enables Cas13d to cleave the complementary target RNA within the cytoplasm but not the nucleus. (B) HEK293T cells were transfected with the CasRx expression vector or (C) CasRx-del-NLS, and then, IFA was performed at 24 hpi; the HA tag at the C-terminus of Cas13d was stained and labeled with Alexa Fluor 568-conjugated goat antibodies. Nuclei were labeled with DAPI. Scale bar = 2 μm.


To test the antiviral activity of the CRISPR-Cas13d system, we cotransfected CasRx-del-NSL with plasmid containing targeted crRNA or control crRNA in HEK293T cells. Twelve hours later, the transfected cells were infected with SVV at an MOI of 0.01. As expected, we found that in the targeted crRNA group, there was extremely low expression of VP2 (which reflects the replication of SVV) in CasRx-del-NSL-expressing cells (Figure 3B); however, in the control crRNA group, VP2 and CasRx-del-NSL could be easily detected in the same cells (Figure 3A). The colocalization analysis was shown in Figure 3C. This indicated that the CRISPR/Cas13d system could efficiently inhibit SVV replication. To test the anti-SVV activity of four indicated crRNAs, we first evaluated the cell viability of indicated crRNAs transfected HEK293T cells, the result indicated that these crRNAs had not influence on cell viability at 24 and 48 h post-infection (Figure 4A). Next, we quantified the viral titers of the four indicated crRNAs and found that all of the screened crRNAs significantly inhibited SVV replication at 24 and 48 h post-infection (Figures 4B,D). crRNA#2 was the most effective crRNA among the four selected crRNAs. The viral titers of the crRNA#2 group were significantly decreased (by 84%) compared with those of the crRNA control group (Figures 4B,C). In addition, the titers decreased by 74% and 66% in the crRNA#1 and crRNA#4 groups, respectively, compared with those in the crRNA control group (Figure 4C). All targeted crRNA groups showed a relative inhibition ratio of at least 57%. At 48 hpi, the crRNA#2 group maintained a robust ability to inhibit SVV replication, with a decrease of approximately 57% compared to the control group (Figures 4D,E). Furthermore, when compared with control crRNA, crRNA#3, crRNA#1, and crRNA#4 reduced viral titers (by approximately 52%, 43%, and 40%, respectively; Figures 4D,E). Next, we further evaluated the anti-SVV activity at a high MOI (MOI = 1), we get a similar results as MOI = 0.01 (Figures 4F,G). We also evaluated whether these crRNAs had synergetic effect, to our surprised, we failed to observed synergetic effect as CRISPR-Cas9 system (Figures 4F,G; Tang et al., 2017). This needed to be explored in future. Overall, our results indicated that the crRNA consistently mediated robust Cas13d activity in infected cells. In fact, we also evaluate anti-SVV activity of CRISPR-Cas13d in porcine cells, however, all our tested porcine cells manifested a low transfection efficiency (<30%). Therefore, we failed to perform this experiment in porcine cells, we speculated that lentiviral vectors will be an efficient transduction tool to test the anti-SVV activity of CRISPR-Cas13d in future. Furthermore, there are several issues should be concerned in future application, such as whether this CRISPR system has possible off-target effect and how to deliver it efficiently in vivo.
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FIGURE 3. Programmable targeting of SVV RNA by Cas13d. The CasRx-del-NLS plasmid cotransfected with (A) control crRNA plasmid or (B) targeted crRNA#1 plasmid into HEK293T cells. At 24 hpi, the cells were infected with SVV (at an MOI of.3). Thirty-six hours post-infection, SVV VP2 was detected by IFA with an anti-VP2 monoclonal antibody and Alexa Fluor 568-conjugated goat antibodies. CasRx expression was indicated by EGFP, and nuclei were labeled with DAPI. (C) Manders’ colocalization coefficients was analyzed, six random selected images were analyzed by ImageJ. ***p < 0.001.
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FIGURE 4. Efficient inhibition of SVV infection via the engineered CRISPR-Cas13d system. (A) HEK-293T cells were cotransfected with Cas13d and the indicated crRNAs plasmid, the cells viability at 24 hpt or 48 hpt was determined. (B) HEK-293T cells were cotransfected with Cas13d and the indicated crRNAs plasmid. Twenty-four hours later, the cells were infected with SVV (at an MOI of 0.01), and viral titers in the cell culture supernatants at 24 hpi or (D) at 48 hpi were determined. (C) The percentage reduction of virus titers was detected in the crRNA groups (#1, #2, #3, and #4) relative to the crRNA control group at 24 hpi or (E) at 48 hpi. (F) HEK-293T cells were cotransfected with Cas13d and the indicated crRNAs plasmid or crRNAs pool. Twenty-four hours later, the cells were infected with SVV (at an MOI of 1), and viral titers in the cell culture supernatants at 48 hpi were determined. (G) The percentage reduction of virus titers was detected in the crRNA groups (#1, #2, #3, #4, and mixed pool) relative to the crRNA control group at 48 hpi. Error bars represent the SD; *p < 0.05, ***p < 0.001.


In summary, we demonstrated that the CRISPR-Cas13d system was a powerful tool to inhibit SVV replication. In the future, viral vectors or other potential CRISPR-Cas13d carriers may be used for SVV prevention in the clinic.
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In the absence of effective vaccines and treatments, annual outbreaks of severe human haemorrhagic fever caused by arenaviruses, such as Lassa virus, continue to pose a significant human health threat. Understanding the balance of cellular factors that inhibit or promote arenavirus infection may have important implications for the development of effective antiviral strategies. Here, we identified the cell-intrinsic zinc transmembrane metalloprotease, ZMPSTE24, as a restriction factor against arenaviruses. Notably, CRISPR-Cas9-mediated knockout of ZMPSTE24 in human alveolar epithelial A549 cells increased arenavirus glycoprotein-mediated viral entry in pseudoparticle assays and live virus infection models. As a barrier to viral entry and replication, ZMPSTE24 may act as a downstream effector of interferon-induced transmembrane protein (IFITM) antiviral function; though through a yet poorly understood mechanism. Overexpression of IFITM1, IFITM2, and IFITM3 proteins did not restrict the entry of pseudoparticles carrying arenavirus envelope glycoproteins and live virus infection. Furthermore, gain-of-function studies revealed that IFITMs augment the antiviral activity of ZMPSTE24 against arenaviruses, suggesting a cooperative effect of viral restriction. We show that ZMPSTE24 and IFITMs affect the kinetics of cellular endocytosis, suggesting that perturbation of membrane structure and stability is likely the mechanism of ZMPSTE24-mediated restriction and cooperative ZMPSTE24-IFITM antiviral activity. Collectively, our findings define the role of ZMPSTE24 host restriction activity in the early stages of arenavirus infection. Moreover, we provide insight into the importance of cellular membrane integrity for productive fusion of arenaviruses and highlight a novel avenue for therapeutic development.
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INTRODUCTION

Viral haemorrhagic fever (VHF)-causing mammarenaviruses pose significant threats to human health, particularly in endemic regions of Western Africa; most are associated with high case fatality rates due to a lack of approved vaccines and effective countermeasures (Wolff et al., 2016; Whitmer et al., 2018; Kofman et al., 2019; Overbosch et al., 2020). These zoonotic enveloped RNA viruses possess single-stranded bi-segmented genomes and are members of the family Arenaviridae (McLay et al., 2014). The clinically significant, prototypic arenavirus lymphocytic choriomeningitis virus (LCMV), the most prevalent arenavirus Lassa (LASV), the pathogenic Lujo virus (LUJV), and the non-pathogenic Mopeia virus (MOPV), though phylogenetically closely related to LASV, are Old World arenaviruses that are mostly endemic in Western Africa. Junín (JUNV), Machupo (MACV) and Chapare (CHAPV) are New World arenaviruses that cause human viral hemorrhagic fevers endemic to South America (Bowen et al., 1996; Clegg, 2002). Seasonal outbreaks of LASV, the causative agent of Lassa Fever (LF) in several African countries, results in 100,000–300,000 infection cases annually and associated case fatality rates as high as 30% (Akpede et al., 2018; Asogun et al., 2019; NCDC, 2021). Recent expansion of LASV outside endemic regions has further emphasised the risk to public health and highlighted the urgency for effective vaccines and antiviral drugs. Therefore, unravelling key arenavirus-host interactions is critical toward this effort (Wolff et al., 2016; Whitmer et al., 2018; Kofman et al., 2019; Overbosch et al., 2020).

Virus entry into host cells is a key step of the virus lifecycle and is a determinant of virus replication, assembly, disease pathogenesis and virus emergence across host species. The arenavirus glycoprotein spike complex GP, consisting of subunits GP1, GP2 and the stable signal peptide (SSP) mediates cell attachment through interaction primarily with α-dystroglycan or transferrin 1 receptors at the plasma membrane for OW and NW viruses, respectively. Co-receptors including lysosome-associated membrane protein 1 (LAMP1) and the tetraspanin CD63 mediate fusion with cellular membranes following low-pH induced conformational changes in the GP structure (Di Simone and Buchmeier, 1995; Rojek et al., 2008; Abraham et al., 2009; Jae et al., 2014; Li et al., 2016; Raaben et al., 2017; Bulow et al., 2020).

Cell-intrinsic antiviral immunity plays a pivotal role in limiting this fusion step for a plethora of enveloped and non-enveloped viruses. This antiviral response involves constitutively expressed intrinsic immune proteins that act as the first line of defence against viral infection. The intrinsic innate response is enhanced through the activation of interferon (IFN)-stimulated genes (ISGs), following virus sensing by host-encoded pattern recognition receptors (PRRs), that further impose a cellular antiviral state (Bieniasz, 2004; Foster et al., 2016). These constitutive and induced factors inhibit at all steps of the virus life cycle, including the entry and fusion steps into cells (Foster et al., 2016; Shi et al., 2017, 2021).

Several intrinsic immune factors, also known as restriction factors, inhibit the infection of diverse enveloped viruses (Chemudupati et al., 2019; Stott et al., 2020). Amongst these factors are the human interferon-induced transmembrane protein (IFITM) family and the zinc metalloprotease, ZMPSTE24. As part of the robust IFN-mediated innate immune response to viral infection, three IFITMs display broad-range antiviral activity against enveloped viruses, including HIV-1, influenza virus and SARS-COV-2 (Brass et al., 2009; Everitt et al., 2013; Mudhasani et al., 2013; Desai et al., 2014; Suddala et al., 2019; Winstone et al., 2021). IFITM1 localises predominantly to the plasma membrane, whilst IFITMs 2 and 3 localise to early and late endosomal and lysosomal membranes (Weston et al., 2014; Foster et al., 2016). Current mechanisms of virus restriction are not clearly understood but existing explanations suggest that IFITMs inhibit viral fusion through a proximity-based mechanism in which they inhibit the formation of the fusion pore by trapping this process at the hemifusion stage (Desai et al., 2014; Suddala et al., 2019). IFITM homo-oligomerisation is thought to directly modify the structure, rigidity and curvature of target membranes, thus leading to a block in virus-host fusion (John et al., 2013; Desai et al., 2014). Indirect mechanisms have also been suggested, such as through alteration of membrane cholesterol composition or through endosomal association with other membrane proteins, such as ZMPSTE24 (Li et al., 2017).

ZMPSTE24, a seven-pass transmembrane protein, has recently been shown to be an intrinsic defence factor against IAV, Ebola, vaccinia and Zika viruses (Fu et al., 2017). ZMPSTE24 is constitutively expressed and localises to the inner nuclear membrane, and to multiple intracellular endocytic membrane compartments. Recruitment of ZMPSTE24 as a downstream effector of IFITM antiviral activity has been suggested to drive alterations in membrane properties that are less conducive to viral fusion (Li et al., 2017). However, the exact mechanism of this proposed restriction is currently unknown.

To date, there is limited information about how arenavirus infections may be antagonised by cell intrinsic factors (Radoshitzky et al., 2010; Chen et al., 2019; Stott et al., 2020), and the putative role of ZMPSTE24 in arenavirus biology has not yet been explored. In this study, we examined whether ZMPSTE24 is involved in arenavirus entry restriction. Using complementary arenavirus GP-pseudoparticle (GPpp) and live MOPV infection assays, we demonstrated that ZMPSTE24 restricts the entry and replication of arenaviruses. In agreement with previous reports, we found that arenavirus entry was resistant to IFITM protein overexpression (Huang et al., 2011; Suddala et al., 2019). We further show IFITM3 overexpression in the presence of ZMPSTE24 augmented restriction of arenavirus entry and replication and showed that ZMPSTE24 and IFITM3 can alter cellular endocytosis rates by impacting rigidity of cell membranes in an independent or cooperative manner. Collectively, our results provide strong support that arenaviruses utilise an endocytic pathway that is sensitive to ZMPSTE24 restriction and is enhanced upon recruitment of IFITM3.



MATERIALS AND METHODS


Cell Lines and Expression Constructs

HEK 293T (ATCC), Vero (Vero; ATCC), A549 (ATCC) and A549 cells expressing ZMPSTE24 or the individual IFITM proteins were cultured in Dulbecco’s Modified Eagle Medium (DMEM), high glucose, GlutaMAX™ Supplement (Gibco) with 10% heat inactivated FBS (Gibco) and 200 μg/ml Gentamicin (Sigma) at 37°C, 5% CO2.

Expression plasmids encoding human ZMPSTE24 with and without a C-terminal FLAG-tag or HA-tag were PCR amplified and subcloned into the pQXCIP (Clontech) backbone using restriction sites AgeI and BamHI. Human IFITM1, IFITM2 and IFITM3 were cloned into the pLHCX retroviral vector (Clontech) using XhoI and NotI restriction sites.

Arenavirus glycoproteins for LCMV, LASV, MOPV, LUJV, JUNV, MACV, and CHAPV (accession numbers M22138, M15076, M33879, FJ952384, D10072, AY624355, and EU260463, respectively) were synthesised by GeneArt (ThermoFisher) and subcloned into the pI.18 expression vector using KpnI and XhoI restriction sites.

A549 cells stably expressing the IFITMs 1, 2 or 3 (pLHCX) or ZMPSTE24 with or without a C-terminal FLAG tag (pQXCIP) or the relevant empty vector, were generated by vesicular stomatitis virus-G (VSV-G) pseudotyped retroviral transduction. Retroviral vectors were made by transfecting 293T cells with the pCMV-Gag-Pol murine leukaemia virus (MLV) packaging construct, the pLHCX or pQXCIP packaging vector of interest and pCMV VSV-G using 1 mg/ml PEI®-MAX (Polysciences). Stable A549 cells were generated by spinoculation with retroviral vectors and antibiotic selection. Expression of proteins was assessed by western blotting. When indicated, IFN1 (universal type 1 IFN, PBL Interferon Source) stimulation was performed using 1000 U/ml–1 for 4 h before immunoblotting.

CRISPR-Cas9 gRNA sequences to target human ZMPSTE24 (CACAACTAATGTGAACAGCC) and a non-targeting control (GGCCCTCTAGAAAAGTCTCG) were generated in pLentiCRISPR v2 and gRNA sequences to target human IFITMs 1, 2 and 3 (TTCTTCTCTCCTGTCAACAG) were generated in eSpCas9-LentiCRISPR v2 (Genscript). Viral stocks were generated in 293T cells by co-transfection with psPAX2 (Addgene), pMD2.G VSV-g and the eSpCas9-LentiCRISPRv2 construct targeting ZMPSTE24 or the IFITMs or a non-targeting control. A549 cells transduced with the pLentiCRISPR viruses were selected with antibiotics for 7–14 days. Efficiency of knockout was determined by western blot.

The NanoBiT split luciferase system (Promega) was used to assess interaction of IFITM3 and ZMPSTE24 as per manufacturer’s instructions. IFITM3 and ZMPSTE24 were fused to NanoBiT large (LgBiT) or small (SmBiT) subunits of NanoLuc luciferase at the N or C terminus by restriction digest cloning.



Passage, Titration and Infection With Mopeia Virus

The UVE/MOPV/UNK/MZ/Mozambique 20410 strain of MOPV was obtained from European Virus Archive goes Global (EVAg) platform and mycoplasma-free stocks were propagated in Vero cells in DMEM supplemented with 2% FCS. The titre was determined by plaque immunoassay. Vero cells were infected with serial dilutions of MOPV and incubated in MEM with 2.5% low viscosity carboxymethylcellulose (Merck) for 4 days. Plaques were visualised using mouse monoclonal anti-Arenavirus (OW) rGPC, clone KL-AV-1B3 (BEI Resources, 1:500) followed by anti-mouse Alkaline Phosphatase secondary (Merck, 1:750) and addition of BCIP/NBT substrate. Virus titres were calculated as plaque forming units per mL (PFU/mL).

A549 cells were infected with MOPV at an MOI 0.01 and incubated at 37°C. For interferon treatment, cells were treated with 1000 U/ml–1 IFN1 for 4 h before infection. To assess the effect of amphotericin B, the relevant stable A549 cell lines were incubated with 1 μM amphotericin B (Sigma Aldrich) for 1 h at 37°C prior to and following infection with MOPV.



Generation of Arenavirus GP Retroviral Pseudoparticles

Arenavirus GP-expressing pseudoparticles (GPpp) encoding GFP were produced by transfecting 293T cells with pCMV-MLV gag-pol, pCMV-MLV GFP encoding a CMV-GFP internal transcriptional unit and the pI.18 plasmid encoding the arenavirus GP of interest, at a ratio of 0.6:0.9:0.6 μg using 1 mg/ml PEI MAX®. GPpp supernatants were harvested through a 0.45 μm filter 48 h post transfection. GPpp supernatants were titrated on A549 cells by flow cytometry, performed using a BD FACSCanto II flow-cytometer (Becton Dickinson), collecting 10,000 events, and analysed using FlowJo software.

Cells were infected with arenavirus GP retroviral pseudoparticles, encoding GFP at an MOI of 0.3 in complete growth media and incubated at 37°C for 48 h. Infected cells were analysed by flow cytometry. Samples were gated on live cells for 10,000 events and analysed for expression of GFP. To test the effect of IFN1 on arenavirus GP mediated cell entry, cells were treated with IFN1 (universal type 1 IFN, PBL Interferon Source) for 4 h prior and throughout infection. To assess the effect of amphotericin B on the restriction of arenavirus entry by ZMPSTE24 and the co-operative action with IFITMs, relevant stable A549 cell lines were treated with 1 μM amphotericin B (Sigma Aldrich) for 1 h at 37°C prior to infection and following infection with arenavirus GP pseudoparticles.



β-Lactamase-Vpr Assay

Briefly, β-lactamase-Vpr (BlaM-Vpr)-chimaera pseudotyped viruses were produced by co-transfection of 293T cells with a pNL4.3 R- E-, pCMV BlaM-Vpr, pAdvantage and plasmids encoding the GP of MOPV, LCMV or MLV. A549 cells control or ZMPSTE24 overexpressing cells were plated the day prior to infection. Cells were pretreated with 50 nM Bafilomycin A1 (BafA1) for 30 min and then mock infected or were incubated with 100 ng p24 BlaM-Vpr chimaera pseudotyped viruses for 3 h. Cells were washed once in CO2-independent media and loaded with CCF2-AM substrate (Invitrogen) containing development media (CO2-independent media containing 1.6 mM probenecid) for 2 h at room temperature. Cells were then washed twice in development media before a final 16 h incubation at room-temperature in development media. Cells were harvested in trypsin, washed and fixed in 4% PFA before analysis on the ID7000 Spectral Cell Analyser (Sony Technology).



Immunoblotting

Cells were lysed in 2x reducing Laemmli buffer (Bio-Rad) at 100°C for 10 min. Samples were separated on 4–15% Mini-PROTEAN® TGX Precast gels (Bio-Rad) and transferred onto 0.2 μm nitrocellulose membrane (Bio-Rad). Membranes were blocked in 5% milk in PBS with 0.1% Tween20 (PBS-T) prior to incubation with primary antibodies: mouse anti-IFITM1 (Proteintech, 60074-1-Ig, 1:5000), rabbit anti-IFITM2 (Proteintech, 12769-1-AP, 1:5000), rabbit anti-IFITM3 (Proteintech, 11714-1-AP, 1:5000), rabbit anti-ZMPSTE24 antibody (Abcam ab38450, 1:1000), mouse anti-FLAG (Sigma, F1804, 1:2000), mouse anti-HA (Abcam ab18181, 1:5000), mouse anti-HSP90 (Invitrogen, MA1-10372, 1:10,000). This was followed by horseradish peroxidase (HRP)-conjugated horse anti-mouse IgG (CST, 7076S, 1:5000) or goat anti-rabbit IgG (CST, 7074S, 1:5000) secondary antibodies and detection using SuperSignal™ West Pico PLUS Chemiluminescent Substrate (ThermoFisher).



Immunoprecipitations

For the endogenous immunoprecipitation (IP), A549 cells were treated with 1000 U/ml–1 IFN1 for 24 h before lysis on ice for 20 min in 50 mM Tris-HCL pH 7.4, 150 mM NaCl, 1% IGEPAL®CA-630 (Sigma), complete protease inhibitors (Roche). For the co-IP, A549 cells pre-treated with 1000 U/ml–1 IFN1 and then were mock-transfected or transfected with 2 μg pQXCIP ZMPSTE24-FLAG. 48 h post transfection cells were lysed on ice as above. Lysed samples were centrifuged and supernatants were immunoprecipitated with 5 μg/ml mouse monoclonal anti-IFITM2/3 antibody (Proteintech, 66081-1-Ig) for 1.5 h at 4°C. Protein G agarose (ThermoFisher) was equilibrated in lysis buffer before adding to supernatants and incubated overnight at 4°C. Following extensive washes in lysis buffer, cell lysates and immunoprecipitates on beads were resuspended in 2x Laemmli buffer (Bio-Rad) and resolved by SDS-PAGE and western blot analysis.



Immunofluorescence

A549 cells grown on coverslips were fixed with 4% paraformaldehyde (PFA) in PBS permeabilized with 0.2% Triton X-100 in PBS for 15 min at RT prior to incubation with 0.1 M glycine for 20 mins. Primary antibodies, diluted in 3% BSA, 0.1% Tween®20 in PBS, were incubated overnight at 4°C (rabbit anti-ZMPSTE24, Abcam ab38450, 1:200 or mouse monoclonal anti-HA, Abcam ab18181, 1:500 or rabbit anti-EEA1, CST 2411S, 1:100 or rabbit anti-Rab9A, CST 5118T, 1:200, or rabbit anti-LAMP1, Invitrogen 14-1079-80, 1:500). Coverslips were incubated for 1h at RT with appropriate secondary antibodies conjugated to Alexa Fluor 488 or 594 (Molecular Probes, ThermoFisher 1:500) diluted in 3% BSA, 0.1% Tween20 in PBS. Coverslips were mounted using Fluoroshield™ with DAPI (Merck). Images were acquired on a Zeiss LSM880 confocal laser scanning microscope or on a Leica DM5000 B widefield microscope. Pearson’s correlation coefficient was calculated using ImageJ software.



NanoBiT Protein Interaction Assay

A NanoBiT protein:protein interaction assay (Promega) was used to assess the interaction between ZMPSTE24 and IFITM3. A549 cells were transiently co-transfected with 100 ng in total of an N- or C-terminal LgBiT and SmBiT tagged construct using Lipofectamine™ 3000 Transfection Reagent (ThermoFisher). All possible combinations of the N-terminal and C-terminal-tagged split luciferase protein pairs were tested. All LgBiT constructs were co-transfected with the HaloTag-SmBiT (negative control) construct against which relative luminescence was measured. Luminescence was measured after 48 h using the Nano-Glo Live Cell Assay System (Promega) according to manufacturer’s instructions.



RT-qPCR Analysis

Nucleoprotein (NP) and RNA-dependent RNA polymerase (L) RNA levels were determined in cells infected with MOPV at specified time points. Total RNA was isolated from infected cells using QIAGEN RNeasy Plus Mini Kit (Qiagen) and cDNA was reverse transcribed using the Applied BiosystemsrmTM High-Capacity cDNA Reverse Transcription Kit. For each qPCR reaction, 20 ng of cDNA was used with the Applied Biosystems™ PowerUp™ SYBR™ Green Master Mix. Primers used were as follows: GAPDH forward (5′-ACATCGCTCAGACACCATG-3′); GAPDH reverse (5′-TGTAGTTGAGGTCAATGAAGGG-3′); β-actin forward (5′-CACCAACTGGGACGACAT-3′); β-actin reverse (5′-ACAGCCTGGATAGCAACG-3′); MOPV L forward (5′-ATCTCCTCATGCAGCCACAC-3′); MOPV L reverse (5′-GGACTGTTGGAGAGTTGCGA-3′); MOPV NP forward (5′-CCCTGGCATGTCAAGACCAT-3′); MOPV NP reverse (5′-CCCTGTGGAAGTTGCGATCT-3′). Primer specificity was confirmed by melt curve analysis. Relative fold expression of target genes was normalised to reference genes GAPDH and β-actin by the Δ Δ Ct method.



Membrane Fusion Assay

Mopeia virus particles were labelled with the self-quenching dye SP-DiOC18 (Invitrogen). SP-DiOC18 was added to 1 ml of MOPV virus stock at 1 × 106 PFU/ml at a final concentration of 0.2 μM. The mixture was protected from light and incubated with gentle rolling for 1 h at room temperature. For the heat inactivated control virus was incubated at 75°C for 30 min and cooled to room temperature before labelling. The labelled virus preparations were passed through a 0.45 μM filter before use and diluted in serum-free DMEM for infection of A549 monolayers at an MOI of 5. Cells were incubated with labelled virus at 4°C for 15 min and then incubated for 1.5 h at 37°C after infection. Cells were then harvested with trypsin, fixed with 4% PFA for 10 min and then analysed by flow cytometry on the FACSCanto II (BD Biosciences) using the 488 nm laser for excitation.



FM2™-10 Incorporation Assay

The detection of FM™2-10 (N-(3-Triethylammoniumpropyl)-4-(4-(Diethylamino)styryl) Pyridinium Dibromide, ThermoFisher) fluorescence intensity as a function of time was used as a measure of endocytosis. A549 cells stably expressing ZMPSTE24, or IFITM3 or ZMPSTE24 and IFITM3 in combination or pQXCIP empty vector were washed and resuspended in PBS. A 2 μM stock solution of FM™2-10 was prepared in PBS before adding cells to a final concentration of 200 nM and incubating for 5, 10, 30, and 60 min. Changes in FM™2-10 fluorescence intensity over time were detected by flow cytometry for each cell sample.



Statistical Analysis

Statistical analyses were carried out using IBM SPSS or GraphPad Prism v9.0.2. Data was subjected to normality testing followed by ANOVA with LSD post hoc testing or independent samples t-tests. Statistical significance is denoted by asterisks as follows: ∗ p < 0.05, ∗∗ p < 0.001, ∗∗∗ p < 0.0001.




RESULTS


ZMPSTE24 Impairs Arenavirus GPpp Infection

To examine the role of ZMPSTE24 restriction during arenavirus entry, we used arenavirus GP–pseudoparticles (GPpp) generated from a panel of OW (LCMV, LASV, LUJV, MOPV) and NW (JUNV, MACV, CHAPV) mammarenavirus representatives. Specifically, murine leukaemia virus (MLV) packaging a green fluorescent protein (GFP) reporter was pseudotyped with different arenavirus GP proteins. We also included an amphotropic MLV GPpp as a control. These pseudoparticles are replication-incompetent, recombinant retroviral particles that allow GP-mediated entry phenotypes to be measured (Carnell et al., 2015). Using flow cytometry analysis, we first investigated the infectivity of these arenavirus GPpp in A549 human lung epithelial cells stably expressing FLAG-tagged ZMPSTE24 compared to vector control cells. Entry of both OW and NW arenavirus GPpp was inhibited in ZMPSTE24 expressing cells compared to the control. For the MLV pseudoparticles, entry occurs by macropinocytosis and we observed little effect of ZMPSTE24 expression on MLV infection (Figure 1A and Supplementary Figure 1A) (Rasmussen and Vilhardt, 2015). Concordantly, using BlaM-Vpr-chimaera particles pseudotyped with glycoproteins from LCMV, LASV, MOPV, and MLV that would induce the cleavage of CCF2-AM dye upon cytosolic entry, we independently demonstrated that expression of ZMPSTE24 decreased the fusogenicity of arenavirus GP-pseudotyped particles (Figure 1B and Supplementary Figure 1B). We then mutated histidine residue 335 within the essential, conserved HEXXH zinc metalloprotease catalytic motif to examine the importance of ZMPSTE24 metalloprotease activity in the restriction of arenavirus GPpp entry. The H335A mutant also displayed comparable restriction of LCMVpp and LASVpp infection to wild-type ZMPSTE24 in A549 cells when compared with vector only controls, albeit to a slightly lesser extent (Supplementary Figure 1C). To complement these studies, we depleted the expression of ZMPSTE24 in A549 cells using CRISPR-Cas9 lentiviral vectors. We first observed a modest increase in GPpp entry in ZMPSTE24 KO cells by most OW and NW arenaviruses (Figure 1C and Supplementary Figure 1D). Upon stable overexpression by retroviral transduction of ZMPSTE24-FLAG, in these ZMPSTE24 KO cells, we observed a marked decrease in LCMVpp, LASVpp, and MOPVpp infection, but not that of MLVpp (Figure 1C). Therefore, the combined data suggest that ZMPSTE24 impedes arenavirus entry and fusion but that this viral restriction activity is largely independent of its protease function.
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FIGURE 1. Arenavirus entry and replication is inhibited by ZMPSTE24. (A) GFP-containing GP pseudoparticles (GPpp) from Old world (OW) and New world (NW) arenaviruses or an amphitropic murine leukaemia virus (MLV) control were used to infect A549 cells stably expressing ZMPSTE24-FLAG or an empty vector control (inset). GPpp entry was measured by flow cytometry and expressed as %GFP + cells relative to controls. (B) Control or ZMPSTE24 expressing A549 cells were mock-infected or infected for 3 h with LCMV, LASV or MOPV GP-pseudotyped viruses carrying the BlaM-Vpr fusion protein at 100 ng p24. Cells were loaded with fluorescent substrate of beta-lactamase, CCF2-AM and virus entry into the cytoplasm was assessed by cleaved CCF2-AM fluorescence at 450 nm by flow cytometry. (C) A549 cells stably expressing either non-targeting (NT) control, ZMPSTE24 CRISPR-Cas9 knockout (KO) or ZMPSTE24 KO with ZMPSTE24-FLAG overexpression, were infected with arenavirus GPpp or MLVpp control and infection was measured by flow cytometry. (D) Cells in panel C were infected with live MOPV (MOI = 0.01). Relative fold expression of MOPV L or NP genes were measured by RT-qPCR from extracted RNA and infectious virus production was measured by plaque assay of cell supernatants at 24, 48, and 72 h post infection. Data are shown as mean ± SE (standard error) of n = 3 independent experiments. Significance is indicated as p-values: *** p < 0.0001, ** p < 0.001, *p < 0.05.


To examine the activity of ZMPSTE24 in the context of a live virus infection, we assessed intracellular MOPV L and NP gene expression and infectious MOPV production over 72 h in the A549 ZMPSTE24 KO cells and KO cells overexpressing ZMPSTE24-FLAG, as described above. Depletion of ZMPSTE24 in these cells resulted in significantly higher levels of MOPV genome and infectious virus production throughout the course of infection (Figure 1D and Supplementary Figure 1E). Expression of ZMPSTE24-FLAG in these KO cells dramatically decreased intracellular virus genome and infectious virus production (Figure 1D) demonstrating a significant antiviral role of ZMPSTE24 during live arenavirus infection.



Arenavirus GPpp Entry Is Insensitive to IFITM Protein Overexpression

It has been suggested that ZMPSTE24 is recruited to endocytic compartments by IFITM proteins, thereby blocking the endocytic entry of enveloped viruses (Fu et al., 2017; Li et al., 2017). We aimed to examine the role that IFITMs play in the restriction activity against arenaviruses. We first assessed the antiviral effects of exogenous IFN1 on the early stages of arenavirus infection in A549 cells. Single-round infectivity of GPpp across OW and NW strains was markedly reduced in cells incubated with 1000 U/ml universal IFN1 (Figure 2A). We then treated A549 cells with universal IFN1 and challenged them with live MOPV, measuring over 72 h MOPV gene expression levels and infectious MOPV production. We found that MOPV infection was highly sensitive to IFN1 (Figure 2B and Supplementary Figure 2A). These data infer the likely contribution of interferon-induced factors that can limit MOPV infection, including those involved at the early entry stage. It has previously been reported that arenaviruses are not susceptible to restriction by overexpressed IFITM proteins in cells (Huang et al., 2011; Suddala et al., 2019). To validate this, we generated A549 cells stably expressing individual human IFITM1, IFITM2 and IFITM3 proteins at levels similar in magnitude to that induced by IFN1 treatment (Figure 2C). By contrast, the expression of endogenous ZMPSTE24 was not upregulated following treatment with IFN1. We analysed the infectivity of different arenavirus GPpp in these cells and found that all strains tested appeared resistant to IFITM overexpression (Figure 2D). We also infected IFITM-expressing cells with live MOPV for 72 h and showed that IFITM overexpression had no effect on MOPV gene expression (Figure 2E). These data show that arenavirus entry and replication is not restricted by IFITMs alone, in agreement with previous studies (Huang et al., 2011; Suddala et al., 2019).
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FIGURE 2. Arenavirus GPpp entry and MOPV replication is inhibited by IFN but is insensitive to IFITM overexpression. (A) A549 cells were infected with GFP-containing arenavirus GPpp in the presence or absence of type 1 interferon (IFN1) and infection was measured by flow cytometry. (B) A549 cells were infected with live MOPV (MOI = 0.01) in the presence or absence of IFN1. MOPV L or NP gene expression was determined by RT-qPCR of extracted RNA and infectious virus in cell supernatants was measured by plaque assay at indicated times post infection. (C) A549 cells were transduced with empty vector control pLHCX, IFITM1, IFITM2 or IFITM3. Expression of IFITMs and ZMPSTE24 was measured in the presence or absence of 1000 U/mL IFN1 by western blot analysis. HSP90 served as a loading control. A549 cells stably transduced with IFITMs were infected with arenavirus GPpp and% infectivity measured by flow cytometry (D) or were infected with live MOPV (MOI = 0.01) for 72 h and MOPV L or NP gene expression was measured by RT-qPCR of extracted RNA (E). Data are shown as mean ± SE (standard error) of n = 3 independent experiments. Significance is indicated as p-values *** p < 0.0001, ** p < 0.001, *p < 0.05.




ZMPSTE24 and IFITM Proteins Interact via Their C-Termini

To address the effects of IFITMs on ZMPSTE24 activity, we first assessed their comparative localisation. Microscopy studies revealed that overexpressed HA-tagged ZMPSTE24 possesses a cytoplasmic distribution and predominantly localises to endosomal compartments in A549 cells. Further, we found that ZMPSTE24 co-localises with the early endosome marker, EEA1 (Pearson’s coefficient 0.634) and to a lesser extent with the late endosome marker Rab9 (Pearson’s coefficient 0.496) but has very low localisation with the lysosome marker LAMP1 (Pearson’s coefficient 0.166; Figure 3A). The localisation of IFITM proteins is thought to define the spectrum of viruses that these antiviral factors restrict (Shi et al., 2017). IFITM1 is mostly localised to the plasma membrane, whilst IFITMs 2 and 3, like ZMPSTE24, are localised to endosomal compartments due to the presence of a conserved endocytic localisation motif (Foster et al., 2016; Shi et al., 2017). We demonstrated by confocal microscopy imaging that endogenous ZMPSTE24 co-localised with HA-tagged IFITM1, IFITM2 and IFITM3 proteins when overexpressed in A549 cells (Pearson’s coefficients 0.769, 0.580, and 0.464, respectively; Figure 3B). In the presence of IFITM1, ZMPSTE24 redistributed to the plasma membrane and IFITM1 was also found to have a disperse intracellular punctate distribution that overlapped with ZMPSTE24. This observation implies a cooperative function or interaction of the two proteins (Figure 3B). Considering these observations, we next corroborated that IFITMs and ZMPSTE24 interact (Fu et al., 2017; Li et al., 2017). A549 cells were either pre-treated with IFN1 for 24 h and immediately subjected to immunoprecipitation or transfected with C-terminally FLAG-tagged ZMPSTE24. IFITM proteins have the propensity to homo- and heterooligomerise, therefore, we captured the proteins on beads coated with anti-IFITM2/3 antibody and the assays analysed by western blot (John et al., 2013). We found that endogenous ZMPSTE24 or ZMPSTE24-FLAG bound to the endogenous IFITM1, 2 and 3 proteins, further supporting that ZMPSTE24 interacts with individual IFITMs and could interact oligomers of these proteins (Figure 3C). To complement this, we assessed the interaction between ZMPSTE24 and IFITM3, in live cells using a NanoLuc Binary Technology (NanoBiT)-based assay (Figure 3D). NanoLuc Luciferase is split into two complementary segments, 18kDa Large BiT (LgBiT) and 1.3kDa Small BiT (SmBiT); these possess low intrinsic affinity for each other. However, a bright luminescent signal is restored upon interaction of the binding partners to which they are fused. We engineered ZMPSTE24 and IFITM3 constructs tagged at either the N or C terminus with SmBiT and LgBiT fragments (Figure 3D). We transiently transfected HEK293T cells with these combinations of SmBiT/LgBiT ZMPSTE24 and IFITM3 constructs to screen for conformational interactions by detection of a luminescence signal. As IFITMs are known to oligomerize via the N-terminus, we included a co-transfection of N-terminal LgBiT279 IFITM3 (N-L-IFITM3) and N-terminal SmBiT-IFITM3 (N-S-IFITM3) as indication of a positive interaction. Luminescence signal was compared to the manufacturer’s PRKACA:PRKAR2A positive control pair and the negative control of the corresponding SmBiT partner fused with a HaloTag. Co-transfection of N-L-IFITM3 and N-S-IFITM3 produced a robust signal when normalised to the negative control, indicating the oligomerisation of IFITM proteins (Figure 3E). We found that C-terminal tagged ZMPSTE24 (ZMPSTE24-C-S) and IFITM3 (IFITM3-C-L) in combination produced a luminescent signal approximately 12-fold higher than that of the negative control pairs and approaching the signal of the N-L-IFITM3/N-S-IFITM3 combination (Figure 3E), suggestive of a C-terminal interaction between ZMPSTE24 and IFITM3.
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FIGURE 3. ZMPSTE24 colocalises with IFITM proteins and interacts via a C-terminal interaction with IFITM3. (A) ZMPSTE24 is localised to early and late endosomal compartments. ZMPSTE24-HA was transiently expressed in A549 cells which were then probed with antibodies against HA, early endosomal (EEA1) or late endosomal (Rab9) markers, or LAMP1. Nuclei were counterstained with DAPI. Panels are of representative images. Pearson’s correlation coefficient of ZMPSTE24 with the early and late endosomal compartment markers was calculated by measuring cells of interest using ImageJ software. (B) A549 cells transiently expressing HA-tagged IFITM proteins 1, 2, and 3 were probed with antibodies against endogenous ZMPSTE24 and HA and imaged by confocal microscopy. Panels are of representative images. Pearson’s correlation coefficient of ZMPSTE24 with individual IFITM proteins was calculated by measuring cells of interest using ImageJ software. (C) For the endogenous IP, A549 cells were pre-treated with IFN prior to cell lysis. For the co-IP, IFN pre-treated A549 cells were mock-transfected or transfected with ZMPSTE24-FLAG. Cell lysates were immunoprecipitated with anti-IFITM2/3 monoclonal antibody prior to resolving by SDS-PAGE and analysis by western blotting for endogenous ZMPSTE24 or ZMPSTE24-FLAG along with IFITMs 1, 2, and 3. (D) Schematic illustration of NanoBiT construct expression. IFITM3 or ZMPSTE24 were fused to large (LgBiT) or small (SmBiT) subunits of NanoLuc luciferase at N or C terminals and co-transfected in pairs (hatched boxes) into HEK293T cells. (E) Luminescence produced by interaction of co-expressed NanoBiT pairs was measured in live cells and analysed relative to a control consisting of the target-LgBiT co-transfected with a HaloTag-SmBiT control. LgBiT-PRKACA and SmBiT-PRKAR2A were co-transfected as a positive control. Green arrow indicates interaction between ZMPSTE24-C-SmBiT and IFITM3-C-LgBiT. Data are shown as mean ± SE (standard error) of n = 3 independent experiments. Significance is indicated as p-values *** p < 0.0001, ** p < 0.001.




IFITM Proteins Contribute to the Antiviral Restriction of Arenavirus Entry by ZMPSTE24

We aimed to ascertain if IFITMs play a role in the ZMPSTE24-mediated restriction of arenavirus entry. We assessed the infectivity of LCMVpp and LASVpp in A549 cells with CRISPR-Cas9 KO of endogenous ZMPSTE24 and overexpressing either ZMPSTE24-FLAG or IFITM3, or both proteins together by retroviral transduction (Figure 4A). As anticipated, ZMPSTE24 knockout increased LCMVpp and LASVpp infection but this was abrogated in the presence of ZMPSTE24-FLAG. IFITM3 overexpression alone had little effect on GPpp infection but in combination with ZMPSTE24-FLAG, we observed a significant enhancement in the restriction of LCMVpp and LASVpp infection (Figure 4A and Supplementary Figure 2B). Upon labelling MOPV particles with the self-quenching dye SP-DiOC18 for which fluorescence dequenching occurs upon viral membrane fusion with endosome, we measured a significant decrease in fusion events in the presence of ZMPSTE24 compared to control and ZMPSTE24 KO cells (Figure 4B). IFITM3 expression alone had little effect on fusion, but co-expression with ZMPSTE24 enhanced the restriction of viral-endosome fusion events in these cells (Figure 4B).
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FIGURE 4. ZMPSTE24 and IFITM3 co-operatively restrict arenavirus infection. (A) A549 CRISPR-Cas9 stable knock out cell lines were generated for non-targeting (NT) control or ZMPSTE24 and then transduced for stable overexpression of ZMPSTE24-FLAG or IFITM3 or both. Stable expression was confirmed by western blot cells were then infected with LCMVpp or LASVpp and% infection was measured by flow cytometry analysis of GFP expression. (B) Cells from panel A were infected with SP-DiOC-18 labelled MOPV for 1.5 h. SP-DiOC18 positive cells were measured by flow cytometry. (C) A549 cells were transiently transfected with HA-tagged ZMPSTE24 (green) and IFITM3 (red) and co-localisation was assessed by immunofluorescence microscopy. Nuclei were counterstained with DAPI. (D) A549 CRISPR-Cas9 NT control or IFITM KO cells were generated, and expression was assessed by western blot. Stable cells were then transduced express ZMPSTE24-FLAG and infected with LCMVpp or LASVpp. Infection was measured as %GFP positive by flow cytometry. Data are shown as mean ± SE (standard error) of n = 3 independent experiments. Significance is indicated as p-values *** p < 0.0001, ** p < 0.001, *p < 0.05.


Interestingly, when we examined A549 cells overexpressing ZMPSTE24 and IFITM3 in combination by microscopy, we found that the ectopic expression of both ZMPSTE24 and IFITM3 resulted in a redistribution of the two proteins from their disparate endo-cytoplasmic localisation to a distinct endosomal, pre-nuclear co-localisation (Figure 4C). This sub-cellular localisation of ectopic ZMPSTE24 and IFITM3 could represent a compartment where arenavirus and host membrane fusion occurs and warrants further investigation into its function. Thus, we speculate that this redistribution of IFITM3 likely influences the observed enhancement in ZMPSTE24 restriction of arenavirus entry.

We next generated A549 lentiviral non-targeting (NT) control and CRISPR-Cas9 IFITM knockout cells and stably expressed ZMPSTE24-FLAG in these cells. Compared to NT control cells, we observed enhanced LCMVpp and LASVpp infection in IFITM KO cells (Figure 4D). Overexpression of ZMPSTE24 in NT control cells abrogated LCMVpp and LASVpp infection but in the absence of IFITM expression, the sensitivity of arenavirus entry to ZMPSTE24 restriction was decreased (Figure 4D and Supplementary Figure 2C).

Taken together, our data show that ZMPSTE24 interacts with IFITM proteins and importantly suggest a cooperative impairment of arenavirus entry in which ZMPSTE24 appears to co-opt IFITM3 to facilitate restriction of arenavirus entry.



ZMPSTE24 Restriction of Arenavirus Infection Is Mediated Through Modulation of Membrane Integrity

The molecular mechanisms of ZMPSTE24 and IFITM antiviral activity are not well characterised (Li et al., 2013, 2017; Fu et al., 2017). Findings from previous studies suggest that these proteins restrict the fusion of viruses by altering the fluidity or curvature of the host and viral membranes, through indirect alteration of the lipid composition of the endosomal membrane or through the association with membranous co-factors, such as ZMPSTE24 and IFITM interactions (Li et al., 2017; Wrensch et al., 2019). It has previously been demonstrated that the antiviral effect of IFITM2 and IFITM3 on infection by susceptible viruses such as IAV, can be attenuated in the presence of the amphiphilic antifungal drug amphotericin B (AmphoB; Lin et al., 2013; Wrensch et al., 2019). AmphoB intercalates into endosomal membranes and indirectly abrogates IFITM-mediated restriction through enhancement of membrane fluidity (Lin et al., 2013). We therefore used AmphoB treatment to analyse whether membrane modulation is required for ZMPSTE24 restriction and for the cooperative antiviral activity of ZMPSTE24 and IFITM proteins. To address this, we used CRISPR-Cas9 ZMPSTE24 KO A549 cells that overexpressed either ZMPSTE24 or IFITM3 individually or overexpressed both proteins in combination (Figure 5A). We infected these cells and CRISPR-Cas9 NT control cells with our panel of arenavirus GPpp namely LCMV, LASV, MOPV, LUJV, JUNV, MACV, and CHAPV. Notably, AmphoB had no effect on arenavirus GPpp infection in NT controls. We observed that AmphoB produced a broadly significant reversal of ZMPSTE24-mediated restriction of arenavirus GPpp infection, rendering these cells less sensitive to ZMPSTE24 inhibition (Figure 5A). Furthermore, AmphoB limited the cooperative restriction of ZMPSTE24 and IFITM3 in comparison to untreated cells (Figure 5A). These data imply that at the early stages of arenavirus infection, the modulation of cellular membrane integrity is critical for the antiviral activity of ZMPSTE24 and the observed restriction enhancement in the presence of IFITM3. To examine this during live virus infection, we infected these cells with MOPV at MOI 0.01 for 72 h and quantified levels of MOPV L and NP gene expression and infectious virus production. We found that AmphoB increased the sensitivity of MOPV to ZMSPTE24 alone and when expressed in combination with IFITM3 (Figure 5B). Similar to arenavirus GPpp infection (Figure 5A), expression of IFITM3 alone did not affect MOPV replication or production. Furthermore, we also observed no change in MOPV L and NP gene expression levels or infectious MOPV production upon AmphoB treatment in these cells.
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FIGURE 5. ZMPSTE24 and IFITM3 modulate membrane fluidity to restrict arenaviruses. A549 CRISPR-Cas9 non-targeting (NT) or ZMPSTE24 knockout (KO) cells were transduced for stable expression of ZMPSTE24-FLAG, IFITM3 or both. Cells were incubated with 1 μM Amphotericin B (AmphoB) for 1 h prior to infection with (A) arenavirus GPpp for 48 h or with (B) MOPV (MOI = 0.01) for 72 h. GPpp infectivity was measured as %GFP positive by flow cytometry. MOPV L and NP gene expression was measured by RT-qPCR from extracted RNA while infectious virus production was measured by plaque assay from cell supernatants. (C) A549 cells stably expressing ZMPSTE24-FLAG, IFITM3 or both were incubated with 200 nM FM™2-10 for indicated time points and FM™2-10 incorporation was measured as fluorescence intensity of incorporated membrane probe by flow cytometry. Data are shown as mean ± SE (standard error) of n = 3 independent experiments. Significance is indicated as p-values *** p < 0.0001, ** p < 0.001, *p < 0.05.


Structural changes in host cell membranes that can affect, for example, membrane fluidity or surface tension have implications for a wide range of biological mechanisms including cell division, endocytosis and viral fusion (Lin et al., 2013; Torriani et al., 2019; Wrensch et al., 2019). Given that ZMPSTE24 and IFITMs act both independently and in synergy against a plethora of virus families, it is highly likely that they share a common mechanism that impacts on the host cellular environment. To investigate the impact of ZMPSTE24 on host membranes and indeed co-expression of the two proteins, we assessed the rate of cellular internalisation of the non-toxic membrane probe FM™2-10 in A549 cells overexpressing ZMPSTE24, IFITM3 or ZMPSTE24 and IFITM3 in combination. FM™2-10 reversibly binds to the outer leaflet of the cell membrane and upon endocytosis localises to the membrane of the endocytic vesicle (Richards et al., 2000). The fluorescence emission of FM™2-10 increases with membrane incorporation, thus we measured the changes in FM™2-10 fluorescence intensity over time by flow cytometry to determine the kinetics of membrane internalisation. In contrast to control cells, the rate and intensity of FM™2-10 probe incorporation, characteristic of membrane endocytosis, was reduced in the presence of IFITM3 or ZMPSTE24 and this reduction was significantly enhanced upon co-expression of the two restriction factors (Figure 5C). These findings strengthen the argument that ZMPSTE24 and IFITMs cause changes in membrane structure and dynamics that likely impact on the efficiency of virus fusion.

Thus, ZMPSTE24-mediated restriction activity is involved in the early stages of the innate immune response to arenavirus infection and IFITMs are able to enhance the effects on membrane fluidity and thus inhibition of virus infection.




DISCUSSION

The entry and fusion of viruses into susceptible host cells represents a fundamental step of viral pathogenesis and is a central factor in disease outcome. Investigations into the molecular and cellular mechanisms of arenavirus infection have unravelled complex details surrounding receptor switching, regulation of virus endocytosis and conformational rearrangements within the GP structure that induce membrane fusion (Li et al., 2016; Hulseberg et al., 2018). However, there is still limited knowledge regarding the range of antiviral proteins that limit arenavirus entry and how their activity may be modulated by virus-specific proteins.

In this study, we identified ZMPSTE24 as an intrinsic restriction factor against arenavirus entry and replication. The antiviral impact of ZMPSTE24 on arenavirus infection was shown by demonstrating that arenavirus GPpp infection and MOPV replication are enhanced in cells with depleted ZMPSTE24 and that ectopic expression of ZMPSTE24 caused a reduction in arenavirus GPpp and MOPV infection. Recent studies have indicated a number of enveloped viruses that traffic through the cellular endosomal compartment during entry are restricted by ZMPSTE24 (Fu et al., 2017). Our findings now expand this list to include arenaviruses. The breadth of viruses impacted by ZMPSTE24 activity suggests a universal antiviral mechanism that occurs prior to virus fusion. Our data suggests that disrupting the protease activity of ZMPSTE24 does not alter the sensitivity of arenaviruses to restriction, further implying a generalised mechanism of restriction that may involve modifying host cell membrane properties to inhibit fusion pore formation. This mechanism which impairs endosomal viral membrane fusion is likely facilitated by the IFITM proteins as co-factors of ZMPSTE24 activity.

The localisation of IFITM proteins is an important determinant of the breadth of viruses that they restrict. IFITM1 is found predominantly at the plasma membrane whilst IFITMs 2 and 3 localise to endosomal compartments (Foster et al., 2016). A recent study by Suddala et al. (2019) indicated that IFITM3 restricts through a proximity-based mechanism and that LASV may escape restriction by IFITM3 by entering cells through a distinct endosomal pathway lacking IFITM3 expression. Given that previous studies have showed that ZMPSTE24 is required for the antiviral activity of IFITMs, we explored a possible cooperative role of ZMPSTE24 and IFITMs against arenavirus infection. Our data demonstrate that endogenous ZMPSTE24 co-localises with all three IFITM proteins when they are ectopically expressed in A549 cells. Using immunoprecipitation and complementation assays, we also showed that IFITM proteins interact with ZMPSTE24.

In our present study, we provide strong evidence for the biological significance of the ZMPSTE24—IFITM interaction demonstrating that engagement with IFITM proteins enhances the sensitivity of arenaviruses to ZMPSTE24-mediated restriction. Specifically, we show that stable ectopic expression of ZMPSTE24 with IFITM3 significantly inhibited arenavirus entry and replication. In addition, we found that in contrast to cells singly overexpressing IFITM3, ectopic co-expression of IFITM3 with ZMPSTE24 in A549 cells led to the redistribution of IFITM3 to distinct endosomal compartments that were positive for ZMPSTE24. We therefore propose the redistribution of IFITM3 to a ZMPSTE24-positive pathway along which arenaviruses enter and fuse, induces an enhanced modification of cellular membranes that impairs virus fusion. Supporting this hypothesis, we provide evidence that the absence of IFITMs in A549 cells expressing ZMPSTE24 leads to a reduction in the sensitivity of arenavirus GPpp to ZMPSTE24-mediated restriction. We may therefore hypothesise that ZMPSTE24 can modulate intracellular trafficking of IFITM co-factors to an early endosomal localisation that increases the susceptibility of IFITM-resistant viruses like arenaviruses.

We aimed to address the mechanism of ZMPSTE24 restriction and of the observed cooperative activity using AmphoB treatment which disrupts IFITM function and by assessing the incorporation of a membrane-sensitive probe, FM™2-10. Pre-treatment with AmphoB rescued the entry and fusion of arenavirus GPpp and live MOPV infection in cells expressing either ZMPSTE24 alone or co-expressing ZMPSTE24 and IFITM3. These findings are consistent with the notion that ZMPSTE24 may exert its inhibitory effect by modulating the curvature and increasing the rigidity of endosomal membranes, much like the IFITM proteins. ZMPSTE24 decreased the rate and intensity of FM™2-10 incorporation into cellular membranes and this was further abrogated in the presence of IFITM3. Given the effects that these proteins likely have on membrane fluidity, the decreased incorporation and thus associated reduced rate of endocytosis may be an indirect effect of changes in lipid composition and distribution of membrane components. It also provides evidence that both ZMPSTE24 and IFITM3 exert their antiviral function by increasing membrane order and rigidity, a mechanism consistent with that proposed by previous studies on IFITM3 alone (Li et al., 2013; Lin et al., 2013).

In summary, we highlight a previously unexplored restriction strategy that contributes to our understanding of arenavirus entry mechanisms. It provides further insight into the activities of ZMPSTE24 and IFITMs and provides the opportunity to target and augment this restriction mechanism for antiviral development. Defining the critical interaction sites between ZMPSTE24 and IFITM proteins and understanding the role of arenaviral proteins in abrogating restriction is of importance.
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Among numerous point mutation differences between the SARS-CoV-2 and the bat RaTG13 coronavirus, only the 12-nucleotide furin cleavage site (FCS) exceeds 3 nucleotides. A BLAST search revealed that a 19 nucleotide portion of the SARS-CoV-2 genome encompassing the furin cleavage site is a 100% complementary match to a codon-optimized proprietary sequence that is the reverse complement of the human mutS homolog (MSH3). The reverse complement sequence present in SARS-CoV-2 may occur randomly but other possibilities must be considered. Recombination in an intermediate host is an unlikely explanation. Single stranded RNA viruses such as SARS-CoV-2 utilize negative strand RNA templates in infected cells, which might lead through copy choice recombination with a negative sense SARS-CoV-2 RNA to the integration of the MSH3 negative strand, including the FCS, into the viral genome. In any case, the presence of the 19-nucleotide long RNA sequence including the FCS with 100% identity to the reverse complement of the MSH3 mRNA is highly unusual and requires further investigations.

Keywords: SARS-CoV-2 spike, furin cleavage site, MSH3 gene, sequence homology, recombinability


INTRODUCTION

Based on a recent publication describing insertion variants of SARS-CoV-2 (1) we would like to bring the attention to our recent findings related to the sequence of the furin cleavage site (FCS) in SARS-CoV-2 Spike (S) protein. The SARS-CoV-2 causing the COVID-19 pandemic (2) has 82.3% amino acid identity to bat coronavirus SL-CoVZC45, 77.2% amino acid identity to SARS-CoV, and 96.2% genome sequence identity to bat coronavirus RaTG13. While numerous point mutation differences exist between SARS-CoV-2 and RaTG13, only one insertion and dissimilarity exceeding 3 nucleotides (nt): a 12-nucleotide insertion coding for four amino acids (aa 681-684, PRRA) in the SARS-CoV-2 S protein has been discovered. This polybasic FCS differentiates SARS-CoV-2 from other b-lineage betacoronaviruses or any other sarbecovirus (3). An FCS addition enhanced the infectivity of SARS-CoV in 2009 (4). The absence of this FCS results in attenuated SARS-CoV-2 variants useful for animal vaccination, accentuating its relevance to human infection (5). This FCS is vital for human and ferret transmission (6), expands viral tropism to human cells (7), and is requisite for severe disease in two animal models of SARS-CoV-2 (5).



SARS-COV-2 SPIKE PROTEIN AND MSH3

A peculiar feature of the nucleotide sequence encoding the PRRA furin cleavage site in the SARS-CoV-2 S protein is its two consecutive CGG codons. This arginine codon is rare in coronaviruses: relative synonymous codon usage (RSCU) of CGG in pangolin CoV is 0, in bat CoV 0.08, in SARS-CoV 0.19, in MERS-CoV 0.25, and in SARS-CoV-2 0.299 (8).

A BLAST search for the 12-nucleotide insertion led us to a 100% reverse match in a proprietary sequence (SEQ ID11652, nt 2751-2733) found in the US patent 9,587,003 filed on Feb. 4, 2016 (9) (Figure 1). Examination of SEQ ID11652 revealed that the match extends beyond the 12-nucleotide insertion to a 19-nucleotide sequence: 5′-CTACGTGCCCGCCGAGGAG-3′ (nt 2733-2751 of SEQ ID11652), such that the resulting mRNA would have 3′- GAUGCACGGGCGGCUCCUC-5′, or equivalently 5′- CU CCU CGG CGG GCA CGU AG-3′ (nucleotides 23547-23565 in the SARS-CoV-2 genome, in which the four bold codons yield PRRA, amino acids 681–684 of its spike protein). This is very rare in the NCBI BLAST database.


[image: Figure 1]
FIGURE 1. The origin of the furin sequence in SARS-CoV-2. Comparison of the protein sequences at the S1/S2 junction in SARS-CoV, RaTG13, and SARS-CoV-2 demonstrating the presence of the furin cleavage site (FCS) PRRA only in SARS-CoV-2. Based on a BLAST search of the 12-nucleotide stretch coding for the FCS PRRA, a 19-nucleotide long identical sequence was identified in the patented (US 958 7003) sequence Seq ID11652. SEQ ID11652 is transcribed to a MSH3 mRNA that appears to be codon optimized for humans. This 19-nucleotide sequence including 12 nucleotides coding for the FCS PRRA, present in the human MSH3 gene might have been introduced into the SARS-CoV-2 genome by the illustrated copy choice recombination mechanism in SARS-CoV-2 infected human cells overexpressing the MSH3 gene.


The correlation between this SARS-CoV-2 sequence and the reverse complement of a proprietary mRNA sequence is of uncertain origin. Conventional biostatistical analysis indicates that the probability of this sequence randomly being present in a 30,000-nucleotide viral genome is 3.21 ×10−11 (Figure 2).


[image: Figure 2]
FIGURE 2. Calculations of the probability of natural occurrence of the 19nt sequence under study. The SARS-CoV-2 genome is ~30,000 nucleotides long (P1). The patented sequence is ~3,300 nucleotides long (P2). The patented library encompasses 24'712 sequences of varying lengths with median length being in the range of 3,300 nucleotides. Conventional probability calculations are given of the probability of the presence of a 19-nucleotide sequence in the human genome and in one of the patented library sequences.


The proprietary sequence SEQ ID11652, read in the forward direction, encodes a 100% amino acid match to the human mut S homolog 3 (MSH3) (9, 10). MSH3 is a DNA mismatch repair protein (part of the MutS beta complex) (10). SEQ ID11652 is transcribed to a MSH3 mRNA that appears to be codon optimized for humans (11). We did not find the 19-nucleotide sequence CTCCTCGGCGGGCACGTAG in any mammalian or viral genomes except SARS-CoV-2 with 100% coverage and identity in the BLAST database (Supplementary Tables 1–3).



DISCUSSION

MSH3 replacement with a codon-optimized mRNA sequence for human expression likely has applications in cancers with mismatch repair deficiencies. While a portion of a reverse complement sequence being present in SARS-CoV-2 could be a random coincidence, other possibilities merit consideration.

Overexpression of MSH3 is known to interfere with mismatch repair (MSH2 sequestration from the MutS alpha complex comprising MSH2 and MSH6 results in MSH6 degradation and MutS alpha depletion) (12), which holds virologic importance. Induction of DNA mismatch repair deficiency results in permissiveness of influenza A virus (IAV) infection of human respiratory cells and increased pathogenicity (13). Mismatch repair deficiency may extend shedding of SARS-CoV-2 (14).

The absence of CTCCTCGGCGGGCACGTAG from any mammalian or viral genome in the BLAST database makes recombination in an intermediate host an unlikely explanation for its presence in SARS-CoV-2. A human-codon-optimized mRNA encoding a protein 100% homologous to human MSH3 could, during the course of viral research, inadvertently or intentionally induce mismatch repair deficiency in a human cell line, which would increase susceptibility to SARS-like viral infection. Infection of SEQ ID11652-MSH3-transduced human cells by a SARS-like virus could enable copy choice recombination (14). Replication of SARS-CoV-2 and other single stranded RNA viruses with an RNA genome of positive polarity is initiated by the synthesis of negative strand RNA in the cytoplasm of infected cells (15) (Figure 1). The negative strand RNA is a template for synthesis of positive stranded RNA utilized for translation of non-structural proteins, the replication and transcription complex, or new virion capsids. Coronaviruses generate double stranded RNA at an early stage of infection through genomic replication and mRNA transcription (16).

Acquisition of the reverse complement FCS sequence from an overexpressed positive sense MSH3 mRNA could occur through copy choice recombination with a negative sense SARS-CoV-2 RNA intermediate (14), involving jumping from one template to another (17) (Figure 1). The homology between SARS-CoV-2 and other known coronaviruses is discontinuous and most SARS-CoV-2 sequences derive from a relatively recent common ancestor with bat RaTG13. Moreover, similarity plots (SimPlots) have identified sudden changes in sequence identity between SARS-CoV-2 and RaTG13, signaling potential recombination events, which could explain the capability of SARS-CoV-2 binding to ACE2 through its RBD, which is not the case for the RaTG13 RBD (14).

A criticism of this hypothesis is that the identified sequence is on the opposite strand of the open reading frame in SEQ ID11652. However, cells transfected with MSH3, which induce mismatch repair deficiency could have targeted double-stranded cDNA encoding SEQ ID11652. Such cells co-transfected with a SARS-like virus expressing RdRp could attach to this 19-nucleotide sequence (14) and permit integration of a fragment from the negative strand into the viral genome, including the FCS, despite being on the opposite strand of the open reading frame. Mismatch repair mechanisms have enabled integration of short fragments from antisense strands in experimental models (18, 19). Microhomology can direct recombination between the MSH3 and a SARS-like virus, which could take place at the 19-nucleotide sequence of interest.

The presence in SARS-CoV-2 of a 19-nucleotide RNA sequence encoding an FCS at amino acid 681 of its spike protein with 100% identity to the reverse complement of a proprietary MSH3 mRNA sequence is highly unusual. Potential explanations for this correlation should be further investigated.
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Porcine circovirus type 4 (PCV4) is a newly emerging pathogen which might be associated with diverse clinical signs, including respiratory and gastrointestinal distress, dermatitis, and various systemic inflammations. The host cellular proteins binding to PCV4 capsid (Cap) protein are still not clear. Herein, we found that the PCV4 Cap mediated translocation of DEAD-box RNA helicase 21 (DDX21) to the cytoplasm from the nucleolus and further verified that the nucleolar localization signal (NoLS) of the PCV4 Cap bound directly to the DDX21. The NoLS of PCV4 Cap and 763GSRSNRFQNK772 residues at the C-terminal domain (CTD) of DDX21 were required for this PCV4 Cap/DDX21 interaction. Further studies indicated that the PCV4 Cap NoLS exploited DDX21 to facilitate its nucleolar localization. In summary, our results firstly demonstrated that DDX21 binds directly to the NoLS of the PCV4 Cap thereby contributing to the nucleolar localization of the PCV4 Cap protein.
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INTRODUCTION

Porcine circoviruses (PCVs) belong to non-enveloped viruses containing single-stranded circular DNA genomes (∼1.7–2.0 kb) within genus Circovirus in the family Circoviridae (Breitbart et al., 2017). Four genotypes of circoviruses have been detected in pigs (Zhang et al., 2019; Oh and Chae, 2020; Opriessnig et al., 2020). PCV1 is non-pathogenic, while PCV2 is the main pathogen of porcine circovirus-associated diseases (PCVAD) (Tischer et al., 1982; Allan et al., 1998). PCV3 was newly discovered in 2016 (Phan et al., 2016; Palinski et al., 2017). PCV4, a novel PCV, which was first reported in Hunan province, China in 2019, was related to clinical symptoms, such as respiratory distress and porcine dermatitis and nephropathy syndrome (PDNS) (Zhang et al., 2019). Since then, PCV4 was detected in other pig-rearing provinces in China as well (Sun et al., 2020; Tian et al., 2020; Chen et al., 2021; Ha et al., 2021), indicating that PCV4 is probably prevalent in Chinese swine farms. Likewise, PCV4 was found in South Korea but not detected in Italy and Spain (Franzo et al., 2020; Nguyen et al., 2021).

Circoviruses depend on the host cellular replication machinery for viral genome synthesis owing to shortage of autonomous DNA polymerases (Heath et al., 2006). As for all PCVs, the conserved N-terminus of Cap protein comprise a nuclear localization signal (NLS) (Liu et al., 2001; Shuai et al., 2008; Mou et al., 2019). The amino acids of PCV4 Cap are extremely different from those of PCV1, PCV2, and PCV3, but their motifs are highly similar within the NLSs in spite of different PCV genotypes (Liu et al., 2001; Shuai et al., 2008; Mou et al., 2019). The viral proteins bearing NLS are essential for virus replication, protein translation, and progression and division of cell cycle (Wurm et al., 2001; Hiscox, 2002; Salvetti and Greco, 2014). Thus, mapping the cellular host proteins binding to PCV4 Cap bearing a NoLS will help understand the replication and pathogenesis of PCV4 infection.

DEAD-box RNA helicases are a myriad of multifunctional enzymes that control multiple processes of RNA metabolism, such as transcription, processing, and modification (Linder and Jankowsky, 2011; Zhang et al., 2011; Hao et al., 2019; Cargill et al., 2021; Ullah et al., 2021). Sometimes, these proteins function in microRNA processing, RNA nuclear transport and decoy as well (Diot et al., 2016). DEAD-box RNA helicase 21 (DDX21) was considered as a plenteous nucleolar protein that connects with ribosomal RNA (rRNA) and small nucleolar RNAs (snoRNAs) to facilitate RNA metabolism (Flores-Rozas and Hurwitz, 1993; Valdez et al., 1996; Henning et al., 2003; Holmstrom et al., 2008; Calo et al., 2015). DDX21 is composed of a largely conserved central helicase domain carrying the DEXD sequence and flanking N-terminal and C-terminal domains that are highly variable and proposed to bind to multifarious host proteins and/or RNAs (Fuller-Pace, 2006). To date, some researches have showed that DDX21 is important for governing RNA virus replication. For example, the cellular DDX21 restrains replication of influenza A virus via interaction with viral PB1 protein, repressing polymerase activity and causing decreased virus progeny production (Chen et al., 2014). During early phase of dengue virus infection, DDX21 was reported to relocate to the cytoplasm from the nucleolus for the end of suppressing virus replication (Dong et al., 2016). Likewise, DDX21 was found to modulate Borna disease virus replication by regulating polycistronic mRNA translation (Watanabe et al., 2009). Furthermore, DDX21 also regulates host immune responses. For instance, DDX1, DDX21, and DHX36 can form a complex to govern cellular immune responses modulated by interferon, and deprivation of any component of the compound would repress host responses (Fullam and Schroder, 2013). In addition, caspase-dependent cleavage of DDX21 disrupts cellular anti-virus innate immunity (Wu et al., 2021). Based on these studies, DDX21 can modulate host cellular responses to viruses and plays crucial roles in virus replication. However, these studies have just explored RNA viruses, and the association between DDX21 and DNA virus has only been investigated once (Hao et al., 2019). Thus, it is necessary to ascertain whether DDX21 regulates porcine circovirus lifecycle and the underlying mechanism.

In this study, we found that DDX21 traffics to the cytoplasm from the nucleolus induced by the PCV4 Cap overexpression and the NoLS of the PCV4 Cap and 763GSRSNRFQNK772 residues at the CTD of DDX21 are essential for the PCV4 Cap/DDX21 interaction. In addition, the PCV4 Cap NoLS deployed DDX21 to promote its nucleolar localization. To sum up, these results firstly uncovered that DDX21 directly interacts with the PCV4 Cap NoLS and this interaction is critical for nucleolar retention of the PCV4 Cap protein.



RESULTS


Porcine Circovirus Type 4 Cap Expression Resulted in the Redistribution of DDX21

Although DDX21 is known to be a nucleolar protein within the DEAD-box RNA helicase family, its localization can be altered upon certain types of stimulation (Dong et al., 2016). For the sake of demonstrating whether the DDX21’s localization was altered during PCV4 Cap overexpression, we determined distribution of DDX21 in PK-15 cells by confocal microscopy. PK-15 cells were transfected with pcDNA3.0-PCV4-Cap, and fixed at 24, 48, and 72 h post-transfection (hpt). The localization of PCV4 Cap and DDX21 were detected by confocal microscopy. The results demonstrated that localization of PCV4 Cap to endogenous DDX21 (about 7.0% co-localization within cells) was observed in the nucleolus at 24 hpt and DDX21 was mainly resided in the nucleolus in mock-transfected cells (Figures 1A,B). Subsequently, the subcellular localization of endogenous DDX21 altered at 48 hpt, and partial DDX21 was relocated from the nucleolus to the nucleoplasm and overlapped with PCV4 Cap (about 27.7% co-localization within cells). The nucleolar localization of pcDNA3.0-PCV4-Cap and DDX21 in transfected PK-15 cells disappeared at 72 hpt, and they colocalized in the cytoplasm (about 41.0% co-localization within cells) (Figures 1A,B). The three-layer dimensional confocal stack analysis was performed to further verify the co-localization of PCV4 Cap and DDX21 proteins at 48 and 72 hpt (Figure 1C). A cytoplasmic-nuclear fractionation assay was further performed to evaluate the roles of PCV4 Cap-induced translocation. PK-15 cells were transfected with pcDNA3.0-PCV4-Cap and empty vector, and the subcellular fractions were isolated at 48 and 72 hpt. DDX21 was predominantly present in the cytoplasmic fraction after pcDNA3.0-PCV4-Cap transfection compared with cells transfected with empty vector, and cytoplasmic β-tubulin and nuclear histone H3 served as indicators of the subcellular fractionation (Figures 1D,E). Our results indicated that DDX21 relocated from the nucleolus to the cytoplasm in PCV4 Cap-transfected PK-cells during late phase.
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FIGURE 1. DDX21 relocates from the nucleolus to the cytoplasm induced by PCV4 Cap overexpression. (A) Immunofluorescence analysis of DDX21 localization during PCV4 Cap expression. PK-15 cells were transfected 4.0 μg of pcDNA3.0-PCV4-Cap plasmid. The cells were fixed at 24, 48, and 72 h post-transfection (hpt) and incubated with the antibodies corresponding PCV4 Cap, and DDX21 followed by the fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG (green) and Alexa Fluor-546 conjugated donkey anti-rabbit IgG (red) secondary antibodies. Nuclei were stained with DAPI (blue) and then observed under a confocal microscope. Scale bar, 10μm. (B) The proportion of co-localization of PCV4 Cap and DDX21 proteins was analyzed using ImageJ software at 24, 48, and 72 hpt. (C) The three-layer dimensional confocal stack analysis was performed to verify the co-localization of PCV4 Cap and DDX21 proteins at 48 and 72 hpt. (D) The cell nuclear and cytoplasmic fractions were extracted after PK-15 cells transfected 4.0 μg of pcDNA3.0-PCV4-Cap plasmid. At 48 and 72 hpt, the protein samples were prepared and analyzed by western blotting using antibodies against PCV4 Cap and DDX21. Histone H3 and β-tubulin served as fractionation quality controls. (E) The DDX21 protein band intensity was analyzed using ImageJ software at 48, 72 hpt. Data are presented as means ± SD of three independent experiments. *p < 0.05.




Porcine Circovirus Type 4 Cap Binds Directly to DDX21

To further explore the PCV4 Cap-induced DDX21 redistribution, Flag-PCV4-Cap-transfected PK-15 cell lysates were immunoprecipitated with anti-Flag beads and probed for DDX21 protein with anti-DDX21 mAb, showing that PCV4 Cap bound to the endogenous DDX21 protein (Figure 2A). Consistently, Flag-DDX21 and Myc-PCV4-Cap expression plasmids were cotransfected into HEK293T cells, and reciprocal immunoprecipitation was conducted using Flag beads or purified anti-Myc monoclonal antibodies (mAbs). As shown in Figures 2B,C, DDX21 interacted physically with PCV4 Cap protein. Furthermore, glutathione S-transferase (GST) affinity isolation revealed a direct interaction between PCV4 Cap and DDX21 (Figure 2D). Overall, these results clearly indicated that DDX21 could bind directly to PCV4 Cap.
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FIGURE 2. PCV4 Cap binds directly to DDX21. (A) PK-15 cells were transfected with empty vector or Flag-PCV4-Cap plasmid for 48 h. (B,C) The cell lysate extracts were immunoprecipitated with Flag beads (A,B) or anti-Myc purified IgG (C). (D) The His-sumo-PCV4 Cap mixed with the GST, GST-DDX21 proteins were GST pulled-down and then analyzed by western blotting using corresponding antibodies.




The Nucleolar Localization Signal of Porcine Circovirus Type 4 Cap Is Crucial for Interaction With DDX21

To map the domain (mainly NoLS) in PCV4 Cap essential for binding to DDX21, plasmids GFP-PCV4-Cap-WT, -M1, and -M2 or Flag-gst-PCV4-Cap-WT, -M1, and -M2 were, respectively cotransfected into HEK293T cells together with Flag-DDX21. Reciprocal Co-IP and GST pull-down assays indicated that amino acids (aa) 1–37 (M2) and the full-length PCV4 Cap (WT) could bind to DDX21, whereas aa 38–228 (M1) of PCV4 Cap were not able to interact with DDX21 (Figures 3A–C). These results indicated that the N-terminus 1–37 of PCV4 Cap are critical for Cap interaction with DDX21. Further Co-IP experiments demonstrated that the NoLSs within capsid protein of PCV1, 2, 3, 4 were required for interaction with DDX21 as well (Figure 3D), showing that the binding is evolutionarily conserved. Alignment of the Cap NoLS amino acid sequences from different PCV4 strains deposited in GenBank using Jalview software revealed that the NoLS of PCV4 Cap is wildly present and identical (Figure 3E).
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FIGURE 3. The N-terminal residues 1–37 of PCV4 Cap are essential for binding to DDX21. (A–C) HEK293T cells were co-transfected with plasmids containing full-length PCV4 Cap or truncated mutants fused with a GFP-, or Flag-GST tag, along with Flag-DDX21 plasmid for 48 h; the cell lysate extracts were immunoprecipitated with Flag beads (A) or anti-GFP purified IgG (B), or pulled-down with glutathione S-transferase (GST) beads (C) and then detected by western blotting using the indicated antibodies. (D) The nucleolar localization signals (NoLSs) within capsid protein of PCV1, 2, 3, 4 were responsible for the binding to DDX21. HEK293T cells were cotransfected with plasmids encoding NoLSs of PCV1, 2, 3, 4, along with Flag-DDX21; cell lysates were subjected to immunoprecipitation and immunoblotting using the indicated antibodies. (E) Amino acid sequences alignment of the NoLSs from different PCV4 strains.




763GSRSNRFQNK772 of DDX21 Is Crucial for Binding to Porcine Circovirus Type 4 Cap

DDX21 carries a N-terminal domain, a highly conserved central helicase domain, and a varied C-terminal domain (Fuller-Pace, 2006). To identify the domain required for binding of DDX21 to PCV4 Cap, plasmids GFP-DDX21-WT-(1–784 aa), GFP-DDX21-NTD-M1-(1–217 aa), GFP-DDX21-Helicase-M2-(218–581 aa), GFP-DDX21-CTD-M3-(582–784 aa), GFP-DDX21-NTD-Helicase-M4-(1–581 aa), GFP-DDX21-Helicase-CTD-M5-(218–784 aa), and GFP-DDX21-NTD-CTD-M6-(1–217 aa + 582–784 aa) were respectively, cotransfected into HEK293T cells along with Flag-PCV4-Cap or Flag-gst-PCV4-Cap. Reciprocal Co-IP and GST pull-down assays demonstrated that the constructs DDX21-CTD, DDX21-Helicase-CTD, and DDX21-NTD-CTD interacted with PCV4 Cap, whereas DDX21-NTD, DDX21-Helicase, and DDX21-NTD-Helicase did not (Figures 4A–D), indicating that the DDX21-CTD is required for binding to PCV4 Cap.
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FIGURE 4. 763GSRSNRFQNK772 of DDX21 is crucial for binding to PCV4 Cap. (A) Schematic representation of the NTD, Helicase D, and CTD of DDX21 and their truncation mutants used in this study. (B–D) The DDX21-CTD-(582–784 aa) interacted with PCV4 Cap. HEK293T cells were co-transfected with expression plasmids GFP- DDX21-WT or its serial GFP-DDX21 truncated mutants M1 to M6, together with Flag-PCV4-Cap or Flag-gst-PCV4-Cap plasmid. The cell lysate extracts were immunoprecipitated or GST pulled-down followed by western blotting using the indicated antibodies. (E,F) Identification the critical amino acids of DDX21-CTD essential for interaction with PCV4 Cap. HEK293T cells were co-transfected with DDX21 or DDX21 truncated mutants M7 to M9, along with Flag-PCV4-Cap or Flag-gst-PCV4-Cap plasmid, and the cell lysate extracts were immunoprecipitated or GST pulled-down followed by western blotting using the indicated antibodies.


To characterize the key amino acid residues in the DDX21-CTD essential for binding to PCV4 Cap, we employed online tools (NucleOlar location sequence Detector1 and NLS Mapper2).1,2 A potential NoLS (763GSRSNRFQNK772) was predicted at the C-terminal of DDX21. Therefore, we cotransfected a series of mutants of GFP-DDX21-CTD, including GFP-DDX21-CTD-M7-(582–772 aa), GFP-DDX21-CTD-M8-(582–762 aa), and GFP-DDX21-CTD-M9-(763–772 aa) into HEK293T cells, and subjected to Co-IP and GST pull-down assays with Flag-PCV4-Cap or Flag-gst-PCV4-Cap. The results indicated that the mutants GFP-DDX21-CTD-M7-(582–772 aa) and GFP-DDX21-CTD-M9-(763–772 aa) bound with Flag-PCV4-Cap or Flag-gst-PCV4-Cap as well as the DDX21-CTD. However, GFP-DDX21-CTD-M8-(582–762 aa) mutant did not interact with PCV4 Cap (Figures 4E,F). In summary, these findings showed that 763GSRSNRFQNK772 of DDX21 is responsible for binding to PCV4 Cap.



The DDX21 Is Indispensable for the Nucleolar Localization of Porcine Circovirus Type 4 Cap

To assess the function of DDX21 in the nucleolar localization of PCV4 Cap, a short hairpin RNA (shRNA) specific for DDX21 (shDDX21) and a non-targeting control shRNA (shCON) were transferred via lentivirus-mediated shRNA to produce cells stably expressing GFP-shRNAs. The results demonstrated that the fluorescence intensity was remarkably reduced in the shDDX21-transfected PK-15 cells compared with that in the shCON-transfected cells (Figures 5A,B). Western blotting indicated that endogenous DDX21 expression was significantly decreased in the shDDX21-transfected PK-15 cells compared with that in the shCON-transfected cells (Figure 5C). Moreover, cell counting kit-8 (CCK-8) assays demonstrated that the viability or proliferation of the shDDX21-transfected cells was not affected significantly (Figure 5D, p > 0.05). The DDX21-silenced and control and DDX21-overexpressed PK-15 cells were transfected with GFP-PCV4-Cap for 24 h to investigate the subcellular localization of PCV4 Cap. Confocal imaging demonstrated that PCV4 Cap represented predominant nucleolar localization in shCON-transfected cells, and relocated to the nucleoplasm in DDX21-silenced cells, and restored nucleolar distribution in the DDX21-overexpressed cells (Figures 5E,F). Taken together, the results indicated that the DDX21 is required for facilitating the nucleolar distribution of PCV4 Cap.
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FIGURE 5. DDX21 knockdown abrogated the nucleolar localization of PCV4 Cap. (A) Immunofluorescence analysis of DDX21 protein in shCON-transfected and DDX21-silenced PK-15 cells. The cells were incubated with the DDX21 antibody followed by the Alexa Fluor-546 conjugated donkey anti-rabbit IgG (red) secondary antibody. Nuclei were stained with DAPI (blue) and then observed under a confocal microscope. Scale bar, 20 μm. (B) The fluorescence intensity of DDX21 was analyzed using ImageJ software in shCON- and DDX21-silenced PK-15 cells. (C) The knockdown efficiency of DDX21 in shCON-transfected and DDX21-silenced PK-15 cells. The cell lysates were subjected to immunoblotting using the indicated antibodies. (D) The viability of PK-15 cells stably expressing a short hairpin RNA (shDDX21) was analyzed with a cell counting kit-8 (CCK-8) assay. (E) DDX21-knocked down and shCON-transfected and DDX21-overexpressed PK-15 cells were, respectively, transfected with GFP-PCV4-Cap for 24 h, and the cells were fixed and incubated with the DDX21 antibody and then subjected to confocal microscopic observation. Nuclei were stained with DAPI. Scale bar, 10 μm. (F) The fluorescence intensity of PCV4 Cap in the nucleolar and nucleoplasmic compartments was analyzed using ImageJ software. Data are presented as means ± SD of three independent experiments. ns, not significant; ***p < 0.001.





DISCUSSION

In a silent state, DDX21, along with its binding ligands c-Jun, SIRT7, and WDR46, is distributed in the nucleolus (Holmstrom et al., 2008; Hirai et al., 2013; Song et al., 2017). The nucleolar localization of DDX21 is essential for its pre-rRNA processing and RNA unwinding (Holmstrom et al., 2008; Song et al., 2017). Latest reports have shown that the RNA helicase DDX21 modulates RNA virus replication through multiple pathways, such as impressing viral genome replication, and inhibiting virion assembly and release (Watanabe et al., 2009; Chen et al., 2014; Dong et al., 2016). DDX21 is a nuclear protein and binds to rRNAs and snoRNAs to promote rRNA transcription and processing (Flores-Rozas and Hurwitz, 1993; Holmstrom et al., 2008; Calo et al., 2015). Moreover, DDX21 unwinds dsRNA and RNA guanine quadruplexes (Valdez et al., 1997; McRae et al., 2017; Mcrae et al., 2018). Some studies have demonstrated that DDX21 regulates anti-virus innate immunity as well. For instance, DDX21, along with DDX1 and DHX36, can interact with TRIF to sense dsRNA (Zhang et al., 2011). DDX21 relocates to the cytoplasm from the nucleus for inducing innate immunity upon dengue virus challenge (Dong et al., 2016). Besides, the cleavage of DDX21 promotes its translocation from the nucleus to the cytoplasm and negatively modulates the IFN-β signaling pathway by attenuating the formation of the DDX1-DDX21-DHX36 complex in response to virus infection (Wu et al., 2021). Herein, we demonstrated that DDX21 relocated from the nucleus to the cytoplasm in response to PCV4 Cap expression (Figure 1), inferring that the PCV4 Cap triggered DDX21 redistribution to antagonize the host cellular innate immunity to promote circovirus replication and the precise mechanisms need further study. Thus, we proposed that the “dual” distribution of DDX21 protein may play significant roles in rRNA processing and loosening (nucleolus) and control of host innate immunity in the cytoplasm. Until now, the role of DDX21 in DNA virus infection has been reported only once (Hao et al., 2019). Thus, how DDX21 regulates porcine circovirus lifecycle remains unclear.

The NLSs of viral proteins are deemed as fundamental elements (Wurm et al., 2001; Hiscox, 2002; Salvetti and Greco, 2014). Certain viral proteins bearing NoLSs are essential for regulating host transcription, cell division, virus transcription and translation (Puviondutilleul and Christensen, 1993; Liu et al., 1997; Hiscox et al., 2001; Matthews, 2001; Wurm et al., 2001). No exact consensus sequences are found within NoLS, even though the sequences are always divided into monopartite or bipartite NoLS (Silver, 1991). The replication of circovirus genome occurs in the nucleus, and the nuclear entry of ssDNA genome needs karyophilic proteins (Heath et al., 2006). As for PCVs or beak and feather disease virus, the NoLS is required for genome replication and transcription (Cheung and Bolin, 2002; Heath et al., 2006). The N-terminus of PCV2 Cap can interact with gC1qR on the nuclear membrane for regulating DNA binding (Fotso et al., 2016). This indicates that the NoLS of PCV4 Cap can also facilitate DNA binding for modulating virus replication.

Our results showed that PCV4 Cap binds directly to nucleolar protein DDX21, and the amino acid residues 1–37 at the N-terminus of PCV4 Cap are required for relatedness to DDX21 (Figures 2, 3). Additionally, we verified that 763GSRSNRFQNK772 of DDX21-CTD is crucial for interaction with the PCV4 Cap NoLS (Figure 4). As the nucleolar localization signal (NoLS) at the N-terminus of PCV4 Cap serves as an DDX21 binding site, we hypothesize that DDX21 facilitates intracellular nucleolar trafficking of PCV4 Cap (Figure 5). Previous reports showed that the C-terminus of DDX21 bound to c-Jun, and the depletion of c-Jun facilitates DDX21 translocation from the nucleolus to the nucleoplasm (Holmstrom et al., 2008). Therefore, it is possible that the C-terminus deletion of DDX21 abrogates the interaction with its binding ligand and thus alters its nucleolar distribution. The DDX21 targets the PCV4 Cap to the nucleolus via binding to its NoLS thereby facilitating assembly of viral particles, hence it contributes to virus replication inside the nucleus. PCV Cap might gain entry into the nucleolus to facilitate viral genome replication and transcription, or to hijack the S phase cell cycle and synthesize host proteins at the early phase of infection (Finsterbusch et al., 2005). It will be worth demonstrating if PCV4 Cap binding to other cellular factors to regulate viral transcription and genome replication.

Herein, we demonstrated that the PCV4 Cap induced translocation of DDX21 to the nucleolus from the cytoplasm. In addition, we verified that the PCV4 Cap NoLS bound to DDX21. Moreover, the NoLS of the PCV4 Cap and 763GSRSNRFQNK772 residues at the CTD of DDX21 were essential for the PCV4 Cap/DDX21 interaction. Furthermore, the PCV4 Cap NoLS exploited DDX21 to facilitate its nucleolar localization. Collectively, our findings for the first time demonstrated that DDX21 binds directly to the PCV4 Cap NoLS and is responsible for its nucleolar localization, thereby contributing to discovering novel potential targets for prevention and control of PCV4 infection.



MATERIALS AND METHODS


Cells

PK-15 cells were cultured in minimal essential medium (MEM) (Gibco, Carlsbad, CA, United States) supplemented with 10% fetal bovine serum (FBS) (Gibco). HEK293T cells (CRL-11268; ATCC, Manassas, VA, United States) were maintained in Dulbecco’s modified Eagle medium (DMEM) (Gibco) as described elsewhere (Zhou et al., 2020b,2021).



Antibodies and Reagents

Mouse monoclonal antibodies (mAbs) against GST (M0807-1), histone H3 (R1105-1), and β-actin (M1210-2), as well as rabbit polyclonal antibodies (pAbs) against Myc (R1208-1), Flag (0912-1), β-tubulin (0807-2), and GFP (SR48-02) were purchased from Huaan Biological Technology (Hangzhou, China). Mouse anti-Flag (F1804) and anti-Myc (05–419) mAbs were obtained from Sigma-Aldrich (St. Louis, MO, United States). Rabbit mAb against DDX21 (ab182156) was obtained from Abcam (Cambridge, MA). Anti-Flag affinity resin (A2220) for immunoprecipitation was purchased from Sigma-Aldrich. NP-40 cell lysis buffer (50 mM Tris [pH 7.4], 150 mM NaCl, 1% NP-40) was obtained from Beyotime (P0013F; Shanghai, China). Horseradish peroxidase (HRP)-labeled goat anti-mouse and anti-rabbit IgG or fluorescein isothiocyanate (FITC)-labeled goat anti-mouse IgG were purchased from KPL (Milford, MA, United States). Alexa Fluor 546-conjugated donkey anti-rabbit IgG was obtained from Invitrogen (United States).



Plasmid Construction and Cell Transfection

Full-length and truncated PCV4 Cap DNA fragments were amplified by polymerase chain reaction (PCR) from synthetic PCV4 genomic DNA (accession no. MK986820.1) (Zhang et al., 2019), and inserted into the multiple cloning site of vectors pcDNA3.0 (Invitrogen), pCMV-Myc-N, pCMV-Flag-N, pEGFP-C3, or pCMV-Flag-gst-N (Clontech, Palo Alto, CA, United States) to obtain plasmids pcDNA3.0-PCV4-Cap, Myc-PCV4-Cap, Flag-PCV4-Cap, GFP-PCV4-Cap-WT-(1–228 aa), GFP-PCV4-Cap-M1-(38–228 aa), GFP-PCV4-Cap-M2-(1–37 aa), Flag-gst-PCV4-Cap-WT-(1–228 aa), Flag-gst-PCV4-Cap-M1-(38–228 aa), or Flag-gst-PCV4-Cap-M2-(1–37 aa). The nucleotide fragment sumo-PCV4-Cap was synthesized and cloned into the vector pET-28a (Invitrogen, Carlsbad, CA, United States) by Sangon Biotechnology (Shanghai, China). The NoLSs within capsid protein of different porcine circoviruses genotypes are listed in Table 1. The DDX21 (accession no. KX396051.1) and its truncated DDX21 variants amplified from PK-15 cells were cloned into vectors pCMV-Flag-N, pGEX-4T-1 (GE Healthcare Biosciences, Piscataway, NJ, United States), or pEGFP-C3 to obtain plasmids Flag-DDX21, GST-DDX21, GFP-DDX21-WT-(1–784 aa), GFP-DDX21-M1-(1–217 aa), GFP-DDX21-M2-(218–581 aa), GFP-DDX21-M3-(582–784 aa), GFP-DDX21-M4-(1–581 aa), GFP-DDX21-M5-(218–784 aa), GFP-DDX21-M6-(1–217 aa + 582–784 aa), GFP-DDX21-M7-(582–772 aa), GFP-DDX21-M8-(582–762 aa), or GFP-DDX21-M9-(763–772 aa). The detailed procedures for plasmids construction were conducted as described elsewhere (Zhou et al., 2020a,b). The primers adopted are summarized in Table 2. PK-15 or HEK293T cells grown onto plates or glass coverslips up to 70–90% confluency were transfected or co-transfected with 4.0 μg of the, respectively, indicated plasmids. The jetPRIME transfection reagent (Polyplus Transfection, New York, NY, United States) was used for PK-15 cell transfection, and the ExFect transfection reagent (T101-01/02; Vazyme Biotechnology, Nanjing, China) was used for HEK293T cell transfection as described in the manufactures’ protocols.


TABLE 1. The nucleolar localization signals (NoLSs) of Cap protein from different porcine circovirus genotypes.
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TABLE 2. List of primers adopted in the study.
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Confocal Microscopy

PK-15 cells were transfected with plasmids pcDNA3.0-PCV4-Cap or mCherry-PCV4-Cap. The cells were washed with PBS and fixed with 4% paraformaldehyde for 10 min and then permeabilized with 0.1% Triton-X 100 for 10 min at room temperature. Mouse anti-PCV4 Cap pAb and rabbit anti-DDX21 mAb were used as primary antibodies, and fluorescein isothiocyanate (FITC)-conjugated goat anti-mouse IgG and Alexa Fluor 546-conjugated donkey anti-rabbit IgG were used as secondary antibodies. Cellular nuclei were stained with 10 μg/ml 4′, 6′-diamidino-2-phenylindole (DAPI; 10236276001; Roche, Mannheim, Germany) to obtain images using a Nikon Al confocal microscope.



Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis and Western Blotting

Cell lysate extracts prepared in lysis buffer after transfection were separated by standard sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitrocellulose membranes (GE Healthcare) followed by being blocked in phosphate-buffered saline (PBS) containing 5% skimmed milk powder and 0.05% Tween 20. The membranes were then incubated with primary antibodies overnight at 4°C followed by incubation with HRP-labeled secondary antibodies at room temperature for 1.0 h. The membranes were then incubated with enhanced chemiluminescence reagent (34096; Thermo Scientific) and the immunoreactive protein bands were visualized using AI800 Images (GE Healthcare).



Co-immunoprecipitation and Glutathione S-Transferase Pull-Down Assays

For co-immunoprecipitation (Co-IP) assays, HEK293T cells transfected with the indicated plasmids for 48 h were lysed in NP-40 cell lysis buffer and centrifugated at 12,000 × g for 10 min. The supernatants were treated with protein A/G plus agarose (sc-2002; Santa Cruz Biotechnology, CA, United States) for 1.0 h at 4°C and then immunoprecipitated using anti-Flag beads. The beads were washed with NP-40 buffer and then revolved by the standard SDS-PAGE. For GST pull-down assays, the expression of His-sumo-PCV4-Cap, GST, or GST-DDX21 in Escherichia coli BL21 cells was induced using 0.2 mM isopropyl-β-D-thiogalactopyranoside (Amersham) for 16 h at 16°C. GST and GST-DDX21 were obtained through incubation with Pierce glutathione agarose beads (21516; Thermo, Rockford, IL, United States) and were eluted with 1.0 ml of cold 1 × PBS per 10 mg of reduced glutathione. His-sumo-PCV4-Cap was purified using NTA agarose affinity resin (30210; QIAGEN, Hilden, Germany) and eluted using an imidazole concentration gradient and used as the prey protein. Equal amount of purified GST or GST-DDX21 proteins which were immobilized on glutathione agarose beads, were incubated with the corresponding prey proteins at 4°C for 6.0 h. The precipitated proteins were washed with PBS, subjected to SDS-PAGE and western blotting using mouse mAbs against GST and His. The procedures for Co-IP and the unconventional GST pull-down assays were conducted as described elsewhere (Zhou et al., 2020a,b).



Nuclear and Cytoplasmic Extraction

Isolation of nuclear and cytoplasmic components was performed as stated in our previous study with moderate modifications (Zhou et al., 2020b). According to the protocol, pcDNA3.0-PCV4-Cap-transfected PK-15 cells were lysed using 0.1% NP-40 lysis buffer supplemented with 1.0 mM phenylmethylsulfonyl fluoride (PMSF) (ST506; Beyotime) at 4°C for 5.0 min. After centrifugation at 1,000 × g for 5.0 min, the supernatants of the samples were collected as the cytoplasmic fractions, while the precipitate was lysed with strong lysis buffer and used as the nuclear fractions. Western blotting analysis was performed using mouse pAb anti-PCV4 Cap, mouse mAb against histone H3, and rabbit pAb against β-tubulin.



DDX21 Knockdown by Lentivirus-Mediated RNA Interference

DDX21 knockdown was performed as previously described (Zhou et al., 2020b) with slight modifications. Briefly, three pairs of shRNA targeting porcine DDX21 (shDDX21-1, -2, -3) were designed using siRNA design software and cloned into the lentivector pGreenPuro shRNA vector (SI505A 1; System Biosciences, Palo Alto, CA, United States). After transfection and selection, an effective shDDX21 (targeting sequence: GCAGAGACTTCAGTGACATCA) and shCON, which was developed previously (Zhou et al., 2020b), were co-transfected using a ViraPower Lentiviral Packaging Mix (Thermo) into HEK293T cells for 48 h. PK-15 cells were then infected with the resultant lentiviruses, cultured for 24 h, and selected using puromycin (5 μg/ml) (A1113803; Invitrogen) for a week to obtain DDX21-knockdown cells. Finally, western blotting analysis was performed using rabbit mAb against DDX21 and mouse mAb against β-actin. Cell viability was determined using a cell counting kit-8 (CCK-8) (C0037; Beyotime) assay according to the manufacturer’s protocol.



Statistical Analysis

All results are presented as means ± standard deviations (SD). Statistical analysis was performed using Student’s t-test. p-values of < 0.05 were considered significant.
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Enterovirus 71 (EV71) is one of the most important etiological agents for hand–foot–mouth disease. Compared with coxsackievirus A16 infection, EV71 infection is often associated with severe central nervous system complications, such as encephalitis, encephalomyelitis, and acute flaccid paralysis in infants and young children. In this study, we constructed a recombinant baculovirus with T7 ribonucleic acid polymerase under the control of a cytomegalovirus promoter and simultaneously engineered the T7 promoter upstream of a full-length EV71 complementary deoxyribonucleic acid. After transduction into mammalian cells, typical cytopathic effects (CPEs) and VP1 signals were detected in cells transfected with recombinant baculovirus. Additionally, viral particles located in the cytoplasm of human rhabdomyosarcoma cells (Rd) and Vero cells were observed by electron microscope, indicating that EV71 was recovered using a Bac-to-Bac expression system in vitro. After four passages, the rescued virus had a growth curve and plaque morphology similar to those of the parental virus. Furthermore, the Vp1 gene and the protein from the mouse brain were detected by reverse transcription polymerase chain reaction and immunohistochemistry after intracerebral injection of purified recombinant baculovirus. Typical CPEs were observed after inoculation of the supernatant from mouse brain to Rd cells, revealing a reconstruction of EV71 in vivo. Thus, we established a new approach to rescue EV71 based on a baculovirus expression system in vitro and in vivo, which may provide a safe and convenient platform for fundamental research and a strategy to rescue viruses that currently lack suitable cell culture and animal models.

Keywords: enterovirus 71, recovery, baculovirus, infectious complementary deoxyribonucleic acid (cDNA) clone, in vitro and in vivo


INTRODUCTION

Enterovirus 71 (EV71) belongs to the Enterovirus genus of the Picornaviridae family, which is a non-enveloped, positive, single-stranded ribonucleic acid virus, that is a common cause of hand–foot–mouth disease (HFMD) in young children (Mao et al., 2016), but occasionally it can also lead to severe diseases such as aseptic meningitis, poliomyelitis-like paralysis, and possibly fatal encephalitis (Solomon et al., 2010). Because of consecutive epidemics over the past years in the Asia-Pacific region including Singapore, Malaysia, Taiwan, and mainland China, this condition has attracted immense concern in global heath (Solomon et al., 2010). Although major efforts have been made to elucidate the molecular mechanisms, virus–host interactions, and immune evasion of EV71 infection, no approved antivirals and limited vaccine and animal models for EV71 have been developed (Mao et al., 2016; Kim et al., 2019; Wang et al., 2021).

Reverse genetics systems are one of the most important and powerful tools to study the molecular biology of viruses (Yu et al., 2019). With the outbreak of emerging viruses, such as SARS-CoV-2, MERS-CoV, or Ebola virus, this system will be important for functional genomics research and virus prevention (Cockrell et al., 2017; Cross and Geisbert, 2019; Thi Nhu Thao et al., 2020). A full-length cDNA clone was always used for the recovery of RNA viruses (Boyer and Haenni, 1994), and the first infectious RNA virus was successfully isolated from cDNA to generate poliovirus in 1981 (Racaniello and Baltimore, 1981). Since then, most positive-strand RNA viruses, such as hepatitis A virus, coxsackievirus B6, and norovirus, have been recovered based on the reverse genetics system (Tellier et al., 1996; Martino et al., 1999; Todd and Tripp, 2019). Arita et al. (2005) constructed an infectious clone of BrCr to explore the neurovirulence site of EV71, which was the first study of EV71 rescue to the best of our knowledge. Then various groups constructed infectious clones of EV71 using different strategies that showed potential advantages for gene mutation, animal model application, and vaccine production of rescue virus (Han et al., 2010; Meng et al., 2012; Zhang et al., 2020).

Various reverse genetics strategies are currently applied for virus recovery. Direct transfection of in vitro-synthesized RNA transcripts is a traditional and effective method for virus recovery especially for RNA viruses whose genome is smaller than 15 kb. Alternatively, a recombinant vaccinia virus with a T7 RNA polymerase (VacT7) system has been widely used for virus reconstruction, such as SARS-CoV (van den Worm et al., 2012), vesicular stomatitis virus (Lawson et al., 1995), and nodavirus (Lawson et al., 1995) because of its easy handling, higher expression level, and specificity. In these systems, the full-length cDNA molecule is placed downstream of the T7 or SP6 promoter, and the entire genomic RNA is either synthesized in vitro and the transcripts introduced into host cells, or the RNA is synthesized by the use of a T7 RNA polymerase-expressing helper virus. Therefore, the transformation efficiency, stability of RNA, and enzyme activity of T7 RNA polymerase are possible factors affecting the recovery of viruses in vitro.

The baculovirus expression vector is recognized as a useful viral vector not only for abundant expression of foreign proteins in insect cells but also for gene delivery into mammalian cells (Jarvis, 2009). Baculoviruses have many attractive features, such as easy manipulation, a large capacity for foreign DNAs, and a wide vertebrate host range (Jarvis, 2009). An additional advantage of the baculovirus expression system is that a single recombinant virus can express more than four foreign genes, and this system has also been widely used for drug screening, vaccine development, and gene therapy (Roldão et al., 2011). It is also an effective vector for constructing infectious clones. A T7 RNA polymerase recombinant baculovirus was explored in recovering poliovirus indicating possible recovery of infectious virus from cDNA clones (Yap et al., 1997). Delaney also applied recombinant HBV baculovirus to deliver the HBV genome to HepG2 cells (Delaney and Isom, 1998), and Lucifora produced infectious HBV by delivering a novel recombinant baculovirus to HepG2 cells in 2008 (Lucifora et al., 2008). To date, there has been no research on EV71 recovery by baculovirus expression systems.

In this study, we developed a new strategy for the recovery of EV71 by a baculovirus expression system. We constructed one recombinant baculovirus synthesizing T7 RNA polymerase under the control of the cytomegalovirus (CMV) promoter and simultaneously engineered the T7 promoter upstream of a full-length cDNA clone of BrCr for transcription. After transduction into mammalian cells and intracerebral injection of the baculovirus into suckling mice intracerebrally, infectious EV71 was recovered in vitro and in vivo. Our baculovirus-based reverse genetics approach may provide a new strategy for EV71 rescue and apply it in molecular biology and antiviral research.



MATERIALS AND METHODS


Cells, Viruses, and Antibodies

Spodoptera frugiperda (Sf9) cells were cultured in Grace’s medium (Invitrogen, Carlsbad, CA, United States) supplemented with 10% (v/v) fetal bovine serum (FBS, Gibco) at 27°C; Vero and BHK cells were cultured in Dulbecco’s modified Eagle’s medium (DMEM; Life Technologies, Grand Island, NY, United States) supplemented with 10% heat-inactivated FBS at 37°C with 5% CO2. Human rhabdomyosarcoma cells (Rd) and human neuroblastoma cells (Sk) were grown in minimum essential medium (MEM; Life Technologies, Grand Island, NY, United States) containing 10% FBS at 37°C with 5% CO2. The EV71 BrCr strain was provided by the Institute of Medical Biology, Chinese Academy of Medical Sciences. The polyclonal antibody against EV71 VP1 for Western blotting was prepared by our laboratory, and the monoclonal antibody used for immunohistochemistry was purchased from NZK Biotech (Wuhan, China). β-actin antibody was purchased from Proteintech (Wuhan, China).



Recombinant Bacmid Construction

The donor plasmid pFB-CMV-Ef1-α was derived from pFastBacTM Dual (Invitrogen, Carlsbad, CA, United States) and replaced the p10 promoter (Pp10) and polyhedrin promoter (PpH) with cytomegalovirus and the Ef1-α promoter (Bai et al., 2008). The infectious cDNA clone pEV71-BrCr-TR (AB204852) used for PCR was kindly supplied by Dr. Arita (Arita et al., 2005). The pEV71-GFP-BrCr cDNA clone, in which a GFP gene was inserted between the 5′ UTR and N-terminus of the VP4 gene of pEV71-BrCr-TR was constructed as previously described (Shang et al., 2013). The T7 RNA polymerase gene was amplified by PCR from BL21 (DE3) using the specific primers T7-F: 5′-ATCGTCGACGCCACCATGAACACGATTAACATCG-3′ and T7-R: 5′-CAAAGCTTTTACGCGAACGCGAAGTCCGAC-3′ (underlined and italicized sequences are SalI and HindIII sites, respectively). After sequence confirmation, this gene was cloned into pFB-CMV-EF1-α using the SalI and HindIII sites and named as pFB-CMV-T7-EF1-α. The cDNA from the 5′ end to the nucleotide position 2,915 with a T7 promoter before the 5′ end of the BrCr genome was amplified using pEV71-BrCr-TR or pEV71-GFP-BrCr as the template, and the primers used were as follows: BrCr-2915-F: 5′-TCAATGCATGCTCGACTGGCTTATCGAAATTACG-3′ and BrCr-2915-R: 5′-TACCCGGGTGGAACAAACAT-3′ (underlined and italicized sequences were NsiI and SmaI sites, respectively). After digestion with NsiI and SmaI, the PCR product was cloned into pFB-CMV-T7-EF1-α. The rest of the cDNA of BrCr obtained from the pEV71-BrCr-TR was cloned into the above construct following the digestion by MIuI and SmaI, resulting in the donor bacmids pFB-T7-BrCr and pFB-T7-GFP-BrCr, which contained the full-length cDNA clone of BrCr. All sequences of the intermediate product were validated by sequencing before use in the subsequent cloning step.



Recombinant Baculovirus Construction, Purification, and Titration

The recombinant viruses (Ac-T7-BrCr, Ac-T7-GFP-BrCr) were generated by transfecting the indicated bacmids into Sf9 cells according to the manufacturer’s instructions (Bac-to-Bac baculovirus expression system, Invitrogen, Carlsbad, CA, United States). The recombinant baculovirus and wild-type virus were collected 60 h after infection, and cell debris was removed by centrifugation at 4,000 × g for 20 min. The supernatant was filtered through a 0.45-mm filter (Millipore, Burlington, VT, United States) and subsequently centrifuged at 25,000 rpm at 4°C for 90 min (BeckmanSW28 rotor) in 5 ml of a 30% (w/v) sucrose cushion in TE buffer (Wang et al., 2010). The virion pellet was resuspended in TE buffer, sucrose was removed by ultrafiltration (100 kDa, Millipore, Burlington, VT, United States), and the pellet was suspended in PBS and stored at –80°C. The viral titer was determined by the 50% tissue culture infectious dose (TCID50) assay using the Reed–Muench method (Svensson et al., 1999).



Transduction of Mammalian Cells With the Baculovirus

Mammalian cells were seeded in six-well culture dishes at a concentration of 2 × 105 cells per well. Eight hours after adherence, the medium was removed and replaced with virus (vAc-T7-BrCr, vAc-T7-GFP-BrCr, or wild-type AcMNPV) at a multiplicity of infection (MOI) of 50, and the cells were incubated for 6 h at 37°C. Then, the cells were washed and replaced with 2 ml of fresh medium.



RNA Isolation and Real-Time Polymerase Chain Reaction Analysis

Total RNA was extracted using TRIzol reagent (Invitrogen, Carlsbad, CA, United States) according to the manufacturer’s protocol. First-strand cDNA was reverse transcribed from 2 μg of total RNA using the PrimeScript™ RT reagent kit with gDNA Eraser (TaKaRa, Dalian, China). Real-time PCR was conducted with SYBR Green Master Mix (Bio-Rad) on a CFX Connect Real-Time PCR Detection System from (Bio-Rad, Hercules, CA, United States). Specific primers used for qRT-PCR were previously described (Zheng et al., 2013), and GAPDH mRNA was measured as a control.



Western Blot Analysis of Structural Proteins

Cells were harvested and lysed with Western lysis buffer (Beyotime, Shanghai, China). After electrophoresis, proteins were transferred to PVDF membranes (Millipore, Burlington, VT, United States) for 30 min by semidry electrophoresis transfer (Bio-Rad). Then the membranes were blocked in 20 mM Tris–HCl buffer (pH 7.4) containing 37 mM NaCl with 5% BSA (Sigma-Aldrich, St. Louis, MO, United States) at 37°C for 1 h. After that, the film was incubated with polyclonal antibodies against VP1 (diluted 1:1,000 in TBS containing 0.1% Tween 20 and 2% BSA; our lab performed) and β-actin (1:1,000; Proteintech, Wuhan, China) overnight at 4°C. After three washes in TBST for 10 min each time, the membrane was incubated with AP-conjugated secondary antibody (Boster, Wuhan, China) for 2 h at room temperature. Finally, the signals were detected using a BCIP/NBT alkaline phosphatase color development kit (Beyotime, Shanghai, China).



Electron Microscopy Imaging of Recovered Viruses

Thirty-six hours post-transduction with vAc-T7-BrCr, Vero and Rd cells were fixed at 4°C with 2.5% (W/V) glutaraldehyde in 0.1 mol/L PBS (pH 7.2) overnight. Then the electron microscopy samples were prepared as previously described (Wang et al., 2010) and observed by transmission electron microscopy (FEI Tecnai G2, operated at 200 kV).



Viral Growth Kinetics

After transducting Vero cells with v-Ac-EV71, a rescued EV71 was obtained, and Rd cells were infected with the virus to amplify and obtain the F4 generation of virus. Rd cells were seeded in 12-well plates (2 × 105 cells per well, and the confluence reached approximately 60% the next day). The cells were separately infected with wild-type EV71 (WT EV71) or rescued EV71 (rEV71) at an MOI of 1. After 2 h of adsorption and washing with PBS twice, the supernatant was replaced with 2 ml of MEM + 10% FBS. Then the supernatant was collected at 6, 12, 16, 24, and 30 h postinfection, and viral titers were quantified by TCID50 assay.



Plaque Assays

Wild-type EV71 or rEV71 with the same TCID50 was diluted 1:10 by mixing 80 μl of virus sample with 720 μl of MEM. Two hundred microliters was added to individual wells of 12-well plates containing confluent Rd cells (2 × 105 cells per well, the plates were plated 1 day in advance, and a cell monolayer was formed 24 h later). After infection, the plates were adsorbed for 2 h and washed twice with PBS, and 1.5 ml of 2 × MEM (containing 4% fetal bovine serum) containing 1% agarose was added to individual wells of 12-well plates. Each well was fixed with 1 ml of crystal violet containing formaldehyde and dyed overnight after the plates were incubated at 37°C with 5% CO2 for 48 h. The numbers and morphology of plaques were recorded after the overlaying layer was flushed away with running water the next day.



Mice and Inoculation of Baculovirus

One-day-old ICR mice were obtained from the Centers for Disease Prevention and Control of Hubei Province and maintained under specific pathogen-free (SPF) conditions. The mice were randomly divided into the experimental group and the control group (10 mice each). A total of 1 × 107 TCID50 purified recombinant baculoviruses Ac-T7-BrCr and AcMNPV in a volume of 20 μl or PBS was intracerebrally inoculated into mice using a 50-μl Hamilton injector (Hamilton Co., Reno, NV, United States). All experimental procedures were conducted according to the guidance of the Institutional Animal Care and Use Committee of Wuhan Institute of Virology, Chinese Academy of Sciences (No: WIVA07201502).



Sample Collection and Virus Detection

Brain samples were collected 7 days after inoculation. The samples were washed with sterilized PBS and dissected in half along the coronal line; one half was stored at –80°C, and the other was fixed in 4% paraformaldehyde for immunohistochemistry detection. For the RT-PCR assay, the samples were suspended in TRIzol for RNA extraction. Brain samples suspended in PBS were disrupted by a microelectric tissue homogenizer (Kimble, United States) and sterilized with a 0.22-μm filter for virus isolation in Rd cells.



Immunohistochemistry Detection and Immunofluorescence Assay

Brain samples were fixed in 4% paraformaldehyde and embedded in paraffin. Sections (5 μm) were sliced by a section cutter (Leica, Wetzlar, Germany) and then immunostained overnight with anti-EV71 mAb (1:500) against VP1 at 4°C. Subsequently, the positive cells were visualized with a PV-6002 HRP-conjugated goat anti-mouse detection kit (Zhongshan, Beijing, China) and recorded by a light microscope. The immunofluorescence assay was carried out as previously reported (Pham et al., 2019; Tang et al., 2020). In short, the infected or non-infected Vero cells were washed by PBS three times, followed by fixing with 4% paraformaldehyde for 15 min and permeabilizing for 15 min with 0.5% Triton X-100. Subsequently, samples were incubated with VP1 antibody (1:200) at 4°C overnight. Finally, the positive cells were visualized with Alexa Fluor 647 Conjugate anti-mouse immunoglobulins (Cell Signaling Technology, Danvers, MA, United States) and DAPI (Beyotime, Shanghai, China) and recorded by a Leica confocal microscope.




RESULTS


Transfer Vector Construction and Characterization of Recombinant Baculovirus

The construction strategy for the transfer vector of pFB-T7-BrCr and pFB-T7-GFP-BrCr is as shown in Figure 1. Then recombinant bacmid DNA was transfected into Sf9 cells to produce recombinant baculovirus virus, and the virus Ac- T7-BrCr, which can express T7 RNA polymerase in mammalian cells and contains the T7 promoter before the genome of BrCr was constructed using a Bac-to-Bac expression system. Furthermore, to observe whether infectious EV71 can be synthesized after transduction, we constructed the baculovirus Ac-T7-GFP-BrCr carrying a GFP gene in the genome of EV71 as previously described (Shang et al., 2013).
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FIGURE 1. Construction strategy of transfer vectors. The amplified gene of T7 RNA polymerase was inserted into pFB-CMV-EF1-α by SalI and HindIII. cDNA from the 5′ end to nucleotide position 2,915 with MIuI with a T7 promoter before the 5′ end of the BrCr genome was cloned into pFB-CMV-T7-EF1-α by NsiI and SmaI, and the rest of the cDNA was cloned by SmaI and MIuI.




Transduction of Vero Cells With Recombinant Baculovirus

To obtain the recovered infectious virus from the full-length cDNA clone, we transduced Vero cells with the baculoviruses Ac-T7-BrCr, Ac-T7-GFP-BrCr, or AcMNPV. Rescued EV71-induced cytopathic effects (CPEs) and fluorescence appeared 18 h posttransduction, and approximately 80% of the cells were rounded and lost normal cell morphology 48 h posttransduction compared with the controls. This result indicated that EV71 cDNA with a 5′-terminal T7 promoter was efficiently transcribed to generate infectious virus that replicated in permissive Vero cells and showed a specific CPE (Figure 2). At the same time, the culture medium from the transfected cells was collected, and viral titers were determined to be 3.6 × 106 and 1.8 × 106 TCID50/ml for Ac-T7-BrCr and Ac-T7-GFP-BrCr, respectively. To further confirm the recovered EV71, an immunofluorescence assay was performed to analyze the expression of viral structural protein VP1. The immunofluorescence assay results showed that, consistent with the VP1 expression of WT BrCr, the VP1 of recovered viruses was also detected (Supplementary Figure 1).
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FIGURE 2. Enterovirus 71 (EV71) reconstruction in Vero cells. Vero cells were transduced with the baculoviruses Ac-pFB-T7-GFP-BrCr-BrCr, Ac-T7-GFP-BrCr, or wild-type AcMNPV. The left and right panels represent the same field of view. The left panels were visualized in bright field, and the right panels were visualized with a fluorescein isothiocyanate (FITC) filter set.




Confirmation of Enterovirus 71 Reconstruction in Cell Culture

To confirm the EV71 recovery, we performed Western blotting to examine the expression of VP1, the major structural protein for EV71 in several mammalian cells (Figure 3A). Forty-eight hours posttransduction with Ac-T7-BrCr or AcMNPV at an MOI of 50, the debris of Vero, Rd, Sk, and BHK cells was collected for analysis. The results showed obvious signals in the Vero, Rd, and Sk cells, while an indistinguishable band was observed in the BHK cells. The cells transduced with wild-type AcMNPV were also analyzed as a negative control.
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FIGURE 3. Confirmation of EV71 reconstruction in cell culture. (A) Expression of VP1 in mammalian cells transduced with vAc-T7-BrCr. Cells were harvested at 48 h post-transduction, subjected to 10% SDS–PAGE, and immunostained with anti-EV71-VP1 (upper panel) or anti-β-actin (lower panel) antibody. (B) mRNA analysis of Vp1 by real-time PCR after transduction with vAc-T7-BrCr in Vero, Rd, Sk, and BHK cells. All data are represented as the mean ± standard deviation of a set of triplicates. (C) Transmission electron microscopy images of the transduced cells. Thirty-six hours after transduction with vAc-T7-BrCr, Vero (left) and Rd cells (right) were fixed and examined for rescued virus. Viruses with a diameter of approximately 30 nm were clearly observed in the cytoplasm of the cells.


The generation of viral RNA was subsequently confirmed by real-time PCR. Consistent with the Western blotting results, as shown in Figure 3B, viral RNA in Vero cells transduced with Ac-T7-BrCr was clearly detected and was 10 times higher than that in Rd cells, but the other two cell lines showed detectable levels. This result revealed that recombinant baculovirus delivered the genome to the mammalian cells, but the efficiencies in these three EV71 susceptible cells were different.

Observation of viruses by electron microscopy was a direct evidence for rescued viruses. Therefore, Vero and Rd cells were examined using electron microscopy after transduction with baculovirus Ac-T7-BrCr. TEM images showed that large scales of viruses were in the cytoplasm and had a diameter of approximately 30 nm (Figure 3C), which was not observed in the control group that was transduced with wild-type baculovirus ACMNPV (Supplementary Figure 2).



Characterization of Recombinant Enterovirus 71 Rescued From the Baculovirus System

To investigate whether rEV71 could produce infectious viruses, we used one step growth curve and plaque assay. As shown in Figure 4A, rEV71 showed proliferation rates similar to those of WT EV71 when an MOI of 1 was used to infect Rd cells. At 24 h postinoculation, both strains of EV71 reached peak viral titers, which subsequently declined at 30 h postinoculation. Additionally, similar plaque morphology and number were observed between WT EV71 and rEV71 (Figure 4B).
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FIGURE 4. Characterization of rescued EV71. (A) Viral growth kinetics of rEV71 and WT EV71. (B) Plaque assays of rEV71 and WT EV71.




Rescued Enterovirus 71 Identification in vivo

To identify the reconstruction of EV71 in vivo, we intracranially injected the baculoviruses Ac-T7-BrCr and AvMNPV into 1-day-old ICR mice. The transcription and translation of VP1 were detected by RT-PCR and immunohistochemistry methods 7 days after inoculation. A definite fragment was amplified from brain samples by RT-PCR, and the sequence was exactly identical to that of the parental virus (Figure 5A). Additionally, the immunohistochemical expression and localization of VP1 were noted in brown for tissues from the brains injected with Ac-T7-BrCr, while no signal was observed in the control group, which indicated the existence of the rescued virus (Figure 5B). Furthermore, at 36 h postincubation of purified supernatant from mouse brains with Rd cells, an obvious CPE was detected, which further demonstrated the infectivity of the rescued virus (Figure 5C).
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FIGURE 5. Virus identification of inoculated mice. (A) Amplification and sequence confirmation of Vp1 from brain tissue by reverse transcription polymerase chain reaction (RT-PCR). (B) Immunohistochemical expression and localization of VP1. Numerous VP1 protein inclusions were observed in the cytoplasm. (C) Reinoculation of purified tissue supernatant into Rd cells and CPE appeared 36 h postinoculation.





DISCUSSION

The baculovirus expression system has been extensively applied not only for eukaryotic protein expression in insect cells but also for gene delivery to vertebrate cells, even primary and stem cells (Boyce and Bucher, 1996; Jarvis, 2009). Because of its high capacity for DNA, high transduction efficiency, and biosafety, this system has also been widely used for biotechnology, gene therapy, and vaccine research (Kost et al., 2005). Additionally, a lack of replication ability and low toxicity are the advantageous features for gene expression compared with the widely used vaccinia-T7 polymerase system (Fuerst et al., 1986).

Enterovirus 71 is one of the most common enteroviruses that cause hand–foot–mouth disease (HFMD) and even fatal encephalitis in young children. In addition to the development of antiviral treatment strategies, the major research focus is revealing the mechanisms of EV71 pathogenicity and fundamental questions in EV71 molecular biology and replication. Thus, the availability of full-length genomic cDNA clones for functional analysis of EV71 is a requirement. Furthermore, construction and characterization of an infectious cDNA clone of EV71 will contribute to research on the virus–host interaction, particularly when the virus does not have an efficient in vitro replication system (Delaney and Isom, 1998; Arita et al., 2005).

For the generation of infectious virus, the transcription plasmids for full-length cDNA clone of EV71 were linearized, followed by in vitro transcription by T7 RNA polymerase, and then the infectious RNA transcripts were purified and transfected into the indicated cells. However, the efficiency of transcription and RNA stability are possible obstacles for rescue of viruses. In this research, EV71 cDNA and the T7 RNA polymerase gene were cloned in one recombinant baculovirus (Figure 1), which strongly improved the efficiency of entering target cells. After transduction in mammalian cells, typical CPEs, such as cell rounding, fall off, floatation, etc., or fluorescence signals were visualized in the cells transduced with recombinant baculoviruses (Figure 2). Furthermore, we observed virus particles of approximately 30 nm located in the cytoplasm, which could not been seen in the control group transduced with wild-type baculovirus AcMNPV (Supplementary Figure 2), in Rd and Vero cells by electron microscopy. Then one-step growth curve and plaque assay were administrated to understand the infectivity of the progeny virus. Our results indicated that infectious EV71 was recovered and had similar growth kinetics and plaque morphology with wild-type EV71 (Figure 4). These results indicated that, compared with other strategies (Arita et al., 2005; Zhang et al., 2020; Yang et al., 2021), EV71 was rescued by a baculovirus expression system and displayed characteristics similar to those of the parental strain. Notably, this rescue system that delivered EV71 cDNA and the T7 RNA polymerase gene together by transduction into mammalian cells eliminated the requirement of additional T7 RNA polymerase and in vitro RNA synthesis, which increased the efficiency and cost savings of reverse genetics systems for basic research.

Baculoviruses with mammalian promoters have been harnessed for efficient gene delivery to mammalian cells and enter non-permissive cells for gene delivery (Mansouri et al., 2016; Ono et al., 2018; Hu et al., 2019). For some viruses that have a strict virus–host range, the major hurdles in research are no cell model systems in vitro and in vivo. For example, recombinant baculovirus was applied to HBV, and consistent HBV genes and infectious virions were observed upon transduction to liver cell lines (Delaney and Isom, 1998; Lucifora et al., 2008). Previous studies have reported that baculovirus systems can rescue viruses in mammalian cells, but the biological characteristics of the rescued viruses depend on themselves and are not related to baculoviruses (Yap et al., 1997). Here, we constructed EV71 infectious clones with a baculovirus system and detected the gene expression of rescued virus in different cells. The accumulation of viral RNA and protein expression of VP1 in Vero, Rd, Sk, and BHK cells after transduction with 50 MOI of baculovirus Ac-T7-BrCr were observed. The results showed a positive signal that varied in different target cells, whereas there was no signal in BHK (Figures 3A,B). Kost et al. (2005) reported that a defect in nuclear transport in certain cell types may block efficient baculovirus-mediated gene delivery. Therefore, the susceptibility to baculovirus transduction or the discrepancy in expression levels that differ in mammalian cells need to be further investigated. In line with previous studies, our results showed that Vero, Rd, and Sk cells were permissive for EV71 replication but not BHK cells (Yamayoshi et al., 2009), although these four cell lines were efficiently transduced by baculovirus (Liang et al., 2004). This result suggests that even though baculovirus has a high transduction efficiency of BHK, infectious EV71 cannot be obtained because of the lack of cell-to-cell spread; in a sense, this baculovirus system with broad host ranges may allow screening of permissive cells for viruses without cell culture or animal models.

In addition to in vitro gene expression, baculovirus has been widely used for gene delivery in vivo. Sarkis et al. (2000) reported that GFP was expressed in neural cells of mouse and rat brains after injection with baculovirus containing the GFP gene under the control of the cytomegalovirus promoter. Lehtolainen et al. (2002) showed unmodified baculovirus choroid plexus cells in rat ventricles. Hideki et al. also demonstrated that recombinant baculoviruses could efficiently transfer reporter genes not only into primary neural cells in vitro but also into the cerebrums of mice in vivo (Tani et al., 2003). It has been reported that complement restricts the baculovirus vector transcription when it is injected intravenously or directly into the liver (Sandig et al., 1996). Interestingly, infectious EV71 was successfully produced in an in vivo model by the baculovirus delivery system in our study (Figure 5). To the best of our knowledge, this is the first report that EV71 recombinant baculovirus can be delivered to, and replicate in, neurocyte after intracerebral injection of purified recombinant baculovirus (Figure 5B). The Vp1 gene and protein from the mouse brain were detected by RT-PCR and immunohistochemistry (Figure 5A). Moreover, a typical CPE was observed after inoculation of the supernatant from mouse brain with Rd cells (Figure 5C). All these results indicated that we successfully reconstructed EV71 by a baculovirus delivery system in vivo, which can provide a safe and convenient platform for the exploration of animal models and vaccines (Sarkis et al., 2000; Lehtolainen et al., 2002; Tani et al., 2003; Zhang et al., 2020).

In conclusion, we established a novel approach to rescue EV71 in vitro and in vivo based on a baculovirus expression system, which may provide with a safe and convenient platform for fundamental research and a strategy to rescue viruses that currently lack suitable cell culture and animal models.
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Supplementary Figure 1 | Immunofluorescence assay of rescued EV71 in Vero cells. Immunofluorescence assay was carried out to test the expression of viral structural protein VP1 (red) after transducting Vero cells with wide type AcMNPV (left), v-Ac-T7-BrCr (middle), and v-T7-GFP-BrCr (right).

Supplementary Figure 2 | Transmission electron microscopy images of Vero (left) and Rd (right) cells that transduced with the wide type baculovirus AcMNPV control.



REFERENCES

Arita, M., Shimizu, H., Nagata, N., Ami, Y., Suzaki, Y., Sata, T., et al. (2005). Temperature-sensitive mutants of enterovirus 71 show attenuation in cynomolgus monkeys. J. Gen. Virol. 86, 1391–1401. doi: 10.1099/vir.0.80784-0

Bai, B., Lu, X., Meng, J., Hu, Q., Mao, P., Lu, B., et al. (2008). Vaccination of mice with recombinant baculovirus expressing spike or nucleocapsid protein of SARS-like coronavirus generates humoral and cellular immune responses. Mol. Immunol. 45, 868–875. doi: 10.1016/j.molimm.2007.08.010

Boyce, F. M., and Bucher, N. L. (1996). Baculovirus-mediated gene transfer into mammalian cells. Proc. Natl. Acad. Sci. U. S. A. 93, 2348–2352. doi: 10.1073/pnas.93.6.2348

Boyer, J. C., and Haenni, A. L. (1994). Infectious transcripts and cDNA clones of RNA viruses. Virology 198, 415–426. doi: 10.1006/viro.1994.1053

Cockrell, A. S., Beall, A., Yount, B., and Baric, R. (2017). Efficient Reverse Genetic Systems for Rapid Genetic Manipulation of Emergent and Preemergent Infectious Coronaviruses. Methods Mol. Biol. 1602, 59–81. doi: 10.1007/978-1-4939-6964-7_5

Cross, R. W., and Geisbert, T. W. (2019). Use of reverse genetics to inform Ebola outbreak responses. Lancet Infect. Dis. 19, 925–927. doi: 10.1016/s1473-3099(19)30346-9

Delaney, W. E. T., and Isom, H. C. (1998). Hepatitis B virus replication in human HepG2 cells mediated by hepatitis B virus recombinant baculovirus. Hepatology 28, 1134–1146. doi: 10.1002/hep.510280432

Fuerst, T. R., Niles, E. G., Studier, F. W., and Moss, B. (1986). Eukaryotic transient-expression system based on recombinant vaccinia virus that synthesizes bacteriophage T7 RNA polymerase. Proc. Natl. Acad. Sci. U. S. A. 83, 8122–8126. doi: 10.1073/pnas.83.21.8122

Han, J. F., Cao, R. Y., Tian, X., Yu, M., Qin, E. D., and Qin, C. F. (2010). Producing infectious enterovirus type 71 in a rapid strategy. Virol. J. 7:116. doi: 10.1186/1743-422x-7-116

Hu, L., Li, Y., Ning, Y. J., Deng, F., Vlak, J. M., Hu, Z., et al. (2019). The Major Hurdle for Effective Baculovirus Transduction into Mammalian Cells Is Passing Early Endosomes. J. Virol. 93, 1–18. doi: 10.1128/jvi.00709-19

Jarvis, D. L. (2009). “Chapter 14 Baculovirus–Insect Cell Expression Systems,” in Methods in Enzymology, eds R. R. Burgess and M. P. Deutscher (Cambridge: Academic Press), 191–222.

Kim, H. J., Son, H. S., Lee, S. W., Yoon, Y., Hyeon, J. Y., Chung, G. T., et al. (2019). Efficient expression of enterovirus 71 based on virus-like particles vaccine. PLoS One 14:e0210477. doi: 10.1371/journal.pone.0210477

Kost, T. A., Condreay, J. P., and Jarvis, D. L. (2005). Baculovirus as versatile vectors for protein expression in insect and mammalian cells. Nat. Biotechnol. 23, 567–575. doi: 10.1038/nbt1095

Lawson, N. D., Stillman, E. A., Whitt, M. A., and Rose, J. K. (1995). Recombinant vesicular stomatitis viruses from DNA. Proc. Natl. Acad. Sci. U. S. A. 92, 4477–4481. doi: 10.1073/pnas.92.10.4477

Lehtolainen, P., Tyynelä, K., Kannasto, J., Airenne, K. J., and Ylä-Herttuala, S. (2002). Baculoviruses exhibit restricted cell type specificity in rat brain: a comparison of baculovirus- and adenovirus-mediated intracerebral gene transfer in vivo. Gene Ther. 9, 1693–1699. doi: 10.1038/sj.gt.3301854

Liang, C. Y., Wang, H. Z., Li, T. X., Hu, Z. H., and Chen, X. W. (2004). High efficiency gene transfer into mammalian kidney cells using baculovirus vectors. Arch. Virol. 149, 51–60. doi: 10.1007/s00705-003-0197-3

Lucifora, J., Durantel, D., Belloni, L., Barraud, L., Villet, S., Vincent, I. E., et al. (2008). Initiation of hepatitis B virus genome replication and production of infectious virus following delivery in HepG2 cells by novel recombinant baculovirus vector. J. Gen. Virol. 89, 1819–1828. doi: 10.1099/vir.0.83659-0

Mansouri, M., Bellon-Echeverria, I., Rizk, A., Ehsaei, Z., Cianciolo Cosentino, C., Silva, C. S., et al. (2016). Highly efficient baculovirus-mediated multigene delivery in primary cells. Nat. Commun. 7:11529. doi: 10.1038/ncomms11529

Mao, Q. Y., Wang, Y., Bian, L., Xu, M., and Liang, Z. (2016). EV71 vaccine, a new tool to control outbreaks of hand, foot and mouth disease (HFMD). Expert Rev. Vaccines 15, 599–606. doi: 10.1586/14760584.2016.1138862

Martino, T. A., Tellier, R., Petric, M., Irwin, D. M., Afshar, A., and Liu, P. P. (1999). The complete consensus sequence of coxsackievirus B6 and generation of infectious clones by long RT-PCR. Virus Res. 64, 77–86. doi: 10.1016/s0168-1702(99)00081-7

Meng, T., Kiener, T. K., and Kwang, J. (2012). RNA polymerase I-driven reverse genetics system for enterovirus 71 and its implications for vaccine production. Virol. J. 9:238. doi: 10.1186/1743-422x-9-238

Ono, C., Okamoto, T., Abe, T., and Matsuura, Y. (2018). Baculovirus as a Tool for Gene Delivery and Gene Therapy. Viruses 10:510. doi: 10.3390/v10090510

Pham, L. V., Jensen, S. B., Fahnøe, U., Pedersen, M. S., Tang, Q., Ghanem, L., et al. (2019). HCV genotype 1-6 NS3 residue 80 substitutions impact protease inhibitor activity and promote viral escape. J. Hepatol. 70, 388–397. doi: 10.1016/j.jhep.2018.10.031

Racaniello, V. R., and Baltimore, D. (1981). Cloned poliovirus complementary DNA is infectious in mammalian cells. Science 214, 916–919. doi: 10.1126/science.6272391

Roldão, A., Vicente, T., Peixoto, C., Carrondo, M. J., and Alves, P. M. (2011). Quality control and analytical methods for baculovirus-based products. J. Invertebr. Pathol. 107, S94–S105. doi: 10.1016/j.jip.2011.05.009

Sandig, V., Hofmann, C., Steinert, S., Jennings, G., Schlag, P., and Strauss, M. (1996). Gene transfer into hepatocytes and human liver tissue by baculovirus vectors. Hum. Gene Ther. 7, 1937–1945. doi: 10.1089/hum.1996.7.16-1937

Sarkis, C., Serguera, C., Petres, S., Buchet, D., Ridet, J. L., Edelman, L., et al. (2000). Efficient transduction of neural cells in vitro and in vivo by a baculovirus-derived vector. Proc. Natl. Acad. Sci. U. S. A. 97, 14638–14643. doi: 10.1073/pnas.260472897

Shang, B., Deng, C., Ye, H., Xu, W., Yuan, Z., Shi, P. Y., et al. (2013). Development and characterization of a stable eGFP enterovirus 71 for antiviral screening. Antiviral Res. 97, 198–205. doi: 10.1016/j.antiviral.2012.12.010

Solomon, T., Lewthwaite, P., Perera, D., Cardosa, M. J., McMinn, P., and Ooi, M. H. (2010). Virology, epidemiology, pathogenesis, and control of enterovirus 71. Lancet Infect. Dis. 10, 778–790. doi: 10.1016/s1473-3099(10)70194-8

Svensson, L., Hjalmarsson, A., and Everitt, E. (1999). TCID50 determination by an immuno dot blot assay as exemplified in a study of storage conditions of infectious pancreatic necrosis virus. J. Virol. Methods 80, 17–24. doi: 10.1016/s0166-0934(99)00018-x

Tang, Q., Xu, Z., Jin, M., Shu, T., Chen, Y., Feng, L., et al. (2021). Identification of dibucaine derivatives as novel potent enterovirus 2C helicase inhibitors: in vitro, in vivo, and combination therapy study. Eur. J. Med. Chem. 202:112310. doi: 10.1016/j.ejmech.2020.112310

Tani, H., Limn, C. K., Yap, C. C., Onishi, M., Nozaki, M., Nishimune, Y., et al. (2003). In vitro and in vivo gene delivery by recombinant baculoviruses. J. Virol. 77, 9799–9808. doi: 10.1128/jvi.77.18.9799-9808.2003

Tellier, R., Bukh, J., Emerson, S. U., and Purcell, R. H. (1996). Amplification of the full-length hepatitis A virus genome by long reverse transcription-PCR and transcription of infectious RNA directly from the amplicon. Proc. Natl. Acad. Sci. U. S. A. 93, 4370–4373. doi: 10.1073/pnas.93.9.4370

Thi Nhu Thao, T., Labroussaa, F., Ebert, N., V’Kovski, P., Stalder, H., Portmann, J., et al. (2020). Rapid reconstruction of SARS-CoV-2 using a synthetic genomics platform. Nature 582, 561–565. doi: 10.1038/s41586-020-2294-9

Todd, K. V., and Tripp, R. A. (2019). Human Norovirus: experimental Models of Infection. Viruses 11:151. doi: 10.3390/v11020151

van den Worm, S. H., Eriksson, K. K., Zevenhoven, J. C., Weber, F., Züst, R., Kuri, T., et al. (2012). Reverse genetics of SARS-related coronavirus using vaccinia virus-based recombination. PLoS One 7:e32857. doi: 10.1371/journal.pone.0032857

Wang, J., Hu, Y., and Zheng, M. (2021). Enterovirus A71 antivirals: past, present, and future. Acta Pharm. Sin. B. doi: 10.1016/j.apsb.2021.08.017 [Epub ahead of print].

Wang, R., Deng, F., Hou, D., Zhao, Y., Guo, L., Wang, H., et al. (2010). Proteomics of the Autographa californica nucleopolyhedrovirus budded virions. J. Virol. 84, 7233–7242. doi: 10.1128/jvi.00040-10

Yamayoshi, S., Yamashita, Y., Li, J., Hanagata, N., Minowa, T., Takemura, T., et al. (2009). Scavenger receptor B2 is a cellular receptor for enterovirus 71. Nat. Med. 15, 798–801. doi: 10.1038/nm.1992

Yang, H., Zhao, X., Xun, M., Ma, C., and Wang, H. (2021). Reverse Genetic Approaches for the Generation of Full Length and Subgenomic Replicon of EV71 Virus. Front. Microbiol. 12:665879. doi: 10.3389/fmicb.2021.665879

Yap, C. C., Ishii, K., Aoki, Y., Aizaki, H., Tani, H., Shimizu, H., et al. (1997). A hybrid baculovirus-T7 RNA polymerase system for recovery of an infectious virus from cDNA. Virology 231, 192–200. doi: 10.1006/viro.1997.8537

Yu, J., Liu, R., Zhou, B., Chou, T. W., Ghedin, E., Sheng, Z., et al. (2019). Development and Characterization of a Reverse-Genetics System for Influenza D Virus. J. Virol. 93, e01186–19. doi: 10.1128/jvi.01186-19

Zhang, H., Song, Z., Zou, J., Feng, Y., Zhang, J., Ren, L., et al. (2020). An infectious clone of enterovirus 71(EV71) that is capable of infecting neonatal immune competent mice without adaptive mutations. Emerg. Microbes Infect. 9, 427–438. doi: 10.1080/22221751.2020.1729665

Zheng, Z., Ke, X., Wang, M., He, S., Li, Q., Zheng, C., et al. (2013). Human microRNA hsa-miR-296-5p suppresses enterovirus 71 replication by targeting the viral genome. J. Virol. 87, 5645–5656. doi: 10.1128/jvi.02655-12


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.

Copyright © 2022 Lu, Tang, Wang, Liu, Peng, Zhu, Xie, Li, Wang, Zheng, Wang and Li. 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: 28 February 2022
doi: 10.3389/fviro.2022.814114






[image: image2]

Genomic Characterization of the Emerging SARS-CoV-2 Lineage in Two Districts of Campania (Italy) Using Next-Generation Sequencing

Marianna Scrima1,2†, Alessia Maria Cossu1,2,3†, Egildo Luca D'Andrea1,4, Marco Bocchetti2,3, Ylenia Abruzzese1, Clara Iannarone1, Cinzia Miarelli1, Piera Grisolia2, Federica Melisi2,3, Lucia Genua5,6, Felice Di Perna7, Paolo Maggi8,9, Giovanbattista Capasso10, Teresa Maria Rosaria Noviello11,12, Michele Ceccarelli11,12, Alessandra Fucci1,4 and Michele Caraglia1,2,3*


1COVID Lab, Biogem Scarl, Ariano Irpino, Italy

2Molecular Oncology and Precision Medicine Laboratory, Ariano Irpino, Italy

3Department of Precision Medicine, University of Campania “Luigi Vanvitelli”, Naples, Italy

4Protein Factory, Biogem Scarl, Ariano Irpino, Italy

5Experimental Medicine Department, University of Campania “Luigi Vanvitelli”, Naples, Italy

6A.O.S.G. Moscati, Avellino, Italy

7Respiratory Diseases Division, AORN “Sant'Anna and San Sebastiano”, Caserta, Italy

8Infectious and Tropical Diseases Division, AORN “Sant'Anna and San Sebastiano”, Caserta, Italy

9Department of Mental Health and Public Medicine, University of Campania “Luigi Vanvitelli”, Naples, Italy

10Scientific Direction, Biogem Scarl, Ariano Irpino, Italy

11Bioinformatics Core, Biogem Scarl, Ariano Irpino, Italy

12Department of Electrical Engineering and Information Technology (DIETI), University of Naples “Federico II”, Naples, Italy

Edited by:
Shuofeng Yuan, The University of Hong Kong, Hong Kong SAR, China

Reviewed by:
Richard Johnathan Orton, University of Glasgow, United Kingdom
 V. Stalin Raj, Indian Institute of Science Education and Research, India

*Correspondence: Michele Caraglia, michele.caraglia@unicampania.it

†These authors have contributed equally to this work and share first authorship

Specialty section: This article was submitted to Emerging and Reemerging Viruses, a section of the journal Frontiers in Virology

Received: 12 November 2021
 Accepted: 05 January 2022
 Published: 28 February 2022

Citation: Scrima M, Cossu AM, D'Andrea EL, Bocchetti M, Abruzzese Y, Iannarone C, Miarelli C, Grisolia P, Melisi F, Genua L, Di Perna F, Maggi P, Capasso G, Noviello TMR, Ceccarelli M, Fucci A and Caraglia M (2022) Genomic Characterization of the Emerging SARS-CoV-2 Lineage in Two Districts of Campania (Italy) Using Next-Generation Sequencing. Front. Virol. 2:814114. doi: 10.3389/fviro.2022.814114



Coronavirus disease 2019 (COVID-19) emerged in December 2019 when the first case was reported in Wuhan, China, and turned into a pandemic. Whole-genome sequencing (WGS) of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) plays a crucial role in understanding the disease. For this reason, we performed WGS of 101 SARS-CoV-2 strains obtained from individuals from two districts of Campania (Italy) from January to May 2021. The phylogenetic analysis of sequence data identified five types of clades including 10 different Pango lineages: 20A (Lineages B.1.258.17, B.1.258.14, and B.1.160) (n = 10; 9.9%), 20B (Lineages B.1.1.351 and B.1.374) (n = 5; 4.9%), 20E (EU1) (Lineages B.1.177.53, B.1.177.75, and B.1.177) (n = 5; 4.9%), 20I (Alpha.V1) (B.1.1.7) (n = 60; 59.4%), and 20J (Gamma.V3) (Lineage P.1.1) (n = 21; 20.7%). In the early time of the epidemic (January and February 2021), B.1.1.7 lineage was in 62% of samples only in Benevento district, while this lineage appears in Avellino later in 64% of samples from March to May. The occurrence of P.1.1 lineage spreading from March to the end of the study was recorded in all districts with the same frequencies of ~21%. The highest genomic distance was observed in Lineage P.1.1. Moreover, we identified 219 “known” missense mutations with different frequencies (114 in ORF1a/1b; 12 in ORF3a; 29 in S; 5 in M; 29 in N; and 5 each in ORF7a and ORF8). This report suggests the quickly spreading in Campania of new variants of SARS-CoV-2 and the strict surveillance of the occurrence of genetic variants of SARS-CoV-2.

Keywords: SARS-CoV-2, genomic characterization, mutation, COVID-19, whole-genome sequencing (WGS)


INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) emerged in late 2019 (1). SARS-CoV-2 is a highly transmissible and pathogenic coronavirus and caused an acute respiratory disease named “coronavirus disease 2019” (COVID-19). As a novel betacoronavirus (species name: Severe acute respiratory syndrome-related coronavirus; family: Coronaviridae) (2), SARS-CoV-2 shares 79% genome sequence identity with SARS-CoV. SARS-CoV-2 has a single-stranded, positive-sense RNA (+RNA) genome of ~29.9 kb directly working as an mRNA, to initiate viral genome replication and transcription. The SARS-CoV-2 genome ORF1a and ORF1b regions encode two polyproteins, which are cleaved by two viral proteases into 16 nonstructural proteins (nsp1–16) (3). Moreover, they also encode four structural domains (S, spike; E, envelope; M, membrane; and N, nucleocapsid) and seven putative ORFs encoding accessory proteins interspersed between the structural genes (ORF3a, 6, 7a, 7b, 8, 9b, and 10) (4, 5). These domains are the main protagonists of genomic variants that alter the amino acid composition of any of these ORFs. More heavily mutated SARS-CoV-2 lineages emerged during the time and due to the rapid spreading of the virus with frequent inter-individual passages. The occurrence of these hypermutated viruses resulted in the change of infective characteristics of the pathogen with the consequent increase of the transmission abilities. The most relevant mutations are often located in the spike encoding region, with the S protein primarily involved in the entry of the virus in the host cells and in the recognition by neutralizing antibodies (6, 7). In July 2020, Rambaut et al. (8) described a possible nomenclature for the lineage of SARS-CoV-2 to define specific viral genomes with common nucleotide sequences that spread around the world during the pandemia. This is the reason that prompted to implement to use an algorithm named Phylogenetic Assignment of Named Global Outbreak LINeages (Pangolin). Pango lineages are particularly useful for investigations at national or regional scales and define a relevant phylogenetic cluster. Pangolin nomenclature was flanked by a new classification introduced by the WHO that identified different variants of SARS-CoV-2 that have been documented during the current pandemic, some of which are identified as variants of concern (VOCs) with influence on public health (9). Based on the epidemiological update of June 2021 by the WHO, four different SARS-CoV-2 VOCs have been identified since the start of the pandemic: i) Alpha (B.1.1.7), first VOC described in the United Kingdom in late December 2020; ii) Beta (B.1.351), first identified in South Africa in December 2020; iii) Gamma (P.1), first identified in Brazil in early January 2021; and iv) Delta (B.1.617.2), first identified in India in December 2020. All four identified VOCs show mutations in the receptor-binding domain (RBD) and the N-terminal domain (NTD) (7, 10). In addition to VOCs, there are variants of interest (VOIs) defined as variants with specific genetic modifications. VOI can enhance transmissibility or virulence and reduce neutralization by antibodies. In this light, despite the extraordinary speed of vaccine development against COVID-19 and continued mass vaccination efforts across the world, the emergence of these new variant strains of SARS-CoV-2 compromises the significant progress made so far in hindering the spread of SARS-CoV-2. For these reasons, in this study, we examined epidemiological and viral genetic data to recreate the pattern of SARS-CoV-2 diffusion in two districts of Campania (Avellino and Benevento). Whole-genome sequencing was performed for 101 SARS-CoV-2 strains obtained from individuals from two districts in a time span of 5 months from January to May 2021. Confirmed COVID-19 cases in Italy from January 2021 to May 2021 are 4,216,003; in Campania, there are 419,269 distributed in all districts. We were interested in Benevento (12, 373 cases) and Avellino (20, 006 cases) districts (https://coronalevel.com/Italy/Campania/), aiming, in conclusion, to trace local transmission and the insurgence of different SARS-CoV-2 variant strains in specific temporal and geographical contexts.



MATERIALS AND METHODS


Individuals and Sample Types

Nasopharyngeal swabs samples were collected in viral transport media (UTM®) from individuals in two Campania districts from January to May 2021: 54 from Benevento and 47 from Avellino.

Avellino and Benevento are neighboring districts in Campania, and they are 44 km away. As a consequence, the area of the two districts is limited, and the number of viral genomes sequenced should be appropriate to evaluate the diffusion of the variants. All specimens with suspected COVID-19 infection were confirmed to be SARS-CoV-2 positive by real-time PCR (qRT-PCR). A total of 101 successful whole-genome sequences from the following cases were analyzed.

Ethical review and approval were not required for the study on human participants in accordance with the local legislation and institutional requirements because the samples were collected as part of routine care. The participants provided their written informed consent to participate in this study.



RNA Extraction and Viral Detection

Viral nucleic acid was isolated from 200 μl of nasopharyngeal swab using MagMAX™ Viral/Pathogen Nucleic Acid Isolation Kit (A42352, Thermo Fisher Scientific, Waltham, MA, USA) in high-throughput automated mode on KingFisher™ Purification System (Thermo Fisher Scientific, Waltham, MA, USA). The extracted RNA was directly used for amplification using TaqPath™ COVID-19 CE-IVD RT-PCR Kit (48102, Thermo Fisher Scientific, Waltham, MA, USA) to determine viral RNA copy number quantification, according to the manufacturer's protocol. Samples were considered positive when the cycle threshold (Ct) values were <37 for at least two out of three SARS-CoV-2 target genes. The analyzed viral targets were “S” gene, “N” gene, and “ORF1ab” gene of SARS-CoV-2. Negative and positive controls were run simultaneously with samples in order to ascertain the positivity of the expression of the viral genes. We used certified commercial kits in order to assess the presence of viral RNA.



Next-Generation Sequencing of SARS-CoV-2

Ion AmpliSeq™ SARS-CoV-2 Research Panel library (Thermo Fisher Scientific, Waltham, MA, USA) was prepared from samples containing 3,000 to 320,000 copies of viral RNA with Ct mean value of the three genes (S, N, and ORF1ab) equal to 16. The Ion AmpliSeq SARS-CoV-2 Research Panel is composed of 2 different primer pools to amplify 237 amplicons across the SARS-CoV-2 genome. The average of generated sequences is 200 bp (125–275 bp in length). The whole-genome sequencing was performed by using Ion PI Hi-Q Sequencing 200 Kit–Chef Kit (Thermo Fisher Scientific, Waltham, MA, USA) on the Ion Proton Sequencer and Ion S5 System (Thermo Fisher Scientific, Waltham, MA, USA), according to the manufacturer's protocol. The median depth of coverage for all the sequences is 13,780 (range 2,000–46,779).

Sequences are uploaded on Gisaid and Sequence Read Archive (SRA) database: ID of Gisaid uploading sequencing are summarized in Supplementary Table 3, and Accession of SRA data PRJNA791285 is accessible at the following link: https://www.ncbi.nlm.nih.gov/sra/PRJNA791285.



Sequence Data Analysis and Annotation

Torrent Server–Torrent Suite (version 5.12.2) was used to perform the alignment of the samples, and using the COVID19AnnotateSnpEff plug-in, we performed a variant annotation.

The default parameters were used to remove low-quality and short reads: BaseCaller trimming quality cutoff of 15, barcode-filter-minreads of 10, phasing-residual filter = 2.0, and number unfiltered of 1,000. These trimmed reads were mapped to the SARS-CoV-2 reference sequence (Accession: NC_045512), and a consensus sequence was generated thereafter using the Iterative Refinement Meta-Assembler (IRMAreport v1.3.0.2) (10), which produced a consensus sequence for each sample using a >50% cutoff for calling single-nucleotide polymorphisms. We used a default configuration module for IRMA with the same parameters, as follows: median read Q score filter of 30; minimum read length of 150 bases; frequency threshold for insertion and deletion of 0.25 and 0.6, respectively; minimum number of read patterns and read count to continue to attempt assembly per gene segment, both equal to 15; and the Smith–Waterman mismatch penalty of 5 and gap open penalty of 10.

The IRMA report plug-in was used to generate the FASTA sequences containing the SARS-CoV-2 genome. These FASTA sequences were further processed for genome annotation and strain classification. Variant Caller v5.12.0.4 and COVID19AnnotateSnpEff were used to detect variants and annotate variants, respectively.

Nextclade tool was used to check sequencing errors and to assess the quality of the assembled sequences. Particularly, assembled sequences containing a high divergence and a high volume of missing data have been removed from further analysis (11). Further analysis and the manual control of nucleic acid and amino acid changes were performed using web-based CoVsurver tool (GISAID-CoVsurver mutations App https://www.gisaid.org/epiflu-applications/covsurver-mutations-app/). Lolliplot of spike protein mutations was generated using a lollipops generator (12).



Genetic Distance

Multiple sequence alignment and genetic distance compared with reference sequence were performed using Clustal Omega Program (13). The complete reference genome sequence of SARS-CoV-2 was retrieved from the National Center for Biotechnology Information (NCBI) GenBank database (accession number NC_045512.2). Population data for Campania were retrieved from the Italian National Institute of Statistics (http://dati.istat.it/). Data visualization was performed using customized scripts based on the ggplot2 package (https://ggplot2.tidyverse.org) in the statistical environment R.



Phylogenetic Analysis

The phylogenetic analysis of the 101 SARS-CoV-2 consensus sequences obtained was assigned according to Phylogenetic Assignment of Named Global Outbreak (PANGO) (https://pangolin.cog-uk.io/) (8). Pangolin proposed dynamic nomenclature for SARS-CoV-2 lineages to assist genomic evolution. Clades were assigned using the Nextclade sequence analysis webapp https://clades.nextstrain.org/ and GISAID platform (11).




RESULTS


Phylogenetic Analysis

The present study aims to the genomic characterization of 101 SARS-CoV-2 whole-genome sequences in two districts of Campania (Italy), geographically and temporally distributed from January to May 2021, as reported in Figures 1A,B. In the early time of the epidemic (January and February 2021), B.1.1.7 lineage was in 62% of samples (16/26) only in Benevento district, while this lineage appears in Avellino later in 64% of samples (30/47) from March to May. The occurrence of P.1.1 lineage spreading from March to the end of the study was recorded in all districts with the same frequencies of ~21%.
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FIGURE 1. (A) Geographic distribution of COVID-19 cases, lineages detected, and population density among two provinces of Campania: Avellino and Benevento. (B) Distribution of SARS-CoV-2 genomes against collection date and lineages. Cumulative counts of the 101 SARS-CoV-2 genomes spreading in districts of Benevento and Avellino against collection date. Lineage “B 1.1” refers to haplotype B: B.1.1.351 and B.1.1.374. “B other” refers to B.1.177.53, B.1.177.75, B.1.177, B.1.258.14, B.1.258.17, and B.1.160.


Three available nomenclature systems were used to detect distinct variants, clades, and lineages—PANGO, GISAID, and NEXTSTRAIN—flanked by a new nomenclature system used by the WHO (10). In accordance with PANGO nomenclature, all sequences belonged to lineages B and P. Further lineage analysis resulted in the assignment of samples to 10 different circulating lineages; the most common were B.1.1.7 (59.4%) and P.1.1 (20%) (Table 1). In accordance with GISAID, samples were classified into different clades grouped into superclade G and clades GH, GV, GR, and GRY. The most dominant clade was GRY (50%). The third nomenclature system used was NEXTSTRAIN with its NEXTCLADE web-based application. This system revealed that our population can be grouped into five clades as organized in a phylogenetic tree as shown in Figure 2. The majority of sequences from our study were assigned to the 20I and 20J clades distributed as follows: 20A (Lineages B.1.258.17, B.1.258.14, and B.1.160) (n = 10; 9.9%), 20B (Lineages B.1.1.351 and B.1.374) (n = 5; 4.9%), 20E (EU1) (Lineages B.1.177.53, B.1.177.75, and B.1.177.77) (n = 5; 4.9%), 20I (Alpha.V1) (B.1.1.7) (n = 60; 59.4%), and 20J (Gamma.V3) (Lineage P.1.1) (n = 21; 20.7%) summarized in Table 1.


Table 1. Distribution of SARS-CoV-2 samples according to Pango lineage, clade, and WHO lineage.
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FIGURE 2. The phylogenetic tree of all SARS-CoV-2 samples was made with the Nextclade and globally represents position and clade clustering (Nextrain nomenclature). Our different clades are defined by colors (legend of colors is on the top left); the small circles show our samples, and the gray concentric circles represent the scale of the tree defined as the difference in mutation profiles between each sample and the reference sequence.




Genetic Distance Analysis

The genetic distance compared with the Wuhan SARS-CoV-2 reference genome (NC_045512.2) was lower in B.1.1 (B.1.1.351 and B.1.1.374) lineage than B.1.1.7 lineage (7.7 × 10−4 [95% CI 6.9 × 10−4; 8.5 × 10−4] vs. 14.5 × 10−4 [95% CI 13 × 10−4 to 15.8 × 10−4]) and other B lineages (B.1.177.53, B.1.177.75, B.1.177, B.1.258.14, B.1.258.17, and B.1.160) (10 × 10−4 [95% CI 6.4 × 10−4; 1.3 × 10−4]). The highest genomic distance was observed in lineage P.1.1 (17.9 × 10−4; [95% CI 14.2 × 10−4; 21.5 × 10−4]) (Figure 3). Concordant with the increase of lineage B.1.1.7 over time and passage to lineage P.1.1, the genetic pairwise distance indicated that the SARS-CoV-2 sequences evolved progressively during the time.
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FIGURE 3. Genetic distance for the SARS-CoV-2 genome lineages. Sequences are colored by Pango lineage as shown in the legend. Reference sequence: NC_045512.2. Lineage “B.1.1” refers to haplotype B: B.1.1.351 and B.1.1.374. “B other” refers to B.1.177.53, B.1.177.75, B.1.177, B.1.258.14, B.1.258.17, and B.1.160. The size of the circle is related to the number of samples.




SARS-CoV-2 Whole-Genome Sequences

Compared with the reference Wuhan SARS-CoV-2 sequence, the whole-genome sequences of 101 individuals displayed 219 amino acid substitutions of different viral genes (114 in ORF1a/1b, 49 in S, 12 in ORF3a, 5 in M, 29 in N, and five each in ORF7a and 8) summarized in Supplementary Table 1. We focused our attention only on the non-synonymous “known” mutations as defined by GISAID CovSurver; among these mutations, 32 are on spike protein in two or more samples: 7 with high frequency (100%−60%) (D614G, N501Y, P681H, S982A, D1118H, A570D, and T716I-Lineage B.1.1.7) (14), 10 with an intermediate frequency (20%) (T20N, L18F, P26S, T1027I, V1176F, K417T, H655Y, D138Y, R190S, and E484K-Lineage P.1) (15), and 15 with low frequency in all lineages (L54F, R78K, T95I, Y144F, L189F, A222V, N439K, S477N, V772I, Y789N, P812S, S813N, H1101Y, T1117I, and Q1201K) distributed in all four different spike protein domains (S2, S1-N terminal, RBD, and S1-C terminal) as indicated in Figure 4. Referred only to spike protein molecular alteration, we identified 62 “unique” non-synonymous mutations summarized in Supplementary Table 2. The “unique” mutations were not reported previously and will be of interest to study.
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FIGURE 4. Lolliplot graph with mapping missense mutations in spike protein. Lollipop plot summarizes the frequency of SARS-CoV-2 mutations with prevalence ≥2% in our study cohort (n = 101). A SARS-CoV-2 genome map with base-pair positions is shown at the bottom. Mutation frequencies and details are indicated on the red bubbles. Spike protein domains are indicated by four different colors: green, Betacoronavirus-like spike glycoprotein S1, N-terminal; red, Betacoronavirus-like spike glycoprotein S1, receptor binding; violet, coronavirus-like spike glycoprotein S1, C-terminal; yellow, coronavirus-like spike glycoprotein S2. The size of the circle is related to the number of samples with a specific mutation.





DISCUSSION AND CONCLUSIONS

SARS-CoV-2 is a single-strand RNA virus, and like all viruses, it accumulates mutations over time. However, the frequency of mutation and the consequences for transmission and disease in the host population depend on both the mutation rate (determined by the viral replication characteristics) and the impacts of mutation on the individual hosts. These factors characterize the viral variants' onset during the epidemic. Among the viruses, RNA viruses are more prone than DNA viruses to mutate (16). However, SARS-CoV-2, like related coronaviruses, possesses a proof-reading domain within its gene sequence (ExoN), which decreases the probability of mutations to occur, compared with well-known RNA viruses such as influenza, HIV, and hepatitis C viruses. The rapid diffusion and spreading of the SARS-CoV-2 infection and disease have caused a very high number of active cases of 229,921,289 and has pushed the virus to mutate to give rise to more infectious variants. Several viral lineages have probable impacts (VOI) or proven impacts (VOC) on human health. It is expected that new mutations and variants will emerge in the near future as the SARS-CoV-2 pandemic continues to persist despite the use of mass vaccination strategies in several countries (but, unluckily, those are not being equally applied worldwide). In this frame, it should be useful to predict the course of SARS-CoV-2 evolution, but the latter is complicated by the broad potential host range and known transmissibility to animals (17). In the present study, we evaluated the complete viral genome sequence in the SARS-CoV-2 from 101 infected individuals in the districts of Avellino and Benevento, in the south of Italy. We identified five types of clades that include ten different Pango lineages (1): 20A (Lineages B.1.258.17, B.1.258.14, and B.1.160) (n = 10; 9.9%), 20B (Lineages B.1.1.351 and B.1.374) (n = 5; 4.9%), 20E (EU1) (Lineages B.1.177.53, B.1.177.75, and B.1.177) (n = 5; 4.9%), 20I (Alpha.V1) (B.1.1.7) (n = 60; 59.4%), and 20J (Gamma.V3) (Lineage P.1.1) (n = 21; 20.7%). The two higher-frequency lineages are as follows: Lineage B.1.1.7, which appeared for the first time of the study (January) with total frequencies (from January to May) of 64 % (30/47) in Avellino and 56% (30/54) in Benevento, and P1.1 lineage spreading from March with total frequencies of 22% (10/47) in Avellino and 39% (11/28) in Benevento.

The results suggest that lineage B.1.1.7 had a higher transmission rate; in fact, in 2 months, it spread in two provinces very quickly, and the genomic surveillance gave us the chance to track genomic virus change. The highest genomic distance, which reflects a higher level of mutations compared with the reference sequence, was observed in lineage P.1.1, and the genetic pairwise distance indicated that the SARS-CoV-2 sequences evolved progressively over time and faster than other lineages.

The variable mutation rate detected in the different analyzed lineages of SARS-CoV2, compared with the backbone shows high genetic variability of SARS-CoV2 adapting to overcome the initial immune protection. The latter finding is in accordance with the emergence of new mutations in the population during the transmission of the virus together with the entrance of new variants in the population from outside. Interestingly, in our series of samples, all the SARS-CoV-2 genomes analyzed showed the presence of mutations, with the most representative being the D614G mutation, which is the symbol of all variants promoting viral spread by increasing the number of open spike protomers in the homotrimeric receptor complex (7). It is noteworthy that, only considering the “known” nonsynonymous mutations, 219 amino acid substitutions were affecting different viral genes (114 in ORF1a/1b, 49 in S, 12 in ORF3a, 5 in M, 29 in N, and five each in ORF7a and 8).

All “known” mutations of each analyzed lineage of SARS-CoV-2 in this study are on publicly accessible web application CoV-GLUE (http://cov-glue.cvr.gla.ac.uk). It is not clear if any of these mutations can affect the transmission and evolution of SARS-CoV-2 infection, and it should be studied in-depth in the future.

In conclusion, our data show the SARS-CoV-2 variants occurrence in the first months of 2021 in Benevento and Avellino districts (south of Italy). This was paralleled by a progressive increase of the P.1.1 variant and was also characterized by the appearance of several other mutations in the viral genome also affecting genes different from S. The impact of these mutations, some of which are new, is not presently predictable and needs to be additionally investigated. Our results suggest the mutational rate of SARS-CoV-2 is unexpectedly higher probably due to the high rate of transmission and to the frequent inter-human passages of the virus. However, other factors cannot be presently excluded. Our results suggest that strict surveillance of the occurrence of genetic variants of SARS-CoV-2 should be performed in order to predict its diffusion and monitor its morbidity and sensitivity to vaccination strategies.
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) spread rapidly, causing in COVID-19 being declared a global pandemic by the World Health Organization. The key variants include alpha, beta, gamma, and delta; these exhibit high viral transmission, pathogenicity, and immune evasion mechanisms. The delta variant, first confirmed in India, was detected in the majority of COVID-19 patients at the recent wave in the Republic of Korea. Here, the features of the delta variant were compared to the earlier waves, with focus on increased transmissibility. The viral load, from the initial days of infection to 14 days later, was compared based on epidemiological data collected at the time of confirmed diagnosis. The increased viral load observed in the delta variant-led infections influences the scale of the wave, owing to the increased rate of transmission. Infections caused by the delta variant increases the risk of hospitalization within 14 days after symptom onset, and the high viral load correlates with COVID-19 associated morbidity and mortality. Therefore, the future studies should compare the trend of disease severity caused by the high viral load of delta variant with previous waves and analyze the vaccine effects in light of the delta variant of fourth wave.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which causes coronavirus disease 2019 (COVID-19), was first detected in China in December 2019. The initial symptoms of COVID-19 were fever, cough, and sore throat, followed by reports of pneumonia with an unidentified cause that developed into severe disease (Huang et al., 2020; Zhou et al., 2020; Zhu et al., 2020). After the rapid spread of SARS-CoV-2, the World Health Organization [WHO] (2021) declared COVID-19 as a global pandemic on January 30, 2020. As of October 25, 2021, the number of confirmed COVID-19 patients worldwide was 243,260,214, with 4,941,039 deaths, giving a mortality rate of 2.03% (WHO). In the Republic of Korea, 354,355 patients tested positive and 2,788 deaths occurred, resulting in a mortality rate of 0.79%. COVID-19 infections surged in the Republic of Korea during the first wave in the first half of 2020, second wave in the second half of 2020, third wave between November 2020 and early 2021, and delta variant-led fourth wave which is still ongoing. Most deaths occurred in patients with comorbidities or in elderly patients with compromised immunity (Cherian et al., 2021; Kwon et al., 2021).

The GISAID (global initiative on sharing all influenza data) categorized SARS-CoV-2 into 10 clades (S, L, V, G, GH, GR, GV, GRY, and GK among others) based on sequencing data. Virus monitoring efforts focus on variants of concern and variants of interest, classified based on the risk that these variants pose to public health (World Health Organization [WHO], 2020). The variants of concern include alpha, beta, gamma, and delta, all of which show distinct features in their viral transmission, pathogenicity, and immune evasion mechanisms. These differences are mainly related to amino acid substitutions in the receptor binding domain (RBD), which facilitates binding of the viral spike (S) protein to host cells (Davies et al., 2021; Faria et al., 2021; Ong et al., 2021a). The delta variant, first detected in India, is prevalent worldwide. This variant belongs to the B.1.617.2, AY.1∼39 lineage of the G clade and mainly harbors a deletion of amino acids 157–158 and L452R, T478K, D614G, and P681R mutations in the gene encoding S protein (Scripps). Compared to the alpha variant, the delta variant is ∼1.6-fold more transmissible and causes ∼2.3-fold more severe disease based on data from inpatients (Public Health England). Among completely vaccinated individuals, the prevention rate of SARS-CoV-2 infection was 88% in those administered the Pfizer vaccine and 60% in those administered the AstraZeneca vaccine based on symptomatic infection at 14 days after complete vaccination (Public Health England). Notably, the signature mutation in the delta variant increased viral transmission and was the major cause of worldwide outbreaks (Kang et al., 2021; Li et al., 2021). Therefore, understanding transmission of the delta variant is critical for controlling and preventing large-scale public health crises.

The delta variant was detected in most patients with COVID-19 during the recent waves. In this study, the features of the delta variant were compared with those causing disease during the first, second, and third waves in 2020 in the Republic of Korea, focusing on its increased transmissibility. The viral loads from the initial day of infection to 14 days later were compared based on epidemiological data collected at the time of confirmed diagnosis. We aimed to generate sufficient evidence to enable an appropriate response to waves caused by the delta variant.



MATERIALS AND METHODS


Specimen Collection and Real-Time RT-PCR for SARS-CoV-2

Overall, 23,940 COVID-19-positive swab specimens (nasopharyngeal and oropharyngeal) were collected, among which 3,934 specimens were from cases reported in the first outbreak, 18,158 specimens were from cases reported in the second outbreak in 2020, and 1,848 specimens were from patients with the delta variant infection in 2021. The specimens were subjected to RNA extraction followed by real-time RT-PCR as described previously. The primer and probe sequences used for RNA-dependent RNA polymerase gene detection were: 5′-GTGARATGGTCATGTGTGGCGG-3′ (Forward), 5′-CARATGTTAAASACACTATT AGCATA-3′ (Reverse) and 5′-CAGGTGGAACCTCATCAGGAGATGC-3′ (Probe in 5-FAM/3′-BHQ format) and the primer and probe sequences used for E gene detection were: 5′-ACAGGTACGTTAATAG TTAATAGCGT-3′ (Forward), 5′-ATATTGCAGCAGTACGC ACACA-3′ (Reverse) and 5′-ACACTAG CCATCCTTACTG CGCTTCG-3′ (Probe in 5-FAM/3′-BHQ format) (Kim et al., 2020). Briefly, RNA was extracted from 140 μL of the sample using a Qiagen viral RNA mini kit according to the manufacturer’s protocol (Hilden, Germany). Real-time RT-PCR was performed using the extracted RNA, and the Ct value of the SARS-CoV-2 target gene was determined. All specimens were handled in a biosafety cabinet according to laboratory biosafety guidelines of the Korea Disease Control and Prevention Agency for COVID-19.



Virus Full-Genome and Spike Protein Sequencing

For full-genome sequencing, cDNA was amplified from total RNA using ARTIC primer pools.1 Libraries were prepared using the Nextera DNA Flex Library Prep Kit (Illumina, San Diego, CA, United States), and sequencing was performed on an MiSeq instrument using a MiSeq reagent kit V2 (Illumina, San Diego, CA, United States) to obtain an average genome coverage of >1,000 × for all samples. The reads were trimmed and mapped to the reference genome Wuhan-Hu-1 (GenBank: MN908947.3) using CLC Genomics Workbench version 20.0.3 (CLC Bio, Aarhus, Denmark) (Park et al., 2021). The lineages and clades of the SARS-CoV-2 sequences were assigned using Nextclade v1.7.1 (Nextstrain Project) and PANGOLIN (Rambaut et al., 2020).

The S protein-encoding gene of SARS-CoV-2 was amplified using one-step RT-PCR (Qiagen, Hilden, Germany) with six primers; three overlapping fragments were amplified. Primers were selected from ARTIC primer pools. The amplified PCR products were purified and sequenced at Biofact Co.



Calculation of Viral Copy Number

The plasmids carrying the SARS-CoV-2 E gene were used as the positive control. A standard curve was drawn based on the plasmid concentrations and the regression equation (y = −3.5705x + 39.055; y, Ct; x, copy) was obtained by the standard curve. The copy number of the virus present in the samples was calculated using the equation and expressed as logarithmic value of base 10 (log10).



Data Analyses

Statistical analyses were performed using SAS 9.4 (SAS, Inc., Cary, NC, United States). The frequencies and percentages of categorical variables were obtained, and the median and interquartile range were calculated for the Ct values and age. A generalized linear model and logistic regression analysis were used to examine differences in the Ct values for each variable. Statistical significance was set at 0.05 for all cases.



Ethics Approval Statement

This study was approved by the Institutional Review Board of the Korea Disease Control and Prevention Agency [KDCA] (2020-03-01-P-A) and designated as a service to public health during the outbreak. Therefore, the board waived the requirement for written consent as outlined in the Title Laboratory Respondence to COVID-19.




RESULTS


Characterization of Confirmed Cases

After the first patient with COVID-19 was reported in mid-January 2020, the first wave, which was initiated at a church gathering, occurred in the Republic of Korea in February 2020. This wave was dominated by the S, L, and V clades. However, the G, GH, and GR clades were reported and dominated worldwide after April 2020, with an increased mutation frequency in the S protein-encoding gene. These mutations affected virological features such as the viral transmission and disease severity. The second wave started with the GH clade and was prolonged for a long period during the third wave until April 2021. The latest wave caused by the delta variant, which shows high transmissibility, is currently ongoing (Table 1).


TABLE 1. Details of different wave periods analyzed in this study and the virus clades dominant during each period.
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We analyzed the following confirmed cases: 3,934 cases within 14 days of symptom onset from the first wave reported in 2020; 18,158 cases from the second and third waves; and 1,848 cases caused by the delta variant from the recent fourth wave. The clinical symptoms ranged from mild symptoms of fever, cough, and sore throat to a lack of symptoms. The highest rate of infection was observed in 20–29-year-old patients (29.2%) in first wave, whereas an even age distribution was observed during the second and third waves, although a higher percentages of older patients (50–59 years old; 18.9% and 60–69 years old, 17.6%) were observed during these waves. During the fourth wave, patients who were 20–29 years old showed the highest rates of infection (26.9%). In addition, the overall COVID-19 incidence was higher in females (53.1%) than males (46.9%), although infection with the delta variant was higher among males (51.9%). The threshold cycle (Ct) distribution of the SARS-CoV-2 strain isolated during the first wave was mostly 25–30 (30.9%), whereas the second and third waves showed similar distributions of Ct values. The Ct values in individuals showing the highest percentage of infection with the delta variant were significantly low at 15–20 (41.2%), which was higher than in the first, second, and third waves (Table 2).


TABLE 2. Characteristics of COVID-19 cases during waves 1–3 (February 9–December 31, 2020) and of delta variant cases during wave 4 (April 22–July 21, 2021) in the Republic of Korea.
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Daily Average Ct and Viral Load After Symptom Onset

The total average Ct value within 14 days after symptom onset was 25.47 (range: 8.21–37.78, 95% CI: 33.58) during the first wave, 21.54 (range: 7.06–38.65, 95% CI: 32.5) during the second and third waves, and 16.99 (range: 7.61–37.92, 95% CI: 26.00) during the fourth wave; the Ct value was lower than that during the first wave, the second and third waves. However, the Ct values for each day after the day of symptom onset showed a gradual decrease, with the delta variant Ct on the day of symptom onset exhibiting the maximum lower Ct value than that during the first wave, the second and third waves. Nonetheless, at 10 days after symptom onset, the Ct values showed no significant difference among strains for each wave (Table 3). In addition, the Ct values for the delta variant were lower than those observed during the other waves until day 9 after symptom onset; particularly, the Ct value was significantly lower at 0–4 days after symptom onset (Figure 1). Therefore, the viral load of the delta variant was high soon after symptom onset. In this study, all the Ct values were measured by the same RT-PCR reagent and equipment product based on same primers and probes, but it may have variation because the data has been collected from various confirmatory labs meaning that virus extraction protocol and RT-PCR performance can be different due to lab condition (operator, extraction method, etc.). So, we have conducted a quality evaluation of diagnostic experimental labs to minimize for the potential bias of detection.


TABLE 3. Daily average Ct value of COVID-19 cases from the day following onset of symptoms.
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FIGURE 1. Average cycle threshold (Ct) value of SARS-CoV-2 for each wave on 0–4, 5–9, and 10–14 days following symptom onset [black; first wave, blue: second and third waves, red; fourth wave (delta variant), *p-value < 0.05, Anova and generalized linear model were used to examine differences in the Ct values for each variable].


Ct values are inversely proportional to the amount of target nucleic acid in a sample. Thus, to quantitatively compare differences based on the viral load, the average Ct within 14 days after symptom onset was converted to the viral load for subsequent analyses. The results showed that patients with delta variant infection had an approximately 237-fold higher viral load (1.51 × 109 log10 copies/mL) compared to patients in the first wave (6.38 × 106 log10 copies/mL) and 19-fold higher viral load (8.04 × 107 log10 copies/mL) compared to patients in the second and third waves. Patients with the delta variant infection during the fourth wave had a viral load of 1.53 × 109 log10 copies/mL on the day of symptom onset (day 0), which was approximately 371-fold higher than the viral load of 4.14 × 106 log10 copies/mL observed during the first wave and 27-fold higher than the viral load of 5.69 × 107 log10 copies/mL observed during the second and third waves. Similarly the viral load on day 4 after symptom onset was approximately 30-fold higher than that during the first wave (6.63 × 108/2.20 × 107 log10 copies/mL) and five-fold higher compared to that during the second and third waves (6.63 × 108/1.41 × 108 log10 copies/mL). The viral load on day 9 after symptom onset was approximately 13-fold higher compared to that during the first wave (4.33 × 107/3.35 × 106 log10 copies/mL) and three-fold higher compared to that during the second and third waves (4.33 × 107/1.57 × 107 log10 copies/mL). An overall decreasing trend was observed in all specimens after symptom onset, and the specimens showed no significant difference in viral load after day 10. Notably, the viral load within four days after symptom onset (0–4 days) was markedly higher during the fourth wave, when the delta variant was prevalent, compared to that during the first wave (approximately 30–371-fold), the second and third waves (approximately 5–27-fold), indicating that delta variant caused high viral load at disease onset (Figure 2).
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FIGURE 2. Viral load based on the average cycle threshold (Ct) values of severe acute respiratory syndrome coronavirus 2 from the day following symptom onset in the first–fourth waves in the Republic of Korea [circle; first wave, square; second and third waves, triangle; fourth wave (delta variant)].





DISCUSSION

We investigated SARS-CoV-2 viral load as potential factor contributing to the increased in delta variant infections during the fourth wave in 2021 by comparing it with those observed during the first, second, and third wave in the Republic of Korea. In our study, the initial viral load of the delta variant within 4 days after symptom onset was approximately 30–371-fold higher than that during the first wave caused by the S, L, and V clades, including early COVID-19 cases in Wuhan, and was approximately 5–27-fold higher compared to that during the second and third waves, which were mainly caused by the GH clade. Thus, patients with the delta variant infection may show increased viral transmission, which may be an important factor leading to the larger number of COVID-19-positive patients (n = 713 per day on average) during the fourth wave compared to that during the first, second, and third waves (n = 186 per day on average). A study conducted in India reported that during the first wave, there was a low number of COVID-19-positive cases/million population, but the scenario has changed drastically during the second wave with the delta variant, with over 400,000 confirmed cases/day reported (Sarkar et al., 2021; Tareq et al., 2021). Although current data supports the occurrence of high viral replication and transmission, epidemiological investigations are needed to determine the reproduction number (R) and second attack rate to analyze various characteristics of this variant, including the disease severity.

The RBD of the SARS-CoV-2 spike protein interacts with the host cellular receptor angiotensin-converting enzyme 2 (Bahrami and Ferns, 2020; Deshpande et al., 2021). A mutation in the RBD can directly affect the interaction between the virus and angiotensin-converting enzyme 2. SARS-CoV-2 harboring the D614G mutation, in which glutamic acid (D) at 614 is substituted with glycine (G) on the spike protein, shows a transmission ability. The virus harboring the L452R [lysine (L) substituted at 452 with arginine (R)] mutation shows increased transmission because of its immune evasion ability (Hou et al., 2020; Motozono et al., 2021). In addition, a mutation in the furin cleavage domain at 681–687 prevents proper formation of the S1/S2 unit, thereby altering the viral infection and pathogenicity (Johnson et al., 2021; Lubinski et al., 2021). The delta variant harbors a mutation at 614G on the S protein RBD, as well as the 452R, 478K, and 681R mutations at the furin cleavage site of S protein (Scripps Research; Cherian et al., 2021; Mishra et al., 2021). Increased viral transmission of the delta variant has been attributed to the 614G and 452R mutations, whereas altered viral infection and pathogenicity have been attributed to the 681R mutation.

Our results infer to potential factor that the increased viral load observed in delta variant infections affects the scale of the wave. Additional studies are needed to analyze the correlations between clinical disease severity and the virological features of each wave. Previous studies reported that compared with the alpha variant, infections caused by the delta variant are associated with an increased risk of hospital admission within 14 days of confirmed diagnosis (Ong et al., 2021b; Sheikh et al., 2021), and the high viral load is correlated with COVID-19-associated morbidity and mortality (Fajnzylber et al., 2020; Volz et al., 2021). Therefore, further studies should be performed to compare the trend in disease severity caused by the high viral load of the delta variant with that during previous waves and analyze the vaccine effects considering the delta variant responsible for the fourth wave.
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Zika virus (ZIKV) is an arthropod-borne virus (arbovirus) from the Flaviviridae family, first isolated from the Rhesus monkey in 1947 in Uganda. ZIKV is transmitted by mosquito bites, but vertical and sexual transmissions have also been reported. ZIKV infection during pregnancy causes malformation in the developing fetus, especially central nervous system (CNS) damages, with a noticed microcephaly, making ZIKV be recognized as a teratogenic agent and the responsible for congenital Zika syndrome (CZS). However, it is still a short time since CZS was first reported. Consequently, ZIKV pathogenesis is not entirely elucidated, especially considering that affected children are still under neurodevelopment. Here, we will explore the current knowledge about ZIKV teratogenesis focusing on neurological clinical findings in humans, mechanisms, and experimental models used to understand ZIKV pathophysiology.
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INTRODUCTION

Although ZIKV infection is asymptomatic in most cases, the common signs and symptoms are fever, rash, arthralgia, and conjunctival hyperemia (1). It is noteworthy that ZIKV infection has also been related to more severe clinical outcomes, especially considering neurological signs, both in CNS and peripheral nervous systems, such as meningoencephalitis, acute myelitis, and Guillain-Barré syndrome (2).

In 2015, Brazil had a significant increase in the number of cases of newborns with microcephaly. In 2016, key works proved that ZIKV infection during pregnancy was responsible for the malformation in the developing fetus, especially leading to structural and neurological defects (3, 4). In vivo and in vitro approaches were decisive to demonstrate that ZIKV can cross the placental barrier affecting fetal development and has a tropism for neural progenitor cells (NPCs), showing a causal relationship between ZIKV and microcephaly (5, 6). Later on, and based on clinical investigation, other symptoms were associated with ZIKV pathogenesis during fetus neurodevelopment, such as brain calcifications, hydrocephalus, ventriculomegaly, lissencephaly, holoprosencephaly, seizures, and neurosensorial deficits (7). ZIKV was first identified as a possible teratogenic agent in Brazil in 2015, calling the clinical picture of newborns as Congenital Zika Syndrome (CZS). Studies suggest that fetal abnormalities induced by ZIKV may occur in all trimesters of pregnancy. However, the manifestations with the most significant negative impact are associated with infections in the first and second trimester (8), and depending on that period, ZIKV vertical infection can cause limitations of intrauterine growth, spontaneous abortion, and microcephaly.

Considering the information above mentioned, and being established a relationship between the increased number of microcephaly cases in newborns caused by ZIKV infection, the WHO declared in 2016 ZIKV infection during pregnancy as a public health emergency. ZIKV represents a threat on a global scale since there are no drugs and vaccines available to treat or prevent the infection (9).

The pathogenesis of ZIKV is still not fully understood. Here, we will overview ZIKV teratogenesis focusing on neurological clinical findings in humans, mechanisms, and experimental models used to understand ZIKV pathophysiology.



NEUROLOGICAL CLINICAL FINDINGS IN HUMAN

After the outbreak in Brazil, many studies have associated ZIKV with neurological diseases in newborns whose mothers contracted the virus during pregnancy. Additionally, ZIKV RNA was identified in babies with microcephaly brain tissue (4). In microscopic examinations of a fetal brain infected with ZIKV, apoptotic neurons were observed, mainly post-migratory neurons with intermediate differentiation (10).

The harmful effects of congenital viruses on pregnancy and fetal outcomes are partly because of impaired trophoblastic function, as the placenta is a kind of selective barrier due to multiple immune and cellular structures (11). Profound pathological changes were observed in placentas infected by ZIKV, like abnormal fetal capillaries, trophoblastic apoptosis, increased fetal nucleated erythrocytes, which indicates a biological malfunction (12). ZIKV can infect the placenta through blood-placenta transmission leading to microcephaly and a severe loss of intracranial volume (13, 14). A neuroimaging report showed a cranial bone collapse in babies born from mothers suspected of having ZIKV during pregnancy (15). Magnetic resonance identified a spectrum of anomalies that include marked cortical thinning with an abnormal gyratory pattern, increased fluid spaces (ventricular and extra-axial), hypoplasia or absence of corpus callosum, and hypoplasia in the cerebellar vermis (16).

Postmortem CNS analysis from newborns who died within 48 h after birth from ischemia-associated consequences showed that ZIKV infects neuroglial progenitor cells. Calcifications and destructive lesions were also found, supporting changes in the brain, delayed cerebral atrophy, and transient convulsive activities (17–20).

Besides vertical transmission, neurological symptoms were also reported in adults after ZIKV infection. In adults, ZIKV infection has been associated with conditions of transverse myelitis, peripheral neuropathy, and meningoencephalitis (2, 21). An imaging study showed a reduced volume of gray matter in specific motor cortical regions compared with controls, leading to a life-term impact on the CNS (22). Acute myelitis was described 7 days after ZIKV infection in a teenager in Guadalupe. A spinal magnetic resonance imaging showed an increase in the thoracic and cervical spinal cord. ZIKV RNA was found in serum, urine, and cerebrospinal fluid (CSF) on the second day of neurological complaints. The presence of ZIKV in the CSF reinforces that ZIKV is neurotropic (23). Besides CNS, ocular abnormalities have also been reported as part of the effects of CZS and anomalies of the optic nerve, focal pigmentary gait, and chorioretinal atrophy (24, 25).

Based on current knowledge about the pathogenesis of ZIKV and the other defects that the infection causes in fetal development, ZIKV should be considered a TORCH pathogen (Toxoplasmosis, Other (syphilis, varicella-zoster, parvovirus B19), Rubella, Cytomegalovirus, and Herpes) (26). The similarities between congenital disorders considered TORCH and ZIKV are striking and say about their neurotropism (27). Malformations induced by TORCH and ZIKV pathogen depend on the gestational age of the fetal infection, being more severe as the earlier occurs during pregnancy, like in the first trimester of gestation. As the pregnancy progresses, the risk of congenital malformations that result from virus infections decreases and becomes low during and after the second trimester.



MECHANISM OF TERATOGENESIS CAUSED BY ZIKV INFECTION

Studying the SARS-CoV-2′s pathogenesis mechanisms could help understand the symptoms caused by its illness, find drugs to combat the infection, and select potential targets for vaccines.

ZIKV is composed of a single positive-sense RNA strand, with ~10 kb, protected by a capsid and an envelope of lipids and proteins. Its genome codifies three structural proteins, pre-Membrane (prM), Envelope (E), and Capsid (C), and seven non-structural proteins (NS1, NS2A, NS2B, NS3, NS4a, NS4b, NS5).

ZIKV can enter Neural Progenitor Cells (NPCs) (and other cells of CNS) using mainly AXL receptor (AXL Receptor Tyrosine Kinase) in the cell surface (6). Once ZIKV enters the cell, its RNA is rapidly translated by local ribosomes into a polyprotein that encodes structural and non-structural proteins, which become part of the virions and play a role in viral replication. The virus modifies the cellular endoplasmic reticulum (ER), forming “replication factories” where viral replication and production of viral proteins occurs, inducing ER stress and unfolded protein response (UPR), which inhibits protein synthesis and activates ER-associated degradation (ERAD). Lastly, the viral genomes assemble with the new virions particles and are secreted through the Golgi apparatus.

Besides forming the replication machinery, non-structural proteins help to inhibit the antiviral response. NS5, NS2B, and NS3 regulate type 1 IFN pathways, NS5 protein inhibits human STAT2 suppressing IFN-I production and favoring viral proliferation (28) (Figure 1). Further, NS4A and NS4B have an important function related to apoptosis and growth arrest since they act together to inhibit the AKT-mTOR pathway (29), which causes mitochondrial elongation, and extends production of ATP (Adenosine Triphosphate) by oxidative phosphorylation resulting in a rise in reactive oxygen species by glial cells, increasing mitochondrial stress (30, 31). Increased cellular stress could activate the p53 intrinsic apoptosis pathway (32). So, proapoptotic proteins such as Bcl-2-associated protein X (BAX) cause the release of cytochrome C by mitochondria, which activates caspase pathways (33). Moreover, ZIKV's NS4B protein can directly recruit BAX from the cytosol into the mitochondria activating this apoptotic pathway (34) (Figure 1).
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FIGURE 1. ZIKV adsorbs to the cell surface receptor AXL to enter CNS cells. When the viral replication machinery is active, ZIKV produces non-structural proteins (NS). The NS2B and NS3 help to inhibit antiviral response by regulating type 1 IFN pathways. The NS5 protein inhibits human STAT2, which indirectly suppresses IFN-I production, favoring viral proliferation. NS4A and NS4B act in the apoptosis pathway and growth arrest, inhibiting the AKT-mTOR pathway and increasing mitochondrial stress, activating the p53 intrinsic apoptosis pathway. Additionally, NS4B activates pro-apoptotic proteins such as Bcl-2-associated protein X (BAX), causing cytochrome C release and activating caspase pathways.


It is believed that the immune response elicited by the infection plays a role in this growth arrest. In NPCs, IFN-independent Interferon Stimulated Genes (ISG) activations, such as IRF3 (Interferon Regulatory Factor 3) or NF-?B (Nuclear Factor kappa B), were observed, while no TLR3 (toll-like receptor 3) responses were activated (35). Nevertheless, in brain organoids, in the late stage of development, TLR3 was overexpressed after ZIKV infection. TLR3 activation was correlated with 41 genes expression linked to neuronal development, suggesting a perturbation in neurogenesis. Moreover, since these genetic hubs are regulators of axon guidance processes, anti-apoptotic and cell-cycle pathways, they can mediate microcephaly phenotype as revealed in brain organoid models (36).

The mechanisms described here revealed how ZIKV causes apoptosis, cell cycle-growth arrest and induces premature differentiation, leading to microcephaly and other birth disorders. However, the link between molecular mechanisms and phenotypic clinical findings must be better understood to clarify why some fetuses are affected by ZIKV and others do not or why they have different grades of disease severity. Not only that but elucidating ZIKV pathogenesis will be beneficial for drug discovery to prevent CZS and vaccine development against ZIKV infection.



EXPERIMENTAL IN VITRO MODELS: BRAIN CELLS

Understanding associated teratogenic mechanisms and molecular pathways referred to as CZS are also related to understanding human development. Mouse models have provided important information on the subject, as most protein-coding genes are shared with humans (37, 38), but there are relevant restrictions, especially when considering eye and brain development (37) and gene expression patterns along with development (39) which present significant discrepancies when compared with humans. Furthermore, rodents need to have their antiviral defenses knocked down with dampened interferon responses to allow the viral infection (40, 41), which may raise questions about the use of this model.

Advances in producing and applying induced pluripotent stem cell (iPSC) technology have provided essential tools for disease modeling in vitro (42, 43). Through the application of different protocols of differentiation, neural progenitors, neurons, glia cells, and brain organoids derived from iPSC have been helpful for investigations on ZIKV infection (44).



NEURAL PROGENITOR CELLS (NPCS)

Reports about ZIKV infection have shown that the Neural Progenitor Cells (NPCs) are sensible and permissive to the virus (45, 46). These reports, concomitant with the investigation of the association of prenatal ZIKV infection and microcephaly, and other malformations, revealed that ZIKV is a potential teratogen agent, culminating in physical or functional congenital disabilities from abnormal fetal development (47).

Until the new circulating strain called ZIKVBR, in 2015, there was no association between the virus and neurological symptoms or brain damage in humans (48). Up to 12 weeks postconception, the maternal blood and tissue face the fetal membranes within the placenta due to the restructured maternal circulation (49), which allows the ZIKVBR to target the NPCs after crossing the placenta, inducing cell apoptosis and autophagy (5). The Brazilian ZIKV strain was revealed as more aggressive and more harmful to the neurogenesis when compared to the first isolated ZIKV strain, the MR766 (5, 8, 29).

The differentiation of NPCs reaches the development process and populates the growing brain with neurons during prenatal development (50). Modeling the neurodifferentiation process by NPCs iPSC-derived helped to elucidate the mechanisms underlying ZIKV pathogenesis. ZIKV prejudices brain development, impairing cell division, proliferation and inducing apoptosis, leading to potentially disastrous consequences for CNS development (51, 52). Human neural stem cells (NSCs) isolated between 18 and 22 weeks of gestational age after conception unveil the suppression of host AKT-mTOR signaling by the cooperation of proteins NS4A and NS4B, upregulating autophagy for viral replication (29). The importance of autophagy relies on homeostasis control, being an efficient mechanism to limit pathogen infection. An AKT-mTOR signaling pathway is critical for cortical development (53) and AKT constitutive activation or loss of function is related to disorders as megalencephaly and microcephaly, respectively (54).

Inductive pathways and signaling shared between two surrounding embryonic structures may influence brain development by paracrine effects (55), like brain and face integrated development. As that craniofacial disproportion is related to ZIKV congenital infection (3), another work used cranial neural crest cells (CNCCs) signaling molecules. This approach provided evidence that the addition of leukemia inhibitory factor (LIF) or vascular endothelial growth factor (VEGF) cytokines in equivalent levels as the one produced during ZIKV infection results in precocious neurogenesis. This precocious neurogenesis contributes to a microcephaly phenotype, as migration and proliferation deregulated timing may affect brain size (56).



NEURONS

In vitro neurons have also contributed to the effort to understand ZIKV infection effects over the CNS. ZIKV can infect mature neurons that express AXL receptors causing neurological disorders (30). Recent findings exhibited impaired neurogenesis and synaptogenesis process over neurons derived from iPSCs infected by the Brazilian ZIKV strain (57). Studies revealed a global downregulation of synaptic proteins, such as postsynaptic density protein SHANK2 (58, 59), and proteins associated with presynaptic precursors and presynaptic active zone, as VAMP2 (Vesicle-associated Membrane Protein 2) and complexin 2, Piccolo, Basson, and the Soluble NSF Attachment Receptor (SNARE) proteins (60–62). Those findings highlighted the vulnerability of the synaptic formation to the virus, leading to synaptic loss and contributing to mental and motor disabilities.

In another study, researchers analyzed miRNA profiles of primary mouse neurons after ZIKV infection. They showed that ZIKV causes a global downregulation of miRNAs with only a few upregulated miRNAs. On the other hand, ZIKV infection induces upregulation of antiviral, inflammatory, and apoptotic genes (63).



GLIA CELLS

Besides the destructive effect on neuronal structures, the pathogen also compromises glia cells functioning in the fetus, negatively impacting brain development. Astrocytes extending into the subarachnoid space were identified in affected brain region slices from a 32-week fetus infected with the virus (4). This period comprises extensive neurogenesis and gliogenesis, suggesting a significant contribution of the astrocyte impaired growth, contributing to microcephaly (64).

Human microglia cell line (CHME3), human astrocytes, and NPCs were challenged with the African ZIKV strain HD78788 for the study of AXL receptor role in ZIKV infection, reporting it as a crucial receptor for the virus infection on human glial cells by promoting viral entry after binding ZIKV-Gas6 complex, also damping innate immune responses in glial cells (65). AXL belongs to a group of tyrosine kinases receptors related to innate immunity regulation and mediates phagocytosis of apoptotic cells (66).

Underlying entry factors, like AXL, have been studied to elucidate flavivirus mechanisms of infection (67). Although signaling mechanisms that promote the disease outcome are still not well understood, further investigations should unveil mechanisms that could be the basis for developing suitable therapeutic strategies.



BRAIN ORGANOIDS

Brain organoids are a three-dimensional structure derived from human iPSC. Brain organoids can be differentiated in various regions from the brain, as hindbrain, midbrain, and forebrain neuron subtypes (68–71). These tools have been a breakthrough in studying neurodegenerative and neurodevelopmental disorders, allowing the modeling of several conditions such as autism and microcephaly (71–73).

Brain organoids have also proved advantageous to study the mechanisms involved in ZIKV pathogenesis. Important findings from ZIKV infection using brain organoids were possible due to the model's physiological relevance and its capacity to mimic the developing fetal brain. ZIKV infection reduces the neuronal cell layer in human brain organoids (52).

Cerebral organoids generated from H9 hESCs (Human Embryonic Stem Cells) were treated with MR766 ZIKV to investigate the role of TLR3 (toll-like receptor 3), an innate immune receptor, in the ZIKV infection, unveiling the TLR3 upregulation after infection on organoids. This upregulation causes dysregulation of neurogenesis, apoptosis, and organoid shrinkage, contributing to impaired neurogenesis and microcephaly (36). TLR3 has also been linked with negative activation of axogenesis (74).

In another study, Brazilian and African ZIKV strains were used to infect three-dimensional neural cell cultures, neurospheres, and cerebral organoids generated from hiPSCs. Brazilian ZIKV infected neurospheres presented significantly more morphological abnormalities than African ZIKV infected at 96 h post-infection (5). Cortical plate thickness and dividing cells reduction on ventricular zone were more significant in organoids infected by Brazilian ZIKV strain, as was the increased number of apoptotic cells. Decreased number of dorsal forebrain progenitors cells was verified in both ZIKV infections. Those findings verify the capacity of cerebral organoids to support analysis of different parts of the brain and highlight neurodevelopmental disorders mechanisms.
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Porcine reproductive and respiratory syndrome virus (PRRSV) causes tremendous economic losses to the swine industry worldwide. In China, novel PRRSVs have frequently emerged in recent years, but the evolutionary relationship among these viruses has remained unclear. In the present study, a 4-year PRRSV genome-monitoring study was performed on samples from a pig farm. We observed that NADC30-like PRRSVs with higher mutation rates replaced HP-PRRSVs as the epidemic strains. We monitored the variation in the same PRRSV strain evolved in a pig herd over 2 years and observed that the low genomic similarity of NADC30-like PRRSVs results from rapid mutation. We also showed that recombination events between NADC30-like and QYYZ-like PRRSVs resulted in the complex recombination patterns of PRRSVs, which have formed gradually over time. Furthermore, recombination of the same strain can occur at different locations and increase the diversity of recombination events. Overall, these findings interpret the evolutionary patterns of novel and emerging PRRSVs, information that is crucial for PRRSV control.

Keywords: PRRSV, novel strain, re-recombination, evolution, genetic diversity


INTRODUCTION

Porcine reproductive and respiratory syndrome (PRRS), one of the most important diseases with economic significance and welfare importance for the swine industry globally, is caused by PRRS virus (PRRSV), an enveloped, positive-sense, single-stranded RNA virus belonging to the genus Betaarterivirus, family Arteriviridae, and order Nidovirales (Kuhn et al., 2016; Brinton et al., 2021). Regarding their genetic diversity, PRRSV is currently classified into two distinct species, Betaarterivirus suid 1 (PRRSV-1) and Betaarterivirus suid 2 (PRRSV-2; Wensvoort et al., 1991; Collins et al., 1992; Brinton et al., 2021). The earliest evidence of PRRSV infection in domestic pigs can be traced back to the mid-1980s in Europe (Grebennikova et al., 2004) and to 1979 in North America (Carman et al., 1995). Although several hypotheses for the origins of PRRSVs have been proposed, the source of these viruses remains unclear due to a lack of conclusive evidence. Interestingly, novel PRRSVs have continually emerged in recent years, which raises the following questions: where are these novel PRRSVs coming from, and how do they evolve?

Based on the ORF5 gene, type 2 PRRSVs are divided into nine lineages (Shi et al., 2010; Gao et al., 2017; Zhang et al., 2018). In mainland China, the PRRSV strain CH-1a, which belongs to sublineage 8.7, was first isolated in 1996. Since 2006, HP-PRRSV (lineage 8.7; Tian et al., 2007; Tong et al., 2007), QYYZ-like PRRSV (lineage 3; Lu et al., 2015), NADC30-like PRRSV (lineage 1; Zhao et al., 2015; Zhou et al., 2015; Sun et al., 2016), NADC34-like PRRSV (lineage 1; Zhang et al., 2018; Xie et al., 2020), and a vaccine revertant PRRSV (JXA1-R-like, lineage 8.7; Jiang et al., 2015) have emerged in mainland China. In recent years, several novel PRRSVs been identified in China that formed through recombination of three or four of the above-mentioned PRRSV lineages (Zhou et al., 2018a; Liu et al., 2019). Unfortunately, the evolutionary relationships among these strains are complex due to their different recombination patterns and low sequence similarity.

Therefore, in the present study, we interpreted the emergence and evolution of PRRSVs on farms of the same large-scale pig producer in China by continuous monitoring for several years and observed that the importation, variation, and recombination of PRRSVs are important causes of the emergence of novel PRRSV strains. In addition, NADC30-like PRRSVs with higher nucleotide substitution and recombination rates are the current epidemic strains. Notably, we observed that NADC30-like and QYYZ-like PRRSVs are the root resulting in recombination and demonstrate that the currently observed complex recombination patterns of PRRSVs formed gradually over time.



MATERIALS AND METHODS


Pig Producer Information and Study Design

Pigs are introduced to the parental pig breeding farms once or twice a year from cooperative pig farms after rigorous screening for PRRSV antigens and antibodies. Pigs at these pig breeding farms are vaccinated over 10 years using RespPRRS MLV (L5), which was developed by serial passage of ATCC VR2332 on MA104 cells (Yuan et al., 2001). In August 2014, we tested for PRRSV from serum and lung tissue samples from all of the pig farms of the investigated pig producer and subsequently tested for PRRSV from serum every 3–4 months. We also detected PRRSV, CSFV, and PRV from serum or lung tissue samples once there were cases of illness or death of suspected infection with PRRSV.



RT-PCR and Sequence Analysis

Clinical sample disposal and RT-PCR were conducted as described previously (Zhang et al., 2019). The ORF5 and partial NSP2 gene of the positive samples were sequenced, and representative samples were selected for complete genome sequencing. Detailed information regarding the PCR primers used in the present study was described in previous studies (Leng et al., 2014; Zhang et al., 2018, 2019). The gene and complete genome sequencing was conducted as described previously (Zhang et al., 2019). Genome assembly was conducted using SeqMan in Lasergene (version 7.1, DNASTAR Inc., Madison, WI, United States). The genome and the deduced amino acid sequences from the NSP2 or ORF5 gene alignments were assessed using ClustalW in Lasergene 7.1. The phylogenetic trees were constructed using MEGA (version 6.0) with the neighbor-joining method based on the ORF5 gene.

To ensure that these had sufficient temporal structure in alignment for reliable rate estimation, we first performed a regression of root-to-tip genetic distances on the ML tree against exact sampling dates using the TempEst. The rate of NADC30-like PRRSV (L1.8) and HP-PRRSV (L8.7) were estimated using the Bayesian Markov chain Monte Carlo (MCMC) method, MCMC inference was performed using the GTR + γ model, which was selected as the best nucleotide substitution model of the data set estimated using ModelFinder under Phylosuite (Dokland, 2010; Kalyaanamoorthy et al., 2017). All analyses were performed with a Bayesian skyline model using a relaxed uncorrelated lognormal (UCLN) molecular clock. The MCMC algorithm was run for 200 million steps and sampled every 20,000 steps. Convergence was assessed with effective sample size (ESS) values, and ESS values over 200 were considered adequate. The effective population size was evaluated after 10% of the chain was discarded as burn-in. These analyses were performed using BEAST (v1.10.4; Suchard et al., 2018). Three independent runs were performed in this study to prevent any local convergence. The BEAST results were entered into Tracer to evaluate model convergence and consistency between replicates. We constructed a maximum-likelihood (ML) phylogeny using IQ-TREE (Nguyen et al., 2015), making use of ultrafast bootstrap (UFBoot; Hoang et al., 2018) to compute 1,000 bootstrap replicates. ClusterPicker software was used to further divide the lineage into sub-lineages according to the previous study (Ragonnet-Cronin et al., 2013; Paploski et al., 2019; Yu et al., 2020).



Recombination Analysis

To analyze the recombination events of PRRSVs from the investigated pig producer, RDP v4.16 and the NCBI BLAST results were used to identify the major and minor parental strains. Then, the data were analyzed with Simplot (version 3.5.1) by advancing a 500-bp sliding window along the genome alignments with a 20-bp step size (Zhao et al., 2015; Zhang et al., 2018). Finally, the parental sequence and recombination fragment were further validated using a phylogeny tree generated based on the neighbor-joining method.




RESULTS


Four Coexisting PRRSV Lineages (1, 3, 5, and 8) Were Associated With the Investigated Pig Producer

To investigate the types of PRRSVs associated with the investigated pig producer, we sequenced 134 PRRSVs (including 121 ORF5 genes, 118 NSP2 genes, and 35 complete genomes; GenBank MH651744, MH651745, and MT093739-MT093771) from 338 suspected PRRSV-infected samples from August 2014 to October 2018. Phylogenetic and statistical analyses showed that four PRRSV lineages coexisted in the investigated pig producer (Figure 1A). Five groups in lineage 1 (NADC30-like) and six groups in lineage 8 (HP-PRRSV) were detected and classified based on phylogenetic tree and amino acids characteristics of ORF5 (Figure 1A; Supplementary Figure S1). Only lineage 8 PRRSV was detected before March 2016 (Figure 1B), while lineages 1, 3 (QYYZ-like), and 5 (RespPRRS MLV-like) were first detected in March, August, and December 2016, respectively (Figure 1B). In addition, we identified five novel recombination events among PRRSVs from the investigated pig producer (Figure 1B). The positive rate of lineage 8 and 1 PRRSVs decreased and increased over 4 years, respectively (Figure 1C), with lineage 1 PRRSVs replacing lineage 8 as the major epidemic strain in 2017 (Figure 1C).
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FIGURE 1. Phylogenetic clustering, emergence time and ratio of Porcine reproductive and respiratory syndrome virus (PRRSVs) sampled from a large-scale pig farm from 2014 to 2018. (A) Phylogenetic analysis of PRRSVs from the investigated pig producer. NADC30-like PRRSV E group recombined with HP-PRRSV in the ORF5 gene, causing this strain to become more similar to HP-PRRSV (indicated by ★). (B) Diagram of timeline for the emergence of novel PRRSVs. The emergence times of six HP-PRRSV groups and five NADC30-like PRRSV groups are shown in blue and red backgrounds, respectively. The occurrence times of QYYZ-like and RespPRRS MLV-like PRRSVs are shown with black and pink backgrounds, respectively. Five recombination events are indicated with a water green background. (C) The ratio of the four types of PRRSVs from the pig producer from 2014 to 2018.




Importation, Variation, and Recombination Contribute to the Emergence of Novel PRRSVs

To elucidate the reason for the emergence of the novel lineage 8 PRRSVs, 53 ORF5 sequences of lineage 8 PRRSVs were sequenced over 4 years. Phylogenetic analysis and sequence alignment results showed that lineage 8 PRRSVs from the investigated pig producer were classified into six groups (HP-PRRSV A-F; Figure 1A; Supplementary Figure S1). We further sequenced six representative complete genome sequences of six HP-PRRSV groups. A sequence alignment showed that the NSP2 proteins from the six groups harbor a discontinuous 30-aa deletion consistent with HP-PRRSV in 2006 (Supplementary Figure S1). HP-PRRSV A (SD180-1702) and B (SD172-1702), which emerged before 2015, exhibited the highest similarity (whole genome) with FZ06A (99.32%) and GDHY (99.68%; Table 1), suggesting that HP-PRRSV A and B may have been imported into the investigated pig producer before August 2015. HP-PRRSV C-F have higher similarity (Table 1) with HP-PRRSV B and harbor the same amino acid mutation in the GP5 protein (Supplementary Figure S1), suggesting that these four HP-PRRSV groups may have evolved from HP-PRRSV B with different degrees of variation.



TABLE 1. Similarity comparison of whole genome among six HP-PRRSV groups.
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NADC30-like PRRSVs were identified in the investigated pig producer in March 2016. To elucidate the reason for the emergence of novel lineage 1 PRRSVs, 38 NADC30-like PRRSV strains were sequenced from March 2016 to August 2018. Phylogenetic analysis and sequence alignment results revealed the presence of five groups of NADC30-like PRRSVs (A–F) in the investigated pig producer (Figure 1A; Supplementary Figure S1). The sequence alignment results revealed that most of the NADC30-like PRRSVs harbored a discontinuous 131-aa deletion consistent with the NADC30 strain isolated in 2008 (Supplementary Figure S1), and almost all of the NADC30-like PRRSVs were recombination viruses. NADC30-like PRRSV A (SD53-1603), B (SD99-1606), D (SD288-1805), and E (SD265-1801) have the same recombination patterns and the highest similarity with QHD1 (98.18), SDZC1609 (95.77), 15JHEN1 (94.60), and SCN17 (99.62), respectively (Table 2), suggesting that NADC30-like PRRSV A, B, D, and E may have been imported into the investigated pig producer, after which a degree of variation occurred. Fortunately, during the course of the epidemiological investigation of the cooperative pig farms, we observed that NADC30-like PRRSV C (SD85-1605) was the result of recombination between SD157-1612 (detected from cooperative pig farms) and HP-PRRSV A.



TABLE 2. Similarity comparison of whole genome among six NADC30-like PRRSVs.
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Evolutionary Characteristic of Four Lineages PRRSV From the Investigated Pig Producer

To explore the evolutionary characteristics of PRRSVs from the investigated pig producer, the mutation and recombination characteristics of the four PRRSV lineages were analyzed. NADC30-like PRRSV has a faster mutation rate [7.55 × 10−3/site/year, 95% highest posterior density (2.90 × 10−3 ~ 1.26 × 10−2)] than that of HP-PRRSV [5.22 × 10−3/site/year, 95% highest posterior density (1.75 × 10−3 ~ 8.74 × 10−3)], which may be the primary causes of changes in predominant strains over short periods of time. We detected multiple lineage 1 PRRSVs that recombined with circulating strains (HP-PRRSV and RespPRRS MLV-like PRRSV) from the investigated pig producer. Lineage 3 PRRSVs have a higher recombination rate but lower mutation rate, and we observed that the recombinant virus SD110-1608 (one of the earliest lineage 3 PRRSVs) further recombined with the RespPRRS MLV-like PRRSV circulating in this farm. However, the nucleotide similarity of ORF5 for this virus over 2 years was 98–100%, indicating that lineage 3 PRRSVs have a lower mutation rate. In addition, all of the RespPRRS MLV-like PRRSVs with 98.8 ~ 100% similarity to the RespPRRS MLV strain belong to lineage 5, which had a low mutation rate. Last, lineage 8 PRRSVs emerged the earliest and evolved into multiple variant strains with a lower mutation rate [5.22 × 10−3/site/year, 95% highest posterior density (1.75 × 10−3 ~ 8.74 × 10−3)]. Interestingly, we did not identify recombination events before lineage 1 and 3 PRRSVs appeared. Therefore, lineage 1 and 3 PRRSVs are the root resulting in recombination, as most of them are the major parental strains of recombinant viruses. HP-PRRSV or RespPRRS MLV PRRSV provided the recombinant fragments (minor parental strains).



Evolution of the Same NADC30-Like PRRSV Strain Over 2 Years

The low genomic similarity among the NADC30-like PRRSVs made the evolutionary relationships of these viruses unclear. We sequenced 12 complete genomes from the NADC30-like PRRSV A group and analyzed their evolutionary characteristics. The NADC30-like PRRSV A group evolved from the same PRRS strain and shared the same recombination (Figure 2A) and deleted patterns (Figure 2B). Surprisingly, the same strain evolved at an astonishing rate over 2 years (Figure 2C). A sequence divergence of up to approximately 10% was observed for the some gene fragment, such as NSP7β, NSP8, and ORF3 (Supplementary Table S1). In addition, we observed that the ORF5 gene was the most susceptible in PSSRV to mutation (Supplementary Table S1). Furthermore, the degree of variation observed among all PSSRV proteins over 2 years followed the order of GP3 (90.6%) > GP5 > Nsp8 > Nsp7β > Nsp1β > Nsp2 > E > Nsp5 > GP2a > N > Nsp11 > GP4 > ORF5a > Nsp7α > Nsp3 > M > Nsp12 > Nsp4 > Nsp9 > Nsp10 > Nsp6 (100%; Supplementary Table S1). The UTRs were relatively conserved (3′UTR > 5′UTR; Supplementary Table S1). This is the first report describing the variation in the same PRRSV strain evolved in a pig herd. Our results revealed that the low genomic similarity of NADC30-like PRRSVs results from rapid mutation, which is one of the reasons that the evolutionary relationship of these viruses in China could not be elucidated.
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FIGURE 2. Recombination and evolutionary analysis of the same PRRSV strain sampled from a large-scale pig farm from 2014 to 2018. (A) The strains in the NADC30-like PRRSV A group shared the same recombination patterns. (B) Sequence alignment of GP5 and the 3′-UTR of strains in the NADC30-like PRRSV A group. (C) Schematic of the 12 NADC30-like PRRSVs in group A evolved from the same strain relative to the overall consensus from at least 50% of the sequences. Lightly shaded regions show similar identities to the consensus, and the vertical black bars show differences from the consensus (the alignment was completed using Geneious, https://www.geneious.com/).




Complex PRRSV Recombination Patterns Formed Gradually

Few recombination events among PRRSVs occurred before 1991–2013 in China (Yu et al., 2020), but complex recombination patterns of these viruses have been reported in recent years. To explore how the complex recombination patterns currently observed formed, we identified and compared numerous recombinant viruses from the investigated pig producer. The recombination analysis results showed that 24 of 35 complete genomes (HP-PRRSV 0/6; NADC30-like PRRSV 20/21; QYYZ-like PRRSV 4/4; and RespPRRS MLV-like PRRSV 0/4) were recombinant viruses. No recombinant event was detected before the emergence of NADC30-like and QYYZ-like PRRSVs. However, since the emergence of both strains, all related strains identified from the investigated pig producer except one have been recombinant viruses. Furthermore, in June 2016, we identified a strain (SD99-1606, NADC30-like PRRSV B) resulting from recombination between NADC30 and RespPRRS MLV from this pig farm (Figure 3A). After 2 years, we detected another strain (SD303-1806, NADC30-like PRRSV B) resulting from recombination between SD99-1606 and SD173-1702 (HP-PRRSV F; Figure 3A). Similarly, in August 2016, we identified a strain (SD110-1608, QYYZ-like PRRSV) from the same pig farm that was a recombinant virus between QYYZ and JXA1 (Figure 3B). In June 2017, we identified another strain (SD218-1706, QYYZ-like PRRSV) from the same pig farm that was a recombinant virus between SD110-1608 and RespPRRS MLV-like PRRSV (Figure 3B). All of these results showed that NADC30-like and QYYZ-like PRRSVs are more prone to recombination and that the complex recombination patterns observed formed gradually. Furthermore, we speculate that these complex recombination patterns will increase for the foreseeable future until a predominant population forms and outbreaks.
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FIGURE 3. Complex recombination patterns formed gradually. (A) Recombination analysis of the NADC30-like PRRSV strains SD99-1606 and SD303-1806. Reference strains (NADC30, HuN4 or SD173-1702, ATCC-VR2332, RespPRRS MLV, and SD157-1612) are shown in red, green, pink, blue, and black, respectively. (B) Recombination analysis of strains SD110-1608 and SD218-1706 in lineage 3. Reference strains (QYYZ, JXA1-R, ATCC-VR2332, and RespPRRS MLV) are shown in red, green, pink, and blue, respectively. Recombination analysis was performed using Simplot 3.5.1. Below the similarity plots is shown the complete genome structure of PRRSV (with reference to strains NADC30 and QYYZ), where the positions of the 10 open reading frames and the 14 non-structural proteins are shown. Recombination breakpoints and their locations are shown at the bottom. The phylogenies of major and minor parental regions are shown below the similarity plots.




Recombination of the Same Strain Can Occur at Different Locations and Increase the Diversity of Recombination Events

The observed diversity of recombination events among PRRSVs since NADC30-like PRRSVs were detected in the investigated pig producer in March 2016 was perplexing. Fortunately, we detected one NADC30-like isolate (SD157-1612) with no recombination events from cooperative pig farms, which provided gilts for the investigated pig producer. Both recombination viruses (SD85-1605 and SD167-1702) are the result of recombination between SD157-1612 and HP-PRRSV A (Figure 4). In December 2017 and January 2018, we detected another two novel NADC30-like isolates (SD254-1712 and SD261-1801), which have SD157-1612 as the major parental strain and SD172-1702 (HP-PRRSV B) as a minor parental strain (Figure 4). Our data provide direct evidence that importation and further recombination at different locations among genomes with circulating strains occurred, increasing the diversity of recombinant strains.
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FIGURE 4. Recombination analysis of three NADC30-like PRRSVs with the same parental strain SD157-1612. Reference strains (NADC30, HuN4 or SD172-1702, ATCC-VR2332, RespPRRS MLV, and SD157-1612) are shown in red, green, pink, blue, and black, respectively. Recombination analysis was performed using Simplot 3.5.1. Below the similarity plots is the complete genome structure of PRRSV (with reference to strain NADC30), where the positions of the 10 open reading frames and the 14 non-structural proteins are shown. Recombination breakpoints and their locations are shown at the bottom. The phylogenies of major and minor parental regions are shown below the similarity plots.





DISCUSSION

In China, type 2 PRRSVs are the predominant strains, and at least five lineages (including lineages 1, 3, 5, 8, and 9) have circulated from 1996 to 2016 (Gao et al., 2017; Guo et al., 2018). In the present study, we detected four PRRSV lineages (1, 3, 5, and 8) from the investigated pig producer, allowing for the evolution of PRRSVs to be monitored in a relatively closed environment. The results of a previous study showed that the prevailing PRRSV rapidly changed from type 2 to type 1 in 2 weeks after the introduction of type 1 PRRSVs over a 1-year study in a swine farm in Korea (Kim et al., 2011). However, we cannot explain how these novel PRRSVs emerged and what their relationships are in China. In the present study, we report the origin and evolution of a novel PRRSV strain in a large-scale pig producer and the evolution of the same strain in the swine herd through long-term genome monitoring over 4 years.

NADC30-like PRRSVs have been reported to originate from the United States (Sun et al., 2020; Yu et al., 2020). However, the origin of recently identified novel strains (e.g., NADC30-like and NADC34-like) has remained unclear because of low genomic similarity and complex recombination patterns. In the present study, we identified the source of early PRRSVs among different groups from the investigated pig producer. The phylogenetic analysis, emergence time, GP5 amino acid alignment, and complete genome nucleotide similarity results suggested that HP-PRRSV A-B existed before 2014 and may have been imported from outside of the investigated pig producer. In addition, the highly complex and diverse recombinant patterns of NADC30-like PRRSV made it extremely difficult to identify PRRSV isolates from different pig farms with the same recombination patterns. NADC30-like PRRSVs were identified in the investigated pig producer in March 2016. NADC30-like PRRSV A, B, D, and E have the same recombination patterns and the highest similarity with QHD1, SDZC1609, 15JHEN1, and SCN17, respectively, suggesting that NADC30-like PRRSV A, B, D, and E may have been imported into the investigated pig producer at different times. Finally, in August 2016, we detected a novel QYYZ-like PRRSV in the investigated pig producer. Although, we have not identified a PRRSV in GenBank with high nucleotide similarity and the same recombination patterns as the QYYZ-like PRRSV identified in the present study pig producer, we considered that these QYYZ-like PRRSVs may also have been imported from other pig farms based on the continuous monitoring for PRRSV by the investigated pig producer. In addition, our lab and another research group have confirmed that QYYZ-like PRRSVs of mainland China originated from Taiwan (Sun et al., 2018; Zhang et al., 2019), and the QYYZ-like PRRSVs from the investigated pig producer were likely from Guangdong Province (Zhang et al., 2019). Over the course of studying the origin of PRRSV in the investigated pig producer, we also detected PRRSV in gilt farms of cooperative pig farms. Interestingly, we identified one NADC30-like PRRS strain (SD157-1612) with no recombination in above gilt farm in December 2016, indicating that SD157-1612 and HP-PRRSV A or B in this pig farm recombined to form a new NADC30-like PRRSV C strain. Although how these novel PRRSVs were imported into the investigated pig producer remains unclear, these results show that importation is indeed an important route for the emergence of novel PRRSVs.

Mutations cause variation in PRRSVs and lead to the evolution of novel viruses or new groups. The results of a previous study demonstrated that HP-PRRSV evolved from classical PRRSV in China by deletion and mutation (An et al., 2010). In the present study, HP-PRRSV C-F have high similarity and the same amino acid mutations as HP-PRRSV B, suggesting that these four HP-PRRSV groups most likely evolved from HP-PRRSV B. In addition, the NADC30-like PRRSVs emerged and circulated in China since 2013. However, the low levels of whole-genome similarity and a wide variety of recombination patterns obscured their transmission between different pig farms. Luckily, different strains among NADC30-like PRRSVs from the investigated pig producer exhibited obvious characteristics, such as recombination and deletion in specific proteins or genes. Furthermore, we observed that NADC30-like PRRSV A group strains, which evolved from the same strain, had become the dominant strains and that the amino acid similarity of their GP3 proteins decreased to 90.6%. Thus, these novel and highly mutated NADC30-like PRRS strains are closely related to an early NADC30-like PRRSV.

There are few reports describing PRRSV recombination before the emergence of NADC30-like and QYYZ-like PRRSVs. Recombination analysis results showed that 24 of 35 complete genomes were recombination viruses. Before March 2016, all the PRRSVs detected in the investigated pig producer lacked recombination events. However, since the emergence of NADC30-like and QYYZ-like PRRSVs, all related strains in the investigated pig producer were recombination viruses. Furthermore, the primary backbone of the recombination viruses was NADC30-like or QYYZ-like PRRSVs. We consider that recombination events primarily caused these two type strains. In addition, strains SD85-1605, SD167-1702, SD254-1712, and SD261-1801 resulted from recombination between SD157-1612 and HP-PRRSV (A or B), suggesting that the same strain recombined with the circulating strains in the investigated pig producer at different locations, increasing PRRSV diversity. Although the recombination breakpoints occurred in NSPs (nsp9) and/or minor structural proteins (GP2a-GP3; Zhang et al., 2019; Yu et al., 2020), the recombination events exhibited a certain degree of randomness based on our monitoring results. Taken together, the above results showed that recombination is another means by which the diversity of PRRSV increases and promotes the emergence of new viruses.

Our group and other research groups have observed many novel PRRSVs formed by recombination with three or four PRRSVs lineages or by recombination at multiple locations in China in recent years (Zhou et al., 2018b; Liu et al., 2019). Low levels of whole-genome similarity and a wide variety of recombination patterns (Liu et al., 2019) complicate evolutionary analyses of PRRSV. Over the course of monitoring the same PRRSV strain, we identified two recombination events: the NADC30-like PRRSV strain SD303-1806 is the result of recombination between SD99-1606 and RespPRRS MLV-like PRRSV; and the QYYZ-like PRRSV strain SD218-1706 is the result of recombination between SD110-1608 and RespPRRS MLV-like PRRSV. The above results are direct evidence for PRRSV recombination. We identified two recombination viruses that further recombined with the epidemic strains from the investigated pig producer over 2 years, resulting in the complex PRRSV recombination patterns currently observed. Furthermore, our results demonstrated that these complex recombination patterns of PRRSVs formed gradually.



CONCLUSION

In summary, various types of PRRSVs coexisted in the same pig farm investigated in the present study, increasing the probability of their recombination. Importation, variation, and recombination have caused the emergence of novel PRRSVs. NADC30-like PRRSVs, which have a high mutation rate, have become major epidemic strains in a short period of time. The current complex recombination patterns of PRRSV formed gradually. Recombination of the same strain occurs at different locations and increase the diversity of recombination events. Our findings provide direct evidence for the emergence and evolution of PRRSVs and will promote a better understanding of evolution of viruses.
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Human enterovirus infections are mostly asymptomatic and occasionally could be severe and life-threatening. The conserved non-structural 2C from enteroviruses protein is a promising target in antiviral therapies against human enteroviruses. Understanding of 2C-drug interactions is crucial for developing the potential antiviral agents. While functions of enterovirus 2C proteins have been widely studied, three-dimensional structure information of 2C is limited. In this study, the structures of 2C proteins from 20 enteroviruses were simulated and reconstructed using I-TASSER programs. Subsequent docking studies of the known 22 antiviral inhibitors for 2C proteins were performed to uncover the inhibitor-binding characteristics of 2C. Among the potential inhibitors, the compound hydantoin exhibited the highest broad-spectrum antiviral activities with binding to 2C protein. The anti-enteroviral activity of GuaHCL, compound 19b, R523062, compound 12a, compound 12b, quinoline analogs 12a, compound 19d, N6-benzyladenosine, dibucaine derivatives 6i, TBZE-029, fluoxetine analogs 2b, dibucaine, 2-(α-hydroxybenzyl)-benzimidazole (HBB), metrifudil, pirlindole, MRL-1237, quinoline analogs 10a, zuclopenthixol, fluoxetine, fluoxetine HCl, and quinoline analogs 12c showed a trend of gradual decrease. In addition, the free energy with 22 compounds binding to EV 2C ranged from −0.35 to −88.18 kcal/mol. Our in silico studies will provide important information for the development of pan-enterovirus antiviral agents based on 2C.

Keywords: enteroviruses, non-structural 2C protein, structure modeling, antiviral inhibitors, molecular docking


INTRODUCTION

Human enteroviruses (EVs) are genetically classified to seven viral species, including enterovirus A–D and rhinovirus A–C in the genus enterovirus from the family Picornaviridae (Baggen et al., 2018). They cause a wide range of diseases ranging from enteric or respiratory infections, hand-foot-and-mouth disease (HFMD), conjunctivitis to acute flaccid paralysis, viral myocarditis, fulminant pancreatitis, or aseptic meningitis. Infections are often self-limiting but could result in severe complications that are fatal in some cases, especially in the Asia-Pacific region (Gao et al., 2021). Many strategies have been applied to control EV infections. One strategy involves the development of vaccines. Inactivated and life-attenuated vaccines have been developed against poliovirus (PV). Recently, inactivated vaccines against enterovirus A71 (EV-A71) were approved in China (Guan et al., 2020). However, the inactivated EV-A71 vaccine had a weak cross-genotype and long-term protection. Another strategy is the development of potential antivirals. These include both direct-acting antivirals, most of which bind to the viral capsid or the viral protease 3C, and inhibitors that target host factors essential for virus replication. These inhibitors were tested in clinical trials, but their development was halted due to limited efficacy, poor bioavailability, or toxicity issues. To date, no FDA-approved antiviral agent against EVs is licensed for therapeutic use (Zhang et al., 2020). Understanding of viral proteins–drugs interactions is important for virus resistance and potential antiviral targets.

An attractive target for enteroviruses antivirals is the highly conserved and multifunctional non-structural 2C protein. 2C protein is an ATPase associated with diverse cellular activities (AAA+ ATPase) classified within the superfamily 3 (SF3) helicases (Guan et al., 2017). These enzymes couple the hydrolysis of ATP to movement of protein domains which, in turn, drive the unwinding of a nucleic acid substrate. 2C functions as RNA helicase and ATP-independent chaperoning activities for viral RNA replication. 2C fulfills pleiotropic functions during the virus life cycle, including replication organelle formation, genome replication, and encapsidation (Guan et al., 2018). However, the crystal structure information on enteroviruses 2C proteins is limited. Moreover, the spectrum of antiviral activity against enteroviruses 2C, as well as their target domains, remains inconclusive.

In this study, we simulated the three-dimensional (3D) structures of 20 EV 2C proteins (EV-A71, EV-D68, EV-D70, PV-1, PV-2, PV-3, CV-A6, CV-A9, CV-A10, CV-A16, CV-A21, CV-A24, CV-B3, HRV-A, HRV-A2, HRV-B, HRV-B14, HRV-C, Echovirus E11, and Echovirus E30). These 2C proteins were docked onto 22 known and newly reported 2C inhibitory compounds (Vance et al., 1997; Ulferts et al., 2013; Bauer et al., 2020; Wang et al., 2020). These compounds showed potential broad-spectrum anti-EV activity and inhibited contemporary strains of emerging EVs of public health concern, which was consistent with reported data. In addition, we calculated and predicted the target-binding sites of new drug compounds interacting with 2C, which provided a perspective for the understanding of drug design and mechanism of action for EV 2C protein. Importantly, these results indicate that the predicted model of 2C complex displays high quality and lacks any serious steric clashes. Therefore, this model could pave the way for further structural, functional, and therapeutic studies, specifically concerned with in silico studies. Additionally, our study can help in future mutational studies to pinpoint the roles of various amino acid residues and to predict the effects of mutations on 2C structure, and its biological functions.



MATERIALS AND METHODS


Sequence Alignment and Homology Modeling of Enteroviruses 2C

Alignment of the deduced amino acid sequence of enteroviruses 2C proteins is downloaded from EV-A71 (GenBank no. ADV76475.1), EV-D70 (GenBank no. QJA10589.1), EV-D68 (GenBank no. AJI77528.1), PV-1 (GenBank no. AAG27168.2), PV-2 (GenBank no. AUF49673.1), PV-3 (GenBank no. AUF49621.1), CV-A6 (GenBank no. QBM01047.1), CV-A9 (GenBank no. AFN25851.1), CV-A10 (GenBank no. QJA28496.1), CV-A16 (GenBank no. AWU78870.1), CV-A21 (GenBank no. AXF50737.1), CV-A24 (GenBank no. ABM54549.1), CV-B3 (GenBank no. AFD33642.1), HRV-A (GenBank no. AFM84630.1), HRV-A2 (GenBank no. QGA30984.1), HRV-B (GenBank no. AFM84628.1), HRV-B14 (GenBank no. NP_041009.1), HRV-C (GenBank no. AET25077.2), Echovirus E11 (GenBank no. CAE12182.1), and Echovirus E30 (GenBank no. AUF49665.1). Multiple sequence alignment is analyzed by MEGA-X. The conserved domains were annotated by National Center for Biotechnology Information (NCBI) Conserved Domain Database (CDD) as described earlier. The full-length crystal structure of EVs 2C protein is not available in the Protein Data Bank (PDB) (https://www.rcsb.org/). Hence, based on the resolved enterovirus EV-A71 2C protein crystal structure (PDB ID:5GQ1 and 5GQB, resolved at 2.49Å), we expanded the structural coverage of these 2C proteins and modeled these 3D structures of the full-length sequence protein model of enterovirus 2C protein using I-TASSER programs (as “Zhang-Server,” https://zhanglab.ccmb.med.umich.edu/I-TASSER/). Models built using I-TASSER were assessed with normalized DOPE scores along with their C-scores, predicted TM scores, and RMSD scores provided by the webserver (Roy et al., 2010). Then, Ramachandran plot evaluated the quality of the resultant models by SAVES server (http://servicesn.mbi.ucla.edu/SAVES/). Best models were selected and processed with Discovery Studio (v2016) to dock analysis.



Antiviral Agents and Structures

A total of 22 known antiviral compounds and structure of GuaHCl (CB6677329), fluoxetine (CB3361058), fluoxetine HCl (CB1335280), TBZE-029 (CB84668594), HBB (CB6375287), MRL-1237(CB14668232), dibucaine (CB1396856), zuclopenthixol (CB1875393), pirlindole (CB0671512), metrifudil (CB0396480), N6-benzyladenosine (CB4339416), and hydantoin (CB2352752) were retrieved from Chemical Book database (https://m.chemicalbook.com/). The 2D structure of and chemical compounds: thiophene-2-carboxylic acid benzyl-pyridin-2-yl-amide (R523062), 1-(3-phenyl-3-(4-(trifluoromethyl) phenoxy)propyl)guanidine (fluoxetine analog 2b), 2-Butoxy-N-(2-(dimethylamino) ethyl)quinoline-4-carboxamide (dibucaine derivatives 6i), N-(4-Fluorobenzyl)-N-(4-methoxyphenyl)-1H-pyrrole-3-carboxamide (compound 12a), N-(4-Fluorobenzyl)-N-phenyl-1H-pyrrole-3-carboxamide (compound 12b), N-(4-Fluorobenzyl)-N-phenylfuran-2-carboxamide (compound 19b), N-phenyl-N-(4-(trifluoromethyl)benzyl)furan-2-carboxamide (compound 19d), N-(2-(dimethylamino) ethyl)-2-phenylquinoline-4-carboxamide (quinoline analogs 10a), N-[2-(dimethylamino)ethyl]-2-(thiophen-2-yl) quinolone-4-carboxamide (quinoline analogs 12a), and N-[2-(pyrrolidin-1-yl)ethyl]-2-(thiophen-2-yl) quinolone-4-carboxamide (quinoline analogs 12c) were constructed using ChemDraw professional software (v20) in Medical Discovery Leader (MDL). mol format and were imported for generation of chemical structure.



Molecular Docking

Ligand and protein optimizations were done using PyMOL (v2.3.3). All water molecules and the co-crystallized compound were removed from the structure. The 22 antiviral chemical ligands were optimized by prepare ligand tool Discovery Studio 2016 (Dassault Systèmes BIOVIA1, 2016; El Hassab et al., 2020). The 3D structure was optimized using CHARMm charge force field and further minimized using RMS gradient energy with 0.001 kcal/mol and all the other parameters at default. The docking and active sites of the target protein were analyzed by binding site module of DSv2016. Binding modes were obtained out of which three best volumes were selected for further analysis. A small molecule library was built up and ligand–protein interaction was carried out using LibDock. LibDock possesses the physicochemical properties of the ligands that guide docking according to corresponding features present within the protein-binding sites. The docking analysis revealed that twenty-two chemical compounds as the best scoring molecule that can effectively bind and inhibit the 2C domain. There are several types of interactions that can be monitored in this study by Discovery Studio 2016 (Autumn et al., 2002; Ringer et al., 2007; Bissantz et al., 2010). The categories of interactions are listed in Supplementary Table 1.



Pharmacokinetic Properties and Drug-Likeliness Prediction

Lipinski's rule of five is one of the significant parameters in drug discovery. The best interacting ligand molecules were subjected to Lipinski's rule (http://www.scfbio-iitd.res.in/software/drugdesign/lipinski.jsp). The absorption, distribution, metabolism, excretion, and toxicity (ADMET) provides absorption, distribution, metabolism, excretion, and toxicity of the given compounds. The pharmacokinetic and pharmacodynamic properties of the selected spice bioactives were evaluated by the ADMETlab2.0 server (https://admetmesh.scbdd.com/). The acquired categorical and numerical values were transformed into qualitative units based on ADMETlab2.0 server explanation and interpretation.




RESULTS AND DISCUSSION


Homology Modeling of Enterovirus 2C Proteins and Sequence Alignments

The 3D structures of EV 2C proteins are important to understand how 2C proteins perform their function. Protein structures can be determined at high resolution by either experimental methods or computational analysis. In the absence of crystallographic structure, a variety of advanced homology modeling methods have been developed, which can provide reliable models of proteins that share 30% or more sequence identity with a known structure. Such models also have been proven useful during drug design and allowed the taking of key decisions in compound optimization and chemical systems. Figure 1A shows the overall workflow of I-TASSER and Discovery Studio (DS) LibDock algorithm. EV 2C structures were submitted to the 2C structure hotspot methods to predict the protein–ligand-binding sites. Each EV 2C structure consists of four subdomains that include N-terminal membrane -binding, ATPase, zinc finger, and C-terminal domain (Figure 1B). The N-terminal domain exhibits α helix structure fold with five (α1 to α5) (Figure 1C). The Walker A is found between β1 and α6, whereas Walker motif B is found between β3 and α7. The SF3 helicase-specific motif C and drug-resistant mutant triad sites are located between β4 and α8. For drug-resistant mutant triad sites of EV 2C, it was previously reported that the putative binding area of (S)-fluoxetine in a homology model of CV-B3 2C, which was based on the published crystal structure of EV-A71 2C and mutational analysis of potential interacting residues (Guan et al., 2017). Triple mutation A224V-I227V-A229V (AVIVAV mutant) gave cross-resistance toward most of the 2C inhibitors (De Palma et al., 2008), as well as the single mutations I227V, C179F, and F190L conferred resistance toward (S)-fluoxetine (Bauer et al., 2019). Sequence alignment analysis was performed which revealed the EV-A71 2C of 116-329 amino acids as a template with 98.13–99.53% for EV-A, 56.60–64.62% for EV-B, 61.32–67.45% for EV-C, 61.97–62.44% for EV-D, and 46.23–56.13% sequence identity for HRV by Clustal Omega (https://www.ebi.ac.uk/Tools/msa/) (Figure 1C and Supplementary Table 2). The consistency between each enterovirus 2C sequence and EV-A71 2C template sequence is high, and the similarity varies from 46.23 to 99.53%.


[image: Figure 1]
FIGURE 1. Workflow of homology modeling, docking, and sequences alignment of 2C from enteroviruses. (A) A schematic workflow of homology modeling, protein–ligand complex formation by I-TASSER and Discovery Studio. (B) Solvent-accessible surface representation of 2C is depicted. The N-terminal membrane-binding domain, ATPase domain, zinc finger domain, and C-terminal domain are shown in the solvent accessible surface representation with gray, aquamarine, light blue and deepsalmon, respectively. (C) The 2C was from EV-A71 (ADV76475.1), EV-D70 (QJA10589.1), EV-D68 (AJI77528.1), PV-1 (AAG27168.2), PV-2 (AUF49673.1), PV-3 (AUF49621.1), CV-A6 (QBM01047.1), CV-A9 (AFN25851.1), CV-A10 (QJA28496.1), CV-A16 (AWU78870.1), CV-A21 (AXF50737.1), CV-A24 (ABM54549.1), CV-B3 (AFD33642.1), HRV-A (AFM84630.1), HRV-A2 (QGA30984.1), HRV-B (AFM84628.1), HRV-B14 (NP_041009.1), HRV-C (AET25077.2), Echovirus E11 (CAE12182.1), and Echovirus E30 (AUF49665.1). The secondary structure shown is the predicted by PSIPRED for 2C N-terminal membrane-binding domain. Similarity and alignment calculations were performed using ClustalW. Residue positions form the membrane-binding, RNA-binding, oligomerization, and amphipathic sites are marked with black box. Walker A, Walker B, and Walker C of ATPase domain key residues forming NTP-binding and hydrolysis, Mg+-binding and SF3 helicase sites are marked with pinkish purple. Drug-resistant mutant triad regions are in light green. The zinc finger-binding motifs are in khaki. RNA-binding and amphipathic locations of C-terminal domain are in gray and orange, respectively.


Next, we stimulated the 3D structures of 20 full-length sequence 2C proteins of EVs: EV-A71 (ID: S583037), EV-D70 (ID: S585478), EV-D68 (ID: S584790), PV-1 (ID: S588344), PV-2 (ID: S588735), PV-3 (ID: S588739), CV-A6 (ID: S589030), CV-A9 (ID: S587991), CV-A10 (ID: S589032), CV-A16 (S584480), CV-A21 (ID:S589483), CV-A24 (ID: S589482), CV-B3 (ID: S586681), HRV-A (ID: S585119), HRV-A2 (ID: S589792), HRV-B (ID: S587106), CV-B14 (ID: S589790), HRV-C (ID: S587644), Echovirus E11 (ID: S587655), and Echovirus E30 (ID: S593148) (Figure 2), which were obtained and downloaded from online website through I-TASSER programs. The simulated 2C protein structures were applied to the docking study of potential inhibitors, so as to further understand the drug-binding sites and the potential inhibitory effect of inhibitors. The indexes were obtained through C-score, TM-score, and RMSD (Supplementary Table 3). The confidence of each model is quantitatively measured by C-score that is calculated based on the significance of threading template alignments and the convergence parameters of the structure assembly simulations. The C-score is typically in the range of [−5, 2], where the C-score of a higher value signifies a model with a higher confidence. C-score of the models is in the range of [−3.67, −2.89], which indicates a reasonable confidence. The TM-score and RMSD are estimated based on C-score and protein length following the correlation observed between these qualities. The range of TM-score is [0–1]. TM-score varies from 0.21 to 0.52, indicating that the model has correct topology and is reliable. The root mean square deviation (RMSD) ranged from 9.2 to 18.9Å. The root mean square deviation (RMSD) value is closely related to the matching residues (points) between target sequence and template sequence (Li, 2013). High RMSD values (9.2–18.9Å) were obtained. The possible reasons are as follows: N-terminal membrane binding (aa 1-116) of EV 2C proteins accounts for this high variability resulting in weak matching between target sequence and template sequence.
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FIGURE 2. Overview of the 2C protein structures from enteroviruses. (A) EV-A71, (B) EV-D70, (C) EV-D68, (D) PV-1, (E) PV-2, (F) PV-3, (G) CV-A6, (H) CV-A9, (I) CV-A10, (J) CV-A16, (K) CV-A21, (L) CV-A24, (M) CV-B3, (N) RV-A, (O) HRV-A2, (P) RV-B, (Q) HRV-B14, (R) RV-C, (S) Echovirus E11, and (T) Echovirus E30.


Homology models are imprecise by the definition. Actually, considering the uncertainties involved in homology modeling, it is imperative that the initial 3D model be carefully verified to assess its structural integrity and biological relevance before use in structure-based drug design projects. We used transform-restrained Rosetta (trRosetta) servers (https://yanglab.nankai.edu.cn/trRosetta/) to model the homology structure of full-length sequence of EV 2C protein and verify the results. The trRosetta is an algorithm for fast and accurate protein structure prediction. It builds the protein structure based on direct energy minimizations with a restrained Rosetta. The restraints include inter-residue distance and orientation distributions, predicted by a deep neural network. Homologous templates are included in the network prediction to improve the accuracy further. In benchmark tests on CASP13 and CAMEO-derived sets, trRosetta outperforms all previously described methods. Using the same reference template (PDB entries: 5GQ1 and 5GRB) is used for modeling. The trRosetta results indicated the 116-329 amino acids (aa) modeling structure of 20 EV 2C proteins are relatively consistent with I-TASSER results (Supplementary Figure 1), whereas the amino acid structure of 2C N-terminal membrane-binding domain 1-115aa existed differently. In addition, we evaluated the model of EV 2C protein with ERRAT program by SAVES v6.0 server (https://saves.mbi.ucla.edu/). We found that the overall quality factor by trRosetta results had less weak values than that by I-TASSER. Good high-resolution structures generally produce high values. Previous studies have shown that trRosetta server is weaker than I-TASSER server (Wang and Huang, 2019). We used docking protein–ligand (Genetic Optimization for Ligand Docking (GOLD) modular that is embedded in Discovery Studio, BIOVIA, 2016) to compare with LibDock analysis. This protocol docks ligand using the GOLD program, which uses a genetic algorithm for docking flexible ligands into receptor-binding sites. The simulation needs a lot of time and service cost. We randomly selected two to verify the results. The GOLD analysis shows that N6-benzyladenosine could also bind to EV-A71 2C (binding energy: −48.89 kcal/mol) that in line with LibDock, binding amino acids: PHE8, ASN9, ALA75, MET76, ASN79, HIS85, PHE86, ARG144, ALA145, ASP148, PHE278, LYS279, and ARG280. The binding pose sites are only same in LYS279 and ARG280 with LibDock. For hydantoin, GOLD analysis could bind to PV-1 2C (binding energy: −5.91 kcal/mol), binding amino acids: LYS49, GLN52, GLN59, MET187, LYS188, CYS191, GLN192, SER195, and ARG241. The binding pose sites are only same in LYS49, GLN59, and GLN192 with LibDock. Studies have reported that there are differences between docking methods for accurate poses (Kellenberger et al., 2004). There are three following possible reasons. First, poses are generally inaccurately evaluated when no or very few lipophilic interactions occur between the protein and its ligand. Second, good poses are poorly ranked when the ligand makes no or very few electrostatic interactions (H-bonds or salt bridges) with the protein. Third, docking score is also challenging for complexes whose X-ray structure reveals a mismatch between hydrophobic or electrostatic potentials of the ligand and those of the active site. Thus, herein, it may slightly differ from the peak performance that can be reached by a docking program under optimal conditions.



Structure Validation of Modeled Protein by Ramachandran Plot

Ramachandran plot suggested that the amino acid residues of enterovirus 2C protein structure models distributed in the allowable region (red and yellow regions) and the maximum allowable region (light yellow region) accounted for more than 95% of the whole protein except PV-1 and PV-2 (Figure 3). Among them, CV-A10 is the best, reaching 99.7%. PV-1 and PV-2 are 94 and 93.4%, respectively (Supplementary Table 4). Notably, the similarity of the predicted model was evaluated, which affirmed a close homology with the template structure 5GRB (It is from recombinant EV-A71 and comprises amino acid residues 40-329) with an RMSD value of 1.66Å (EV-A71), and 5GQ1 with an RMSD value of 0.48Å (EV-D70), 0.57Å (EV-D68), 0.48Å (PV-1), 0.40Å (PV-2), 0.69Å (PV-3), 1.03Å (CV-A6), 0.59Å (CV-A9), 0.49Å (CV-A10), 1.48Å (CV-A16), 0.56Å (CV-A21), 0.52Å (CV-A24), 0.44Å (CV-B3), 1.21Å (HRV-A), 0.43Å (HRV-A2), 0.52Å (HRV-B), 0.43Å (HRV-B14), 1.60Å (HRV-C), 0.51Å (Echovirus E11), and 0.44Å (Echovirus E30). All the analyses affirmed the reliability of the proposed tertiary structure.
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FIGURE 3. Stereochemical quality of EV 2C protein homology model by Ramachandran plot. The residues occurring red-colored region are in allowed region, and residues in yellow-colored region are in generously allowed.




Drug-Likeness Properties

The investigation of the drug-likeness properties accelerates drug discovery and development procedures. Lipinski's rule-of-five represents the drug-likeness properties (Avdeef and Kansy, 2020). A total of twenty-two drug molecular compounds reported in the literature passed Lipinski's rule-of-five without any violations. These parameters have their principles to identify a bioactive function as an effective drug. The rule of lipophilicity is logP ≤ 5, molecular weight: 95.53–400.97 g/mol ≤ 500 Dalton, and the molar refractivity is varied from 40 to 130. Hydrogen bond donors are not more than 5, and there are no more than 10 hydrogen bond acceptors. However, the ADMET property analysis suggests that the inhibitors of novel reported compound 12a, compound 12b, compound 19b, compound 19d, quinoline analogs 12a, dibucaine derivatives 6i, TBZE-029, HBB, MRL-1237, quinoline analogs 10a, zuclopenthixol, fluoxetine, and fluoxetine HCl used have good gastrointestinal absorption in general as evidenced by the F30% and the permeability through the Caco-2 human intestinal cell lines. However, hydantoin and GuaHCl are low (< -5.15 log unit). The P-glycoprotein which is a membrane protein, member of the ATP-binding cassette transporter superfamily, is also known as an important mediator of the efflux of xenobiotics through cells (Kopecka et al., 2020). Several drugs, which include fluoxetine, fluoxetine HCl, compound 12a, quinoline analogs 12c, dibucaine, fluoxetine analogs 2b, pirlindole, and zuclopenthixol, showed a high inhibitory potential on this transporter, thereby indicating that they might interfere with the absorption of drugs.



Protein-Ligand Docking Analysis

A total of twenty-two inhibitors were docked into EV 2C proteins (EV-A71, EV-D70, EV-D68, PV-1, PV-2, PV-3, CV-B3, CV-A6, CV-A9, CV-A10, CV-A16, CV-A21, CV-A24, HRV-A, HRV-B, HRV-C, HRV-B14, HRV-A2, Echovirus E11, and Echovirus E30) using Discovery Studio LibDock. Among the studied inhibitors, the compound of hydantoin (19 types of EVs) showed the strongest broad-spectrum anti-EV activity. GuaHCL (17 types of EVs), compound 19b (15 types of EVs), R523062 (13 types of EVs), compound 12a (13 types of EVs), compound 12b (13 types of EVs), quinoline analogs 12a (11 types of EVs), compound 19d (12 types of EVs), N6-benzyladenosine (11 types of EVs), dibucaine derivatives 6i (11 types of EVs), TBZE-029 (11 types of EVs), and fluoxetine analogs 2b (11 types of EVs) also exhibited high broad-spectrum antiviral activities with binding to 2C protein (Table 1). In addition, dibucaine, HBB, metrifudil, pirlindole, MRL-1237, quinoline analogs 10a, zuclopenthixol, fluoxetine, and fluoxetine HCl have a weak inhibitory effect on EV 2C protein, respectively. The quinoline analogs 12c displayed the weakest cross-inhibition of EVs and inhibited only EV-D68 and CV-A21. The LibDockscore and free energy of binding energy with 22 compounds binding to EV 2C were ranged from 18.43 to 139.86 and −0.35 to −88.18 kcal/mol. The negative binding energy indicated that those compounds could more easily interact with EV 2C spontaneously. Then, we produced potential inhibitory effect. Generally, the higher the binding-free energy, the more suitable the ligand poses. Apart from VAL118, PHE206, ASP307, and ARG311, hydantoin docked the same binding sites across HRV-A and HRV-A2. In addition, GuaHCL have same binding sites between EV-D68 and EV-D70 except THR221, SER226, and HIS228. This indicates that they may share the same mechanism of action in ATPase domain of 2C protein. All inhibitors mainly bound to the N-terminal membrane-binding and ATPase areas of 2C. In addition to the reported drug-resistant amino acids, we also found many potential affecting drug-binding sites. In the docking-binding modes, diverse interactive and pharmacological action sites of 2C further showed that the drug has a potential cross-inhibitory effect on EVs (Supplementary Figures 2–21).


Table 1. Candidate drugs properties screened and Dockscore through LibDock in this study.

[image: Table 1]

Of the twenty EVs, nineteen can interact with hydantoin, binding energy ranging from −60.57 to −3.70 kcal/mol (Supplementary Table 5). However, docking scores appear a little low, varying from 41.30 to 65.31. Docked structure of hydantoin binds firmly at the active site of the EV-A71 2C region of the domain ATPase (Figure 4). Although the binding site is not at the traditional EV-A71 2C protein triple mutation ALA224-ILE227-AIA229 (Hu et al., 2020), the results show that THR214 formed conventional hydrogen bond, and VAL197 and SER212 formed carbon-hydrogen bond interactions in this study. The carbon-hydrogen bond interactions are considered hydrogen bonds where the donor is a polarized carbon atom. A carbon atom is considered to be a donor if it is either in an acetylene group or if it is adjacent to an oxygen or nitrogen atom (Pierce et al., 2002). It also plays an important role in the binding interaction of EV 2C protein and ligands. In the previous experiments, a derivative of hydantoin of compound 5-(3,4-dichlorophenyl) methylhydantoin could effectively inhibit PV-1, PV-2, PV-3, CV-A21, CV-B3, and HRV-14, which was consistent with the results in our study (Vance et al., 1997). In addition, the binding energy between hydantoin and 2C of poliovirus [PV-3 (−60.57 kcal/mol) >PV-1 (−35.50 kcal/mol) >PV-2 (−15.78 kcal/mol)] (Figure 5) was consistent with the plaque formation experiments. Besides the reported viruses, it can also potentially inhibit EV-A71, EV-D68, EV-D70, CV-B3, CV-A6, CV-A9, CV-A16, CV-A24, HRV-A, HRV-A2, HRV-B, HRV-C, Echovirus E11, and Echovirus E30. In addition, the higher binding affinity of hydantoin is attributed to the multiple non-covalent interactions such as van der Waals with other amino acid residues (Supplementary Table 6) at the active site of EV-A71 2C. In molecular physics, the van der Waals force is a distance-dependent interaction between atoms or molecules. Van der waals interactions are classified as the London dispersion forces between “instantaneously induced dipoles,” Debye forces between permanent dipoles and induced dipoles, and the Keesom force between permanent molecular dipoles whose rotational orientations are dynamically averaged over time (Autumn et al., 2002). They differ from covalent and ionic bonds since they are caused by correlations in the fluctuating polarizations of nearby particles. Unlike ionic or covalent bonds, these attractions do not result from a chemical electronic bond and they are comparatively weak and therefore more susceptible to disturbance. Despite being the weakest of the weak chemical forces, it may still support an integral structural load when multitudes of interactions between EV 2C protein and the ligands are present. For Echovirus E30, hydantoin docked mainly between β4 and α3 of ILE227-AIA229 sites, and with residues of ATPase domain. ILE227 can form carbon-hydrogen bond, and SER226 formed conventional hydrogen bond interactions in this study. The hydantoin-binding sites of EV-D68, CV-A16, CV-A21, PV-1, and PV-3 are mainly in the α-helix of 2C N-terminal membrane-binding domain. It may weaken the viral infection and proliferation by interfering the localization and function of 2C protein. Hydantoin binds to EV-D68 firmly at the active site residues ARG16, GLY17, TRP20, GLU71, GLN72, GLN73, ALA75, and LEU76. They formed non-covalent interactions and conventional hydrogen bond with GLU71 and GLN72. The conventional hydrogen bond interactions were the most important factors for the specific binding of ligand to its receptor (Wang et al., 2002). It can exist between a hydrogen bond donor atom and an acceptor atom which are the stronger forces than van der Waals interactions (Sweetman et al., 2014). It strengthens the binding energy between drug ligand and EV-D68 2C protein. CV-A16 formed non-covalent interaction with van der Waals residues ASN49, LYS51, GLN52, LEU55, GLN70, LEU73, GLU74, and PHE77, conventional hydrogen bond with TRP31, ASN48, and GLU74, and carbon-hydrogen bond with GLU52. CV-A21 formed non-covalent interaction with van der Waals residues GLU97, THR196, and ARG317, conventional hydrogen bond with ALA98, and carbon-hydrogen bond with ARG99, ARG100, and GLU121. PV-1 formed non-covalent interaction with van der Waals residues LYS49, ILE60, ILE63, HIS64, GLN192, VAL197, GLU198, and ILE200, conventional hydrogen bond with GLU57 and PHE199, and carbon-hydrogen bond with GLN59. PV-3 formed non-covalent interaction with van der Waals residues GLU19, ASN23, THR107, GLN169, and THR214, conventional hydrogen bond with LYS24, and carbon-hydrogen bond and Pi-sigma with TRP20. The Pi-sigma contact belongs to hydrophobic interactions between a hydrogen and a Pi ring system, so as to improve the solubility and drug performance of hydrophobic (Udofia et al., 2021). The important interacting residues in the ligands and 2C active sites for other EV-D70, PV-2, CV-B3, CV-A6, CV-A9, CV-A24, HRV-A, HRV-B, HRV-C, RV-B14, HRV-A2, and Echovirus E11 are listed in Supplementary Table 6.
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FIGURE 4. The poses with minimum free energy of the hydantoin compounds along with their corresponding interactions plots within the active site of 2C.
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FIGURE 5. The binding energy of the interactions between EV 2C proteins and 22 compound inhibitors.


In addition to the reported PV-1, PV-3, and CV-B3 (Murray and Nibert, 2007; Bauer et al., 2019), GuaHCL was also found to have potential antiviral effect on other enteroviruses: EV-A71, EV-D68, EV-D70, CV-A6, CV-A9, CV-A16, CV-A21, CV-A24, HRV-A, HRV-C, HRV-B14, HRV-A2, Echovirus E11, and Echovirus E30 in this study. Although the docking score is low, its binding energy varies from −106.14 to −2.31 kcal/mol (Supplementary Table 5 and Figure 5), which exhibited a strong binding affinity. The dock score of GuaHCL binding at the active sites of the 2C and their important interactions with various amino acid residues is summarized in Figure 6 and Supplementary Table 6. Previous studies have shown that ILE142, ALA143, Asn179, MET187, SER225, ILE227, ALA233, ALA224, ILE227, and ALA229 were targeted the PV and CV-B3 of 2C. Here, it is found that GLU10, ARG41, LEU44, VAL47, THR48, LEU53, TRP82, ILE85, TYR111, ILE112, GLN113, PHE114, LYS115, SER116, LYS117, LEU212, ASP236, ALA237, and ARG240 may be involved in the interaction between 2C protein and GuaHCL. For EV-A71, EV-D68, EV-D70, CV-A6, CV-A9, CV-A16, CV-A21, CV-A24, HRV-A, HRV-C, RV-B14, HRV-A2, Echovirus E11, and Echovirus E30, we found that the N-terminal domain and ATPase domain of 2C are the major targets for GuaHCL.


[image: Figure 6]
FIGURE 6. The poses with minimum free energy of the GuaHCL compounds along with their corresponding interactions plots within the active site of 2C proteins.


Recently, Ma et al. (2020) reported a new small molecule compound, which can effectively bind 2C protein and inhibit the replication and proliferation of EV-D68. However, its target needs to be further studied. The docking studies have shown that R523062 can be used as the potential drugs for infection treatment of EV-A71, EV-D68, PV-1, PV-3, CV-A6, CV-A10, CV-A21, CV-A24, RV-B3, HRV-A2, HRV-B, HRV-C, and Echovirus E30, based on the estimated binding energy (ΔG) value, followed by EV-A71 (−36.08 kcal/mol) > PV-3 (−21.01 kcal/mol) > CV-B3 (−28.92 kcal/mol) > CV-A21 (−26.68 kcal/mol) > PV-3 (−21.01 kcal/mol) > Echovirus E30 (−20.47 kcal/mol) > HRV-B (−19.90 kcal/mol) > CV-A6 (−8.09 kcal/mol) > CV-A10 (−7.43 kcal/mol) > EV-D68 (−7.05 kcal/mol)> CV-A24 (−3.90 kcal/mol) > HRV-A2 (−1.33 kcal/mol) > HRV-C (−0.95 kcal/mol) (Figure 5).

Bauer et al. (2020) have reported that four compounds (12a, 12b, 19b, and 19d) showed broad-spectrum EV and RV activities and inhibited contemporary strains of emerging EV-A71, CV-A24, and EV-D68. The targets of these compounds and the regions producing drug-resistant mutations were mainly in, or adjacent to, the α2 helix of 2C. We further speculated on potential drug-binding target sites. We found that four compounds (19b, 12b, 12a, and 19d) showed broad-spectrum EV activity (EV-A71, EV-D68, PV-1, CV-A24, CV-B3, HRV-A2, and HRV-B14) that was consistent with previous reports and mainly targeted ATPase domain (Supplementary Figures 3–5, 11). It also has potential inhibitory effect on other enteroviruses. For the novel potent enterovirus 2C helicase inhibitors compound dibucaine derivatives 6i, we also found same PRO159 and ASP177 sites of EV-A71 consistent with previous reports (Tang et al., 2020). Besides the two conventional hydrogen bonds ASP160 and ASP186, carbon-hydrogen bond interaction was observed in the residue GLN180. Also, a van der Waals interaction was determined in the domain of ATPase (ASP160, PRO161, CYS179, ASN181, PRO182, ASP183, GLY184, LYS185, ASP186, and MET187), which might make a contribution to the enhanced binding force and inhibitory activity. Docking results showed that dibucaine derivative 6i also had binding energy and potential inhibitory effects on PV-1, PV-2, CV-A6, CV-A10, CV-A21, CV-B3, HRV-A, HRV-B, HRV-C, and Echovirus E30 (Figure 5). Besides EV-D68, quinoline analogs compound 12a also showed inhibitory effects on other 11 enteroviruses (EV-A71, EV-D68, PV-1, PV-2, CV-A16, CV-A21, HRV-A, HRV-A2, HRV-B, HRV-B14, HRV-C, and Echovirus E30) (Musharrafieh et al., 2019). Quinoline analogs 10a showed inhibitory effects on CV-A21, Echovirus E30, PV-1, EV-A71, and HRV-C apart from EV-D68. Quinoline analogs 12c only showed inhibitory effects on EV-D68 and CV-A21. In drug targets, we found 2C ILE227 that involves Pi-alkyl hydrophobic interaction, which leads to favorable protein–ligand interactions (Venugopal et al., 2020). Furthermore, the missing amino acid residues (1-116) were also found in pose of quinoline analogs (12a, 10a, and 12c) showing various non-covalent interactions targeted for 2C (Supplementary Table 6 and Supplementary Figures 6, 17, 21).

For fluoxetine and its derivatives, it not only has potential drug-binding effect on CV-B3 (Zuo et al., 2012), but fluoxetine analog 2b shows potential therapeutic effect on extra enteroviruses EV-A71, EV-D68, PV-1, CV-A21, HRV-A, HRV-A2, HRV-B, HRV-B14, Echovirus E11, and Echovirus E30 (Supplementary Figure 10). Among them, fluoxetine analog 2b showed better broad-spectrum resistance than fluoxetine (Supplementary Figure 19) and fluoxetine HCL (Supplementary Figure 20), that is consistent with previous reports (Manganaro et al., 2020). The binding region is mainly located in the N-terminal membrane-binding domain and ATPase domain of 2C (Supplementary Table 6).

In reported dibucaine, TBZE-029, HBB, metrifudil, MRL-1237, N6-benzyladenosine, pirlindole, and zuclopenthixol, we found that dibucaine can effectively bind to the key sites of ILE227 and ALA229 of 2C. The interactions between dibucaine and EV-A71 2C involve carbon-hydrogen bond (MET187), Pi-sigma and alkyl (VAL232), Pi-alkyl (CYS191, PRO230 and ILE238), and van der Waals (CYS179, ASP183, GLY184, SER188, ILE227, ILE228, ALA229, THR231, SER233, ASP234, and ARG241). Besides EV-A71, EV-D68, and CV-B3 (Ulferts et al., 2016), dibucaine can also effectively interact with CV-A21, CV-A16, Echovirus E30, CV-A10, EV-D70, and HRV-B. Besides studied CV-B3(De Palma et al., 2008), it is suggested that TBZE-029 is effective binding to PV-1, PV-3, CV-A6, CV-A10, CV-A16, CV-A21, RV-B, RV-C, Echovirus E11, and Echovirus E30. HBB showed a good inhibitory effect on poliovirus (PV-1, PV-2, and PV-3) and could also bind to CV-A9, CV-A10, CV-A24, HRV-A2, Echovirus E11, and Echovirus E30.

As previously reported, we also found that metrifudil and N6-benzyladenosine have anti-EV71 activity (Arita et al., 2008). The binding energy was −4.13 kcal/mol (LibDockscore:89.99) and −7.70 kcal/mol (LibDockscore:122.59), respectively (Figure 5). The interactions of amino acid sites that mainly involved with LEU5, LYS7, PHE8, ASN9, PHE28, LYS33, ILE36, GLU45, LEU47, LEU53, LEU56, GLU57, ASN58, ILE60, SER61, GLU64, MET76, ASN79, HIS85, PHE86, ARG144, ASP148, LEU269, CYS270, SER271, ASN273, PHE278, LYS279, ARG280, CYS281, SER282, and VAL285 distributed in the N-terminal membrane-binding and ATPase domains of 2C. Simultaneously, the docking showed that metrifudil and N6-benzyladenosine had the potential binding and inhibitory effects on enterovirus PV-1, PV-2, PV-3, EV-D68, CV-A6, CV-A10, CV-A16, CV-A21, CV-A24, HRV-A, HRV-A2, HRV-B, Echovirus E11, and Echovirus E30.

MRL-1237 could inhibit PV-1 replication by binding ATPase domain of 2C (Shimizu et al., 2000). The interaction for MRL-1237 is also involved with carbon-hydrogen bond (CYS191 and GLN192), Pi-cation (LYS49 and ARG241), Pi-alkyl (VAL197 and ALA237), Pi-sigma (GLN192), and van der Waals (PHE46, VAL47, GLU57, GLN59, ILE60, SER195, PHE199, VAL232, HIS234, and LEU238) in this study. In addition, we found that MRL-1237 has potential and inhibitory effects on others: EV-A71, CV-A10, CV-A21, CV-A24, and CV-B3.

Pirlindole is an inhibitor of monoamine oxidase A, an enzyme involved in the metabolism of monoamines, including serotonin, melatonin, adrenaline, and noradrenaline (Boland et al., 2002). Zuclopenthixol is an antagonist of D2 dopamine receptors and used for the treatment of psychotic disorders (Faure et al., 2021). These two compounds showed inhibitory effects on CV-B3 and PV-3 (Ulferts et al., 2016). For zuclopenthixol, it is also an effective binding energy of inhibition of CV-A10 (−52.38 kcal/mol), PV-1 (−9.46 kcal/mol), and HRV-C (−1.99 kcal/mol) (Figure 5). Pirlindole was found that may act as a novel disincentive to EV-A71 (−25.90 kcal/mol), EV-D68 (−18.03 kcal/mol), PV-2 (−1.42 kcal/mol), CV-A16 (−37.72 kcal/mol), HRV-B (−12.43 kcal/mol), and Echovirus E11(−39.18 kcal/mol) (Figure 5).

Although some of the top-ranked drugs such as compounds 12a, 12b, 19b, quinoline analogs 12a, fluoxetine, and fluoxetine analogs 2b did not show direct interaction with ALA224-ILE227-AIA229, these drugs fitted well into the same binding pocket and showed good binding affinity because of direct or indirect kinds of interactions with other binding site residues (Figure 5). This indicates the importance of other amino acids as well. Other types of interactions or indirect prevailed by these drugs for their stabilization into the ATPase-binding pocket are water-mediated H-bonding, polar, electrostatic, and hydrophobic interactions. Altogether, the homology modeling of EV 2C protein structure may serve as a starting point for further medicinal chemistry guided through structure-based drug design tools, which may lead to the discovery of novel candidate leads for the EV treatment.




CONCLUSIONS

Until now, there is still no drug that can effectively control the occurrence and development of enteroviruses, mainly symptomatic treatment and supportive treatment. Experimental verifications with in vivo assays are currently in progress to test the inhibitors targeting to 2C protein. One of the obstacles is that the full-length crystal structure of 2C protein has not been obtained, which leads to the lack of understanding of the structural information of 2C. Particularly, less information is known about the potential binding pockets and the possible binding modes, which our current work is aiming to address. In this study, we first established the structures of full-length enterovirus 2C proteins. The N-terminal membrane binding of 2C of α helix domain may be an important drug inhibition binding region, whereas ATPase domain has been reported. Some new hits were obtained from focused docking which showed a good combination of blind dockings and focused dockings in molecular approach. The key residues involved in stabilizing the complex or participating in the fusion process were identified. These interactions of hits obtained from docking results with the protein functions of 2C provided a promising approach for drug discovery and drug design to inhibit the virus replication by targeting 2C. Our study showed that the current docking protocol utilizing DSv2016 was a robust strategy with sufficient accuracy. Further experimental work such as determination of catalytic binding activity for more compounds should be performed to validate the current in silico study.
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The reverse genetics system is a valuable tool in the virological study of RNA viruses. With the availability of reverse genetics, the porcine reproductive and respiratory syndrome virus (PRRSV) has been utilized as a viral vector for the expression of foreign genes of interest. Here, we constructed a full-length cDNA clone of a highly pathogenic PRRSV (HP-PRRSV) TA-12 strain. Using this cDNA clone, we generated a reporter virus expressing a gaussia luciferase (Gluc) via an additional subgenomic RNA between ORF7 and 3′UTR. This reporter virus exhibited similar growth kinetics to the wild-type (WT) virus and remained genetically stable for at least ten passages in MARC-145 cells. In cells infected with this reporter virus, the correlation between the expression levels of Gluc in culture media and the virus titers suggested that Gluc is a good indicator of the reporter virus infection. With this reporter virus, we further established the Gluc readout-based assays for antiviral drug screening and serum neutralizing antibody detection that exhibited comparable performance to the classical assays. Taken together, we established a reverse genetics system of HP-PRRSV and generated a novel reporter virus that could serve as a valuable tool for antiviral drug screening and serum neutralizing antibody detection.
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INTRODUCTION

Porcine reproductive and respiratory syndrome (PRRS) which is one of the most economically important swine diseases mainly causes respiratory diseases to newborn and growing pigs, and reproductive failure in pregnant sows. The causative agent of PRRS is the porcine reproductive and respiratory syndrome virus (PRRSV) which belongs to the Arteriviridae family of the order Nidovirales. Previously, PRRSV was classified into two genotypes (type 1 and type 2) that have been promoted to two species (PRRSV-1 and PRRSV-2).1 In China, the dominant strains are PRRSV-2, although PRRSV-1 strains have been sporadically isolated. PRRSV genome is a capped positive-sense RNA molecule that is about 15 kb in length, contains a 5′ untranslated region (5′UTR), 11 open reading frames (ORFs), and a 3′UTR followed by a poly(A) tail. The 5′ end 75% genome encodes at least 14 nonstructural proteins (nsp1α/β, nsp2N, nsp2TF, nsp2 ~ nsp6, nsp7α/β, and nsp8 ~ nsp12), while the rest 3′ end genome encodes structural proteins through a set of subgenomic RNAs that share the 5′ and 3′ ends (Fang and Snijder, 2010; Fang et al., 2012; Lunney et al., 2016). Since PRRSV RNA-dependent RNA polymerase (RdRp) lacks proofreading ability, the PRRSV genome has an extremely high mutation rate (Hanada et al., 2005; Murtaugh et al., 2010) which leads to the emergence of novel PRRSV strains almost every few years during the past 30 years, such as the HP-PRRSV strains in Asian countries (Tian et al., 2007), NADC30-like strains in China (Zhao et al., 2015; Zhou et al., 2015; Ji et al., 2016; Li et al., 2016), and NADC34-like strains in China (Xu et al., 2022). Although vaccination is the most effective strategy for PRRS control, commercial vaccines provide limited protection against heterologous infection (Bai et al., 2016; Zhou et al., 2017; Chai et al., 2020; Chen et al., 2021). Besides, the restricted biosafety measures and point of care diagnostics are critical for PRRS control and eradication in the future.

The first reverse genetics for PRRSV-1 was established in 1998 (Meulenberg et al., 1998). Since then, many infectious cDNA clones for both PRRSV species have been constructed and become a valuable tool in PRRSV investigations as summarized by Chaudhari and Vu (2020). With the availability of reverse genetics, PRRSV has been explored as a viral vector to express a foreign gene of interest, such as reporter genes (Fang et al., 2006; Guo et al., 2016; Huang et al., 2018) for tracking viral infection and antigens of other pathogens for vaccine development (Pei et al., 2009; Zheng et al., 2010; Gao et al., 2018). Two main strategies have been employed to deliver the foreign gene, including as a fusion protein within nsp2 and as an additional subgenomic RNA inserted at three potential locations in the PRRSV genome: between ORF1b and ORF2a, between ORF4 and ORF5a, and between ORF7 and 3′UTR (Pei et al., 2009; Wang et al., 2013, 2020; Tian et al., 2017). The intergenic junctions between ORF1b and ORF2a and between ORF7 and 3′UTR are the most commonly used locations for gene insertion. To date, several recombinant reporter viruses expressing fluorescent proteins (EGFP, RFP, and Renilla luciferase) generated through these strategies have been utilized for antiviral drug screening and serum neutralization assay (SNA; Sang et al., 2012; de Wilde et al., 2013; Wang et al., 2013). The classical SNA for PRRSV neutralizing antibody detection is the fluorescent focus unit reduction-based test that is time-consuming and laborious (Ostrowski et al., 2002). By contrast, the SNA using reporter viruses could be less time-intensive and applicable for high-throughput format.

Since Gaussia luciferase (Gluc) from the marine copepod Gaussia princeps is naturally secreted from mammalian cells in an active form (Tannous et al., 2005), it can be detected in culture media without cell lysis. In addition, Gluc is over 1,000-fold more sensitive than the commonly used firefly luciferase and Renilla luciferase. Due to its small size, unique thermal stability, and genetically encoded secretion system, Gluc has been used as a reporter to monitor viral infection (Nishiyama et al., 2019; Wang et al., 2019; Zhang et al., 2021; Lucke et al., 2022). In this study, we constructed an infectious cDNA clone of the HP-PRRSV TA-12 strain using the DNA-based transfection approach. With this reverse genetics, a recombinant virus expressing Gluc (rTA-Gluc2) was constructed and rescued. This reporter virus exhibited similar growth kinetics as the WT virus and remained genetically stable for at least ten passages in vitro. Of note, the expression levels of Gluc in culture media of the reporter virus-infected cells were correlated with virus titers. Using this reporter virus, we established Gluc readout-based antiviral drug screening assay and SNA for HP-PRRSV.



MATERIALS AND METHODS


Cells, Viruses, Antibodies, and Compounds

MARC-145 cells (ATCC) were cultured in Modified Eagle Medium (MEM; Sigma-Aldrich, St. Louis, MO, United States) containing 10% fetal bovine serum (FBS; Sigma-Aldrich, St. Louis, MO, United States) and 1% penicillin–streptomycin (Thermo Fisher Scientific, Waltham, MA, United States). BHK-21 cells purchased from ATCC were maintained in Dulbecco’s Modified Eagle Medium supplemented with 10% FBS (Gemini Bio, West Sacramento, CA, United States) and 1% penicillin–streptomycin (Thermo Fisher Scientific, Waltham, MA, United States). The HP-PRRSV TA-12 strain (GenBank Accession No. HQ416720.1) was purified by plaque assay in MARC-145 cells, and the complete genome of one plaque was determined by the Sanger sequencing method and deposited to GenBank under accession No. MZ399801. A monoclonal antibody (clone 4A5) against PRRSV N protein was purchased from MEDIAN Diagnostics, Korea. IFN-α2b (Sangon Biotech, Shanghai, China), ribavirin (Sigma-Aldrich, St. Louis, MO, United States), 5-Fluorouracil (MedChemExpress, Shanghai, China), and Chloroquine (MedChemExpress, Shanghai, China) were used in this study. Coelenterazine h (Maokang Biotechnology, Shanghai, China) was dissolved in acidified methanol to a concentration of 5 mg/ml, and aliquots were stored at −80°C.



Assembly of a Full-Length cDNA Clone of HP-PRRSV TA-12 Strain by Homologous Recombination in vitro

Initially, a synthesized DNA fragment containing a human cytomegalovirus immediate-early promoter (CMV), the unique restriction enzyme sites (MluI, AflII, and EcoRV), partial 3′UTR of TA-12, and a hepatitis D virus ribozyme (HDV Rbz) were cloned into pACYC177 plasmid to create the pCMV-TA-12-vector. The complete genomic cDNA of TA-12 was divided into four overlapping fragments and inserted into the pCMV-TA-12-vector through a two-step cloning strategy based on homologous recombination technology. Briefly, viral RNA of TA-12 extracted with the FastPure Viral DNA/RNA Mini Kit (Vazyme Biotech, Nanjing, China) was used as a template to synthesize cDNA using the Superscript IV first-strand synthesis system (ThermoFisher Scientific, Waltham, MA, United States), and four fragments (F1 ~ F4) covering the complete genome of TA-12 were amplified using the Q5 high-fidelity DNA polymerase (NEB, Ipswich, MA, United States) and primers listed in Table 1. To facilitate homologous recombination, the neighboring individual DNA fragments share around 20 nucleotide acids. As illustrated in Figure 1A, F1 and F2 were inserted into the pCMV-TA-12-vector which was linearized with restriction enzymes (MluI and AflII) using the NEBuilder HiFi DNA Assembly Master Mix (NEB, Ipswich, MA, United States) in the first round homologous recombination. Similarly, F3 and F4 were assembled into a full-length cDNA clone named pCMV-TA-12. To distinguish the rescued virus from the wild-type (WT) virus, a genetic marker was introduced by the disruption of the BsrGI restriction site in ORF4 using primers in Table 1. Finally, the infectious cDNA clone of TA-12 was designated as pCMV-TA-12 M.



TABLE 1. The primers used in this study.
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FIGURE 1. Construction of an infectious cDNA clone of HP-PRRSV TA-12 strain and the reporter viruses expressing a Gluc. (A) An infectious cDNA clone of TA-12 assembled through homologous recombination in vitro as described in the “Materials and Methods.” (B) Two cDNA clones were designed to express a Gluc via two strategies, respectively. In TA-Gluc1 construct the Gluc coding sequence followed by a PRRSV TRS6 was inserted into pCMV-TA-12 M between ORF1b and ORF2a, while in TA-Gluc2 construct a PRRSV TRS6 followed by the Gluc coding sequence was inserted between ORF7 and 3′UTR.




Construction of cDNA Clones Containing an Expression Cassette of Gluc Gene

The infectious cDNA of TA-12 was developed as a viral vector to express Gluc through an additional subgenomic RNA. The expression cassette of Gluc was inserted into the cDNA clone at two sites, ORF1b/ORF2a and ORF7/3’UTR, respectively. As illustrated in Figure 1B, in the TA-Gluc1 clone, the Gluc coding sequence fused with a TRS6 sequence (gttccgcggcaacccctttaaccagagtttcagcggaaca) at the 3′ end was inserted between ORF1b and ORF2; in the TA-Gluc2 clone, the Gluc coding sequence with a TRS6 sequence at 5′ end was inserted between ORF7/3′UTR. Those two cDNA clones were assembled through homologous recombination using the NEBuilder HiFi DNA Assembly Master Mix (NEB, Ipswich, MA, United States) per the manufacturer’s instructions.



Recovery of Recombinant Viruses

BHK-21 cells at ~80% confluence in a 12-well culture plate were transfected with 2 μg of a full-length cDNA clone using Lipofectamine® 3,000 transfection reagent (ThermoFisher Scientific, Waltham, MA, United States) according to the manufacturer’s instructions. At 2 days post-transfection (dpt), culture supernatant was harvested to infect MARC-145 cells seeded in a 12-well culture plate 2 days ahead. At the same time, cell monolayers were fixed with ice-cold methanol for 20 min at −20°C and then stained with a mAb against N protein. Cells were monitored daily for the appearance of cytopathic effect (CPE) under the IX73 epifluorescence microscope (Olympus). Around 4 days post-infection (dpi), the culture supernatant was harvested as P1 virus and stored at −80°C, and then further passaged in MARC-145 cells at least ten times.



Viral Growth Curve

The confluent MARC-145 cells in a 24-well culture plate were inoculated with rTA-12 M or rTA-Gluc at a multiplicity of infection (MOI) of 0.01. Cells were incubated with virus supernatant diluted with MEM for 1 h, then washed twice with 1×PBS, and cultured with 1 ml MEM supplemented with 2% FBS (Sigma-Aldrich, St. Louis, MO, United States). Virus supernatants were harvested at 0, 12, 24, 36, 48, 60, and 72 h post-infection (hpi) for virus titration by TCID50, and Gluc levels in virus supernatants were evaluated by luciferase assay. The viral growth curves were created with GraphPad Prism 8.



Plaque Assay

The confluent monolayers of MARC-145 cells in 12-well culture plates were inoculated with 10-fold diluted rTA-12 M or rTA-Gluc2, respectively. Cells were incubated with virus supernatant diluted with MEM for 2 h, then washed twice with 1×PBS, and then overlaid with 5 ml of MEM containing 2% FBS (Sigma-Aldrich, St. Louis, MO, United States) and 1% UltraPure™ Low Melting Point Agarose (ThermoFisher Scientific, Waltham, MA, United States). At 3 dpi, the cells were fixed with 4% paraformaldehyde and stained with 0.1% crystal violet to visualize plaques.



The Genetic Stability of rTA-Gluc in vitro

The reporter virus, vTA-Gluc2, was serially passaged ten times in MARC-145 cells. The genetic stability of rTA-Gluc2 was evaluated by checking the coding sequence of Gluc and the expression of Gluc. To check viral genomic sequence, viral RNAs of P5 and P10 were extracted using the FastPure Viral DNA/RNA Mini Kit (Vazyme Biotech, Nanjing, China). The viral genomic region of vTA-Gluc2 covering was amplified with primers listed in Table 1 using HiScript II One-Step RT-PCR Kit (Vazyme Biotech, Nanjing, China). The PCR product was purified and sent for DNA sequencing by GENEWIZ. We also compared the expression dynamic of Gluc through viral growth curves. MARC-145 cells were infected with P3, P5, and P10 viruses at an MOI of 0.01. Virus supernatants harvested at 0, 12, 24, 36, 48, 60, and 72 hpi were subject to luciferase assay.



Indirect Immunofluorescence Assay

Cell monolayers were fixed with ice-cold methanol and then air-dry. For the detection of N protein expression, cells were incubated with a mAb (4A5) at 37°C for 1 h. After five washes, the cell monolayers were stained with Alexa 488-conjugated goat anti-mouse IgG(H + L; Jackson ImmunoResearch Inc., West Grove, PA, United States). 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 the IX73 epifluorescence microscope (Olympus).



Luciferase Assay

The gaussia luciferase assay was performed as described previously (Tannous, 2009). Coelenterazine h was diluted to 20 μM with PBS supplemented with 5 mM NaCl, pH 7.2, and incubated at room temperature in the dark for 30 min. To measure the gaussia activity, mix 50 μl of 20 μM coelenterazine h with 20 μl sample in a white plate and acquire photon counts for 10 s using a plate reader.



In vitro Cytotoxicity Assay

The cytotoxicity to MARC-145 cells was evaluated for ribavirin, 5-Fluorouracil, and Chloroquine using the CCK-8 Cell Counting Kit (Vazyme Biotech, Nanjing, China) according to the manufacturer’s instructions. Briefly, MARC-145 cells were seeded in 96-well tissue culture plates and incubated at 37°C for 2 days. 100 μl compounds per well at the indicated concentrations were added to MARC-145, and four replicates for each concentration. At 24 h post-treatment, the cell monolayers were washed with 1×PBS and incubated with 100 μl of one to ten diluted colorimetric reagent for 1 h. Measurements from compound-treated or vehicle-treated cells were normalized against those from untreated cells. The half-maximum cytotoxic concentration (CC50) was calculated using Graphpad Prism 8.



Antiviral Assays

The antiviral assay against PRRSV was conducted with rTA-12 M and rTA-Gluc2, and four compounds were tested in this study, including human IFN-α2b, ribavirin, 5-Fluorouracil, and Chloroquine. The 50% inhibition concentration (IC50) was determined to assess their antiviral effect on PRRSV infection. The confluent MARC-145 cells in a 96-well culture plate were pre-incubated with the serially diluted compound for 2 h and then infected with rTA-12 M or rTA-Gluc2 at a dose of 2000 TCID50/well. At 2 hpi, virus inoculums were removed, and the compounds at the indicated concentrations were added back to the cells. At 24 hpi, the virus supernatants were harvested for virus titration and gaussia luciferase assay. IC50 was calculated using the absolute IC50 equation with Graphpad prism 8.



Serum Neutralization Assay

Serum neutralizing antibody (NAb) titers were determined by neutralization assay with rTA-Gluc2. The 15 pig serum samples collected from piglets immunized with a PRRS MLV vaccine were kindly provided by Professor Demin Cai from Yangzhou University. The serum samples inactivated at 56°C for 30 min were serially diluted with MEM and mixed with an equal volume of rTA-Gluc2 (2000 TCID50/mL). After being incubated at 37°C for 1 h, the mixtures (100 μl/sample) were added to the confluent MARC-145 cell monolayers in a 96-well culture plate. At 1 hpi, replaced the mixtures with 150 μl infection medium (MEM supplemented with 2% FBS). At 24 hpi, culture supernatants were harvested for gaussia luciferase assay, while cells were fixed with ice-cold methanol for indirect immunofluorescence assay detection of PRRSV N. The NAb titer of a serum sample was expressed as the reciprocal of the highest dilution of a sample causing a 90% reduction in the gaussia activity or fluorescent focus unit. For each sample, the duplicated dilutions were conducted.




RESULTS


The Construction and Recovery of the Recombinant Viruses

Initially, we constructed a full-length cDNA clone of the HP-PRRSV TA-12 strain through a two-step homologous recombination in vitro (Figure 1A). To differentiate from the parental virus, a genetic marker of BsrGI inactivation in pCMV-TA-12 M was introduced through site-directed mutagenesis. Using this cDNA clone, two cDNA clones were constructed to rescue reporter viruses expressing a Gluc. As shown in Figure 1B, the TA-Gluc1 clone contains a Gluc ORF followed by a TRS6 sequence between ORF1b and ORF2a, while the TA-Gluc2 clone contains a TRS sequence followed by a Gluc ORF between ORF7 and 3′UTR.

The recombinant viruses were rescued by DNA transfection of BHK-21 cells. At 48 hpt, N protein expression was detected by IFA in cells transfected with WT and Gluc clones (Figure 2A). The harvested virus supernatants were further passaged to MARC-145 cells, respectively. As expected, the typical cytopathic effect (CPE) was observed in cells infected with the WT virus (rTA-12 M) at 3 dpi. For the Gluc expressing recombinant viruses, CPE was observed in cells infected with rTA-Gluc2 but not in cells infected with rTA-Gluc1. In line with CPE observation, N protein expression was confirmed in cells infected with rTA-12 M and rTA-Gluc2, but not rTA-Gluc1 (Figure 2A). The recombinant viruses were also verified by sequencing the viral genomic regions covering the genetic marker and the reporter gene (data not shown).
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FIGURE 2. Recovery and in vitro characterization of the recombinant viruses. (A) Recovery of the recombinant viruses. Briefly, BHK-21 cells in a 12-well plate were transfected with 2 μg cDNA clone plasmid per well using Lipofectamine 3,000 transfection reagent according to the manufacturer’s instructions. At 48 hpt, culture supernatant was harvested as passage zero (P0) virus, while cells were fixed for the detection of N protein via IFA. The P0 virus was further passaged to MARC-145 cells. When typical CPE was observed, culture supernatant was harvested as P1 virus, and N protein expression in cells was confirmed by IFA. The nucleus was counterstained with DAPI. Pictures were taken under an epifluorescent microscope. (B)The multi-step virus growth curves. MARC-145 cells in a 24-well plate were infected with recombinant viruses of P3 at an MOI of 0.01, respectively. Virus supernatants harvested at 0, 12, 24, 36, 48, 60, and 72 hpi were titrated by TCID50 assay (left Y axis) and luciferase assay (right Y axis). Each data point represents the mean ± deviation of duplicates. (C) Plaque morphology of the recombinant viruses. MARC-145 cells were infected with serial diluted recombinant viruses and covered with 1% low melting point agarose supplemented with 2% FBS. At 3 days post-infection, the plaques formed by virus infection were visualized by crystal violet staining.




In vitro Characterization of the Recombinant Viruses

Next, a multiple-step growth curve was performed to characterize the recombinant viruses. Virus supernatants harvested at 0, 12, 24, 36, 48, 60, and 72 hpi were titrated in MARC-145 cells, while the secreted Gluc in those supernatants was detected by luciferase assay. Based on virus titration results, the WT virus and rTA-Gluc2 exhibited similar growth trends and reached their peak titers (107.4 TCID50/mL and 107.1 TCID50/mL) at 48 hpi, although virus titers of rTA-Gluc2 were about 0.5 logs lower than those of the WT virus (Figure 2B). Their similar growth abilities were also confirmed by plaque-forming assay (Figure 2C). A gradually increased Gluc activity was detected in virus supernatants of rTA-Gluc2, suggesting that Gluc was expressed during rTA-Gluc2 infection and secreted outside the infected cells. Of note, Gluc production is correlated with virus titers (Figure 2B), indicating that Gluc could serve as an indicator of virus replication.



The Genetic Stability of rTA-Gluc2 During Serial Passages in MARC-145 Cells

rTA-Gluc2 has been serially passaged ten times in MARC-145 cells. To determine the genetic stability of the reporter virus, the Gluc expression cassettes of P5 and P10 viruses were amplified by RT-PCR using primer pair, PRRSV-F1/PRRSV-R (Table 1), and the corresponding regions of rTA-12 M P5 and P10 were amplified as controls. As expected, the sizes of the amplified viral genomic regions of rTA-Gluc2 viruses were larger than those of rTA-12 M viruses (Figure 3A). DNA sequencing results with the purified DNA fragments confirmed that no mutation in the Gluc expression cassette was observed (Figure 3B). The growth kinetics of the serially passaged rTA-Gluc2 were further evaluated using the P3, P5, and P10 viruses, and virus replication was indicated by Gluc activity. Consistent with the sequencing results, all three viruses exhibited a very similar growth trend (Figure 3C). Therefore, the reporter virus expressing Gluc remained stable during passages in vitro.
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FIGURE 3. The genetic stability of the Gluc-expressing reporter virus. The Gluc expression cassettes in the recombinant viruses of P5 and P10 were checked by RT-PCR (A) and DNA sequencing (B), whereas the corresponding regions in the parental viruses were amplified as a control. In addition, the Gluc expression levels by the recombinant viruses of P3, P5, and P10 were evaluated using the multiple-step growth curves (C). MARC-145 cells were infected with the recombinant viruses at an MOI of 0.01, culture supernatants were harvested at 12, 24, 36, 48, 60, and 72 hpi and titrated by luciferase assay. Each data point represents the mean ± deviation of triplicates.




Antiviral Assay Against PRRSV Using rTA-Gluc2 Reporter Virus

The reporter virus expressing fluorescent protein is a useful tool for antiviral drug screening. Here, rTA-Gluc2 was explored as a reporter virus for the antiviral screening assay against PRRSV. Since PRRSV is sensitive to type I IFN (Lee et al., 2004), we initially compared the sensitivity of rTA-12 M and rTA-Gluc2 to IFNα. Based on virus titration results, the replication of these two viruses was similarly inhibited by serially diluted IFNα which was indicated by the IC50 doses of 6.74 IU/ml and 2.17 IU/ml against rTA-12 M and rTA-Gluc2, respectively (Figures 4A-B). Besides, based on the inhibition of Gluc activity by IFNα treatment, the IC50 dose against rTA-Gluc2 was 13.57 IU/ml. Thus, rTA-Gluc2 can be used for the antiviral assay, and the Gluc activity is a good indicator of virus replication.
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FIGURE 4. The antiviral assay using the Gluc reporter virus. (A,B) The inhibitory effect of IFN-α on the infection of rTA-12 M and rTA-Gluc2 based on virus titer (TCID50). (C) The inhibitory effect of IFN-α on the infection of rTA-Gluc2 based on gaussia luciferase activity. (D–F) The inhibitory effect of the compounds on the infection of rTA-Gluc2 based on gaussia luciferase activity. The inhibition rate is the reduction percentage of viral replication compared to the no treatment control. Each data point represents the mean ± deviation of triplicates.


Next, we further evaluated the anti-PRRSV effect of three drugs using rTA-Gluc2, including ribavirin, 5′-Fluorouracil, and chloroquine. The cell cytotoxicity of those three drugs was tested in MARC-145 cells, and no significant cytotoxic effect was observed for all three drugs at the tested doses (Figures 4D-F). For the antiviral assay, the Gluc activity in virus supernatants was detected by luciferase assay, and the IC50 doses were calculated based on the dose–response-inhibition curves. Similar to previous reports (Khatun et al., 2015; Tian and Meng, 2016), ribavirin and 5-Fluorouracil inhibited the infection of reporter virus with the IC50 doses at 94.58 and 220.1 μM (Figures 4D-E), respectively. Chloroquine, an anti-malaria drug, was identified as a broad-spectrum antiviral drug against many RNA viruses, such as SARS-CoV-2 (Liu et al., 2020), human respiratory syncytial virus (Rahman et al., 2021), and hantavirus (Vergote et al., 2021). We also observed the inhibitory effect of chloroquine against PRRSV. Of note, the IC50 of chloroquine is 7.01 μM which is much lower than those of ribavirin and 5-Fluorouracil (Figure 4F), suggesting that chloroquine and its derives are potential drugs against PRRSV. The reduction of virus infection in those antiviral assays was also confirmed by IFA detection of N protein (Figure S1).



Detection of NAb Against HP-PRRSV Using rTA-Gluc2 Reporter Virus

The titer of neutralizing antibodies (NAb) is usually evaluated to monitor the protective immune responses against PRRSV provided by vaccination. For the classical serum neutralization assay (Ostrowski et al., 2002), the NAb titer of a serum sample was expressed as the reciprocal of the highest dilution of a sample causing a 90% reduction in fluorescent focus units (FFU). Although being widely used in diagnostic laboratories, this assay has the following drawbacks: (1) The PRRSV specific antibody used for IFA detection is expensive; (2) It takes several hours to complete the assay, which is time-consuming; (3) An experienced researcher and an epifluorescent microscope are required to accurately record the results. Here, we tried to simplify the NAb detection process using the reporter virus. Since Gluc expressed during viral infection is secreted into viral supernatant, the dynamic of viral replication can be continuously monitored by harvesting a small volume of viral supernatant for luciferase assay. Based on that, a Gluc readout-based NAb detection procedure was designed as shown in Figure 5A. According to this procedure, the NAb titers of 15 pig serum samples were evaluated. As shown in Figure 5B, the NAb titers of 13 samples were between 1/4 and 1/32, whereas no NAb (<1/4) was detected in two samples. We also confirmed the NAb titers of all samples by IFA detection of N protein. In Figure 5C, the NAb titers of three selected samples (#7, #8, and #9) determined by FFU reduction were consistent with those determined by luciferase activity reduction.

[image: Figure 5]

FIGURE 5. Serum neutralization assay using the Gluc reporter virus. (A) A schematic diagram of the procedure for serum neutralization assay. (B) The titers of neutralizing antibodies in pig serum samples were calculated based on the reduction of gaussia luciferase activity. Each data point represents the mean ± deviation of duplicates. (C) The neutralization of virus infection by selected serum samples was confirmed by IFA detection of N protein expression.





DISCUSSION

A reverse genetics system is a valuable tool for the investigation of RNA viruses in many aspects. Taking advantage of this system, the research on PRRSV molecular biology has made significant progress in understanding the mechanisms of viral RNA synthesis, the function study of viral proteins, and the identification of viral virulence factors and viral determinants of cell tropism (reviewed in (Chaudhari and Vu (2020)). With the reverse genetics of PRRSV available, PRRSV was also explored as a viral vector for the expression of a foreign gene of interest (Fang et al., 2006; Pei et al., 2009; Zheng et al., 2010; Guo et al., 2016; Gao et al., 2018; Huang et al., 2018; Wang et al., 2020). In this study, an infectious cDNA clone of the HP-PRRSV TA-12 strain was established via homologous recombination in vitro. Through reverse genetics manipulation, we generated a reporter virus stably expressing Gluc in which the Gluc gene was inserted between ORF7 and 3′UTR. In vitro characterization showed that Gluc expression level in culture media of reporter virus-infected cells is a good indicator of virus progeny. Based on that, this reporter virus was also applied for the antiviral drug screening assay and SNA using Gluc activity as readout.

Several PRRSV reporter viruses expressing fluorescent proteins and luciferases have been generated for tracking viral infection in vitro (Pei et al., 2009; Sang et al., 2012; Wang et al., 2020). As the most variable region in the PRRSV genome, nsp2 serves as a good target for foreign gene insertion. For instance, a study using a recombinant PRRSV expressing EGFP-tagged nsp2 to track intercellular traffic of nsp2 revealed a novel nanotube-based transmission mechanism between cells (Guo et al., 2016). However, the genetic instability of the reporter genes in the PRRSV genome is an issue to be addressed. Besides insertion in nsp2, the other three potential locations have been explored to express a reporter gene as a dedicated expression cassette, including between ORF1b and ORF2a (Pei et al., 2009), between ORF4 and ORF5a (Wang et al., 2020), and between ORF7 and 3′UTR (Wang et al., 2013). The reporter genes inserted between ORF1b and ORF2a and between ORF7 and 3′UTR usually remained stable for several passages, although the genetic stability of the reporter genes seems to depend on the nature of the reporter genes. In this study, we tried to generate recombinant viruses expressing Gluc through a dedicated expression cassette which was inserted between ORF1b and ORF2a or between ORF7 and 3′UTR as described previously (Pei et al., 2009; Wang et al., 2013). The reporter virus with Gluc insertion between ORF7 and 3′UTR was successfully recovered and exhibited similar growth kinetics to the WT virus (Figure 2). This reporter virus remained genetically stable for at least ten passages in vitro (Figure 3). However, we failed to rescue the reporter virus that contains a Gluc expression cassette between ORF1b and ORF2a, although N protein expression was detected in BHK-21 cells transfected with the cDNA clone (Figure 2A). In line with our results, Zheng et al. (2010) reported that the PCV2 cap gene was deleted from the PRRSV genome at passage 1 when they tried to rescue a recombinant virus expressing this gene via a dedicated expression cassette between ORF1b and ORF2a. Thus, our results further support the scenario that the nature of the reporter gene and insertion location within the PRRSV genome are important for the viability and genetic stability of the reporter virus.

The classical method for antiviral drug screening and serum neutralizing antibody detection are plaque reduction-based or fluorescent focus unit reduction-based tests, which are time-consuming, labor-intensive, and expensive. Alternatively, PRRSV reporter viruses have been utilized in the antiviral screening assay using the fluorescent signal as a readout (Huang et al., 2018). However, the autofluorescence of samples, vessels, and imaging media may reduce the assay accuracy, and an experienced researcher is also required to record results. To generate a recombinant PRRSV reporter virus for antiviral drug screening and SNA, we chose Gluc as the reporter gene because of its small size, unique thermal stability, and genetically encoded secretion system. To ensure that the Gluc levels in culture media released by the reporter virus can indicate viral infection, we determined the dynamic of Gluc secretion in culture media. As expected, the secreted Gluc levels are correlated with virus progenies (Figure 2B). Based on these results, the rTA-Gluc2 was utilized for the antiviral screening assay. Using this reporter virus, we confirmed the anti-PRRSV effect of IFNα, ribavirin, and 5-Fluorouracil (Figures 4A-E). Furthermore, chloroquine which is a compound with a broad antiviral spectrum also exhibited an inhibitory effect on PRRSV infection at a very low concentration. The classical SNA for PRRSV neutralizing antibody detection used in diagnostic laboratories is a fluorescent focus unit reduction-based method (Ostrowski et al., 2002). In this assay, IFA with PRRSV-specific antibody is conducted to detect virus infection, which is time-consuming. An experienced researcher is required to record the neutralizing antibody titers. We established a Gluc readout-based SNA using rTA-Gluc2, which generated similar results as the classical SNA (Figure 5). Due to the secretion nature of Gluc, the Gluc activity in culture media was evaluated to access the reduction of virus infection without cell lysis. This Gluc readout-based SNA does not require experienced researchers to record results and could save several hours for IFA detection. This novel SNA is also applicable for the high-throughput format. Taken together, the recombinant PRRSV expressing Gluc serves as a nice tool for antiviral drug screening and neutralizing antibody detection.

In conclusion, we established reverse genetics for HP-PRRSV TA-12 strain via homologous recombination in vitro and generated a recombinant PRRSV stably expressing Gluc. Using this reporter virus, the Gluc readout-based assays for antiviral drug screening and neutralizing antibody detection were established.
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SARS-CoV-2 is the third pathogenic coronavirus to emerge since 2000. Experience from prior outbreaks of SARS-CoV and MERS-CoV has demonstrated the importance of both humoral and cellular immunity to clinical outcome, precepts that have been recapitulated for SARS-CoV-2. Despite the unprecedented rapid development and deployment of vaccines against SARS-CoV-2, more vaccines are needed to meet global demand and to guard against immune evasion by newly emerging SARS-CoV-2 variants. Here we describe the development of pGO-1002, a novel bi-cistronic synthetic DNA vaccine that encodes consensus sequences of two SARS-CoV-2 antigens, Spike and ORF3a. Mice immunized with pGO-1002 developed humoral and cellular responses to both antigens, including antibodies and capable of neutralizing infection by a clinical SARS-CoV-2 isolate. Rats immunized with pGO-1002 by intradermal (ID) injection followed by application of suction with our GeneDerm device also developed humoral responses that included neutralizing antibodies and RBD-ACE2 blocking antibodies as well as robust cellular responses to both antigens. Significantly, in a Syrian hamster vaccination and challenge model, ID+GeneDerm-assisted vaccination prevented viral replication in the lungs and significantly reduced viral replication in the nares of hamsters challenged with either an ancestral SARS-CoV-2 strain or the B.1.351 (Beta) variant of concern. Furthermore, vaccinated immune sera inhibited virus-mediated cytopathic effects in vitro. These data establish the immunogenicity of the SARS-CoV-2 vaccine candidate pGO-1002 which induces potent humoral and cellular responses to the Spike and ORF3a antigens and may provide greater protection against emerging variants.
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Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the etiologic cause of coronavirus disease 2019 (COVID-19), emerged in late 2019 and quickly spread globally in 2020, causing a pandemic. SARS-CoV-2 is the third recently emergent pathogenic human coronavirus following SARS-CoV in 2002-2003 and the Middle East respiratory syndrome coronavirus (MERS-CoV) first identified in 2012. While SARS-CoV and MERS-CoV infections have higher case-fatality rates than SARS-CoV-2, both are less transmissible with case numbers less than 10,000 for each compared to over 250 million cases and over 5 million deaths caused by SARS-CoV-2. As of December 2021, over 330 SARS-CoV-2 vaccine candidates were in various stages of development or clinical testing, with 22 of these being in active use after receiving regulatory approval or emergency use authorization (EAU) in at least one country (1). Despite the success of these initially approved vaccines at slowing the spread of SARS-CoV-2, more vaccines are needed to meet global demand, specifically in low- and middle-income countries (LMICs), where limited resources and/or lack of medical infrastructure can interfere with obtaining and/or distributing currently approved vaccines (2). Moreover, the emergence of viral variants and recent reports suggesting that vaccine-induced protection against SARS-CoV-2 may wane over time substantiate the continued development of additional SARS-CoV-2 vaccines to meet current and future global demand (3).

Previous efforts in developing vaccines for SARS-CoV and MERS-CoV established that their Spike (S) glycoproteins were potent inducers of humoral and cellular immune responses that could protect animal models from homologous virus challenges (4–6). Most SARS-CoV-2 vaccines in use or development are designed to elicit responses to a single SARS-CoV-2 antigen: the Spike glycoprotein (7). Evaluations of vaccines in animal models have suggested that titers of anti-Spike neutralizing antibodies (nAbs) correlate with vaccine efficacy, but studies of COVID-19 patients suggest that reduced disease severity correlates more with the presence of SARS-CoV-2-specific CD4+ and CD8+ T cells (8, 9). Accumulated evidence from studies of COVID-19 patients suggests that a coordinated adaptive immune response involving rapid induction of SARS-CoV-2-specific CD4+ and CD8+ T cells as well as virus-specific neutralizing antibodies (nAbs) is associated with a milder disease course, with T cells playing a larger role in clearing primary SARS-CoV-2 infection and neutralizing antibodies providing protection from subsequent infections (10). Several other lines of evidence indicate that cellular responses play a significant role in protection from COVID-19. For example, efficacy of the BNT162b mRNA vaccine (Pfizer/BioNTech) has been observed as early as 12 days post-prime immunization, a time when nAbs are largely undetectable but cellular responses are evident (11, 12). Individuals with hematological cancers or those receiving anti-CD20 monoclonal antibody (mAb) therapy (B-cell depleting) have lower antibody responses to SARS-CoV-2 but still develop virus-specific CD8+ T cells which is associated with improvement in survival for this group (13, 14). While antibody responses to SARS-CoV-2 are detectable out to a year post-infection, they have decreased ability to neutralize some variants of SARS-CoV-2, particularly the B.1.351 (Beta) strain (15). However, T cell responses appear to be resistant to mutations that have arisen in SARS-CoV-2 and are thus likely to protect from disease even if breakthrough infections occur due to reduced quantity or activity of nAbs (15, 16). Studies of recovered SARS patients found that while antibody levels dropped after a year post-infection, T cell responses persisted and could be detected out to 17 years later (17, 18).

Here we used the DNA vaccine platform to develop a vaccine candidate, pGO-1002, that expresses two SARS-CoV-2 antigens Spike and ORF3a. The DNA vaccine platform is ideally suited for meeting the challenge of vaccinating residents in LMICs since these vaccines are cost-effective to manufacture in bulk and thermostable with limited cold-chain requirements for distribution. SARS-CoV-2 ORF3a, one of two putative viroporins (along with Envelope) encoded by SARS-CoV-2, forms a Ca2+ permeable cation channel in membranes that is hypothesized to play a role in virus assembly and release (19). Recombinant SARS-CoV-2 with the orf3a gene deleted showed reduced pathogenesis, including decreased cytokine storm and lung tissue damage in a K-18-hACE2 transgenic mouse model (20). The decision to incorporate the SARS-CoV-2 ORF3a into pGO-1002 was made to increase the breadth of T cell immunity induced by our vaccine as preclinical and clinical studies of SARS-CoV and MERS-CoV infection suggested that outcome directly correlated with CD8+ T cell responses (21). ORF3a specifically was found to be an immunodominant T cell antigen for SARS-CoV that induced responses equal in magnitude and frequency to those induced by the SARS-CoV Spike and Nucleocapsid and were detectable to 6 years post-infection (17, 22). Additionally, ORF3a was found to be a target of humoral responses in recovered SARS patients (23, 24). A DNA vaccine encoding SARS-CoV ORF3a induced antigen-specific humoral responses as well as a Th1-based cellular response in mice (25). Several studies of COVID-19 patients have found that SARS-CoV-2 ORF3a is also a target of humoral and cellular immune responses, further underscoring the utility of using ORF3a as a vaccine antigen (26–29). SARS-CoV-ORF3a has been found to activate the NLRP3 inflammasome through TRAF-3 dependent ubiquitination (30) and to inhibit interferon-activated Janus Kinase/signal transducer activator of transcription (JAK/STAT) signaling which suggests that it plays a central role in the pathogenesis of SARS-CoV-2 infection (31).Therefore, ORF3a targeting may provide direct interruption of viral pathogenesis following initial cellular invasion.

Mice immunized with pGO-1002 developed humoral and cellular responses to both Spike and ORF3a that were equivalent to responses induced against each antigen after immunization with Spike- or ORF3a-only vaccines. Full seroconversion to Spike was observed after one immunization with pGO-1002 and humoral responses in pGO-1002-immunized mice blocked binding between the Spike RBD and its cellular receptor ACE2 as well as neutralized infection by a clinical SARS-CoV-2 isolate. Recently we developed GeneDerm, an easy-to-use, cost-effective, and scalable device that applies suction to an intradermal delivery site to enhance in vivo gene expression of DNA plasmids (32). Rats immunized with pGO-1002 by GeneDerm-assisted intradermal (ID) delivery developed cellular responses to Spike and ORF3a as well as Spike-targeting humoral responses that blocked Spike RBD-ACE2 binding and neutralized SARS-CoV-2 infection. GeneDerm-assisted ID immunization with pGO-1002 induced immunity that blocked virus replication in the lungs and reduced virus replication in the nares of Syrian golden hamsters challenged with either wild type SARS-CoV-2 or the B.1.351 (Beta) variant. These data supported the advancement of the SARS-CoV-2 DNA vaccine, GLS-5310 (formulated from pGO-1002), with GeneDerm-enhanced ID delivery into Phase I and Phase 2 clinical trials (NCT04673149).



Results


SARS-CoV-2 DNA Vaccine Design and Characterization

Three mono or bi-cistronic plasmid constructs, pGO-1001, pGO-1002, and pGO-1003, were designed encoding sequence gene cassettes for SARS-CoV-2 Spike, Spike plus ORF3a, and ORF3a, respectively (Figure 1A). The consensus sequences for Spike and ORF3a were generated from publicly available SARS-CoV-2 sequences through mid-February 2020 that were subsequently codon-optimized. For the bi-cistronic construct pGO-1002, a furin cleavage site and a self-cleaving T2A peptide sequence were added between the Spike and ORF3a coding sequences to ensure both proteins were generated after expression and translation of the antigen cassette. An IgE leader sequence was added upstream of the antigen cassettes in each construct. All constructs were made in the pGLS-101 expression vector, including an upstream human cytomegalovirus enhancer/promoter (6).




Figure 1 | Construction of DNA vaccine constructs and confirmation of expression in eukaryotic cells. (A) Maps of antigen cassettes for plasmids pGO-1001, pGO-1002 and pGO-1003. Antigen cassettes were cloned into the pGLS-101 backbone. (B) SARS-CoV-2 proteins’ expression was determined in cell lysates from 293T cells transfected with pGO-1001, pGO-1002, pGO-1003, or empty pGLS-101. Membranes were blotted sequentially with antibodies to SARS-CoV-2 Spike and ORF3a, as well as β-actin (loading control). Western analysis of cell lysate confirms the presence of SARS-CoV-2 Spike (MW ~140kDa) and/or ORF3a (MW ~31kDa) in transfected cell lysates. The asterisk (*) indicates nonspecific bands. (C) Immunofluorescence labeling of Huh-7 cells transfected with either pGLS-101 or pGO-1002. Cells were fixed and permeabilized 48-hours-post transfection and then incubated sequentially with mouse anti-SARS-CoV-2 Spike or rabbit anti-SARS-CoV-2 ORF3a antibodies followed by incubation with goat anti-mouse IgG-Alexa 568 or goat anti-rabbit IgG-Alexa 488 antibodies, respectively for detection. Nuclei are stained with DAPI. Bar represents 20μm.



To confirm that each antigen was adequately expressed, lysates collected from 293T cells transfected with each of the three plasmids were subjected to Western blot and immunofluorescent analysis (IFA) using antibodies specific to SARS-CoV-2 Spike and ORF3a. Western blot analysis showed that lysates from cells transfected with either mono-cistronic plasmid (pGO-1001 or pGO-1003) contained bands of the expected size for Spike (~140 kDa) or ORF3a (~31 kDa). Lysates from cells transfected with the bi-cistronic pGO-1002 construct had bands of the anticipated sizes of both Spike and ORF3a (Figure 1B). In addition, IFA of 293T cells detected both Spike and ORF3a proteins in pGO-1002 transfected cells (Figure 1C). These data indicate that the production of SARS-CoV-2 Spike and/or ORF3a occurred as expected from each vaccine construct.



Humoral Immune Responses of the pGO-1002 Vaccine in Mice

Safety and immunogenicity of the three candidate vaccines were first evaluated in mice. Groups of five mice (7 weeks of age) were immunized intramuscularly (IM) in the anterior tibialis muscle with 50µg of one of the three vaccine plasmids or empty pGLS-101 (Supplementary Figure S1A). Electroporation (6 pulses at 200V/cm, 50ms, 1Hz) was applied to the injection site using the BTX ECM 830 device. Animals were immunized twice, 14 days apart, and bled at days 0, 14, and 28 to collect sera for immunoassays. Animals were sacrificed on day 28 to obtain spleens for evaluation of cellular responses to the vaccine antigens. All animals remained healthy, without signs of illness and had similar weight gains through the study (Supplementary Figure S1B).

The presence of antibodies to the Spike S1 subunit and to ORF3a in sera were determined by ELISA. A single immunization with pGO-1001 or pGO-1002 induced full seroconversion to Spike in both groups, and equivalent endpoint titers (~104) were seen in both groups by 2 weeks post second immunization (Figure 2A). Two immunizations with either pGO-1003 or pGO-1002 were required for full seroconversion to ORF3a and yielded endpoint titers after the 2nd immunization of 3x103 and ~103, respectively (Figure 2B).




Figure 2 | Immunogenicity of SARS-CoV-2 DNA vaccine constructs in mice. All collected serum samples were analyzed by ELISA for binding to SARS-CoV-2 Spike S1 (A) or ORF3a (B). Endpoint titers were calculated as the reciprocal of the highest sera dilution factor whose OD 405nm value was greater than 2.5 standard deviations of the OD 405nm of the day 0 value at that dilution. Each sample was run with three technical replicates on the plate. Day 28 sera from vaccinated mice were evaluated in a surrogate neutralization assay (C) for their ability to block the ACE2-RBD interaction and in a PRNT50 assay (D) for their ability to block infection of βCoV/Korea/KCDC03/2020 SARS-CoV-2 in Vero cells. Data are Mean + SD of percent inhibition of sera from each mouse as compared to inhibition by negative control or mean+ SD of PRNT50 of sera from each mouse. ** = 0.001 to 0.01; *** = 0.0001 to 0.001 (E) Overall splenic T-cell responses. Splenocytes prepared from all mice on day 28 were evaluated by IFN-γ ELISpot assay to characterize cell-mediated responses. Splenocytes were stimulated with each of four linear pools of peptides spanning SARS CoV-2 Spike or a pool of linear peptides spanning SARS-CoV-2 ORF3a. Data represent the mean SFU per 106 splenocytes + SD. Statistical analysis was performed in (C, D) using a one-way ANOVA comparison test where the mean percent inhibition of each group was compared against each other. ns, not significant.



To assess the humoral responses’ functionality, we performed surrogate neutralization assays and/or traditional plaque reduction neutralization titer (PRNT50) assays using sera collected on day 28 (2 weeks post-second injection) from immunized mice. The surrogate neutralization assay measures the ability of sera to inhibit binding between a recombinant SARS-CoV-2 Spike RBD protein and plate-bound ACE2 cellular receptor protein. In this assay, sera from mice receiving two immunizations of either pGO-1001 or pGO-1002 inhibited RBD-ACE2 binding by over 80% (Figure 2C). PRNT50 assays were performed under BSL3 conditions by the Korean Center for Disease Control (KCDC). They measured the ability of each serum to block in vitro infection of Vero cells by the SARS-CoV-2 clinical isolate β-CoV/Korea/KCKC03/2020. In this assay, sera from mice immunized twice with either pGO-1001 or pGO-1002 neutralized infection to an equivalent level (PRNT50 titer ~100) while sera from mice immunized with pGO-1003 were unable to neutralize infection (Figure 2D). These results show that immunization with pGO-1002 induces humoral responses to both encoded SARS-CoV-2 antigens, Spike and ORF3a, and the induced responses to Spike are functional toward blocking binding between the Spike RBD and ACE2 as well as neutralizing infection by a clinical SARS-CoV-2 isolate.



Cellular Immune Responses Induced in Mice Immunized With pGO-1002

Induction of cellular responses to Spike and/or ORF3a was evaluated by performing an IFN-γ ELISpot assay on splenocytes isolated from spleens collected from immunized mice on day 28. Splenocytes were stimulated in vitro with each of four linear pools of peptides spanning the full length of Spike and a pool of linear peptides spanning the full length of ORF3a. Mice immunized with pGO-1001 generated strong cellular responses to each Spike peptide pool, while mice receiving pGO-1003 developed cellular responses to the ORF3a peptide pool. Mice immunized with bi-cistronic construct pGO-1002 generated T cell responses against both the Spike peptide pools and ORF3a peptide pool that mirrored those seen against each peptide pool in mice immunized with pGO-1001 or pGO-1003 (Figure 2E). These results show that the bi-cistronic construct pGO-1002 induced equivalent humoral and cellular responses to Spike and ORF3a as induced by mono-cistronic constructs of each antigen.

These results establish that pGO-1002 induced Spike- and ORF3a-specific humoral and cellular immune responses with similar kinetics and magnitude as induced by monocistronic constructs of each antigen. Based on these results we selected to advance pGO-1002 for further evaluation.



GeneDerm-Assisted Intradermal Immunization of Rats With pGO-1002 Induces Immunity to SARS-CoV-2

In anticipation of future clinical investigation of pGO-1002, we moved to investigate pGO-1002 immunogenicity after intradermal (ID) vaccination as this route is more accessible and more tolerable than intramuscular injection. In a recent study, we developed a new ID delivery protocol for DNA plasmids that involves the application of suction to the ID injection site which they found led to more rapid and robust transgene expression in rat skin (32). Furthermore, they demonstrated that ID immunization with a DNA vaccine followed by suction applied by our GeneDerm device led to more rapid and stronger antibody responses in rats. Here we assessed the immunogenicity of pGO-1002 following GeneDerm-assisted ID delivery in Sprague Dawley (S.D.) rats. Groups of five rats were immunized twice, 2 weeks apart, with either 30µg or 300µg of pGO-1002 or 300µg of empty pGLS-101 by ID injection followed by GeneDerm-applied suction (30 seconds, 65 kPa) at the injection site (Figure 3A). Blood was collected from all animals at days 0, 14 (week 2), and 28 (week 4) for sera to evaluate humoral responses, and animals were sacrificed at day 28 to obtain spleens for evaluation of cellular immune responses.




Figure 3 | Intradermal DNA immunization followed by application of suction using the GeneDerm device augmented the antigen-specific immune responses in Rats. (A) Schematic representation of rat vaccination schedule. Groups of n = 5 Sprague Dawley (SD) rats were immunized twice with 30 or 300 µg/rat of pGLS-101 or pGO-1002 plasmids at 14-day intervals by intradermal (ID) injection followed by GeneDerm-applied suction (Suction). Rats were bled on days 0, 14, and 28 and sacrificed on day 28 to obtain spleens. ELISA was performed on all collected serum samples for binding to SARS-CoV-2 Spike S1 (B). Endpoint titers were calculated as the reciprocal of the highest sera dilution factor whose OD 405nm value was greater than 2.5 standard deviation of the OD 405nm of the day 0 value at that dilution. Each sample was run with three technical replicates on the plate. A comprehensive evaluation of neutralizing activity in rats. Day 28 sera from vaccinated rats were evaluated in a surrogate neutralization assay (C) for their ability to block the ACE2-RBD interaction and in a PRNT50 assay; *** = 0.0001 to 0.001 (D) for their ability to block infection of βCoV/Korea/KCDC03/2020 SARS-CoV-2 in Vero cells. Data are Mean + SD of percent inhibition of sera from each mouse as compared to inhibition by negative control or mean+SD of PRNT50 of sera from each rat. * = 0.01 to 0.05 (E) Splenocytes prepared from all rats on day 28 were evaluated by IFN-γ ELISpot assay for characterization of cell-mediated responses. Splenocytes were stimulated with each of four linear pools of peptides spanning SARS CoV-2 Spike or a pool of linear peptides spanning SARS-CoV-2 ORF3a. Data represent the mean SFU per 106 splenocytes + SD. Statistical analysis was performed in (C, D) using a one-way ANOVA comparison test where mean percent inhibition of each group was compared against each other.ns, not significant.



Rats with antibodies to SARS-CoV-2 Spike as measured by S1 ELISA were seen after a single immunization of 30μg or 300μg pGO-1002 and the S1 titers were boosted following a second injection of either dose (Figure 3B). All five animals that received two immunizations of 300μg pGO-1002 seroconverted to Spike and had a Spike S1 endpoint titer of ~1.31x104 while four of five animals that received two immunizations of 30μg pGO-1002 seroconverted with a log lower Spike S1 endpoint titer than seen in the 300μg group. The kinetics and Spike antibody endpoint titers in rats receiving pGO-1002 by GeneDerm-assisted ID delivery matched those seen when 300μg pGO-1002 was administered using PharmaJet or EP-enhanced ID delivery (Supplementary Figure S2A). Antibody responses to ORF3a were detected in some animals only in the group receiving two immunizations with 300μg pGO-1002 (data not shown). Sera collected on week 4 from pGO-1002 immunized rats were next evaluated in surrogate neutralization and PRNT50 assays. Sera from rats that received two 30μg doses showed low activity in both the surrogate neutralization and PRNT50 assays (Figures 3C, D). By contrast, sera from rats receiving two 300μg doses of pGO-1002 inhibited RBD-ACE2 binding by 70% in the surrogate neutralization assay, and neutralized in vitro infection by the SARS-CoV-2 clinical isolate β-CoV/Korea/KCKC03/2020 with an average PRNT50 titer ~220 (Figures 3C, D). Surrogate neutralization and PRNT50 titers observed in rats immunized by GeneDerm-assisted ID delivery matched those seen in rats that received pGO-1002 by PharmJet or electroporation enhanced ID delivery (Supplementary Figures S2B, S2C).

An IFN-γ ELISpot was next performed on splenocytes collected from pGO-1002 immunized rats to evaluate the induction of cellular responses to Spike and ORF3a (Figure 3E). Splenocytes isolated on week 4 were stimulated in vitro with each of four linear pools of peptides spanning the full length of Spike and a pool of linear peptides spanning the full length of ORF3a. GeneDerm-assisted ID delivery of pGO-1002 to rats induced robust total cellular responses to S and ORF3a (~650 SFU/10^6 splenocytes). Total cellular responses induced by GeneDerm-assisted ID delivery were higher than cellular responses seen when pGO-1002 was administered ID by Pharmajet or by EP-enhanced ID injection (Supplementary Figure S2D). Notably, T cell responses for animals immunized with 30µg of pGO-1002 by ID+GeneDerm induced an equivalent cellular response as seen in the group receiving 300µg by ID+GeneDerm. Broad reactivity to multiple regions of Spike and ORF3a were seen in pGO-1002 immunized rats. Isotyping of Spike-specific antibodies in rats immunized with pGO-1002 by ID+GeneDerm showed that they were predominantly of the IgG2a/2b subtype consistent with an induction of a Th1 profile of T cell responses by pGO-1002 (Supplementary Figure S3).

These results confirm that GeneDerm-assisted ID delivery of pGO-1002 induces strong cellular responses to Spike and ORF3a as well as humoral responses capable of blocking Spike RBD-ACE2 binding and neutralizing SARS-CoV-2 infection.



Immunization of Syrian Hamsters With GLS-5310 Blocks or Reduces Virus Replication in Lungs and Nares After Challenge With Either Wild Type or B.1.351 Variant SARS-CoV-2 Strains

Based on the positive immunogenicity results in mice and rats, pGO-1002 was reformulated with 1X SSC buffer and designated as GLS-5310. The ability of GLS-5310 to provide protection against SARS-CoV-2 was first evaluated in a Syrian hamster challenge model. Groups of six hamsters were immunized intradermally (ID) twice with 150μg of GLS-5310 or empty pGLS-101 vector on days 0 and 21 (week 3) followed by GeneDerm-applied suction (30 seconds, 65 kPa). Sera were collected from immunized animals on days 0, 21 (week 3), and 41 (week 6). All animals were challenged on day 42 with either a wild type (WT;2019-nCoV/USA-WA1/2020) SARS-CoV-2 strain or the B.1.351 (Beta; 2019-nCoV/South Africa/KRISP-K005325/2020) SARS-CoV-2 variant strain. Challenged animals were sacrificed on day 47 (5 days post-challenge) to collect blood, lung, and nasal turbinate tissues.

Sera collected from immunized animals were evaluated in a modified high-throughput surrogate neutralization assay that uses homogenous time resolved fluorescence (HTRF) technology, where SARS-CoV-2 spike RBD from WT (USA-WA1/2020), Beta (B.1.351), or Delta (B.1.617.2) variants were assessed for ability to interact with ACE2 protein. In this assay, initial experiments showed that 50% human control plasma (i.e., from individuals without SARS-CoV-2 exposure or COVID-19) had no effect on the HTRF signal, while the control inhibitory antibody REGN10933 (casirivimab) blocked HTRF signal due to WT, Beta, or Delta variant RBDs in the presence of human plasma with half-maximal inhibitory concentrations (IC50s) of 47.3, 937.5, and 35.4 ng/mL, consistent with previous reports (33, 34). Serial dilutions of day 0 and 41 sera from hamsters were then evaluated for their ability to inhibit binding between ACE2 and the RBD variants of SARS-CoV-2. Humoral responses in day 41 sera collected from GLS-5310 immunized hamsters were able to inhibit binding between ACE2 and the RBDs of WT or Delta variant SARS-CoV-2 but were unable to block binding between the ACE2 and the RBD from the Beta SARS-CoV-2 variant (Figure 4A). Hamsters immunized with GLS-5310 completely cleared the infectious virus in the lungs and substantially reduced virus levels in the nares 5 days post-challenge with the wt. SARS-CoV-2 strain (Figure 4B). Hamsters immunized with GLS-5310 and challenged with the Beta SARS-CoV-2 variant also had no infectious virus in their lungs 5 days post-challenge (Figure 4C).




Figure 4 | GeneDerm-assisted intradermal immunization of hamsters with GLS-5310 inhibits virus replication in lungs after SARS-CoV-2 challenge. (A) Pre-immune and day 41 sera from Golden Syrian hamsters immunized twice, 3 weeks apart with 150μg pGLS-101 (n = 6) or GLS-5310 (n = 12) by intradermal injection followed by GeneDerm-applied suction were evaluated in (A) modified surrogate neutralization assays for their ability to inhibit interactions between hACE2 and the Spike RBDs of WA1/2020 (Wt.), B.1.351 (Beta) or B.1.617.2 (Delta) SARS-CoV-2 strains. (B) Virus titers in lung and nares tissues collected from animals 5 days-post intranasal challenge (6x103 PFU challenge dose per hamster with the WA1/2020 SARS-CoV-2 strain (Wt.) were evaluated by TCID50 assay. (C) Virus titers in lung tissues collected from animals 5 days-post intranasal challenge with the B.1.351 SARS-CoV-2 strain (Beta) (3.67x102 PFU SARS-CoV-2 dose per hamster) and were evaluated by TCID50 assay.



A separate group of hamsters were immunized twice, 21 days apart with 150μg of GLS-5310 by ID+GeneDerm and 150μg GLS-5310 by intranasal administration and then challenged 3 weeks later (day 42) with wt. SARS-CoV-2. Sera collected on day 41, one day prior to challenge, was able to inhibit binding between ACE2 and the RBDs of wt. or Delta variant SARS-CoV-2, but not between ACE2 and the RBD of the Beta SARS-CoV-2 similar to what was observed in animals immunized with GLS-5310 by ID+GeneDerm alone (Figure 5A). In addition, of five hamsters immunized with GLS-5310 by this ID+GeneDerm/IN route, one demonstrated breakthrough infection in the lungs 5 days post-challenge with wt. SARS-CoV-2, whereas TCID50 for the other four animals were below the limit of detection (Figure 5B).




Figure 5 | Combined GeneDerm-assisted intradermal and intranasal immunization of hamsters with GLS-5310 reduces virus replication in lungs after the SARS-CoV-2 challenge. (A) Golden Syrian hamsters immunized twice, 3 weeks apart with 150μg pGLS-101 (n = 6) by intradermal injection followed by GeneDerm-applied suction or twice, 3 weeks apart with 150μg GLS-5310 (n = 6) by combined intradermal injection followed by GeneDerm-applied suction and intranasal delivery. Pre-immune and day 41 sera from immunized hamsters were evaluated in modified surrogate neutralization assays for their ability to inhibit interactions between hACE2 and the Spike RBDs of WA1/2020 (Wt.), B.1.351 (Beta), or B.1.617.2 (Delta) SARS-CoV-2 strains. (B) Virus titers in lung and nares tissues collected from animals 5 days-post intranasal challenge (6x103 PFU challenge dose per hamster) with the WA1/2020 SARS-CoV-2 strain (Wt.) and were evaluated by TCID50 assay.



Immune serum was then further assessed for live-virus neutralization and inhibition of cytopathic effect (CPE). Sera collected from a hamster immunized with pGLS-101 and a hamster immunized with GLS-5310 on day 41 were evaluated for their ability to block SARS-CoV-2 replication and cytopathic effect (CPE) in Vero-E6 cells. Dilutions of heat-inactivated immune sera collected from each animal were pre-incubated with wt SARS-CoV-2 and then added to Vero-E6 cell cultures. In these studies, sera from the pGLS-101 injected hamster was unable to block virus-induced CPE and loss of viability, while day 41 immune sera from a hamster immunized with GLS-5310 reduced virus-induced CPE with dose-dependence, as confirmed by direct visual imaging, and maintained or improved infected cell viability, as monitored by resazurin viability dye (Figures 6A, B). These results support that GLS-5310 immunization induces immune responses capable of blocking SARS-CoV-2 infection in hamsters.




Figure 6 | Protective activity of immune sera in live virus in vitro assays. Sera from a GLS-5310 immunized hamster, but not from a pGLS-101 immunized hamster, inhibits SARS-CoV-2-induced CPE. Diluted immune sera from a pGLS-101 and GLS-5310 immunized hamster were pre-incubated with WT SARS-CoV-2 before addition to Vero-E6 cell cultures. (A) Representative images of cell cultures taken at 72 hours post-infection prior to staining for cell viability. (B) Effects of immune sera on WT SARS-CoV-2 infected cells following 72 hours incubation; where 100% cell viability (upper dotted line) denotes viability of uninfected cells, and 46.6% viability (lower dotted line) denotes infected cell viability in the absence of sera.






Discussion

Here we describe the design and preclinical testing of pGO-1002, a novel bi-cistronic SARS-CoV-2 DNA vaccine candidate that encodes consensus sequences of the SARS-CoV-2 Spike and ORF3a antigens. In mice, pGO-1002 generated humoral and cellular responses to Spike and ORF3a that were equivalent in scope and magnitude as seen in mice immunized with mono-cistronic constructs of each antigen. In rats, intradermal immunization of pGO-1002 followed by GeneDerm-applied suction also induced humoral and cellular responses to each antigen. Humoral responses induced by pGO-1002 immunization in both models blocked Spike RBD-ACE2 binding as well as neutralized infection by a clinical SARS-CoV-2 isolate. In a hamster challenge model, GLS-5310 (clinical reformulation of pGO-1002) immunization prevented viral replication in the lungs and significantly reduced viral replication in the nares of animals challenged with the ancestral WA1/2020 SARS-CoV-2 strain. Interestingly, pGO-1002 immunization also prevented viral replication in the lungs of Syrian hamsters challenged with the B.1.351 (Beta) variant despite sera from immunized animals showing no ability to block binding between ACE2 and the recombinant Beta variant Spike RBD. This bi-cistronic SARS-CoV-2 DNA vaccine candidate, pGO-1002, has been formulated for clinical use and advanced into Phase I/IIa human clinical trials as the GLS-5310 DNA vaccine (NCT04673149).

Most SARS-CoV-2 vaccines developed to date endeavor to induce a strong neutralizing antibody response to Spike. In mice, full seroconversion to Spike was seen after one immunization with pGO-1002, while two injections of pGO-1002 were needed to get maximal responses to Spike in rats. While further characterization of the antibodies induced by pGO-1002 is needed, pGO-1002 immunization induced antibodies targeting the Spike RBD in all animal models tested that blocked its interaction with its cellular receptor, ACE2. Studies in nonhuman primate (NHP) models of SARS-CoV-2 infection showed that antibodies recovered from convalescent rhesus macaques could protect naïve macaques from infection, and in vaccinated macaques, anti-Spike antibodies correlated with the protective efficacy of mRNA vaccines (9, 35). Levels of SARS-CoV-2 neutralizing antibodies in convalescent COVID-19 patients or SARS-CoV-2 vaccinated individuals is highly predictive of protection from symptomatic SARS-CoV-2 infection (36). While antibody levels induced by natural SARS-CoV-2 infection or vaccination appear to persist out to a year, antibody levels decline post-exposure, which may compromise immune protection and allow for reinfection.

Another concern for antibodies is their ability to recognize new variants of SARS-CoV-2 as mutations are concentrated primarily in the Spike proteins, and in particular the receptor binding domain, that mediates virus entry and is critical immune cell recognition (37). Five of these variants, B.1.1.7 (Alpha), B.1.351 (Beta), P.1 (Gamma), B.1.617.2 (Delta), and B.1.1.529 (Omicron), have been designated variants of concern (VOCs) due to observed or suspected increases in transmissibility and/or their ability to cause breakthrough infections in individuals recovered from COVID-19 or vaccinated with first-generation COVID vaccines (that all present a Spike antigen similar to that of the original ancestral strains). Studies have found that sera from recovered COVID-19 patients or those immunized with mRNA-based vaccines have detectable binding antibodies to both ancestral and variant SARS-CoV-2 strains over 7 months post-infection or vaccination, but there is a decrease in the ability of these antibodies to neutralize variants, particularly the B.1.351 variant, compared to ancestral strains (15, 38, 39). In our experiments, sera from GLS-5310 immunized hamsters were able to block binding between the Spike RBD of the Delta variant SARS-CoV-2 and hACE2 to a similar extent as it blocked binding between the Spike RBD of the wild type (wt.) WA1/2020 strain and hACE2, but it was less able to block binding between the Spike RBD of the Beta variant SARS-CoV-2 and hACE2.

Early induction of SARS-CoV-2-specific T cells, particularly SARS-CoV-2-specific CD4+ T cells, correlates with reduced COVID-19 severity more so than nAb titers (8, 40, 41). At least 1,434 unique, non-redundant epitopes spanning the whole SARS-CoV-2 proteome, including 1052 epitopes targeted by CD8+ T cells and 382 targeted by CD4+ T cells, have been identified in studies of COVID-19 patients (42). Most of the epitopes are in the structural proteins Spike, Nucleocapsid (N), and Membrane (M), which appears to correlate with both the size of these antigens and their expression levels though some bias may be inferred because investigators often focused on these antigens only (27, 42). However, several studies have identified dominant T cell targets in other SARS-CoV-2 proteins including nsp3, nsp4, nsp12, ORF3a, and ORF8 (26, 42–44). A study of convalescent COVID-19 patients found that on average, 19 CD4+T cell and 17 CD8+ T cell epitopes were recognized per donor (44). The significant breadth and diversity of T cell reactivity seen in recovered COVID-19 patients has been associated with milder COVID-19 symptoms and likely provides additional protection against immune evasion by new variants of SARS-CoV-2 (45). A follow-up study by Tarke et al. found that over 93% of CD4+ T cell and 97% of CD8+ T cell epitopes were 100% conserved between variants (B.1.1.7, B.1.351, P.1, and CAL.20C) and the original Wuhan strain, and that total CD4+ and CD8+ T cell responses resultant from natural infection or vaccination with either the BNT162b2 or mRNA-1273 RNA vaccines had similar reactivity against the four variants as found against the original isolates (16).

ORF3a was added as a second antigen in pGO-1002 to provide greater breadth and persistence of T cell immune responses. Our data show that immunization with pGO-1002 induces broad-based T cell responses spanning the entire S protein and robust cellular response against ORF3a. Cellular responses to SARS-CoV ORF3a were detected in recovered SARS patients 6 years after recovery (22). Several groups have found that SARS-CoV-2 ORF3a is an immunodominant CD4+ and CD8+ T cell antigen with responses prevalent in 90%-95% of recovered patients against multiple HLA-restricted epitopes (26, 27, 43, 44). SARS-CoV-2 ORF3a appears to be a particularly strong target of CD8 T cells, particularly in proportion to its size (29). Importantly, with regard to vaccine development, while mutations of ORF3a have been described, a comprehensive analysis of non-synonymous mutations of ORF3a of 2782 strains showed that detected mutations were relatively uncommon, and many mutations were considered deleterious (46). Immunization with pGO-1002 also induced humoral immune responses to SARS-CoV-2 ORF3a in mice and rats, but the contribution of these responses to protection from infection and/or disease needs further investigation. Antibodies induced in mice by the ORF3a-only construct pGO-1003 were unable to neutralize SARS-CoV-2 infection. ORF3a-targeting antibodies have been detected in COVID-19 patients (28, 47, 48).

Viral challenge of Syrian hamsters with SARS-CoV-2 results in mild-to-moderate disease characterized by progressive weight loss, lethargy, ruffled fur, and signs of respiratory distress, including labored breathing (49). High levels of virus replication occur in the lungs of challenged hamsters and histopathological analysis of lung tissues shows evidence of moderate- to severe-lung pathology including features seen in the lungs of human COVID-19 patients such as ground-glass opacities (50). However, Syrian hamsters do not succumb to SARS-CoV-2 challenge, but the mild disease phenotype it manifests after the challenge makes it a suitable model for evaluating the efficacy of vaccines and therapeutics (51). A study by Tostanoski et al. found that infection of Syrian hamsters with the WA1/2020 strain provided robust protection against lung viral load and clinical disease when the animals were re-challenged with WA1/2020 or with either the B.1.1.7 (Alpha) or B.1.351 (Beta) variants of SARS-CoV-2 (52). They observed complete suppression of replicating virus in the lungs of infected animals re-challenged with either of the three SARS-CoV-2 strains even though RBD-binding and pseudovirus neutralizing antibody titers to B.1.351 induced by WA1/2020 infection were significantly lower than titers to WA1/2020 and B.1.1.7. This group also investigated the protection of Syrian hamsters from challenge with either the WA1/2020 or B.1.351 SARS-CoV-2 strains after vaccination with the Ad26.COV2.S vaccine (Janssen) which encodes a Spike antigen similar to that in the WA1/2020 strain (52). They found that vaccination provided complete protection against weight loss induced by virus challenge, and they observed a reduction in replicating virus in the lungs of vaccinated animals challenged with either strain, but not complete suppression of virus replication seen when they re-challenged WA1/2020-infected animals. Overall binding and pseudovirus neutralizing antibody titers observed in vaccinated animals were nearly a log lower than those induced by natural infection, but even in this context, there were significantly decreased titers of binding antibodies and nAb titers to B.1.351 compared to WA1/2020. These data suggest that immunity to the Spike antigen of an early pandemic strain alone may not be able to control or prevent virus replication in the lung in this model and that immunity to other SARS-CoV-2 proteins may be needed. In a separate study, Syrian hamsters immunized with a DNA vaccine encoding only Spike antigens of the original ancestral strain or the B.1.351 strains similarly reduced but did not eliminate virus titers in the lungs after challenge with the B.1.351 SARS-CoV-2 strain (53). Here we found Syrian hamsters immunized with the bi-cistronic pGO-1002 DNA vaccine exhibited complete suppression of virus replication in the lungs after challenged with either an ancestral or B.1.351 SARS-CoV-2 strains suggesting that additional immunity provided by inclusion of the ORF3a antigen is beneficial in this model.

Efficient DNA vaccine delivery into cells in vivo, has required a device for administration such as electroporation (EP) or jet delivery. In studies using ID vaccine delivery plus EP, a significant proportion of study participants experienced pain, swelling, erythema, and pruritis following vaccination (54). Moreover, EP causes significant tissue damage, though this damage has been cited as being required to elicit APC migration into region of vaccine administration to accentuate the immune response (55). Human skin tissue damage caused by EP was observed in clinical trials as scabbing at the injection site (54). Because of the pain and discomfort associated with EP, the level of expertise required for either EP or other delivery modalities, and questions of mass production and use in resource-limited regions, we sought to develop an alternative means for DNA vaccine delivery to enhance in vivo transfection.

The concept of applying suction to the skin using the GeneDerm device borrows loosely from the alternative medicine practice of cupping where suction is applied to acupuncture points on the skin as a treatment for a variety of diseases (56). The application of suction to the skin has been found to increase vasodilation and blood flow to the application site and to cause tensile stresses that may stimulate recruitment of immune cells, both of which would be expected to contribute to better immunogenicity after ID vaccine delivery (57, 58). Design, modeling, and optimization of the GeneDerm suction devise was recently described (32). In this prior study, application of suction to rat skin with GeneDerm was atraumatic by histologic exam and induced gene expression within an hour after injection. Here, we demonstrate that GeneDerm-assisted ID immunization of pGO-1002 into rats resulted in the development of antigen-specific humoral and cellular responses. The Spike S1-specific antibodies induced after GeneDerm-assisted immunization of rats had similar kinetics and reached similar magnitude as seen in rats that were immunized ID with pGO-1002 using the Pharmajet Tropis device or rats immunized ID followed by electroporation. Cellular responses induced by pGO-1002 after ID+GeneDerm immunization were higher than those induced when pGO-1002 was administered with either comparator modalities even when one tenth of the dose was administered. To our knowledge this is the first demonstration of the ability of suction to enhance DNA vaccine immunogenicity.

As a vaccine platform, DNA plasmids offer many advantages such as (1) they can be rapidly designed and constructed, (2) there are well-established and scalable plasmid manufacturing processes in place, and (3) they exhibit thermostability at both 4°C and ambient temperature for prolonged periods of time. Numerous clinical studies have established the safety of DNA vaccines and their ability to induce robust cellular as well as humoral responses to a variety of infectious disease antigens (59, 60). The GeneDerm device is easily mass producible, portable, inexpensive, and requires minimal training in use. Combined, these factors significantly alleviate vaccine supply and distribution challenges for underserved populations in developed countries and in Low/Middle Income Countries (LMICs), where access to life-saving therapies and vaccines are limited by poor public health infrastructures.

In summary, pGO-1002 is highly immunogenic in multiple small animal models and induces humoral responses that can neutralize SARS-CoV-2 infection. Further, we show that pGO-1002 is highly immunogenic when delivered intradermally followed by application of suction at the injection site using our GeneDerm device. Immunization of Syrian hamsters with GLS-5310 (formulated from pGO-1002) significantly reduced virus levels in the lungs and substantially dropped virus levels in the nares of animals challenged with a Wt. or Beta variant SARS-CoV-2. The results presented here support advancement of the GLS-5310 SARS-CoV-2 DNA vaccine with ID+GeneDerm delivery into clinical trials to evaluate the ability of this platform to contribute to the challenge of vaccinating enough of the world’s population to end the SARS-CoV-2 pandemic.



Materials and Methods


Cell Lines and Antibodies

Human embryonic kidney cells 293T (HEK 293T; ATCC, cat#CRL-3216) were obtained from ATCC and cultured in Dulbecco’s Modified Eagle Media (DMEM; Welgene, cat#LM001-05) supplemented with 10% fetal bovine serum (FBS; Welgene, cat#S101-07). Antibody to SARS-CoV-2 Spike was obtained from Sino Biological (cat#40591-MM42). Human hepatoma cell line Huh-7 (ATCC, CVCL-0336) were grown in Dulbecco’s modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and 1% antibiotics at a 37°C incubator, respectively (6). Antibody to SARS-CoV-2 ORF3a obtained from immunized mice serum. Antibody to β-actin was obtained from Abcam (cat#ab8226).



Animals and Vaccine Immunizations

Male, 7-week-old BALB/c mice were purchased from RaonBio (Seoul, Korea). Female, 6- to 8-week-old Sprague Dawley rats were purchased from OrientBio (Seoul Korea). Male and female Syrian golden hamsters (6– to 8-week-old) were acquired from Charles River Laboratories and housed at Bioqual, Inc., for the duration of the study. All animal testing and research complied with relevant ethical regulations and studies received approval from each institution’s IACUC. For mouse studies, 50µg empty vector or vaccine plasmids were administered intramuscularly twice, 2 weeks apart, by needle into the tibialis anterior (T.A.) muscle and then in vivo electroporation (EP) was applied to the injection site using BTX ECM 830 series device BTX, MA, USA. The machine was set to deliver six pulses at 200V/cm, 50ms, 1Hz. Mice were weighed starting 1 week prior to first immunization and then every 3 to 4 days until mice were sacrificed on day 28 post injection to obtain spleens for analysis of cellular immune responses. On days 0, 14, and 28, blood was collected from mice by tail vein sampling.

For intradermal (ID) immunizations, rat skin was first prepared by gentle clipping hair in a spot on the backs of animals and then a depilatory cream was applied to spot to remove remaining hair. Control (pGLS-101; 300µg) or pGO-1002 (30 or 300µg) plasmid was administered using one of three methods; (1) plasmid (100µl) was injected to the shallow intradermal space using a tuberculin syringe (BD, Cat.328820) followed by application of 65 kPa suction for 30 sec using GeneDerm device such that the bleb induced by injection was contained within the opening of the cap of the device (32); (2) plasmid (100µl) was injected using PharmaJet Tropis® needle-free device following manufacturer’s protocol; or (3) plasmid (100µl) was injected to the shallow intradermal space using a tuberculin syringe and electroporation 200V/cm, 50ms, 1 Hz, 6 pulses, 1s interval (BTX) was applied with a EP device.

Hamsters were vaccinated in a manner similar to rats with either pGLS-101 or GLS-5310. GLS-5310 is a formulated drug product of pGO-1002 at a concentration of 6 mg/mL in 1X saline sodium citrate (SSC) buffer for human use. Prior to use, vaccine was diluted with 1X SSC. For animals vaccinated ID only, 150 µg of pGLS-101 or GLS-5310 vaccine in a 50µl volume was administered whereas for animals vaccinated ID and IN 150 µg of vaccine in a 50 µl volume was administered to both sites for a total dose of 300µg.



Western Blot Analysis

Cultures of HEK293T cells were transfected using PEI MAX transfection reagent (Polysciences, Inc., cat# 24765-1, following manufacturer’s protocol) with 100µg empty pGLS-101 vector or one of the three vaccine candidate plasmids (pGO-1001, pGO-1002, pGO-1003). Each cell culture was lysed 48 hours later in 1% Triton X-100 buffer. Proteins in lysates were separated by SDS-PAGE (Bio-Rad, Mini-PROTEAN Tetra System) and then transferred to PVDF membrane. Membrane was blotted with antibodies to SARS-CoV-2 Spike (1:5000 dilution); ORF3a (1:200 dilution), and β-actin (1:1000 Dilution) followed by blotting with horseradish peroxidase (HRP)-conjugated anti-mouse IgG. Blots were developed using ECL system (Biomax, cat# BWD0100).



Intracellular Fluorescence Assay (IFA)

Cultures of Huh7 cells were transfected with pGLS-101 or pGO-1002 plasmids as described above. Forty-eight hours post transfection cells were washed twice in 1×PBS and fixed in 4% v/v formaldehyde (Fisher) supplemented with 0.0075% v/v glutaraldehyde (Sigma) in PBS for 30 minutes at room temperature. Cell membranes were permeabilized in 0.1% Triton X-100 in PBS for 30 minutes. Autofluorescence was quenched using 0.1 M glycine in PBS for 15 minutes Blocking was performed with 3% w/v bovine serum albumin (BSA) for at least 1h at room temperature, were incubated with primary antibodies for 90 minutes at room temperature or overnight at 4°C, Immunofluorescence labeling was performed by incubation with the mouse anti-SARS-CoV-2 Spike antibody or anti-SARS-CoV-2-ORF3a antibody followed incubation with goat anti-rabbit IgG-Alexa 488 and goat anti-mouse IgG-Alexa 568 antibodies. DAPI panels show control staining of cell nuclei (6).



Enzyme-Linked Immunosorbent Assay

Corning ELISA plates (cat #3366) were coated with recombinant protein antigens in phosphate-buffered saline (1x PBS) overnight at 4°C. Plates were blocked with blocking buffer (Seracare, Cat.5140-0011) for 2 hours at 37°C. Plates were then washed and incubated for 2 hours at 37°C with 50µl of 4-fold serial dilutions of mouse or rat sera made in blocking buffer. Plates were again washed and then incubated for 1 hour at room temperature (R.T.) with horse radish peroxidase (HRP)-conjugated anti-mouse IgG or anti-rat IgG secondary antibody diluted in blocking buffer. After final washes, plates were developed using ABTS® Peroxidase Substrate System (KPL, cat. 5120-0032) and the reaction stopped with ABTS® Peroxidase Stop Solution (KPL, cat. 5150-0017). Plates were read at 405 nm wavelength within 30 minutes using a Synergy HTX (Bio Tek Instruments, Highland Park, VT). Calculation of cutoffs for endpoint titer determined using formula: Day 0 of each group; (each value - blank) Avg +(1.923 x SD) as previously described (61).

For mouse sera ELISA, wash buffer was 1x PBS with 0.05% Tween 20 (diluted Phosphate-Buffered Saline (10X) 1:10 (v/v) and Tween 20 1:20 (v/v) with deionized water), binding antigens tested included recombinant S1 subunit of SARS-CoV-2 Spike (1µg/ml; Sino Biological, 40591-V02H) or internally purified recombinant SARS-CoV-2 ORF3a protein (1µg/ml), and secondary antibody was HRP-goat anti-mouse IgG (H+L) (diluted 1:2500; Invitrogen, Cat# 31430). For rat sera ELISA, wash buffer was 1x PBS with 5% Tween 20, binding antigens tested included recombinant S1 subunit of SARS-CoV-2 Spike (4µg/ml) or recombinant SARS-CoV-2 ORF3 protein (5µg/ml; Bioworld technology, NCP0026P), and secondary antibody was HRP-goat anti-rat IgG (H+L) (diluted 1:2500 for S1 ELISA and 1:1000 for ORF3 ELISA; Sigma, Cat. A9037).



ELISpot Assay

Spleens collected from mice and rats were collected individually and processed into single cell suspensions in R10 media: RPMI1640 media (Gibco, Cat 11875135) supplemented with 10% FBS (Welgene, Cat S101-07) and (1%) penicillin/streptomycin (Gibco, cat 15140-122). Cell pellets were re-suspended in 5 mL of ACK lysis buffer for 8 minutes at R.T. and then R10 was added to stop the reaction. The samples were again centrifuged at 1400 rpm for 5 minutes and cell pellets were re-suspended in R10 and counted. ELISpot assays for mice and rat splenocytes were performed using Mouse IFN-γ or Rat IFN-γ ELISpotPLUS plates (MABTECH, cat. 3221-4APW-10 and 3220-4APW-10respectively) following manufacturer’s protocol. Basically, 96-well ELISpot plates were precoated with INF-α capture antibody and blocked with R10 medium for 1hr at room temperature. 200,000 mouse or rat splenocytes were plated into each well and stimulated for 14 hours with: (1) one of 5 pools of 15-mer peptides overlapping by ten amino acids spanning the SARS CoV-2 Spike (Genscript); or (2) ORF3a (Mimotopes). Cells were stimulated with a final concentration of 1µg/ml of each peptide per well in R10 media. The spots were developed based on manufacturer’s instructions. R10+5% DMSO (Sigma, # D2650) and Concanavalin A (Con-A; Sigma, cat#: C5275) were used for negative and positive controls, respectively. Spots were scanned and quantified by ImmunoSpot CTL reader. Spot-forming unit (SFU) per million cells was calculated by subtracting the R10+5% DMSO control wells. The cutoff values were determined as previously described using the following equation: Cutoff = Mean of Spot numbers in overlapping peptides (OLPs) + (Standard deviation of spot numbers in OLPs * 2 with the sample used for cut off coming from splenocytes of unvaccinated mice or rats (6, 61).



Plaque Reduction Neutralization Titer 50 (PRNT50)

SARS-CoV-2/South Korea/2020 isolate neutralization assays were performed at Korea Centers for Disease Control and Prevention. Neutralizing virus titers were measured for mice or rat sera that had been heat-inactivated at 56°C for 30 minutes SARS-CoV-2 (βCoV/Korea/KCDC03/2020) was diluted to a concentration of 60 pfu/ml and mixed 50:50 in Dulbecco’s modified Eagle’s medium (DMEM, Invitrogen, Carlsbad, USA) supplemented with 10% fetal bovine serum (FBS), 100 IU/ml penicillin, and 100μg/ml streptomycin, with serial serum dilutions from 1:4 to 1:2040 in a 96-well U-bottomed plate. The plate was incubated at 37°C in a humidified box for 1 hour before the virus was transferred into the wells of 12-well plate that had been seeded the previous day at 2.5 × 10^5 Vero cells (ATCC, CCL-81) per well in Dulbecco’s Modified Eagle’s Medium (DMEM, Invitrogen, Carlsbad, USA) supplemented with 10% fetal bovine serum (FBS), 100 IU/ml penicillin, and 100μg/ml streptomycin. Virus was allowed to adsorb at 37°C for 1 hour and then plaque assay overlay media (2× MEM/1.5% Agar/4% FBS final) was added to cells. After 3 days incubation at 37°C in a humidified box, the plates were fixed, stained and plaques counted. Cytopathic effect (CPE) of each well was recorded under microscopes and the neutralizing titer was calculated by the dilution number of 50% protective condition (inverse of the dilution of sera where plaques first appeared). PRNT50 values were determined by the following equation: PRNT50=DL + ((PRNT50-PL)(DH-DL)/(PH-PL))-DL: plaque is the reciprocal of the lower dilution bracketing the 50% endpoint.-DH: is the reciprocal of the higher dilution bracketing the 50% endpoint; -P50: is the number of plaques at the 50% endpoint; PL.: is the number of plaques at the lower dilution bracketing the 50% endpoint; PH.: is the number of plaques at the higher dilution bracketing the 50% endpoint.



Surrogate Neutralization Assay

A surrogate neutralization assay was performed on immune sera from mice and rats to detect whether circulating antibodies could block the interaction between the receptor binding domain (Genscript, Cat #: L00847) of the SARS-CoV-2 Spike glycoprotein with the ACE2 cell surface receptor (Genscript, cat#: L00847 or Ray Biotech, Cat# CoV-ACE2S2). In separate tubes, diluted positive control (Genscript, Cat#L00847), diluted negative control (Genscript, Cat#L00847), and the sera samples were mixed with diluted HRP-RBD solution (concentration 1:999) at a volume ratio of 1:1. Mixtures were incubated at 37°C for 30 minutes, and then 100µl each of the positive control mixture, the negative control mixture, and the sera sample mixture was added to the corresponding wells that were pre-coated with recombinant ACE2 protein. Plate was sealed and incubated at 37°C for 15 minutes. Plate seal was removed, and plate washed four times with 260µl of 1x Wash solution and then blotted dry. Then 100µl of TMB Solution (Genscript, Cat#L00847) was added to each well of plate which was then incubated in the dark at 20-25°C for 15 minutes before 50µl of Stop solution added to wells to quench the reaction. Absorbance at 450nm for wells of plate read immediately using the microtiter plate reader (Biotek, Synergy™ HTX). Cutoff values were determined by the following equation: Inhibition = (1-O.D. Value of sample/OD value of Negative Control) * 100%. The cut off value is based on validation with Genscript panel of confirmed COVID-19 patient sera and healthy control sera. Values over 20% constituted a positive result meaning SARS-CoV-2 neutralizing antibody was present in the sera sample while vales under 20% constituted a negative result meaning no detectable SARS-CoV-2 neutralizing antibody was present.



HTRF Assay for Testing Plasma Samples for Inhibition of CoV-Spike Binding to ACE2

Plasma samples were serially diluted 1:2 in assay buffer (25 mM Tris, pH 7.4, 150 mM KCl, 0.05% CHAPS, 0.1% BSA), and dilutions were pre-incubated with 2 nM HIS-CoV-Spike RBD (either wild-type, Beta, or Delta variants, Sino Biological) prebound to 600 ng/mL anti-HIS-d2 HTRF acceptor (PerkinElmer) in a total volume of 10μL of assay buffer in white, low-volume 384 well plates. After 1 hour, assays were initiated by adding 5μL of 6 nM biotin-ACE2 (2 nM final concentration, Acros BioSciences) prebound to 50 ng/mL streptavidin-terbium HTRF donor (PerkinElmer). After an additional 2 hours incubation, HTRF signals were measured using a ClarioStar plate reader (BMG LabTech) at 320 nm excitation and 620/665 nm emission with a 50μs delay and window time of 200μs. The raw data at each wavelength were then converted to the HTRF ratio by RFU 665/RFU 620 x 10000. Ratio values were then converted to percent inhibition, where 0% was equal to the HTRF value in the absence of plasma and 100% was equal to the HTRF value in the absence of HIS-CoV-Spike RBD. To calculate IC50s, percent inhibition values were then fit to a 4-parameter dose-response curves using the dilution factor as the X coordinate, the top parameter fixed to 100% and the slope constrained between 1-2. REGN10933 was obtained from excess aliquot volumes at the Perelman School of Medicine, University of Pennsylvania, PA, USA which could not be used for patients (a gift from Dr. Pablo Tebas).



Cell Viability Protection Assay

Day 41 sera from a pGLS-101 and GLS-5310 immunized hamster were heat-inactivated at 56°C for 30 minutes, serially diluted 2-fold from 1:20-1:1280 in DMEM+2% FBS, and then incubated with 100x TCID50 of USA-WA1/2020 SARS-CoV-2 for 1 hour before addition to cultures of 20,000 Vero-E cells plated 24 hours previously in 96 well plates. For each experiment, all culture conditions were performed in duplicate. After 72 hours, cell cultures were imaged at 20X magnification and then treated with resazurin (Sigma-Aldrich) to a final concentration of 20μg/ml. Cells were incubated for an additional 4 hours before fluorescence intensity was measured using a ClarioStar plate reader (BMG Labtech). Background fluorescence was subtracted from wells containing resazurin and media but no cells.



Syrian Hamster Challenge Experiments and Quantification of Viral Titers in Lung Tissues

Syrian hamsters were immunized on study days 0 and 21 via ID/suction route (or IN depending on the groups being used) and challenged on Study Day 42, via intranasal (IN) route, with 6x103 PFU of SARS-CoV-2 (2019-nCoV/USA-WA1/2020, LOT #12152020-1235, derived from BEI seed stock Cat # NR-52281 Lot # 70036318) or 3.67x102 PFU of SARS-CoV-2-RSA (2019-nCoV/South Africa/KRISP-K005325/2020 in Calu-3, LOT 030621-750, derived from BEI seed stock cat # NR-54974, Lot # 70041987) challenge dose per hamster. Prior to challenge procedure, the animals were anesthetized by injecting 80 mg/kg ketamine and 5 mg/kg xylazine via the intramuscular (IM) route. The animals were injected with an antisedan, at 1 mg/kg via IM route, 20 minutes post challenge. All animals were monitored until completely recovered. Post-challenge, animals were observed for weight loss and clinical symptoms of disease until the terminal day, study day 5 post-challenge, when hamsters were euthanized, and tissues collected for viral RNA quantification and histopathology analysis. Differences viral load between experimental groups of animals were analyzed statistically using t-test.



Statistical Analyses

Statistical analyses were conducted using Student’s t test in Prism (version 9) software (GraphPad). Adjusted probability p values (p) of smaller than 0.05 was considered statistically significant.
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Supplementary Figure 1 | (A) Schematic representation of mice vaccination schedule. Groups of n=5 BALB/c mice were immunized twice with 50 µg/mouse of pGLS-101, pGO-1001, pGO-1002, or pGO-1003 plasmids at 14-day intervals by intramuscular (IM) injection followed by BTX-EP. Mice were bled on days 0, 14, and 28 and sacrificed on day 28 to obtain spleens. (B) Evaluation of toxicity induced by expressed SARS-CoV2 protein by measuring weight changes in mice vaccinated with Vaccines.

Supplementary Figure 2 | Groups of n = 5 Sprague Dawley (SD) rats were immunized twice with 30 or 300 µg/rat of pGLS-101 or pGO-1002 plasmids at 14-day intervals intradermally by PharmaJet Tropis® device (PharmaJet), or intradermal injection followed by EP (EP). Rats were bled on days 0, 14, and 28 and sacrificed on day 28 to obtain spleens. ELISA analyzed all collected serum samples for binding to SARS-CoV-2 Spike S1 (A). Endpoint titers were calculated as the reciprocal of the highest sera dilution factor whose OD 405nm value was greater than 2.5 standard deviation of the OD 405nm of the day 0 value at that dilution. Each sample was run with three technical replicates on the plate. A comprehensive evaluation of neutralizing activity in rats. Day 28 sera from vaccinated rats were evaluated in a surrogate neutralization assay (B) for their ability to block the ACE2-RBD interaction and in a PRNT50 assay (C) for their ability to block infection of βCoV/Korea/KCDC03/2020 SARS-CoV-2 in Vero cells. Data are Mean + SD of percent inhibition of sera from each mouse as compared to inhibition by negative control or mean+SD of PRNT50 of sera from each rat. (D) Splenocytes prepared from all rats on day 28 were evaluated by IFN-γ ELISpot assay for characterization of cell-mediated responses. Splenocytes were stimulated with each of four linear pools of peptides spanning SARS CoV-2 Spike or a pool of linear peptides spanning SARS-CoV-2 ORF3a. Data represent the mean SFU per 106 splenocytes + SD. Statistical analysis for Pharmajet was performed in (B) using a one-way ANOVA comparison test where mean percent inhibition of each groups were compared against each other. Statistical analysis for EP was performed in (B, C) using an unpaired t-test.

Supplementary Figure 3 | SD rats (n = 5) were immunized twice, 2 weeks apart with 50μg of pGO-1002 by intradermal injection followed by GeneDerm-applied suction. Day 29 sera (2 weeks post second injection) were evaluated by ELISA to determine the IgG subclass of anti-Spike S1 antibodies in sera (A). Data for each subtype were normalized to the level of total anti-Spike S1 IgG. (B) The ratio of subclasses IgG2a and IgG2b to subclass IgG1 for S1-specific antibodies is reported.
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Viral covert mortality disease (VCMD), also known as running mortality syndrome (RMS), is caused by covert mortality nodavirus (CMNV) and has impacted the shrimp farming industry in Asia and Latin America in recent years. The pathogenic mechanism of CMNV infecting Penaeus vannamei was investigated in this study. In the naturally infected shrimp, histopathological and in situ hybridization (ISH) analysis verified that CMNV infection and severe cellar structural damage occurred in almost all cells of the ommatidium. Under transmission electron microscopic (TEM), vacuolation and necrosis, together with numerous CMNV-like particles, could be observed in the cytoplasm of most cell types of the ommatidium. The challenge test showed that a low CMNV infectious dose caused cumulative mortality of 66.7 ± 6.7% and 33.3 ± 3.6% of shrimp in the 31-day outdoor and indoor farming trials, respectively. The shrimp in the infection group grew slower than those in the control group; the percentage of soft-shell individuals in the infection group (42.9%) was much higher than that of the control group (17.1%). The histopathological and ISH examinations of individuals artificially infected with CMNV revealed that severe cellar damage, including vacuolation, karyopyknosis, and structural failure, occurred not only in the cells of the refraction part of the ommatidium, but also in the cells of the nerve enrichment and hormone secretion zones. And the pathological damages were severe in the nerve cells of both the ventral nerve cord and segmental nerve of the pleopods. TEM examination revealed the ultrastructural pathological changes and vast amounts of CMNV-like particles in the above-mentioned tissues. The differential transcriptome analysis showed that the CMNV infection resulted in the significant down-regulated expression of genes of photo-transduction, digestion, absorption, and growth hormones, which might be the reason for the slow growth of shrimp infected by CMNV. This study uncovered unique characteristics of neurotropism of CMNV for the first time and explored the pathogenesis of slow growth and shell softening of P. vannamei caused by CMNV infection.

Keywords: pathogenic mechanism, viral covert mortality disease (VCMD), running mortality syndrome (RMS), covert mortality nodavirus (CMNV), slow growth, neurotropism


INTRODUCTION

Aquaculture, including shrimp farming, remains the world’s fastest-growing sector producing food of animal origin (Kibenge, 2019). In the past decade, emerging aquaculture viruses have significantly impacted world aquaculture and threatened world food security (Tandel et al., 2017; Megahed et al., 2018; Kibenge, 2019; FAO, 2020). Among the viruses reported in shrimp, covert mortality nodavirus (CMNV) is a newly found virus isolated from white leg shrimp Penaeus vannamei (Zhang et al., 2014, 2017). CMNV was identified to be the pathogenic agent of shrimp viral covert mortality disease (VCMD), which has caused serious production losses in the shrimp farming industry (Zhang et al., 2014, 2017, 2019; Pooljun et al., 2016). CMNV is prevalent in China and countries in Southeast Asia, and Latin America (Varela, 2018; Zhang et al., 2018; Kibenge, 2019).

In outdoor ponds, VCMD causes low mortality in the affected shrimp every day. This daily continuous mortality occurs throughout the culture period; so VCMD was initially called “running mortality syndrome (RMS)” (Zhang et al., 2017; Zhang, 2019). Higher mortalities occur at water temperatures above 28°C and with sudden changes in weather (Zhang et al., 2014, 2017). In indoor tank farming, VCMD usually does not cause obvious mortality in the affected shrimp unless there are sudden changes in environmental conditions.

The virus has a wide host range among invertebrates, and it is known to infect the major cultured shrimp species, as well as the co-inhabiting organisms in shrimp ponds (Zhang et al., 2017; Liu et al., 2018; Li et al., 2019). Recently, natural infections of CMNV were reported in several species of fish such as Mugilogobius abei, a common marine fish in shrimp ponds and coastal water in China, and marine fish Chaeturichthys hexanema and Larimichthys polyactis from the Yellow Sea, and farmed Japanese flounder Paralichthys olivaceus. Thus, this virus is capable of naturally crossing the species barrier and infecting both vertebrates and invertebrates (Zhang et al., 2018; Wang et al., 2019a,b; Wang et al., 2021; Xu et al., 2021).

Although CMNV has become a threat to farmed shrimp in major aquaculture countries, the mechanism by which it infects shrimp and causes the disease is still unclear, Epidemiological investigations and research in the authors’ laboratory found that natural CMNV infection causes retina lesions in the fish, and this pathogenic feature indicates a neurotropic effect of CMNV similar to that of Betanodavirus.

The lack of pathogenesis knowledge of CMNV largely limits shrimp farming practitioners from implementing effective prevention and control measures against VCMD. Therefore, this study attempted to explore the pathogenesis of CMNV infection in shrimp by investigating naturally infected and artificially infected P. vannamei individuals through the use of molecular histopathological analysis, in situ hybridization, transmission electron microscopic (TEM), and differential transcriptome assays.



MATERIALS AND METHODS


Shrimp Sample

Samples of farming P. vannamei (body length 5–7.5 cm) were collected from earth ponds suffering an outbreak of VCMD on a farm in Weifang city in Shandong Province in November 2016 in our epidemiological investigation. These shrimp samples were tested to be free of white spot syndrome virus (WSSV), infectious hypodermal and hematopoietic necrosis virus (IHHNV), shrimp hemolytic iridescent virus (SHIV), acute hepatopancreatic necrosis disease caused by Vibrio parahaemolyticus (VpAHPND), enterocytozoon hepatopenaei (EHP), yellow head virus (YHV) and hepatopancreatic parvovirus (HPV). Whereas, the samples were CMNV positive in the CMNV reverse transcription nested PCR (RT-nPCR) test. And the CMNV RT-nPCR amplicons were then sent for sequencing to the commercial sequencing company of Shanghai SANGAN Chemical Trading Co. Ltd.

For the challenge test, specific-pathogen-free (SPF) juvenile P. vannamei shrimps were collected from Haixingnong Shrimp Breeding Northern Base of BLUMP Seed Industry Technology Co., Ltd. in Weifang city of Shandong Province. The juvenile shrimps were tested to be free of WSSV, IHHNV, VpAHPND, EHP, YHV, and HPV in the PCR or RT-PCR assays recommended by the OIE Aquatic Manual (OIE, 2019) and previous reports (Liu et al., 2013; Tang et al., 2015).



Phylogenetic Analysis

The gene fragment of CMNV RNA-dependent RNA polymerase (RdRp) (413 nt from nt no. 357 to 769 in the reference sequence of GenBank accession number KM112247) cloned from samples of the VCMD case in the present study was first translated into amino acid sequence and then used for the phylogenetic analysis. Both the deduced CMNV RdRp amino acid sequence, and the relevant homologous sequences in the family Nodaviridae retrieved from the GenBank database, were submitted for aligning analysis by using the ClustalW multiple alignment algorithm in the MEGA 3.1 according to the previous reports (Hall, 2013).



Histopathological Section

Samples of the shrimp eyestalks, cephalothoraxes, abdominal segment, and swimming legs were fixed in 4% PFA fixative for 24 h and then fixed in 70% ethanol. Paraffin sections were prepared and stained with H&E staining according to the procedures reported by Bell and Lightner (1988). Triplicate paraffin sections (3 μm) were prepared for histological and ISH analysis. The first sections of every sample were stained with routine H&E-phloxine according to Lightner’s protocols (Lightner, 1996). After checking the H&E-stained sections, the left sections of every sample were subjected to CMNV ISH assay with digoxigenin (DIG)-labeled RNA probe.



In situ RNA Hybridization

The CMNV RNA probe used for ISH was synthesized according to the previous report (Zhang et al., 2018). The ISH of each sample was conducted referring to the protocols described in a previous study (Chen et al., 2014). After counterstained with Nuclear Fast Red following the method reported before (Nuovo et al., 1999), the sections were mounted with water-soluble sealant for further examination by Nikon Eclipse E80i microscope (Nikon Co., Tokyo, Japan).



Transmission Electron Microscopy

The sample tissue in < 1 mm3 was fixed in TEM fixative (2% paraformaldehyde, 2.5% glutaraldehyde, 160 mM NaCl, and 4 mM CaCl2 in 200 mM PBS) (pH 7.2) for 24 h at 4°C and was subjected to further fixation with 1% osmium tetroxide, and dehydrated in a graded ethanol series, then embedded in Spurr’s resin and prepared ultrathin sections of 50 nm in thickness. The sections were stained with uranyl acetate and lead citrate in accordance with the previously reported protocols (Graham and Orenstein, 2007). Ultrathin sections were laid on collodion-coated grids and examined by using a JEOL JEM-1200 electron microscope (Nikon Co., Tokyo, Japan).



Virus Purification

Cephalothoraxes were dissected aseptically and homogenized in sterile PBS using a mortar and pestle. The homogenate liquid was centrifuged at 10,000 g for 25 min at 4°C to remove tissue debris, and the supernatant was filtered through a 22 mm membrane and then centrifuged at 130,000 g for 4 h. The precipitation was re-suspended as viral inoculum for the challenge test.



Challenge Test

Healthy juvenile P. vannamei (about 4.5–5.7 cm in body length) were cultured temporarily in tanks for 3 days before they were used for challenge tests. For the challenge experiment, the shrimp with similar body lengths were selected first and then were divided into an infection group and a control group. It had been observed previously in shrimp aquaculture practice that after indoor cultured P. vannamei was infected with CMNV, the mortality rate of infected individuals would be lower than that of outdoor farming infected individuals, and the growth retarding of infected individuals in the indoor aquaculture model would also be alleviated to a certain extent. Therefore, for the convenience of comparison, this study also carried out a CMNV challenge test in indoor cultured P. vannamei.

For the outdoor farming challenge test, each group included two replicates and each replicate included 15 individuals due to the limited space conditions of the farming facility. For the indoor farming challenge test, each group included three replicates and each replicate included 35 individuals. Then, 5 μL of viral inoculum (5.5 × 106⋅5 copies/μL, about 2 × 104⋅5 viral copies per mg shrimp) (or TN buffer) were injected intramuscularly into the third abdominal segment of each healthy shrimp individual to be serving as the infection group (or the control group). Thereafter, the shrimp were maintained with pellet feeds for 31 days in tanks locating outdoor and indoor environments and the mortality were recorded daily. In the outdoor challenge test, the water temperature in the culture tanks varied from 18 to 33°C with the change in outdoor temperature. In the indoor challenge test, the water temperature in the culture tanks was maintained at 30–32°C. The salinity of the seawater used is 29–30 parts per thousand. During the challenging trial, the daily water renewal is about one-third of each aquaculture tank. At the end of the bioassay, the body lengths of shrimp individuals were measured. The eyestalks, cephalothoraxes, abdominal segment, and swimming legs of every living shrimp sample were collected and preserved in RNAlater solution (Qiagen GmbH, Hilden, Germany), Davidson’s alcohol formalin acetic acid (AFA) solution, and 2.5% glutaraldehyde solution, respectively, for further analysis of molecular detection, histopathology and TEM analysis.



Determination of Calcium Element in Carapace

In order to determine the calcium content in the carapace of the cephalothoraxes of the diseased and healthy shrimps, the carapace of the same location in cephalothoraxes of the diseased and healthy shrimps was fixed in TEM fixative firstly, subsequently subjected to further fixation with 1% osmium tetroxide, then dehydrated, and embedded in Spurr’s resin and prepared ultrathin sections of 50 nm in thickness. The sections were coated with a thin layer of gold-palladium alloy following the previously reported protocols (Letchumanan et al., 2020; Wagner et al., 2020), and then examined by using X-Max80 EDS (Oxford Instruments, Oxford, Britain) Field Emission Scanning Electron Microscopy (FESEM) at 20 KV. The specimen embedded in Spurr’s resin was also coated with a thin layer of gold-palladium and then inspected by using the FESEM to conduct energy-dispersive X-ray spectroscopy (EDS) to obtain the data of elemental weight percent (%) in dissociation of the main constituent elements in cephalothorax carapace.



Differential Expression Analysis

In order to reveal the possible molecular mechanism of the slow growth of P. vannamei caused by CMNV infection, differential transcriptome analysis was conducted by using the total RNA of cephalothoraxes both from the healthy and infected shrimp individuals. Three total RNA samples from the healthy shrimp individuals and three total RNA samples from the CMNV infected shrimp individuals were prepared and used for the differential transcriptome analysis. Firstly, mRNA was enriched by Oligo(dT) beads from the total RNA samples, and then mRNA was fragmented and reverse transcription into cDNA. Secondly, the cDNA fragments were purified, end-repaired, poly(A) added, and ligated to Illumina sequencing adapters according to previous reports (de Wit et al., 2014; Rajagopala et al., 2018). Thirdly, the ligation products were PCR amplified and sequenced using Illumina HiSeq TM 2500. Low-quality reads, adapter sequences, as well as rRNA, were removed from the raw reads obtained from sequencing machines. The clean reads were used for transcripts reconstruction by using the software Cufflinks (Trapnell et al., 2012), together with TopHat2. Novel gene transcripts identification and annotation, quantification of gene abundance, relationship analysis of samples, and differentially expressed genes analysis were carried out based on the protocols of Gene Denovo Biotechnology Co. (Guangzhou, China).



Experimental Validation of Differentially Expressed Genes

Four differentially expressed genes (DEGs) in top KEGG enrichment were selected for the qRT-PCR analysis for their expression validation in the CMNV naturally infected samples. 18S rRNA was used as an internal control. Gene-specific primers were designed using PrimerQuest® Tool1. All primer sequences were listed in Supplementary Table 1. One-Step TB Green PrimeScript RT-PCR Kit II (TaKaRa, Dalian, China) was used for obtaining amplification curves following the manufacturer’s protocol. The melting curve analysis was conducted at the end of each PCR reaction to confirm that the specific PCR product was amplified and detected. The expression of each gene was quantified relative to that of 18S rRNA with the 2–ΔΔCt comparative Ct method. Significance was defined as P < 0.05.




RESULTS


Phylogenetic Analysis of the Covert Mortality Nodavirus Isolated From Typical Viral Covert Mortality Disease Case

Phylogenetic analysis based on the partial CMNV_RdRp amino acid sequence from positive shrimp samples indicated that the new identified CMNV (CMNV_Shandong) isolate from shrimp individuals of the VCMD affected pond was closely clustered in one branch with the original CMNV isolate, and were obviously different from other virus members in Alphanodavirus (Supplementary Figure 1). The result showed that the newly identified CMNV (CMNV_Shandong) shared a close genetic relationship with the original CMNV isolates.



Microstructural and Ultrastructural Changes Caused by Covert Mortality Nodavirus Natural Infection

Following the clue that CMNV natural infection could cause obvious retina lesions in the fish, the microstructural and ultrastructural changes of the compound eye of the shrimp individuals who suffered VCMD naturally were analyzed by using histopathological, ISH, and TEM assays.

The histological examinations showed that the morphology of the epicorneagenous cells, the cone cells, and the crystalline cones tend to become irregular; meanwhile, the boundaries were changed to be blurred between these three types of cells, as well as that of crystalline tracts (Figure 1D1 HE). Micrographs of in situ hybridization revealed that the intense purple positive hybridization signals of the CMNV RNA probe presented in the epicorneagenous cells, the cone cells, the crystalline cones, and crystalline tracts (Figure 1D1 ISH). Under the TEM, vacuolation and damage, together with numerous un-enveloped, CMNV-like particles could be observed within the cytoplasm of the epicorneagenous cells and the cone cells (Figure 1F1). Massive amounts of similar spherical CMNV-like particles with a diameter of about 25.3 ± 2.2 nm (n = 16) were also present in the cytoplasm of the crystalline cones (Figure 1F2).
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FIGURE 1. Schematic diagram of Penaeus vannamei and its ommatidia, and micrographs of H&E staining (HE), in situ hybridization (ISH), and transmission electron microscopic (TEM) of eyestalk from shrimp naturally infected with covert mortality nodavirus (CMNV). (A) Schematic diagram of P. vannamei. (B) Micrographs of H&E staining. (C) Micrographs of ISH. (D) Enlarged areas of micrographs of H&E staining and ISH in (B,C). It can be noted that vacuolation, karyopyknosis, and structural failure in almost all types of cells that make up the ommatidium, as well as the nerve tissue of eyestalk. Note the purple hybridization signal at the cells of the ommatidium and the nerve tissue of eyestalk which demonstrated apparent vacuolation. (D1) Showed the Ecc, Con, Crc, and Crt; (D2) showed the Crt, Rec, rhabdom (Rha), and Faz; (D3) showed the cell rind nuclei (Crn) of the lamina ganglionaris and Lam; (D4) showed the Mee; (D5) showed the Sig; (D6) showed the Mei. (E) Schematic diagram of ommatidia structure of shrimp P. vannamei. Ecc, epicorneagenous cells cytoplasm; Con, cone cells; Crc, crystalline cones; Crt, crystalline tracts; Rec, retinular cell (including the Rha and Ret); Faz, fasciculated zone; Pro, primary optic nerve fibers; Lam, lamina ganglionaris; Mee, medulla externa; Sig, sinus gland; Mei, medulla interna. The same Schematic diagram has been included in Figures 1, 3, 4 for convenience of observing and comparing. (F) Micrographs of TEM. Note the vast amount of dense distributing CMNV-like particles in the necrotic cytoplasm of cells of ommatidium and the nerve tissue of eyestalk. (F1) Showed Ecc and Con; (F2) showed Crc; (F3) showed Ret; (F4) showed Mee; (F5) showed Sig and Mei. Scale bars were 200 μm in (D); Scale bars were 5000, 1000, 200, and 100 nm in (F). NC, negative control; Mag+, low magnification rate; Mag++, moderate magnification rate; Mag+++, high magnification rate.
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FIGURE 2. The CMNV artificial challenge test in outdoor and indoor farming shrimp. (A) Cumulative mortality curves of P. vannamei shrimp in the outdoor artificial challenge test. (B) Cumulative mortality curves of P. vannamei shrimp in the indoor artificial challenge test. (C) Comparing of body length of shrimp individuals from the CMNV infected group and control group at the ending of the challenge test. (D) The ratio of soft-shell individuals from the CMNV infected group and control group. (E) Determination of calcium element in the carapace of the individual from the CMNV infected group. (e1) Micrographs of TEM of the longitudinal section of cephalothorax carapace from shrimp artificially infected with CMNV. (e2–6) Micrographs of field emission scanning electron microscopy (FESEM) of the longitudinal section of cephalothorax carapace of the shrimp individuals from the infected group; (e2–6) showed the distribution of main constituent elements (including calcium, phosphorus, carbon, oxygen, and chlorine) in the exo-cuticle of cephalothorax carapace. (e7) Energy spectrum characteristics in dissociation of main constituent elements in exo-cuticle of cephalothorax carapace of the shrimp individuals from the infected group in the energy-dispersive X-ray spectroscopy (EDS) analysis. (F) Determination of calcium element in the carapace of the individual from the control group. (f1) TEM of the longitudinal section of cephalothorax carapace of the shrimp individuals in the control group. (f2–6) Micrographs of FESEM of the longitudinal section of cephalothorax carapace of the shrimp individuals from the control group; (f2–6) showed the distribution of main constituent elements (including calcium, phosphorus, carbon, oxygen, and chlorine) in the exo-cuticle of cephalothorax carapace. (f7) Energy spectrum characteristics in dissociation of main constituent elements in exo-cuticle of cephalothorax carapace of the shrimp individuals from the control group in the EDS analysis.
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FIGURE 3. Schematic diagram of ommatidia structure of P. vannamei, and micrographs of HE, ISH, and TEM of eyestalk from shrimp artificially infected with CMNV. (A) Schematic diagram of ommatidia structure of shrimp P. vannamei. Ecc, epicorneagenous cells cytoplasm; Con, cone cells; Crc, crystalline cones; Crt, crystalline tracts; Rec, retinular cell (including the Rha and Ret); Faz, fasciculated zone; Pro, primary optic nerve fibers; Lam, lamina ganglionaris; Mee, medulla externa; Sig, sinus gland; Mei, medulla interna. The same schematic diagram has been included in Figures 1, 4 for the convenience of observing and comparing. (B1) Micrographs of H&E staining. Noted the vacuolation, karyopyknosis, and structural failure in almost all types of cells that make up the ommatidium, as well as in the nerve tissue of eyestalk. Ecc, epicorneagenous cells cytoplasm; Con, cone cells; Crc, crystalline cones; Crt, crystalline tracts; Rec, retinular cell; Rha, rhabdom; Faz, fasciculated zone; Lam, lamina ganglionaris; Glo, globuli cell; Mee, medulla externa; Sig, sinus gland; Mei, medulla interna. Note that (B1) showed the enlarged view of framed areas in (B0). (B2) Micrographs of ISH. Noted the purple hybridization signal at the cells of the ommatidium and the nerve tissue of eyestalk which demonstrated apparent vacuolation. Scale bars were 200 μm in (B1,B2). (C) Micrographs of TEM of the several components of the ommatidium for eyestalk of shrimp artificially infected with CMNV. Note the vast number of CMNV-like particles in the necrotic cytoplasm of cells of ommatidium of the eyestalk. Scale bars were 500, 200, and 100 nm in Crc; Scale bars were 1000, 200, and 100 nm in Crt; Scale bars were 500, 200, and 100 nm in Rec. Mag+: low magnification rate; Mag++: moderate magnification rate; Mag+++: high magnification rate.
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FIGURE 4. Schematic diagram of ommatidia structure of P. vannamei, and micrographs of HE, ISH, and TEM of the nerve tissue and the hormone secretion zone of eyestalk from shrimp artificially infected with CMNV. (A) Schematic diagram of ommatidia structure of shrimp P. vannamei. Ecc, epicorneagenous cells cytoplasm; Con, cone cells; Crc, crystalline cones; Crt, crystalline tracts; Rec, retinular cell; Faz, fasciculated zone; Pro, primary optic nerve fibers; Lam, lamina ganglionaris; Mee, medulla externa; Sig, sinus gland; Mei, medulla interna. The same schematic diagram has been included in Figures 1, 3 for convenience of observing and the comparing. (B1) Micrographs of H&E staining. Noted the vacuolation, karyopyknosis, and structural failure in the nerve tissue and hormone secretion zone of the eyestalk. Glo, globuli cell; Mee, medulla externa; Sig, sinus gland; Mei, medulla interna; Met, medulla terminalis; Han, Hanstrm organ; Bel, organ of Bellonci. Note that (B1) showed the enlarged view of partial areas in (B0) of Figure 3. (B2) Micrographs of ISH. Noted the purple hybridization signal at the cells of the nerve tissue and the hormone secretion zone of eyestalk which demonstrated apparent vacuolation. Scale bars were 200 mm in (B1,B2). Note that (B2) was partially overlapping with the (B2) of Figure 3. (C) TEM of ultrastructural pathology of the ommatidium of and the nerve tissues for eyestalk of shrimp artificially infected with CMNV. Note the vast number of CMNV-like particles in the necrotic cytoplasm of cells of Faz, Glo, and Sig of the eyestalk. Scale bars were 1000, 500, 200, and 100 nm in Faz; Scale bars were 200, 100, and 100 nm in Glo; Scale bars were 5000, 1000, 500, and 100 nm in Sig. Mag+: low magnification rate; Mag++: moderate magnification rate; Mag+++: high magnification rate.


Micrographs of HE staining sections demonstrated that the retinular cell bodies were broken and fractured, and the cytoplasm of retinular cells containing amount pigment granules were tending to be vacuolation (Figure 1D2 HE). A purple hybridization signal was clearly shown in the damaged cytoplasm of the retinular cell in the ISH inspection (Figure 1D2 ISH). TEM examinations proved the presence of CMNV-like particles in the cytoplasm of retinular cells (Figure 1F3).

Severe vacuolation, karyopyknosis, and structural failure in the lamina ganglionaris, as well as mild vacuolation, karyopyknosis, and structural damage in the medulla externa, could be observed in the micrograph of HE staining sections (Figures 1D3 HE,D4 HE). Micrographs of ISH demonstrated that the intense and mild purple positive hybridization signals of the CMNV probe presented in the lamina ganglionaris and the medulla externa, respectively (Figures 1D3 ISH,D4 ISH). Under TEM, myelin sheath stripping around the dendrite of the nerve cell, and vacuolation of cytoplasm in the nerve cell were noticed in the medulla externa. In addition, a vast of CMNV-like particles had been found in the cytoplasm of the nerve cell of the medulla externa (Figure 1F4).

Histopathological changes including karyopyknosis of the hemocytes and nerve cells, more severe vacuolation and structural failure of nerve cells in the sinus gland, as well as mild vacuolation, karyopyknosis and structural damage in the medulla interna, were revealed by the histological examinations of H&E staining sections (Figures 1D5 HE,D6 HE). Meanwhile, the purple positive hybridization signals of the CMNV probe were proved to be present in the corresponding cells and tissue in the sinus gland and the medulla interna by the ISH (Figures 1D5 ISH,D6 ISH). Even more evidence of severe vacuolation, structural failure of nerve cells, and synthesis of CMNV-like particles were revealed in the sinus gland and the medulla interna by the TEM investigation (Figure 1F5).

No positive hybridization signals appeared on the sections from the same samples without the CMNV RNA probe in the hybridization process (Figures 1D1–6).



The Artificial Challenge of Covert Mortality Nodavirus in Outdoor and Indoor Farming Shrimp

For further confirmation of pathogenicity and pathogenic characteristics of CMNV infection, artificial challenge experiments with low CMNV dose were conducted in outdoor and indoor farming shrimp, respectively. The results of the challenge test in the outdoor farming shrimp showed that the cumulative mortality of shrimp individuals in the CMNV infection group was 66.7% ± 6.7% post 31 days (Figure 2A). In contrast, the cumulative mortality of shrimp individuals was 20.0% ± 6.7% in the control group (Figure 2A). The results of the challenge test in indoor farming shrimp showed that the cumulative mortality of shrimp individuals in the CMNV infection group was 33.3% ± 3.6% post 31 days, and the cumulative mortality was 0.0% in the control group (Figure 2B). A very obvious phenomenon in the challenge test was that the growth rates of the shrimp individuals from the infection and the control groups were significantly different, and shrimp individuals from the infection group grew slower than those from the control group (Figure 2C). The shells of shrimp individuals from the infection group were softer than those from the control group. If lower than two-thirds of the mean value of calcium content in the carapace of the cephalothorax of shrimps in the control group were used as the standard to judge the shell softening individuals of shrimp, the ratio of shell softening individuals from the infected group and the control group were 42.9% and 17.1% (Figure 2D), respectively. The elemental weight percent (%) of calcium in the main constituent elements (including calcium, phosphorus, carbon, oxygen, and chlorine) in the exo-cuticle of cephalothorax carapace of the shrimp individuals from the infected group and the control group was 4.46% and 14.09%, respectively (Figures 2E,F).

In addition, the RT-PCR analysis indicated that the shrimp samples of the infected group were strongly positive for CMNV, whereas shrimp from the control group were negative.



Microstructural and Ultrastructural Changes Caused by Covert Mortality Nodavirus Artificial Infection

Microstructural and ultrastructural changes in the eyestalk, the ventral nerve cord, and the swimming legs of the shrimp individuals from the CMNV infection group were investigated by using the histopathological, ISH, and TEM methods.

The severe structural failure occurred in almost all types of cells that make up the ommatidium including the epicorneagenous cells, the cone cells, the crystalline cones, the crystalline tracts, the retinular cell, and the rhabdom (Supplementary Figures 2, 5). Vacuolation could be clearly observed in most components of the ommatidium, such as in the crystalline tracts and the rhabdom, in the primary optic nerve fibers of the fasciculated zone, in the nerve and glial fibers of the lamina ganglionaris, as well as in the cytoplasm of the retinular cells. Karyopyknosis were accrued both in the retinular cells and in the cells of the fasciculated zone of ommatidium (Figure 3B HE and Supplementary Figures 2, 5).

Micrographs of ISH demonstrated that the intense purple positive hybridization signals of the CMNV probe presented in the following cells and components covering the epicorneagenous cells, the cone cells, the crystalline cones, the crystalline tracts, the retinular cells, the primary optic nerve fibers in the fasciculated zone, the nerve and glial fibers in the lamina ganglionaris (Figure 3B2 ISH). TEM examinations proved the presence of the vast amount of CMNV-like particles in the cytoplasm of most cell types of the ommatidium, including the crystalline cones, the crystalline tracts, the retinular cells, and the cells in the fasciculated zone (Figures 3C Crc, Crt, and Rec, 4C Faz).

The histological examinations revealed that severe vacuolation, karyopyknosis, and structural failure not only occurred in the nerve enrichment zone like the medulla externa, the sinus gland, the medulla interna, and the medulla terminalis, but also occurred in the hormone secretion zone including the globuli cells, the Hanstrm organ, and the organ of Bellonci (Supplementary Figure 2b). ISH results demonstrated that the intense purple positive hybridization signals of CMNV probe could be observed in the sinus gland, in the Hanstrm organ, and in the organ of Bellonci, as well as in the globuli cells (Figure 4B2). The tissues of the medulla externa, the medulla interna, and the medulla terminalis presented mild hybridization signals of the CMNV probe. The results of TEM analysis indicated that large quantities of CMNV-like particles assembled in the cytoplasm of the globuli cell and the cells of the sinus gland (Figure 4C Glo and Sig). Meanwhile, severe vacuolation of the nerve cells in the sinus gland could be observed in the view of TEM examination.

Meanwhile, histological examination of the nerve cord in the abdominal segment showed that the severe cytoplasmic vacuolation and the karyopyknosis occurred in almost all the typical nerve cord cells like the sensory/motor fibers & interneurons, the neurosecretory cells, and the giant cells (Figure 5 HE). ISH results indicated that intense hybridization signals of the CMNV probe were presented in the above necrotic and vacuolar nerve tissues (Figure 5 ISH). The ultrathin sections of the ventral nerve cord revealed severe vacuolation and a large number of CMNV-like particles presented in the cytoplasmic areas of the necrotic neurons. An interesting phenomenon was that mass of CMNV-like particles was distributed in the starting/middle-stage vacuolar degeneration cytoplasm of nerve cells, whereas there were no any CMNV-like particles in the cytoplasm of entirely vacuolar nerve cells (Figure 5 TEM).
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FIGURE 5. Micrographs of HE, ISH, and TEM of the ventral nerve cord and the pleopods nerve of shrimp artificially infected with CMNV. Note the severe cytoplasmic vacuolation and karyopyknosis in the ventral nerve cord and the pleopods nerve, as well as the extensive muscular lysis, myonecrosis of skeletal muscle in the pleopods. ISH purple hybridization signal of CMNV probe could be observed both in the ventral nerve, as well as in the necrotic skeletal muscle and the nerve cells of pleopods nerve. Note the vacuolar degeneration cytoplasm of nerve cells both in the ventral nerve cord and the pleopods nerve. Note that a vast number of CMNV-like particles are distributed only in the starting or middle-stage vacuolar cytoplasm of nerve cells, no viral particles existed in the cytoplasm of entirely vacuolar nerve cells. IN, inclusion body; NC, negative control; Mag+, low magnification rate; Mag++, moderate magnification rate; Mag+++, high magnification rate; V, vacuolation. Scale bars in the HE and ISH micrographs were 100 and 20 μm; Scale bars were 5000, 1000, 500, and 100 nm in ventral nerve cord TEM micrographs, and were 2000, 500, 200, and 100 nm in the periopod nerve TEM micrographs.


In addition, extensive muscular lysis, and myonecrosis of skeletal muscle (Figure 5) could be observed in the swimming legs in the histological examination of pleopods sections of the CMNV infected individuals. Severe cytoplasmic vacuolation and karyopyknosis also occurred in the segmental nerve in the pleopods as it presented in the ventral nerve cord. ISH purple hybridization signal of CMNV probe could be observed both in the necrotic skeletal muscle and in the nerve cells of pleopods segmental nerve. TEM examination results revealed the similar ultrastructural pathological changes of the nerve tissue in swimming legs to that occurred in the nerve cord of the abdominal segment, that is, a vast amount of CMNV-like particles distributed only in the starting or middle-stage vacuolar cytoplasm of nerve cells, no viral particles present in the cytoplasm of entirely vacuolar nerve cells (Figure 5).

No positive hybridization signals appeared on the sections from the shrimp individuals from the control group (Figure 5 ISH NC and Supplementary Figure 6).



Differential Transcriptome Analysis of the Healthy and Infected Shrimp Individuals

Furthermore, with the help of Gene Ontology (GO), Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses, we investigated the molecular mechanism of the difference in growth rate between the healthy and the CMNV infected shrimp individuals. Firstly, based on the 300 million (300,557,286) raw reads, a total of 299.6 million (299,659,796) clean reads were produced by filtering the low-quality data (Supplementary Table 2). Both the statistics of the bases from the clean data and Ribosomal comparing statistics of the sequenced reads indicated that the clean data were of high quality (Supplementary Tables 3, 4).

Principal component analysis (PCA) was performed to compare the global gene expression of the healthy and infected shrimp individuals. The result of PCA indicated that samples of CMNV infection clustered tightly and were separated from the control check (CK) (Figure 6A), indicating that infection with CMNV altered the overall GE profile thoroughly.
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FIGURE 6. Differential transcriptome analysis of the healthy and infected shrimp individuals. (A) Principal component analysis (PCA) of the global gene expression of the healthy and infected shrimp individuals. Triangles indicate the infected shrimp individuals (n = 3, T_CMNV) and dots indicate the healthy shrimp individuals (n = 3, control check, CK). Overall gene expression is driven by the CMNV infection. (B) Heat map showing log10 gene expression ratios of the healthy and CMNV infected shrimp. Genes with similar expression patterns were clustered. The intensity of the color indicates gene expression levels that were normalized according to log10 (FPKM + 1) values. The calculated p-value was gone through FDR Correction, taking FDR ≤ 0.05 as a threshold. The up-regulated genes are shown in red and the down-regulated genes are shown in blue. (C) KO enrichment analysis for the DEGs between the healthy and CMNV infected shrimp. The vertical axis label represents the pathway, and the horizontal axis label represents the rich factor. Circles indicate the numbers of enriched genes and colors depict the P-value. The result of the KEGG pathway analysis of DEG showed that DEGs were enriched into different GO terms. Significant enrichment was observed in the regulation of lysosome, photo-transduction-fly, thyroid hormone signaling pathway, pancreatic secretion, phagosome, et al., which were strongly associated with digestion, absorption, growth hormone, and visual light conduction.


The heat map was constructed to visually show all the DEG of the healthy and CMNV infected shrimp (Figure 6B). In order to obtain a global view of the change in shrimp gene expression between the healthy and CMNV infected shrimp, one paired comparison (CK vs. T_CMNV) was performed. In all, 198 up-regulated genes and 1,415 down-regulated genes were detected in the RNA-seq analysis at significantly different levels (FDR < 0.05 and | log2FC| > 1) (Supplementary Figures 7, 8).

After GO enrichment analysis, DEGs were enriched into different GO terms. The top significant enrichment was observed in terms including collagen metabolic process, multicellular organism metabolic process, sensory perception of light stimulus, sensory perception, and neurological system process (Supplementary Figure 9). The KEGG database was used to analyze pathways in order to further define DEG function in the shrimp. The result of the KEGG pathway analysis of DEG showed that DEGs were enriched into different KEGG pathways and the top 20 enrichment KEGG pathways with FDR < 0.05 in the healthy and CMNV infected shrimp were listed (Figure 6C). The top significant enrichment was observed in the regulation of lysosome, photo-transduction-fly, thyroid hormone signaling pathway, pancreatic secretion, phagosome, et al., which were strongly associated with the metabolic process including digestion, absorption, growth hormone, as well as the sensory perception and neurological system process like visual light conduction (Figure 6C).



Validation of Differentially Expressed Genes With qRT-PCR

To verify the DEGs detected by RNA-seq, the expressions of 4 DEGs related to the phototransduction, phagosome, thyroid hormone signaling pathway, and pancreatic secretion metabolic pathways were selected and tested by using qRT-PCR from the top 20 KEGG enrichment genes. The results showed that the expression patterns of these DEGs in the healthy and infected shrimp individuals were consistent with that of the RNA-seq trend. Compared with the control group, three DEGs, i.e., LOC113803353 (phototransduction-related gene), LOC113806545 (phagosome related gene), and LOC113810077 (pancreatic secretion metabolic pathways related gene) were downregulated, and one DEG, i.e., LOC113808838 (thyroid hormone signaling pathway) was upregulated (Supplementary Figure 10).




DISCUSSION

Covert mortality nodavirus was a new member in the genus Alphanodavirus, the target tissues/organs and histopathology of CMNV infection in shrimp had not been studied thoroughly yet. A previous report just studied the susceptibility of CMNV in the hepatopancreas, muscle, and lymph organs in the shrimp, whereas the CMNV susceptibility in more organs of shrimp had not been known yet. The present study revealed that nerve tissues distributing both in the eyestalks, abdominal segment and pleopods were also the important target tissue of CMNV infection. Previous preliminary studies demonstrated that CMNV infection could result in cytoplasm vacuolation of the hepatopancreocytes, multifocal myonecrosis of the striated muscle, hemocytic infiltration, and karyopyknosis of hemocytes in the target tissues, as well as the presence of the eosinophilic inclusions in the tubular epithelium of hepatopancreas and lymphoid spheroids (Zhang et al., 2014, 2017). The present study observed that both in the natural and artificial infected white leg shrimp individuals, the similar histological damages as previous reports occurred also in the hepatopancreas and muscles (Data not shown). More importantly, severe vacuolation and damage, as well as the vast amount of CMNV-like particles were observed for the first time in the nerve tissues both from the eyestalk, the pleopods, and the ventral nerve cord of the CMNV infected individuals in this study.

In the eyestalk, the primary optic nerve fibers, nerve, and glial fibers were mainly distributed in the tissues of the fasciculated zone, the rhabdom, the lamina ganglionaris, the medulla externa, the medulla interna, and the sinus gland. The nerve and glial fibers were closely related to the visual signal transduction in the eyestalk of crustaceans (da Silva et al., 2001; Gunawardene et al., 2002; Nesbit et al., 2015), so the vacuolating necrosis of these nervous related tissues would unquestionably result in the decrease of the vision of diseased shrimp individuals. Meanwhile, serious necrosis in the pleopods nerve and the ventral nerve cord, as well as severe skeletal muscle destruction in the pleopods, might correspondingly decrease the swimming performance of diseased shrimp individuals. With comprehensive consideration of the descend both the vision and the swimming performance in diseased shrimp individuals, it would be easy to understand the reason why most of the CMNV infected individuals were hidden on the bottom of farming ponds and then died gradually under that covert environment (Figure 7).
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FIGURE 7. Schematic diagram of the pathogenic mechanism of CMNV infection in P. vannamei. Figures in the left showed the hanstrm organ (Han) and Bellonci (Bel) organ (1), ventral nerve cord and periopod nerve (2), TEM, and FESEM of the longitudinal section of cephalothorax carapace (3), of the shrimp individuals in the control group. Figures in the middle part described the clinical symptoms and behavioral characteristics of healthy shrimp and CMNV-infected shrimp. Figures in the right showed the hanstrm organ (Han) and Bellonci (Bel) organ (1), ventral nerve cord and periopod nerve (2), TEM and FESEM of the longitudinal section of cephalothorax carapace (3), of the shrimp individuals in the CMNV infection group. The severe cell damage of the Han and Bel (1). The severe pathological damages in the nerve cells of both the ventral nerve cord and segmental nerve of the pleopods (2). The obvious lower calcium content (the more yellow means more calcium) in the FESEM figure of (f2) contrasting with the health one in the left figure of (e2) (3).


In crustaceans, molting was controlled by the neuropeptides of molt-inhibiting hormone (MIH) and ecdysone (Diwan, 2005; Zhang et al., 2019). A major source of neuropeptides was the X-organ–sinus gland (XO–SIG), and X-organ was an integral part of the hanstrm organ (Han) in crustaceans (Arvy et al., 1954; Loredo-Ranjel et al., 2017; Head et al., 2019). The histological and ultrastructural examination in this study indicated that severe pathological damages occurred in almost all the cells that constitute the ommatidium of the eyestalk, especially in the cells composing ecdysone synthesis-related tissues (hanstrm organ and sinus gland). Even more, the ultra-microstructural observation proved the presence of mass CMNV-like particles in the cytoplasm of several components of the eyestalk, including epicorneagenous cells, cone cells, crystalline cones, retinular cells (Rec), fasciculated zone, globuli cells, and sinus gland. Hence, it could be deduced that the severe histological damages in the related tissues of ecdysone synthesis might result in decreasing the secretion of neuropeptides, and finally reduce the growth rate of the diseased shrimp individuals (Figure 7).

Divalent metal ions were components of numerous icosahedral virus capsids (Trask and Dormitzer, 2006; Xu et al., 2017; Ren et al., 2018; Tarasova and Nerukh, 2018). Calcium ions were found to be vital to the viral capsid structure of the virus member in the family Nodaviridae, as well as the biology of virus-host interactions (Wu et al., 2008; Ho et al., 2018). 240 calcium ions were needed to be incorporated per viral capsid in assembling of noda viruses such as Flock House virus (FHV) and Macrobrachium rosenbergii nodavirus (MrNV) (Banerjee et al., 2010; Jariyapong et al., 2014; Ho et al., 2018). The feature of the vast amount of calcium ions consumed in viral capsid assembly of the family Nodaviridae clued that the mass CMNV assembly in the diseased shrimp would consume a huge amount of calcium ions in the stage of acute infection of the virus as well. The result was that the carapace synthesis of diseased shrimp might not be able to obtain enough calcium ions, which led to softening of the diseased shrimp carapace, as well as molting difficulty and ultimately affecting the growth rate of the CMNV infected shrimp individuals (Figure 7).

The microsporidian Enterocytozoon hepatopenaei (EHP) was first described in Thailand in 2009 and it caused hepatopancreatic microsporidiosis (HPM) in farmed black tiger shrimp Penaeus monodon (Tourtip et al., 2009; Tangprasittipap et al., 2013). It was suspected that EHP infection was related to growth retardation in farming shrimp in previous reports (Biju et al., 2016; Salachan et al., 2017). Recently the information from shrimp farmers indicated that it was associated with significant growth retardation that was not clearly noticeable until 2–3 months of cultivation, whereas HPM was not normally associated with shrimp mortality (Salachan et al., 2017; Karthikeyan and Sudhakaran, 2019). During the past 5-years epidemiological investigation of farming shrimp, we found that the diseased shrimp suffering merely EHP infection did not show syndromes of carapace softening. So, both syndromes of slowing growth and carapace softening were the typical characteristic of CMNV acute infection, which was different from the EHP infection.

Up to now, three nodavirus, including MrNV, Penaeus vannamei nodavirus (PvNV), and CMNV, had been isolated in crustaceans (Qian et al., 2003; Bonami et al., 2005; Poulos et al., 2006; Tang et al., 2007; Flegel, 2012). These three viruses showed different virulence to hosts. MrNV infection could cause 100% mortality of post-larval and juvenile of M. rosenbergii (Arcier et al., 1999; Sahul Hameed et al., 2004; Citarasu et al., 2019). PvNV could cause the survival of pond farming P. vannamei to decrease from an average of 74 to 50%, but was not lethal to the P. vannamei in laboratory artificial infections (Tang et al., 2007, 2011). The cumulative mortality of P. vannamei was up to 84.85% in artificial CMNV infection experiments via per os infection (Zhang et al., 2014). In the earth ponds attacked by VCMD, chronic constant death of shrimp could be observed during daily management throughout the farming period, and cumulative mortality of P. vannamei might be up to 80% finally (Zhang et al., 2014, 2017). In our previous epidemiological survey of VCMD, we found that there was a relative difference in the mortality of indoor cultured shrimp and outdoor pond cultured shrimp infected with CMNV. Therefore, in order to simulate the shrimp mortality after CMNV infection in different farmed modes (indoor and outdoor), we arranged the outdoor and indoor challenged trials in this study. A low dose of CMNV about 2.0 × 104⋅5 copies per mg shrimp weight was used for viral injecting infection in the present study. During the 31-days artificial infection experiment of outdoor and indoor farming shrimp, the cumulative mortality of individuals in the infection group was 66.7 and 33.3%, respectively, which were similar to the relative difference in the mortality of indoor cultured shrimp and outdoor pond cultured shrimp infected with CMNV. Whereas, the cumulative mortality of individuals in the infection group in outdoor challenged trials was lower than that in our previous report. We deduced that the lower cumulative mortality might be related to the low starting infecting CMNV dose in the challenged group. Meanwhile, the cumulative mortality of shrimp in the infection group in indoor farming was significantly lower than that of shrimp in the infection group in outdoor farming, which indicated that the lethal capacity of CMNV was related to the farming environment, and the stable farming environment might be conducive to reducing the mortality of shrimp caused by CMNV infection.

Because of belonging to the same genus Alphanodavirus in the classification, MrNV, PvNV, and CMNV showed similar tissue tropism to a certain degree, that is, all the three viruses could infect the myocyte and cause myonecrosis of skeletal muscle (NaveenKumar et al., 2013; Senapin et al., 2013). Whereas, till now no evidence showed that MrNV and PvNV could infect the nerve tissues. The present study found that CMNV could seriously infect the nerve tissue in the eyestalk, pleopods, and the ventral nerve cord in both the natural and artificial conditions, that is, CMNV distinctly showed neurotropic characteristics, which was very rare for the alphanodaviruses that infect crustaceans. It is well known that the betanodaviruses were neurotropic and could cause “viral nervous necrosis” or “viral encephalopathy and retinopathy” associated with behavioral abnormalities and high mortalities in larvae, juvenile or adult marine fish (Ucko et al., 2004; Walker and Winton, 2010; King et al., 2011; Kim et al., 2019). Hence, the neurotropic characteristics of CMNV were similar with that of betanodaviruses.

It is being increasingly recognized that transcriptome analysis is an efficient tool for characterizing the molecular basis of host–virus relationships (Luciani et al., 2012; Radford et al., 2012; Palesch et al., 2018; Mbulaiteye and Prokunina-Olsson, 2019). Recently, several studies have reported on differential transcriptome analysis in Cherax quadricarinatus hepatopancreas infected with Decapod iridescent virus 1 (DIV1) (Yang et al., 2019), in Macrobrachium nipponense (Zhao et al., 2018) and P. vannamei infected with white spot syndrome virus (WSSV) (Peruzza et al., 2019). Transcriptome analysis of the healthy and infected shrimp individuals demonstrated that the significant difference in the expression of genes could be induced by the CMNV infection. In KEGG enrichment analysis, significant enrichment of DEG was observed in regulatory pathways of the lysosome, photo-transduction-fly, thyroid hormone signaling pathway, pancreatic secretion, phagosome, et al., and these metabolic pathways were strongly associated with biological processes including the digestion, absorption, and growth hormone. In the present study, the significant down-regulated expression of genes related to digestion, and absorption in the infected shrimp was closely related to the hepatopancreas lesions which were the typical clinical symptoms of CMNV infected shrimp. The significant decline of gene expression of the thyroid hormone signaling pathway was obviously caused by the destruction of the hormone secretion zone including the globuli cells, the Hanstrm organ, and the organ of Bellonci. That is, the destruction and disabling of the tissues including the hepatopancreas, as well as the nerve system in eyestalk and abdominal nerve cord, resulting in the significant down-regulated expression of genes of digestion, absorption, and growth hormones in the CMNV infected shrimp, and finally lead to the slow growth of the CMNV infected shrimp individuals. Hence, the differential transcriptome analysis along with the histopathological and ultra-histopathological analysis in this study revealed the possible molecular mechanism of the slow growth of P. vannamei caused by CMNV infection.

In summary, the present study discovered the unique characteristic of neurotropism of CMNV, a new virus of alphanodavirus for the first time. The investigation revealed the pathogenesis of slow growth and mortality of P. vannamei induced by CMNV infection under poor environmental conditions, as well as the possible molecular mechanism of the slow growth caused by CMNV infection. The results of this study will be helpful for related practitioners and researchers in finding out strategies to prevent and control VCMD effectively in cultured shrimp.
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Mumps, a disease caused by the mumps virus (MuV), has been spread widely across the world, especially among children and adolescents. Recent frequent local mumps outbreaks were reported worldwide, which may be caused by the decline in the neutralization ability of the existing attenuated live mumps vaccines against circulating MuV strains which were different from the genotype A or B vaccine strains. There is an urgent need to understand the genotypes of MuV strains currently circulated globally and in China. The gene sequences of MuV strains circulated globally were collected and phylogenetic trees were constructed using different strategies. The results showed that the MuV strains previously circulated globally were predominantly genotype G, while genotype F was predominantly circulated in China, followed by genotype G. The molecular evolution of genotype F MuV strains circulated in China is at a low genetic mutation rate, and the analysis of population dynamics pattern indicates that the incidence of genotype F mumps in China showed a rebound trend. These findings provide a basis for the selection or design of vaccine strains, and the decision of the evaluation strains for immunogenicity and protective efficacy, which laid the foundation for the research and development, as well as the application of next-generation MuV vaccines.
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Introduction

Mumps is an acute respiratory infection caused by the mumps virus (MuV) that mainly spreads among children and adolescents. The main clinical symptoms include swelling of the parotid glands, pain, and fever. Mumps may be complicated by pancreatitis, orchitis, deafness, aseptic meningitis, and encephalitis (1, 2). Prior to the mumps vaccination program, mumps was highly prevalent worldwide, resulting in high morbidity and mortality (3). The first inactivated mumps vaccine was approved in the United States in 1948 and was used from 1950, but it was later discontinued due to its short-term immunity of low protective efficacy (4, 5). It was not until the 1960s that live attenuated mumps vaccines were approved for use in the United States and the Soviet Union (1, 6). The vaccine strains used in these two countries were the Jeryl Lynn and Leningrad-3 strains, respectively. Since then, several virus strains have been used worldwide for the production of mumps vaccines, with the Jeryl Lynn and Urabe Am9 strains being the most widely used (6, 7). The mumps-containing vaccines currently used in China include the monovalent live attenuated mumps vaccine and the measles-mumps-rubella (MMR) vaccine, with the virus strain S79 from Jeryl Lynn, which is geontype A (8). The total lot release number of mumps-containing vaccines were 18.5 million doses in China during 2015~2019. The mumps strains currently licensed for use in mumps-containing vaccines are all derived from strains that were prevalent in the mid-twentieth century, which are mostly genotype A or B. After the approval of the live attenuated mumps vaccine, the good immunogenicity and widespread vaccination have been effective in reducing the incidence of mumps (9).

The earliest report of MuV in China was a strain detected in specimens from 1995 to 1996, which were identified as genotype F (10). In the following two decades, genotype F was the predominant genotype in China (11, 12). Since the implementation of infectious disease surveillance in China in 2004, the average annual incidence of mumps has been 24/100,000 population (13). Although the MMR vaccine was introduced in the Expanded Program on Immunization (EPI) in 2008, local outbreaks among the vaccinated population have been reported each year in China (14). In recent years, several large mumps outbreaks have been reported in developed countries, including Canada, Australia, the United Kingdom, France, and the United States, where genotype G is the predominant strain (15–23). In 2016 and 2017, the number of mumps cases in the United States nearly tripled compared with the number of cases reported in the past five years (3).

Although there is only one serotype of MuV, there are 12 genotypes, and the antigenicity of MuV varies between genotypes. Decreased cross-neutralizing capacity of the current vaccine against the prevalent strains with different MuV genotypes has been suggested as a possible explanation for mumps outbreaks in highly vaccinated populations (24–26). Won et al. measured the cross-neutralization of sera immunized with the mumps vaccine against the MuV F, H, and I wild-type strains circulated in Republic of Korea from 1998 to 2016, and the results showed that the potency of the neutralizing antibody in the sera immunized with vaccine against genotypes F, H, and I was significantly lower than that against genotype A (27). A growing number of research indicates the urged need to develop next-generation mumps vaccines against the circulating genotypes (28, 29).

The molecular epidemiological data of viruses are the basis for the screening of strains for vaccine production and efficacy evaluation. With the increasing application of sequencing technology, more knowledge has been obtained on the different genotypes of MuV (7). The small hydrophobic (SH) gene has the highest number of sequence variations, making it commonly used for the standardized nomenclature of MuV (30). In 2012, the World Health Organization (WHO) updated and assigned standard names for the 12 MuV genotypes by the letters A to N (excluding E and M) based on the SH and haemagglutinin-neuraminidase (HN) sequences of the MuV genome. Recent findings suggested that the analysis of the SH gene sequences in combination with sequence data from the non-coding region (NCR) of the genome was a useful approach for improving genotyping resolution (31). In this study, gene sequences of MuV strains circulated globally and in China were collected and analyzed using bioinformatics methods. As the basis for the selection or design of vaccine strains, and the decision of the evaluation strains for immunogenicity and protective efficacy, the molecular epidemiological characteristics of MuV strains would lay the foundation for the research and development (R&D) of next-generation MuV vaccines.



Materials and Methods


Data Screening

The MuV gene sequences were searched and downloaded from the Genbank database (https://www.ncbi.nlm.nih.gov/genbank/). PhyloSuite_v1.2.1 software was used to extract a total of 12,601 sequences, of which 932 complete genome sequences were selected. After aligning the sequences using mafft-7.037, the online tool CD-HIT Suite (http://weizhong-lab.ucsd.edu/cdhit_suite/cgi-bin/index.cgi?cmd=cd-hit-est) was used to remove the redundant sequences (the cut-off of similarity was set as 99.7%) to obtain 111 complete genome sequences. SH, nucleocapsid protein and phosphoprotein (N-P), phosphoprotein and matrix protein (P-M), and matrix and F protein (M-F) genes were selected respectively, and concatenated using the PhyloSuite_v1.2.1 software. These procedures were performed in order to create a dataset of SH genes and the non-coding regions (NCR) fragments of MuV strains circulated worldwide. In this study, the NCR segment from Bodewes et al. was used as the reference sequence to confirm the length of the intercepted segment (a total of 1954 nt) (31).

The sequences of MuV strains circulated in China were searched and downloaded from the Genbank database. The data were screened to obtain 418 SH gene sequences that provided information on isolation time and geographical location. A phylogenetic tree based on the maximum likelihood (ML) estimation was constructed using iqtree-1.6.2 software. For the SH genes of the circulated genotype F strains, the online tool CD-HIT Suite was applied to remove the redundant sequences and build the SH gene dataset of genotype F MuV strains circulated in China, which contained 252 sequences.



Genotyping of MuV Strains Circulated Worldwide

The SH gene sequences of representative strains of a total of 12 genotypes, namely A, B, C, D, F, G, H, I, J, K, L, and N, from a study by Cheng et al. were used as reference sequences during genotyping (32). The reference sequences were combined with the SH gene (316 nt) dataset of the MuV strains circulated worldwide. Iqtree-1.6.2 software was used to construct the ML phylogenetic tree with bootstrap values set to 2000, while the nucleotide substitution model was determined as TVM+F+G4, which was calculated by this software. Then FigTree.v1.4.4 and Adobe Illustrator CC 2019 were used to visualize the ML phylogenetic tree. Based on the result from the SH gene phylogenetic tree, the NCR segment (1954 nt) dataset was used to construct the ML phylogenetic tree with bootstrap values set to 2000, while the nucleotide substitution model was determined as GTR+F+R3.



Genotyping of MuV Strains Circulated in Mainland China

Currently, there are relatively few complete genome data of MuV in China. Emphasis was placed on the SH gene sequences to study the genetic characteristics of mumps virus sequences in China. The gene sequences of representative strains of a total of 12 genotypes, namely A, B, C, D, F, G, H, I, J, K, L, and N, from a study by Cheng et al. were used as reference sequences during genotyping (32). The reference sequences were combined with almost complete SH genes (313 bp) of 418 MuV strains epidemic in China. Iqtree-1.6.2 software was used to construct the ML phylogenetic tree with the bootstrap value set to 2000, while the nucleotide substitution model was determined as K3Pu+F+G4.



Phylogenetic Tree Using Molecular Clocks for Genotype F Strains Circulated in China

A cluster-based Bayesian Markov chain Monte Carlo (MCMC) approach was used to construct the Maximum Clade Credibility (MCC) tree using BEAST.v1.10.4 based on the SH gene dataset of the genotype F MuV strains circulated in China, which contained 252 sequences. Breifly, jModeltest software was used to select GTR+G+I as the optimal nucleotide substitution model. Then the uncorrelated lognormal relaxed clock and the optimal a priori model (Bayesian Skyline) was selected through the Model comparison function in Tracer.v1.7.1. Province was used as a trait, the chain length was set as 200,000,000, sampling frequency was set as 20,000, and three duplicate chains were set up. LogCombiner v1.10.4 in the BEAST.v1.10.4 package was used to combine the log files and tree files separately. For the combined log file, the first 10% of aged samples were discarded, and the remaining samples were checked if there were sufficient effective sample size (ESS) values (> 200) for all estimated parameters to converge using Tracer. The TreeAnnotator v1.10.4 program in the BEAST.v1.10.4 package was then used to discard the first 10% of the combined tree to generate the final MCC tree, and the node height of the tree was set as the median. MEGA 7.0.20 software was used to calculate the intra- and inter-group evolutionary distances for the different lineages of genotype F strains.



Population Dynamics Study of Genotype F Strains Circulating in China

BEAST.v1.10.4 software was used based on the above optimal nucleotide substitution model GTR+G+I, the uncorrelated lognormal relaxed clock, and the optimal a priori model Bayesian Skyline. The chain length was set as 200,000,000, sampling frequency was set as 20,000, and three duplicate chains were set up. LogCombiner v1.10.4 in the BEAST.v1.10.4 package was used to combine the log files and tree files separately. For the combined log file, the first 10% of aged samples were discarded, and the remaining samples were checked if there were sufficient ESS values (> 200) for all estimated parameters to converge using Tracer. The Bayesian skyline plot (BSP) was made using the Tracer.v1.7.1 software. Mumps incidence data in 2008-2019 were obtained from the National Notifiable Diseases Reporting System (NNDRS) of China (http://www.nhc.gov.cn/jkj/s2907/new_list.shtml?tdsourcetag=s_pcqq_aiomsg).

As is shown in Figure 1, an analysis flow was depicted briefly.




Figure 1 | Schematic diagram of the analysis flow. SH, small hydrophobic; NCR, non-coding region; ML, maximum likelihood; MCC, Maximum Clade Credibility; BSP, Bayesian skyline plot.






Results


Genotyping of MuV Strains Circulated Worldwide

From the ML phylogenetic analysis of the SH gene of the 111 selected MuV strains collected worldwide since 1970 (Figure 2), there was a total of 12 genotypes circulated worldwide, namely genotypes A, B, C, D, F, G, H, I, J, K, L and N. The circulating MuV strains after 2010 included A, C, F, G, H, I, and K, with genotype G being the most prevalent. Among these, the genotype A strain (Genbank no. KX223397) was special in that it was obtained from a brain tissue specimen of a child who died of chronic encephalitis in 2014 and the strain belonged to the Jeryl Lynn 5 (JL5)-like strain of the MMR vaccine (33). The genotype G strain was widespread and has been reported in the Americas (USA and Canada), Europe (Netherlands), Australia (Australia and New Zealand), Asia (India and Japan), and Africa (Gabon) between 2010 and 2019. The genotype F strain was predominantly prevalent in China. In addition, it was also reported in Republic of Korea in 2012 (Genbank no. MN630056). In addition to G and F strains, genotype C strain had been reported in India/Canada/the Netherlands, genotype H in Republic of Korea and the United States, genotype I in South Korea, and genotype K in the United States and the Netherlands.




Figure 2 | Phylogenetic analysis of mumps strains circulated worldwide based on 316 nucleotides of the SH gene, with reference strains of 12 genotypes (A, B, C, D, F, G, H, I, J, K, L, and N). The nucleotide substitution model used for the phylogenetic tree was TVM+F+G4, and the bootstrap value was set to 2000. • marks the reference sequences of the 12 genotypes; AUS, Australia; CAN, Canada; CHN, China; CRO, Croatia; GER, Germany; GA, Gabon; IND, India; JPN, Japan; KR, Republic of Korea; MN, Mongolia; NLD, Netherlands; NZ, New Zealand; RUS, Russia; UK, United Kingdom; USA, United States.



Figure 3 showed the ML phylogenetic tree constructed based on the NCR segment sequences. Similarly, the MuV strains circulated worldwide can be classified into a total of 11 genotypes, namely A, B, C, D, F, G, H, I, J, K, and L, based on the NCR gene. It was presumed that the complete genome sequence of the genotype N strains was not included in the database. The prevalent MuV strains after 2010 included genotypes A, C, F, G, H, I, and K, with genotype G being the most prevalent. The result was consistent with SH gene phylogenetic analysis. From the results obtained both with the SH and NCR sequences, the genotype G was the prevalent circulating MuV strains worldwide, while genotype F was the major strain in China.




Figure 3 | Phylogenetic analysis of mumps strains circulated worldwide based on 1954 nucleotides of the NCR sequence. The nucleotide substitution model used in this phylogenetic tree was GTR+F+R3, and the bootstrap value was set as 2000. AUS, Australia; CAN, Canada; CHN, China; CRO, Croatia; GER, Germany; GA, Gabon; IND, India; JPN, Japan; KR, Republic of Korea; MN, Mongolia NLD, Netherlands; NZ, New Zealand; RUS, Russia; UK, United Kingdom; USA, United States.





Genotyping of MuV Strains Circulated in China

To investigate the molecular epidemiological patterns during the spread history in China, 418 SH gene sequences of MuV reported in 22 different provinces/municipalities in China from 1995 to 2019 were obtained. An ML phylogenetic tree was constructed based on the SH gene, and the results were shown in Figure 4. The predominant strains circulated in China were genotype F, including 406 sequences from East China (Anhui, Jiangsu, Shandong, Shanghai, Zhejiang, and Jiangxi), North China (Beijing, Inner Mongolia, and Shanxi), South China (Guangdong and Guangxi), Central China (Henan, Hubei, and Hunan), Southwest China (Sichuan and Yunnan), Northeast China (Heilongjiang, Jilin, and Liaoning), and Northwest China (Gansu, Ningxia, and Shaanxi). In addition, genotype G was prevalent in Shaanxi, Liaoning, and Fujian in 2011, as well as in Gansu in 2013. A genotype K strain imported from Vietnam was reported in Guangxi in 2016 (34). These results indicated that, the genotypes of the main MuV strains currently prevalent in China are significantly different from those worldwide, however, there was also a risk of imported transmission.




Figure 4 | Phylogenetic analysis of mumps strains circulated in China based on 313 nucleotides of the SH gene, with reference strains of 12 genotypes (A, B, C, D, F, G, H, I, J, K, L, and N). The nucleotide substitution model used in this phylogenetic tree was K3Pu+F+G4, and the bootstrap value was set as 2000. The orange font and the sequences marked by the orange ▴ symbols are the strains circulated in China.





Evolutionary Origin of Genotype F Strains Circulated in China

To elucidate the evolution of MuV in China, the SH gene dataset of the genotype F strains circulating from 1995 to 2019 were analyzed. As shown in Figure 5, the average base substitution rate of the SH genes of genotype F MuV strains circulated in China was 2.02 × 10-3/site/year (95% highest posterior density (HPD) interval 1.68-2.40 × 10-3/site/year) between 1995 and 2019, and the most recent common ancestor (tMRCA) of genotype F MuV strains in China could be traced back to the year 1989.69 (95% HPD interval of 1979.47~1998.37). Using province as trait, the root node of the entire phylogenetic tree was Shanghai, with a posterior probability of 0.623. It might been speculated that the genotype F strains which persistently circulated in China originated in Shanghai around 1989, and then gradually spread to other regions.




Figure 5 | The Maximum Clade Credibility tree of genotype F strains circulated in China with geographic information based on 313 nucleotides of the SH gene.



The genotype F strains circulated in China were clustered into four lineages in the MCC tree, and namely lineages 1-4, respectively. The within group mean distance of the four lineages were calculated using MEGA7.0.20 software as 0.017, 0.019, 0.031, and 0.029, respectively, while the between group mean distance were between 0.036 and 0.049. The root nodes of the major circulated strains of lineages 2-4 and lineage 1 were between 1989.69 and 2002.64 years, with all of these still circulating after 2010. There were no significant differences in the timing and geographic location of transmission between the strains in different lineages. These results indicated that the genetic distance of genotype F MuV circulated in China was relatively close, and the strains of different lineages might be similar in biological manifestation, antigenicity and other characteristics.



Population Dynamic Patterns of Genotype F Strains in China

From the BSP result shown in Figure 6, there were two significant population expansions of genotype F MuV strains in China between 1995 and 2019. The population expansion event that started in 1995 experienced a rapid expansion period during 1995-2005 and a slow expansion period between 2005 and 2011, followed by population contraction period in 2014 -2015. After a second rapid expansion period in 2016, the population size stabilized from 2017 to 2019, and the effective population size (Ne) remained at a high level.




Figure 6 | The population dynamics of MuV genotype F circulated in China. Yellow bars indicate the number of mumps cases reported by National Notifiable Diseases Reporting System.



Statistical analysis was performed on the number of mumps cases reported in the NNDRS of China from 2008 to 2019, and the average number were 293,988 cases/year (35). The results show that the number of annual cases peaked in 2011 and 2012 (454,400 and 479,500 cases), after which the number of cases declined and remained at a low level from 2014 to 2016, followed by a rebound trend in 2017-2019. The result was consistent with the trend in the BSP. The above results indicated that the incidence of mumps in China is currently on the rise, which means that strengthening mumps surveillance is necessary, along with research on the immunogenicity and effectiveness of the mumps vaccine.




Discussion

The mumps vaccine has significantly reduced the incidence of mumps in the past 60 years (9, 36). However, there have been frequent mumps outbreaks among populations with high rates of vaccination in recent years. Although studies have found that antibody responses induced by one or two doses of mumps vaccine in children provides protection for at least 10 years (37), as time passes, the protection provided by the vaccine decreases and leads to local outbreaks of mumps (21, 38). A third vaccine dose has been considered as a positive strategy to prevent recurrence (39), whereas the efficacy of the current vaccine against different genotypes of MuV has decline (24–26). Besides, the threshold potency of neutralizing antibodies required for the mumps vaccine to induce immunity remains unclear (40). These findings suggest that the cross-neutralizing and protective efficacy of mumps vaccine using genotype A or B strains against currently prevalent MuV genotypes should be evaluated, and that the R&D of a next-generation MuV vaccines should be promoted.

In recent years, genotype G strains have mainly circulated in Europe, the United States, Australia, and New Zealand, while genotype C strains have mainly circulated in India. Genotype F strains were prevalent mainly in China, in addition to being reported in ten other countries in North America, Europe, and Asia (41). In this study, strains circulated worldwide were analyzed based on the SH gene and NCR fragment sequences. It was found that the circulated strains reported after 2010 included genotypes C, F, G, H, I, and K. Among them, genotype G was more widely distributed, while genotype F strains were prevalent in China, which were significantly different from the genotypes of the current vaccine strains. The fact that multiple genotypes strains co-circulated worldwide makes the development and evaluation more difficult.

Xu et al. showed that a single dose of MuV had a cross-protective efficacy against genotype F MuV. However, the protection was limited, which might be due to insufficient doses of MuCV vaccine and genotype-specific differences in antigens between different MuV strains (42). A clinical study of an F-genotype live attenuated mumps vaccine found that this vaccine was safe, and its immunogenicity against homologous viruses was not inferior to previous A genotype live attenuated mumps vaccine (43). Although genotype F has been the dominant MuV circulated in China, there have been local mumps outbreaks caused by genotype G strains in recent years. In addition, imported genotype K MuV strains have also been reported (34). Therefore, a novel mumps vaccine induced broad-spectrum cross-protective antibody immunity against major genotypes such as F and G should be the target of development (14, 44).

The COVID-19 pandemic began in the end of 2019 and spread around the world. In the past two years, a variety of preventive and control measures have been taken in China, including wearing masks, restricting the flow of people in public spaces, and adopting dynamic zeroing measures for epidemic areas. These measures have had a significant impact on mumps, which is also caused by a respiratory pathogen. In the report from NNDRS in 2020 and 2021, the number of mumps cases reported in China fell to 129,120 and 97,300 cases, respectively, which were the lowest in the last decade or so. However, with the possible upcoming changes to COVID-19 pandemic, after the prevention and control measures are lifted, respiratory diseases such as mumps may still rebound and the dominant strains may change. We may learn from the COVID-19 prevention and control strategies and strengthen the epidemiological surveillance, especially the molecular epidemiological surveillance of mumps. In addition, new technologies and platforms have been widely used in the development of COVID-19 vaccines, which has accelerated vaccine development (45). The use of these technologies and platforms in the novel mumps vaccine in mumps vaccine should be promoted. All of these measures will contribute to the inhibition of MuV transmission as well as local outbreaks of mumps, and facilitate the R&D of novel mumps vaccines.
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Porcine epidemic diarrhoea virus (PEDV) is a member of the genus Alphacoronavirus in the family Coronaviridae. It causes acute watery diarrhoea and vomiting in piglets with high a mortality rate. Currently, the GII genotype, PEDV, possesses a high separation rate in wild strains and is usually reported in immunity failure cases, which indicates a need for a portable and sensitive detection method. Here, reverse transcription–recombinase aided amplification (RT-RAA) was combined with the Clustered Regularly Interspaced Short Palindromic Repeat (CRISPR)/Cas12a system to establish a multiplexable, rapid and portable detection platform for PEDV. The CRISPR RNA (crRNA) against Spike (S) gene of GII PEDV specifically were added into the protocol. This system is suitable for different experimental conditions, including ultra-sensitive fluorescence, visual, UV light, or flow strip detection. Moreover, it exhibits high sensitivity and specificity and can detect at least 100 copies of the target gene in each reaction. The CRISPR/Cas12a detection platform requires less time and represents a rapid, reliable and practical tool for the rapid diagnosis of GII genotype PEDV.

Keywords: porcine epidemic diarrhoea virus, GII genotype, CRISPR/Cas12a, rapid diagnosis, lateral flow strip


INTRODUCTION

Coronaviruses (CoVs) are a type of enveloped virus consisting of a positive-strand RNA genome and includes numerous viruses of veterinary and human importance (Su et al., 2016). SARS, MERS, and COVID-19 have claimed tens of millions of lives and have had a profound health and economic impact on human society. As a member of the genus Alphacoronavirus of the family Coronaviridae, the porcine epidemic diarrhoea virus (PEDV), causes acute intestinal infectious diseases, which manifest as severe dehydration, diarrhoea, vomiting, and a high mortality rate in piglets (Huang et al., 2013; Jung and Saif, 2015). PEDV was first reported in 1971 in the United Kingdom (Chasey and Cartwright, 1978). Seven years later, it was first observed by electron microscopy in the intestinal contents of piglets in European swine breeding farms. Currently, it is prevalent in Europe, Asia, and the United States and has raised global concerns (Huang et al., 2013; Jung and Saif, 2015; Song et al., 2015).

Porcine epidemic diarrhea virus may be divided into two different genotypes, GI and GII, according to multiple INDEL and point mutations on the S1 subunits of the spike (S) protein (Li et al., 2016). The widely used CV777 vaccine strain of the PEDV GI genotype induces a robust immune response in pigs and successfully has controlled classical PEDV infection (Li et al., 2017) for almost 2 decades (Li et al., 2012). However, after 2010, PEDV outbreaks caused by variant strains have occurred in vaccinated pigs (Li et al., 2012; Sun et al., 2012). Molecular epidemiological studies have shown that these variant strains isolated in China belongs to an independent branch of genetic evolution, designated the GII genotype, and the CV777-inactivated or live-attenuated vaccines do not provide adequate immune protection. Between 2013 and 2014, an outbreak of diarrhea was reported in swine herds in the United States. Genetic evolution analysis revealed that the strain was similar to the Chinese GII PEDV variant strain (Chen et al., 2014; Vlasova et al., 2014). Currently, the GII PEDV strain has become the major epidemic strain of PEDV and has caused significant economic losses for the pig industry.

For epidemic prevention and control of PEDV, rapid disease diagnosis is essential in addition to effective vaccines. PCR-based assays for the detection of PEDV are the preferred method because they have the advantages of simple operation, high sensitivity, and specificity (Kim et al., 2007). In addition to PCR, quantitative real-time PCR (qRT-PCR), a more sensitive and rapid assay, had also been widely used. Specific primers targeting the N gene sequence of PEDV have been used for real-time PCR assays based using SYBR Green І detection chemistry (Zheng et al., 2020). In general, the specificity and sensitivity of TaqMan probe real-time PCR methods are considered better than intercalating dye-based real-time PCR. A TaqMan probe-based real-time PCR assay targeting the ORF1a region of PDEV has shown high sensitivity and specificity, with a detection limit of 1 × 102 copies/μl for PEDV (Pan et al., 2020). Moreover, a TaqMan probe-based real-time PCR assay that differentiates variant from classical PDEV was also developed with a limit of detection (LOD) of 5 × 102 DNA copies (Zhao et al., 2014). Although qRT-PCR has high sensitivity and specificity, it relies on expensive instruments and professional technicians, which cannot fully meet the necessity of on-site detection.

Clustered regularly interspaced short palindromic repeat (CRISPR)-Cas systems are adaptive immune systems found in bacteria and archaea. The CRISPR system is based on CRISPR RNAs (crRNAs) that bind to CRISPR-associated (Cas) proteins to form a complex, which directly cleavages complementary sequences (Mali et al., 2013). CRISPR-Cas systems can be classified into Class 1 (Makarova et al., 2017a) and Class 2 (Makarova et al., 2017b), of which Class 1 systems require multiple effector protein complexes; whereas Class 2 systems require only a single effector protein to function (Shmakov et al., 2017). The relatively simple architecture of the effector complexes has made Class 2 systems a more popular option for use as a genome-editing tool (Jinek et al., 2012). The most widely used Class 2 systems include CRISPR/Cas9, CRISPR/Cas12a, and CRISPR/Cas13a. Given the strong specificity of the recognition sequence of CRISPR/CAS systems, one can expect to establish a more sensitive and effective platform for nucleic acid detection. In 2017, a platform termed specific high sensitivity enzymatic reporter unlocking (SHERLOCK) combined isothermal preamplification with Cas13 for the detection of single molecules of RNA or DNA (Gootenberg et al., 2017). Subsequently, four advances integrated into SHERLOCK version 2 (SHERLOCKv2) could detect Dengue or Zika virus using lateral flow strips (LFSs), which highlights its potential as a multiplexable, portable, rapid and quantitative detection platform for nucleic acids (Gootenberg et al., 2018). CRISPR/Cas12a systems unleash indiscriminate single-stranded deoxyribonuclease (ssDNase) cleavage activity that specifically cleave single-stranded DNA (ssDNA). The DNA Endonuclease Targeted CRISPR Trans-Reporter (ADETECTR) platform, which enables rapid and specific detection of human papillomavirus in patient samples, was established by combining Cas12a ssDNase activation with isothermal amplification (Chen et al., 2018).

The emergence and development of CRISPR enable new opportunities for the rapid and convenient diagnosis of viral diseases. Here, we report a molecular method for the detection of the dominant GII PEDV spike (S) gene using a CRISPR/Cas12a system, which is not limited by expensive instrumentation, skilled analysis, and complex processes. This platform relies on a fluorescent detection system (FDS) or two visual detection systems for signal sensing of the trans-cleavage activity of the Cas12a protein triggered by the spike (S) gene of PEDV. It can specifically distinguish GI and GII PEDV with high sensitivity and specificity, providing an effective detection tool for prevention and control of this virus.



MATERIALS AND METHODS


Reagents and Instruments

The FastPure Cell/Tissue Total RNA Isolation Kit V2 (RC112-01), the HiScript® III 1st Strand cDNA Synthesis Kit (R312-01), and T7 High Efficiency Transcription Kit (JT101-01) were purchased from Vazyme Biotech Co. Ltd. (Nanjing, China). The Recombinase Aided Amplification (RAA) kit (WLB8201KIT) was purchased from Warbio Biotech Co. Ltd. (Nanjing, China). The EnGen™ LbCas12a (#M0653T) and NEBuffer™ 2.1 (#B7202S) were purchased from New England Biolabs (Ipswich, United States). RNase inhibitor and PerfectStart® II Probe qPCR SuperMix were purchased from TransGen Biotech Co. Ltd. (Beijing, China). Synthesis of the target sequence for positive control, crRNA, 12 nt oligo reporter, primer, and probe, as well as gene sequencing, was accomplished by Tsingke Biotech Co. Ltd. (Beijing, China). The Spark® multi-mode microplate reader was purchased from Tecan Trading Co. Ltd. (Pudong, China). Applied Biosystems StepOne™ Real-Time PCR System was purchased from Thermo Fisher Scientific Inc. (Waltham, United States).



The Nucleic Acid of Viruses

The genomic RNA or DNA of Transmissible gastroenteritis virus (TGEV), Porcine deltacoronavirus (PDCoV), and Pseudorabies virus (PrV) were presented by Zhang Xiaorong, Associate Professor, College of Veterinary Medicine, Yangzhou University (Yangzhou, China). The genomic DNA of ASFV was presented by the National Research Center for Exotic Animal Diseases, Animal Health and Epidemiology Center (Qingdao, China). The virus strain Porcine circovirus (PCV) and Seneca virus A (SVA) were isolated from clinical samples in our laboratory.



Clinical Samples

The clinical samples were all collected from a pig farm with an outbreak of PEDV. Rectal swabs were collected according to the standards recommended by the OIE.



PEDV Target Design

S gene sequences of Genotype I and Genotype II PEDV were downloaded from the National Center for Biotechnology Information (NCBI) database. The target sequences were analyzed by SnapGene to design specific crRNAs and primers of Genotype II PEDV. These designed sequences were used to alignment by BLAST with the swine genome (taxid: 9823), PDCoV, transmissible gastroenteritis virus (TGEV), porcine respiratory coronavirus (PRCV), and the swine acute diarrhea syndrome coronavirus (SADS-CoV) for verifying the specificity. When CRISPR/Cas12a proteins were bound to double-stranded DNA (dsDNA) guided by specific crRNA, its trans-cleavage activity was nonspecifically activated to cleave ssDNA-FQ-reporter followed by signal sensor.



Genomic RNA Extraction and Reverse Transcription From Clinical Samples

The rectal swabs (n = 72) were collected from the clinical samples of swine breeding farms with an outbreak of diarrhoeal. After three times of freezing and thawing, the supernatant of 200 μl was obtained by centrifugation. Subsequently, 30 μl of RNA were extracted from 200 μl supernatant of the clinical sample by the FastPure Cell/Tissue Total RNA Isolation Kit V2, and 1 μg of RNA was reverse transcribed into cDNA using HiScript® III 1st Strand cDNA Synthesis Kit.



Plasmid and crRNA Preparation

The full-length S gene fragment of PEDV/JSX2014 (GenBank: MH056658.1) was amplified by the primers PEDV-S-F/R listed in Supplementary Table 1; pUC57-PEDV-S was constructed by recombining pUC57 with S gene through EcoR I and BamH I restriction site at 5′ and 3′ terminals. The pUC57 plasmids containing crRNAs (pUC57-crRNA) were synthesized by GenScript (Jiangsu, China). The names and sequences of crRNAs are listed in Supplementary Table 2. pUC57-crRNA was used as the template for transcription to obtain crRNA using T7 High Efficiency Transcription Kit (Vazyme Biotech Co. Ltd., Jiangsu, China). RNA products were aliquoted and stored at −80°C until usage.



Optimization of CRISPR/Cas12a Fluorescent Detection System

In 100 μl of reaction system of CRISPR, the fluorescence signal activated by trans-cleavage in 96-well Tecan black flat was read by the Spark® multi-mode microplate reader, and the initial value which was favorable for observing the change of fluorescence signal was obtained. Firstly, the optimal quantity of ssDNA-FQ-reporter was confirmed with a molar gradient of 0.0625 pmolto 2 pmol. The name and sequence of reporter are listed in Supplementary Table 1. And then, the verified molar gradient of Cas12a was from 0.5 to 10 pmol. The CRISPR-FDS were performed under 15, 28, 37, and 42°C, respectively, for identifying optimal reaction temperature. After the optimal condition was determined, the visible fluorescence could be observed under UV light by increasing the concentration of the ssDNA-FQ-reporter.



RAA Reactions and Primer Design

Recombinase aided amplification of the PEDV S gene was performed by the commercial RAA kit (Warbio biological Co., Ltd., Jiangsu, China), primers were designed by Primer 5.0 according to the manufacturer’s instructions. The PEDV RAA primers named PEDV-RAA-F/R listed in Supplementary Table 1 were designed according to the instructions. A typical 50 μl reaction system contained 2 μl of cDNA template, 2 μl of PEDV-RAA-F (forward primer, 10 mM), 2 μl of PEDV-RAA-R (reward primer, 10 μM), 29.4 μl of A Buffer, 2.5 μl of B Buffer, and 12.1 μl of ddH2O. The reaction tube was incubated at 37°C for 30 min for subsequent CRISPR/Cas12a cleavage reaction.



Preparation of Lateral Flow Strips

Preparation of gold nanoparticles by sodium citrate reduction method. Heat 0.01% chlorauric acid hydrate to a boil, then quickly add 1 ml 1% sodium citrate while stirring. Let the solution turn wine red and continue to boil for 15 min, then cool to room temperature. Transmission electron microscope was used to scan the ultrastructure of gold nanoparticles, and their aggregation state and particle size distribution were then observed. FAM antibody was coupled with gold nanoparticles and attached to the binding pad of the strip. Digoxin antibody and rat resistance were sprayed on NC film as quality control line and detection line. The principle of LFSs detection is shown in Figure 1A.
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FIGURE 1. Establishing the CRISPR/Cas12a-LFS. (A) Schematic diagram of PEDV visual detection, the method combines RAA assay, the CRISPR/Cas12a-FDS, and lateral flow strips (LFSs). The ssDNA reporter was labeled with FAM and digoxin (ssDNA-FD-reporter) at the 5′ and 3′ termini, respectively. The immunochromatographic strip using Au-NPs anti-FAM antibody to show the readout. The sample band was only shown when the ssDNA-FD-reporter was cleaved by CRISPR/Cas12a, which is activated by PEDV cDNA. Both the control line and the test line showed when the ssDNA-FD-reporter was partially cleaved, and only the test line showed when the ssDNA-FD-reporter was completely cleaved. (B) The specificity of different porcine viruses was detected by CRISPR/Cas12a-LFS. (C) The LOD of PEDV S gene was detected by CRISPR/Cas12a-LFS. Serially diluted synthetic pUC57-PEDV-S was used as the template.




Lateral Flow Strips Detection Reactions

In lateral flow detection, the reporter ssDNA probe sensor was labeled with FAM and digoxin at the 5′and 3′ termini, respectively. The sequence of ssDNA-FD-reporter is listed in Supplementary Table 1. The optimal CRISPR/Cas12a detection reaction followed the conditions determined by CRISPR/Cas2a-FDS, and the strips were then inserted into the reaction and incubated at room temperature for 3 min. The strips were then taken out and photographed using a camera.



Real-Time PCR Detection

The TaqMan real-time PCR detection of the PEDV S gene was carried out using a StepOnePlus™ Real-Time PCR System (Applied Biosystems, Massachusetts, United States) according to the method previously reported. The TaqMan RT-PCR was performed in a final volume of 20 μl containing 10 μl of 2× AceQR qPCR Probe Master Mix (Vazyme Biotech Co., Ltd., Nanjing, China), 0.4 μl of primer PEDV-q-F, 0.4 μl of primer PEDV-q-R, 0.2 μl of TaqMan probe PEDV-probe, 2 μl of cDNA, and 7 μl of ddH2O. The PCR program was as follows: initial denaturation at 95°C for 5 min followed by 40 cycles of denaturation (95°C for 10 s), annealing, and extension (60°C for 30 s). The fluorescence signal collection occurred at the 60°C annealing extension per cycle. The cycle value (Ct) ≤ 35.0 was judged as PEDV positive. The sequence of the primers and probe used for qRT-PCR are listed in Supplementary Table 1.



Statistical Analysis

All experiments were performed in triplicate, and data were shown as the mean ± SD. Statistical analysis and graphing were carried out with GraphPad Prism 8.0.



Data Availability

All data that support the findings of this study are available from the corresponding author upon reasonable request.




RESULTS


Detection of PEDV cDNA With CRISPR/Cas12a Detector

To sensitively and specifically detect PEDV genomic cDNA, a CRISPR/Cas12a fluorescence detection system (CRISPR/Cas12a-FDS) was established consisting of the LbCas12a protein, PEDV-specific CRISPR RNAs, and an ssDNA-FQ-reporter (Figure 2A). As CRISPR/Cas12a recognizes a T (thymine) nucleotide-rich protospacer-adjacent motif (PAM), five crRNAs (crRNA1 ~ crRNA5) with a TTTN PAM targeting the S gene of the Genotype II PEDV were designed (Figure 2B). These crRNA-specific binding sequences contained multiple insertions and mutations of the Genotype I PEDV (Figure 2C).
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FIGURE 2. Design of clustered regularly interspaced short palindromic repeat (CRISPR) RNA (crRNA) of porcine epidemic diarrhoea virus (PEDV) Spike gene and schematic diagram of CRISPR/Cas12a-fluorescent detection system (FDS). (A) Schematic diagram of the CRISPR/Cas12a-FDS assay. Specific crRNAs targeting the PEDV Spike gene were designed for PEDV genome detection. When CRISPR/Cas12a proteins were bound to double-stranded DNA (dsDNA) guided by specific crRNA, it nonspecifically activated its trans-cleavage activity, the quenched fluorescent ssDNA was cleaved and thus stimulating fluorescence. F, fluorophore; Q, quencher. (B) Five crRNAs targeting Spike gene selected for PEDV detection and the relative positions of these crRNAs in S gene. (C) Sequence alignment of Spike genes from 19 strains of PEDV targeted by crRNAs. The nucleotide variants from the consensus sequence were highlighted with red color.




The Optimization of CRISPR/Cas12a-FDS

To determine whether the crRNAs could specifically distinguish GI and GII PEDV strains, the genomes of PEDV/JSX2014 (GII) and PEDV/CV777 (GI) were used as templates for CRISPR/Cas12a-FDS detection. All of the crRNAs bound specifically to the genomic template of GII PEDV; whereas crRNA4 and crRNA5 bound non-specifically to the GI PEDV genome template (Figures 3A,B). The crRNA1 showed better amplification efficiency compared with the other crRNAs (Figure 3A). Therefore, crRNA used in subsequent experiments were crRNA1. To achieve the best detection performance, we optimized the molarity of the ssDNA reporter and Cas12a, the concentration ratio of Cas12:crRNA, and the reaction temperature by measuring the dynamics of fluorescence intensity (Figures 3C–F). The fluorescence amplification could not be detected when the molarity of the reporter was below 0.25 pmol and the amplification efficiency was the highest when 1 pmol of the reporter was used (Figure 3C). With an increase in the molarity of Cas12a, the time for CRISPR/Cas12a-FDS to reach maximum fluorescence was reduced. Considering the amplification efficiency and background fluorescence, the optimal content of Cas12a was 2 pmol (Figure 3D). When the concentration ratio of Cas12a to crRNA was in the range of 1:0.5–1:4, the amplification efficiency gradually increased (Figure 3E). When it surpassed 1:4, the amplification efficiency decreased (Figure 3E). Finally, the amplification efficiency at 15 and 25°C was significantly lower compare with that at 37 and 42°C, whereas the reaction temperature between 37 and 42°C did not show a significant difference for amplification efficiency (Figure 3F). Moreover, CRISPR/Cas12a-FDS showed no cross-reactivity with other tested swine viruses including the double-stranded DNA virus, ASFV (Figure 3G). The LOD for CRISPR/Cas12a-FDS was 108 copies (Figure 3H).
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FIGURE 3. The optimization of the CRISPR/Cas12a-FDS assay. (A) The time course of GII PEDV/JSX2014 was detected by five crRNAs (crRNA1–crRNA5) respectively in CRISPR/Cas12a-FDS. (B) The time course of GI PEDV/CV777 was detected by five crRNAs (crRNA1–crRNA5) in CRISPR/Cas12a-FDS. (C) The time course of the GII PEDV/JSX2014 genome was detected by CRISPR/Cas12a-FDS when the molar range of ssDNA-FQ reporter was 0–2 pmol. (D) The time course of the GII PEDV/JSX2014 genome was detected by CRISPR/Cas12a-FDS when the molar range of Cas12a protein was 0–10 pmol. (E) The time course of the GII PEDV/JSX2014 genome was detected by CRISPR/Cas12a-FDS when the ratio of Cas12a concentration to crRNA concentration ranged from 1:0 to 1:10. (F) The time course of the GII PEDV/JSX2014 genome was detected by CRISPR/Cas12a-FDS when the temperature of reaction ranged from 15 to 42°C. Error bars in panels (A–F) represent the mean ± SD, where n = 3 replicates. (G) The cDNA of PEDV detection with CRISPR/Cas12a-FDS at 37°C in 45 min. No fluorescent amplification was detected for the nucleic acids of other tested porcine viruses, GI PEDV, TGEV, PDCoV, FMDV, SVA, and ASFV. (H) Sensitivity of the CRISPR/Cas12a-FDS. The serially diluted pUC57-PEDV-S plasmid was used as a template.




Establishment of Visualized RAA-CRISPR-FDS

To improve the detection sensitivity and reduce the dependence on equipment, we combined RAA with CRISPR/Cas12a-FDS and increased the molarity of the reporter to 100 pmol per reaction, so that the green fluorescence could be observed under UV light with the naked eye (Figure 4A). As expected, the LOD was increased from 108 to 102 copies per reaction (Figure 4B). In addition, the specificity and LOD of visualized RAA-CRISPR/Cas12a-FDS were consistent with that of CRISPR/Cas12a-FDS (Figures 4C–E).
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FIGURE 4. Establishing the Recombinase Aided Amplification (RAA)-CRISPR-FDS. (A) Schematic diagram of PEDV visual detection, the method combines RAA assay, and the CRISPR/Cas12a-FDS. (B) Sensitivity of the CRISPR/Cas12a-FDS combined with RAA. The serially diluted pUC57-PEDV-S plasmid was used as a template. (C) After samples were detected by CRISPR/Cas12a-FDS at 37°C, the fluorescence of different porcine viruses was observed under UV light by the gel imaging system at the 30th min. Fluorescence could only be observed in PEDV/JSX2014 tubes. (D) Sensitivity of the CRISPR/Cas12a-FDS visual observations. The serially diluted pUC57-PEDV-S plasmid was used as a template. (E) Sensitivity of the CRISPR/Cas12a-FDS combined with RAA visual observations. The serially diluted pUC57-PEDV-S plasmid was used as a template.




Establishment of CRISPR/Cas12a-LFS

For rapid detection, we substituted the fluorescence intensity readout of the RAA-CRISPR-FDS with LFSs to establish the CRISPR/Cas12a-LFS (Figure 1A). The optimal reaction conditions identified for CRISPR/Cas12a-FDS were used for CRISPR/Cas12a-LFS to test its reduces specificity. As a practical application, only PEDV/JSX2014 of Genotype II was positive, whereas PEDV/CV777 of Genotype I and other swine viruses were negative, indicating that CRISPR/Cas12a-LFS has good specificity (Figure 1B). Moreover, the LOD of the CRISPR/Cas12a-LFS was 1 × 102 copies of template DNA (Figure 1C).



Comparative Evaluation of Clinical Sample Detection Using CRISPR/Cas12a-LFS and qRT-PCR

The anal swabs collected from pigs with diarrhea were used to perform the detection and comparison of CRISPR/Cas12a-LFS and qRT-PCR assays. The positive rate for both methods was 55.8% (Figures 5A,B). Compared with qRT-PCR, CRISPR/Cas12a-LFS also correctly identified and differentiated all 40 positive samples and demonstrated 100% coincidence (Figure 5C).
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FIGURE 5. Detection results of clinical samples. (A) Detection of PEDV cDNA in 72 rectal swab samples using CRISPR/Cas12a-LFS. The test line and control line on the lateral strip were marked with arrows. (B) Detection of PEDV cDNA in 72 rectal swab samples using quantitative real-time PCR (qRT-PCR). (C) The Venn diagram shows the consistency between the CRISPR/Cas12a-LFS and qRT-PCR assays.





DISCUSSION

The emergence of the PED epidemic has caused significant economic losses globally and raised public and animal health concerns (Lin et al., 2016). PED is fatal to unvaccinated or poorly managed pig herds and the vaccine strain of CV777 does not provide sufficient protection against the GII PEDVs currently circulating (Zhang et al., 2020). Early diagnosis is an important for the prevention and control of PED. Given the diagnostic sensitivity and specificity and rapid turnaround time for results, molecular diagnostic assays, such as conventional and real-time reverse transcriptase-PCR (RT-PCR) assays, have become the mainstream methods to detect PEDV (Kim et al., 2007). However, the real-time PCR method is limited by expensive equipment and the need for professional diagnostic laboratories. It also requires significant time for sample transportation from the farm to the laboratory. Therefore, it is important to develop a rapid detection assay for GII PEDV.

Wang et al. (2020) established a rapid, sensitive and instrument-free African swine fever virus (ASFV) detection method based on DETECTR with LFSs (CRISPR/Cas12a-LFS). The entire detection process can be completed in an hour (Wang et al., 2020). Because of the high conservation between the N gene sequences, the detection methods that target the N gene have a more extensive detection range compared with the S gene, but cannot distinguish between the GI and GII strains (Miller et al., 2016). Liu et al. (2022) developed a CRISPR-/Cas12a-based detection system combined with multiplex reverse transcriptase loop-mediated isothermal amplification, which allows the detection of PEDV, TGEV, PDCoV, and SADS-CoV with the naked eye. However, they do not perform an experiment to identify different types of PEDV strains. Based on data on the epidemic genotype, we developed a rapid CRISPR/Cas12a-LFS detection assay for GII PEDV. The LOD of the assay is 100 copies/μl and the entire detection process takes approximately 1.5 h.

Compared with the PEDV wild-type strains, there was a 51 nt nucleotide deletion of ORF3 gene in PEDV vaccine strains. The differences in ORF3 may serve as markers to differentiate PEDV attenuated vaccine from wild-type strain (Liu et al., 2019). Yang et al. (2021) established a reverse transcription–enzymatic recombinase amplification method coupled with CRISPR/Cas12a against ORF3 gene, which can specifically detect PEDV variant strains. In the present study, the S gene of the variant and vaccine strains was compared and analyzed. Then, crRNAs were designed on the basis of the results. We established and visualized CRISPR/Cas12a-FDS and CRISPR/Cas12a-LFS assays., which can meet different detection requirement. All of the reaction conditions, reagents, temperatures, and detection equipment are easy to acquire. After RNA extraction, reverse transcription was followed by a 30 min incubation with the addition of nucleic acids to the CRISPR/Cas12a reaction system for readthrough and visualization. This saves more than 1 h of assay time compared with the other nucleic acid detection methods. The CRISPR/Cas12a-FDS also enables kinetic tests on reporter cleavage, providing information for reaction optimization and potentially more accurate detection. Including the time required for RAA and CRISPR/Cas12a detection, the reaction time of the entire CRISPR/Cas12a-LFS was approximately 1.5 h (Figure 1A). The coincidence rate between CRISPR/Cas12a-LFS and qRT-PCR for 72 clinical samples is 100% (Figure 5C). Compared with qRT-PCR, the CRISPR/Cas12a detection platform is a more promising option for on-site detection, because it is free of the limitations of large-scale instruments, expertise and requires a shorter detection time.

In conclusion, we developed a simple, economical, portable and highly sensitive detection platform for GII PEDV. This assay can determine whether pigs should be immunized with PEDV/CV777 vaccine or not, avoiding the false-positive results of the attenuated vaccine strain, PEDV/CV777. It will contribute to the prevention and control of PEDV mutants that have appeared worldwide.
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Background: Severe fever with thrombocytopenia syndrome (SFTS) is an emerging infectious disease that greatly threatens public health. This study aimed to examine a convenient early-warning biomarker of fatal outcomes in patients with SFTS to reduce mortality.

Methods: A retrospective cohort study was performed, and patients with confirmed SFTS were enrolled in the top two hospitals in Anhui Province, China from 1 May 2016 to 31 October 2019. The clinical symptoms, laboratory indicators, and treatment data of patients with SFTS were evaluated. All patients with SFTS were followed up till 28 days from the start of admission. The laboratory indicators that could be used to predict the fatal outcome were identified.

Results: A total of 228 patients with SFTS were enrolled, 177 patients were enrolled in the survival group, and 51 patients in the death group. The median age of all 228 patients with SFTS was 63 years. Five laboratory indicators (SFTSV viral load, neutrophil to lymphocyte ratio (NLR), aspartate transaminase (AST)/alanine aminotransferase (ALT), ALT, and blood urea nitrogen (BUN)) were identified as the predicting factors of the fatal outcome of patients with SFTS. The area under the receiver operating characteristic (ROC) curve (AUC) of SFTSV viral load was the highest (0.919), then NLR (0.849), followed by AST/ALT (0.758), AST (0.738), and BUN (0.709). The efficacy of SFTVS viral load and NLR in predicting fatal outcomes was significantly higher than AST/ALT, AST, and BUN. The Kaplan–Meier survival curves show that the case fatality rate was significantly increased in patients whose SFTSV viral load was higher than 500,000 or NLR higher than 2.0. Gamma-globulin treatment showed a significant difference between the survival group and the death group, and the duration of gamma-globulin that had been proposed should not be <3 days.

Conclusion: The SFTSV viral load and NLR showed great efficacy in predicting the fatal outcome of patients with SFTS, and NLR is a convenient and efficient early-warning biomarker that helps healthcare workers focus on patients with high risks of fatal outcomes. The efficacy of gamma-globulin provided a new idea for the treatment of SFTS, which needs further analysis in future studies.

Keywords: severe fever with thrombocytopenia syndrome, neutrophil-to-lymphocyte ratio, SFTSV viral load, prognosis factors, fatal outcome


INTRODUCTION

Severe fever with thrombocytopenia syndrome (SFTS) is an emerging highly lethal infectious disease caused by SFTS virus (SFTSV), which has been renamed Dabie bandavirus that belongs to the genus Bandavirus in the family Phenuiviridae of the order Bunyavirales (Paules et al., 2018; Casel et al., 2021). SFTS has been reported to be mainly transmitted by contact with ticks. Moreover, previous evidence suggested that SFTS could be transmitted from person-to-person (Jung et al., 2019). Since SFTS was first identified in Central China in 2010 and subsequently reported in South Korea, Japan, and Vietnam (Yu et al., 2011; Lin et al., 2020; Li et al., 2021). The growing number and geographic distribution of SFTS cases in recent decades have threatened public global health. Recent updates indicate that the laboratory-confirmed SFTS cases were increased in China to 7,721 by 2018, 1,089 in South Korea by 2019, and 573 in Japan by 2020 (Miao et al., 2021; Zhao et al., 2021). The World Health Organization (WHO) has listed SFTS as one of the top 10 priority infectious diseases due to its high mortality rate, wide geographical distribution, economic burden, and the possibility it could cause a pandemic.

Anhui Province is located in Central China, which is one of the provinces where the first report of SFTS was made. Most endemic regions of the epidemiology of SFTS in China have shown a significant disease burden of SFTS (Bopp et al., 2020). Notably, previous studies had confirmed that SFTS already existed in Anhui province in September and November of 2006 through the detection of SFTSV RNA by real-time PCR (RT-PCR) (Liu et al., 2012). A previous study had indicated that from 2010 to 2017, a total number of 1,506 SFTS cases and 7 human-to-human transmissions have been reported in Anhui Province (Gong et al., 2018). According to previous findings in Anhui Province, the economic burden was significantly high for patients with SFTS and their families, and effective preventive measures are necessary for endemic areas (Gong et al., 2019).

The clinical features of SFTS are not specific, which include fever, headache, myalgia, nausea, vomiting, diarrhea, thrombocytopenia, leukocytopenia, and hemorrhage. Furthermore, when severe, it can present severe symptoms, such as neurological symptoms, bleeding, hemophagocytic syndrome, disseminated intravascular coagulation, multiorgan failure, and death (Liu et al., 2014). There is a wide variation in SFTS case fatality rates, ranging from 5 to 30% depending on the study region, and older patients are more likely to suffer from severe symptoms (Bopp et al., 2020). The WHO has called for urgent research and development of efficient treatments for SFTS due to the lack of specific and effective treatments that have been developed to date. A major challenge is recognizing and treating critically ill patients and those who may die from SFTS. Even though there are already some studies describing the characteristics, predictors, or treatments of SFTS, most of them only discussed the association between fatal outcomes and various indicators, such as viral load, gender, comorbidities, age, and immune predictors that need special detection (He et al., 2020; Hu et al., 2021b; Zhao et al., 2021). In addition, several studies tried to establish a special score model to forecast poor prognosis, which seemed difficult to count and limited in generalization (Wang et al., 2019). It is necessary to find some convenient, effective, and economic indicators to warn of the fatal outcomes of SFTS. The intensive monitoring of these laboratory parameters could help in recognizing the fatal outcome in the early stages. Our retrospective cohort study here focused on determining the predictive value of laboratory indicators in predicting fatal outcomes in patients with SFTS. We aimed to confirm some convenient early-warning biomarkers to help healthcare workers focus on patients with high risks of fatal outcomes more efficiently.



METHODS AND MATERIALS


Patients and Criteria

The retrospective study was performed in two medical centers distributed in Anhui Province: The First Affiliated Hospital of Anhui Medical University and The Second Affiliated Hospital of Anhui Medical University, which are thought to be the two best hospitals in Anhui Province. Patients with confirmed SFTS admitted to the hospital from 1 May 2016 to 31 October 2019 were enrolled in the study. The diagnosis of SFTS was confirmed by: (1) acute fever (temperature >37.5°C for over 24 h) with thrombocytopenia (platelet count <100 × 109/L); and (2) laboratory-confirmed SFTSV infection by the detection of viral RNA, and/or virus-specific IgM antibody in the peripheral blood. The exclusion criteria were: (1) laboratory-confirmed other pathogen infections, such as Platts and Mori rickettsia, Orientia tsutsugamushi, and Hantavirus; (2) human granulocytic anaplasmosis; (3) history of acute or chronic blood system diseases; (4) autoimmune diseases; or (5) other chronic diseases. The studies involving human participants were reviewed and approved by the local Ethics Committee of Anhui Medical University. Informed consent was obtained from all patients following the principles of the Declaration of Helsinki.



Clinical Data and Laboratory Tests

An examination of medical records was conducted to collect information. The baseline information includes age, gender, residence, and epidemiologic. The clinical symptoms include fever, bellyache, diarrhea, and vomiting. The blood samples were collected after patient admission. The laboratory tests include white blood cell count (WBC), neutrophil count, lymphocyte count, neutrophil to lymphocyte ratio (NLR), platelet count, hemoglobin, aspartate transaminase (AST), alanine aminotransferase (ALT), AST/ALT, lactate dehydrogenase (LDH), γ-glutamyl transpeptidase (GGT), alkaline phosphatase (ALP), albumin (ALB), creatinine kinase (CK), creatinine kinase myocardial b fraction (CK-MB), amylase (AMY), lipase (LIP), blood urea nitrogen (BUN), serum creatinine (Scr), and serum SFTSV viral load. All data were entered by trained study staff. Patients who discontinued therapy or were discharged from the hospital for personal reasons were followed up until 28 days from the start of admission, and death was defined as death from any cause.



Statistical Analysis

Continuous and categorical variables were presented as median (IQR) and n (%), respectively. Categorical variables were compared with the χ2 test and continuous variables were compared with the Mann–Whitney U-test between survivors and defunct. To explore the risk factors for mortality in patients with SFTS, the indicators were analyzed using univariable and multivariable logistic regression models. Hazard ratios (HRs) with 95% CIs were calculated using the Cox proportional hazards model. Indicators having p < 0.05 in the univariate analysis were included in a multivariate stepwise logistic regression analysis. The predictive values of the potential predictors were evaluated by the receiver operating characteristic (ROC) curve. Differences between the area under the receiver operating characteristic (ROC) curves (AUCs) of the above predictors were tested using the z-test. The probability cut-off points for the optimal combination of sensitivity and specificity were determined by the Youden index. The predictive model was validated by the standard diagnostic analysis of sensitivity, specificity, and positive and negative likelihood ratios. Then, Kaplan–Meier survival analysis was used to compare the cumulative risk for mortality both in NLR and viral load, and the significance of the difference was tested with the log-rank test. A p-value of <0.05 was considered statistically significant. Statistical analysis was performed using SPSS (version 26.0), PRISM (version 8), and MedClac (version 19.0) software.




RESULTS


Characterization of Patients With SFTS

From 1 May 2016 to 31 October 2019, a total of 228 patients with SFTS were diagnosed in the First Affiliated Hospital of Anhui Medical University and Second Affiliated Hospital of Anhui Medical University. All the 228 patients came from the Anhui Province, 143 patients had accepted PCR for testing the SFTSV viral load, and 85 patients had received IgM. A total of 51 patients were enrolled in the death group, 27 died during hospitalization, and 24 died at home after asking for discharge. The mortality rate was 22.37%. The median age of all 228 patients with SFTS was 63 years (IQR 54–71), and the age in the death group (67 years) was numerically higher than the survival group (61 years). The survival group included 82 (46.33%) men and 95 (53.67%) women, respectively, and the death group included 25 (49.02%) men and 26 (50.98%) women. The most common symptom upon admission was fever. All patients with SFTS suffer from fever, whether in the survival group or death group. In addition, digestive system symptoms were the most common clinical manifestations of patients with SFTS, and other symptoms, such as dizziness and myalgia had been confused when patients were suffering from fever. In this article, only bellyache, diarrhea, and vomiting were observed. Diarrhea was the most frequent gastrointestinal symptom, which occurred in 60 (34%) survival patients, and 22 (43%) fatal patients. Bellyache and diarrhea were more common in the death group, in which 9(18%) and 11(22%) fatal patients suffered. The incidence of vomiting was the same between the two groups (Table 1).


Table 1. Baseline characteristics of patients with severe fever with thrombocytopenia syndrome (SFTS).
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Compared with the normal range, all patients with SFTS showed lower WBC, neutrophil count, lymphocyte count, and PLT, but higher AST, ALT, LDH, and CK. In addition, the comparison of laboratory tests between the survival group and the death group showed that the level of WBC, lymphocyte count, and PLT dropped more obviously in the death group, and on contrary, the level of neutrophil count and neutrophil-to-lymphocyte ratio (NLR) was higher in the death group. In addition, the level of AST, ALT, AST/ALT, and LDH raised higher in the death group. For other laboratory indicators (ALP, ALB, and BUN), although the median data of all patients with SFTS were in the normal range, ALP and BUN were higher in the death group and ALB was lower in the death group.



Prognostic Factors for Fatal Outcome in Patients With SFTS

As shown in Table 2, the fatal outcome of patients with SFTS was significantly associated with laboratory indicators, such as NLR, AST, AST/ALT, LDH, BUN, Scr, neutrophil count, lymphocyte count, and platelet count in univariable Cox regression analyses. Furthermore, multivariable Cox regression analysis was used to confirm the relationship between fatal outcomes and laboratory tests. The results indicated that NLR, AST, AST/ALT, and BUN were the independent risk factors for fatal outcomes in patients with SFTS.


Table 2. Univariable and multivariable Cox regression analyses of indicators associated with the fatal outcomes of patients with SFTS.
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Among all 228 patients with SFTS, 143 patients with SFTS (111 survival and 32 death) were accepted tests for the SFTSV viral load. To assess the value of laboratory indicators to predict the fatal outcome of patients with SFTS, the SFTSV viral load and indicators which had been confirmed to be associated with fatal outcomes in multivariable Cox regression (NLR, AST, AST/ALT, and BUN) were included in the ROC analysis. As shown in Figure 1, the SFTSV viral load and NLR showed excellent predictive value of the fatal outcome. The AUCs of SFTSV viral load were the highest (0.919), then NLR (0.849), followed by AST/ALT (0.758), AST (0.738), and BUN (0.709). The AUC of viral load was significantly higher than those of AST/ALT, AST, and BUN (p < 0.001), and the AUC of NLR was significantly higher than BUN and numerically higher than those of AST/ALT, and AST. The difference in AUC between SFTSV viral load and NLR was not significant. The cut-off values of SFTSV viral load and NLR to predict the fatal outcome were 500,000 and 2.0, respectively. As shown in Figure 2, Kaplan–Meier survival curves were used to confirm that the case fatality rate was significantly increased in patients whose SFTSV viral load was higher than 500,000. Furthermore, lower NLR (<2.0) was significantly associated with improved survival in patients with SFTS.


[image: Figure 1]
FIGURE 1. Predictive accuracy of the laboratory indicators of patients with severe fever with thrombocytopenia syndrome (SFTS). The efficacy of laboratory indicators (SFTS virus (SFTSV) viral load, NLR, AST, AST/ALT, and BUN) in predicting the fatal outcome of patients with SFTS was calculated by receiver operating characteristic (ROC) curves. NLR, neutrophil-to-lymphocyte; AST/ALT, aspartate transaminase/alanine aminotransferase; AST, aspartate transaminase; BUN, blood urea nitrogen.
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FIGURE 2. Efficiency of SFTSV viral load and NLR in predicting survival of patients with SFTS. Kaplan–Meier curves were used to analyze the effect of SFTSV viral load (A) and NLR (B) on predicting survival. NLR, neutrophil-to-lymphocyte.




Differences in Treatment Between Survival and Death Group

Among 228 patients with SFTS, 177 (78%) patients had used ribavirin, and 188 (82%) patients had used gamma-globulin. The results showed that there was no difference in using the ribavirin between the survival group and the death group (χ2 = 1.18, p = 0.278). However, accepted treatment by gamma-globulin had shown a significant difference in the two groups (χ2 = 4.46, p = 0.035). To verify this, we selected ribavirin, gamma-globulin, and a combination of ribavirin and gamma-globulin in multivariable Cox regression analyses, and it confirmed that using gamma-globulin was an independent risk factor for the fatal outcome (HR 1.88 [95% CI 1.01–3.47]). The cut-off value of the days of using gamma-globulin was 3 days. To stand up to this point, all 228 patients with SFTS were divided into two groups according to the condition that accepted gamma-globulin in the last 3 days. The results showed that mortality was 39% (32/82) in those using this drug for <3 days, but the mortality was 13% (19/146) in those using it for more than 3 days. The mortality was dropped and the difference was statistically significant (χ2 = 20.46, p = 0.000). Notably, the efficacy of gamma-globulin in the treatment of patients with SFTS needs further studies.




DISCUSSION

This retrospective cohort study identified several prognostic factors for the fatal outcome in patients with SFTS, especially that NLR was one of the predictors of mortality, which had never been confirmed before. Furthermore, the SFTSV viral load has also been confirmed to be closely associated with the fatal outcome of patients with SFTS. Based on the above results, we suggest that the detection of SFTSV viral load should be considered when the patients suspect the diagnosis of SFTS. However, most patients with SFTS were from rural areas where the tick-borne was epidemic. Considering the detection of SFTSV viral load is costly and time-consuming, which could not be popularized in rural hospitals. NLR, a convenient and direct early-warning biomarker, which could be easily calculated from blood routine examination, should be considered the best choice to predict the risk of the fatal outcome when SFTSV viral load cannot be determined immediately.

In this study, the mortality of patients with SFTS (22.37%) was higher than the case-fatality rate (10~15%) reported by the Zhejiang Provincial Center for Disease Control and Prevention in Zhejiang Province (Sun et al., 2018). We analyzed the possible reason for the divergence because some patients with SFTS chose to discharge and go home when they were facing death. Therefore, this number of fatalities could not be counted by the CDC, and a similar reason had already been mentioned in the previous article by Li et al. (2018). However, it reminds us that it is needed to establish the baseline of case-fatality in Anhui Province based on an observation that included larger sample data. It is worth mentioning that, because most rural hospitals were unable to detect SFTSV and could not make an accurate diagnosis as soon as possible, it is urgently needed for us to discover some convenient and direct predictors of the fatal outcome.

In the present study, only fever, bellyache, diarrhea, and vomiting, which were easy to observe and describe were included in the clinical symptoms. Fever was the most common symptom that patients with SFTS complained about, and all those symptoms were not observed with a significant discrepancy between survival and death groups. Previous studies had also reported similar conclusions (Miao et al., 2021). The NLR is a simple indicator to easily assess the inflammatory status. It has proven its ability in cardiovascular diseases, several cancers, and some infectious pathologies, such as pediatric appendicitis and infective endocarditis. NLR was identified as the independent risk factor for severe illness in patients with COVID-19 in a recent study, and previous studies had illustrated that the increase in NLR indicated poor clinical prognosis (Yang et al., 2020). In this study, we first found that NLR was higher in the death group of patients with SFTS. Interestingly, Liu et al. reported that neutrophil extracellular traps showed a significant association with the poor prognosis in patients with SFTS (Zhang et al., 2020). Our previous studies also found that the inflammation mediators, such as interleukin (IL)-6, IL-10, IL-8, and tumor necrosis factor-α (TNF-α), which are released from immune cells, were increased in patients with SFTS (Hu et al., 2018, 2021a). Combined with the results of the current study, all the pieces of evidence indicate that the role of neutrophils in the progression of SFTS needs further studies.

In the current study, five laboratory indicators (SFTSV viral load, NLR, AST/ALT, AST, and BUN) were enrolled to compare the efficacy in predicting the fatal outcome of patients with SFTS. The results showed that SFTSV viral load and NLR had higher AUC, sensitivity, and specificity, which indicated that SFTSV viral load and NLR were better than the other three indicators in predicting the incidence of fatal outcomes. The importance of the detection of SFTSV viral load had been repeatedly mentioned in previous studies (Huang et al., 2022). It is worth mentioning that only 143 patients among the enrolled 228 patients with SFTS had accepted SFTS viral load test in this study. SFTS is an emerging infectious disease which had been reported to be mainly transmitted by contact with ticks. Following the characteristics of this infection, a considerable number of SFTS patients are farmers who are exposed to ticks during work in the field. Some of them declined the test because of its high price. The possibility of this selection bias had also been considered. As shown in Supplementary Table 1, some baseline characteristics and NLR were compared between patients who accepted SFTS viral load test and those who did not, and the results showed that there was no difference between the two groups.

Additionally, the PCR test for SFTS viral load is not available in rural hospitals. Interestingly, this is the first time that NLR is deemed as a convenient early-warning biomarker for patients with SFTS since it is a much cheaper test and can also be conducted in rural hospitals. Based on the results, we suggest that patients with SFTS can improve risk stratification and management according to NLR and SFTSV viral load. Patients with SFTSV viral load <50,000 or NLR <2.0 are less likely to be at risk of fatal outcomes. Patients with SFTSV viral load ≥ 50,000 and NLR ≥ 2.0 should be actively offered more attention and support equipment since they are at a higher risk of fatal outcomes. If there are large-scale cases, the risk stratification and management will help alleviate the shortage of medical resources and reduce the mortality of critical patients. Further, in several rural hospitals, which are unable to measure the SFTSV viral load, NLR testing will be an effective means of predicting the fatal outcome of SFTS.

The effectiveness of gamma-globulin in treating SFTS has not been reported, despite its extensive use as a clinical treatment in China. In this study, the efficacy of gamma-globulin in the treatment of patients with SFTS had been observed. It is concurrently confirmed that the effect of ribavirin had no difference between the survival and death groups. The duration of gamma-globulin that had been proposed should not be <3 days. More importantly, the clinical improvement of gamma-globulin in patients with SFTS requires confirmation in larger studies.

In summary, our work first provided evidence that NLR is a convenient early warning biomarker for the fatal outcome of patients with SFTS. Using NLR as a predictor has the following advantages: (1) the detection of NLR is very easy and not expensive and can be extended to rural hospitals, (2) the interpretation of NLR results is simple without complex calculation, and (3) it could be used as a preliminary judgment of the prognosis of patients with SFTS, which help doctor focus on patients with a high risk of a fatal outcome more efficiently. Furthermore, we revealed the important role of gamma-globulin in the treatment of SFTS, which had been previously ignored, which could bring new hope for specific treatment for patients with SFTS to reduce the high mortality.
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The coronavirus disease 2019 pandemic has caused over million death and 500 million reported cases globally. More effective antiviral medications are needed to curb the continued spread of this disease. The infection by SARS-CoV-2 virus is initiated via the interaction between the receptor binding domain (RBD) of the viral glycoprotein Spike (S protein) and the N-term peptidase domain of the angiotensin-converting enzyme 2 (ACE2) expressed on the host cell membrane. ACE2 forms a protein homodimer primarily through its ferredoxin-like fold domain (a.k.a., Neck-domain). We investigated whether the dimerization of ACE2 receptor plays a role in SARS-CoV-2 virus infection. We report here that the ACE2 receptor dimerization enhances the recognition of SARS-CoV-2 S protein. A 43-amino-acid peptide based on the N-term of Neck-domain could block the ACE2 dimerization and hence the interaction between RBD and ACE2 and mitigate the SARS-CoV-2 S protein pseudotyped virus/host cell interaction. Our study illustrated a new route to develop potential therapeutics for the prevention and treatment of SARS-CoV-2 viral infection.
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Introduction

The COVID-19 pandemic causes severe respiratory syndrome and mortality especially in adult and elderly human beings and has paralyzed the global societal and economic development and interactions. The entry of SARS-CoV-2 virus in host cells starts with the recognition of its S protein by the angiotensin-converting enzyme 2 (ACE2) on the cell membrane, which triggers the cleavage of Spike (S protein) into two subunits (S1 and S2, Figure 1) by host cell proteases (1, 2), with a subsequent membrane fusion between virus and host cells driven by the S2 subunit. In addition to the development of vaccines, many efforts have focused on blocking the viral entry by targeting the receptor binding domain (RBD) of S protein or the N-term peptidase domain (PD) of ACE2 with neutralizing antibodies, recombinant or soluble ACE2, peptides based on the PD of ACE2 and RBD region of S protein, and small molecules targeting these domains (3–5), with additional focus on the development of peptides and protease inhibitors blocking viral fusion and replication and host cell endosomal and some other pathways (3, 4).




Figure 1 | Structures of the SARS-CoV-2 S protein and human ACE2 with relevant amino acid residues. NTD, N-term domain; FP, fusion peptide; HR, heptad repeat; TM, transmembrane helix.



The S protein in the SARS-CoV-2 viral envelop forms a homotrimer with the rotation of one of the three RBDs from “down” to “up” position to be accessible by the PD of ACE2 (6, 7). The ectodomain (ECT) region of ACE2 consists of PD and the ferredoxin-like fold domain (a.k.a., Neck-domain) (8). The crystal structure analysis revealed that the ACE2 receptor naturally forms a homodimer between their Neck-domains, with an additional “closed” or “open” conformation developed via either the formation or the break of another weak interaction in the PD region of the protein dimer (8). However, the significance of this dimerization for the ACE2/S protein interaction is unclear. In this study, we found that ACE2 dimerization plays a previously unrecognized role in ACE2/S protein interaction, and inhibiting this dimerization-mitigated viral infection. Our study will have an important impact on the development of new therapeutics to modify the sensibility of host cells to SARS-CoV-2 virus infection.



Materials and Methods


DNA Constructs, Cell Culture, and Virus Production

For BiFC assay, the RBD domain in S protein of SARS-CoV-2 virus was inserted into pBiFC-VN155 (I152L) vector; ACE2 and its ECT/PD domains were cloned into pBiFC-VN155 (I152L) and pBiFC-VC155 vectors (9) (Addgene, MA, USA) (see Table 1 for the cloning primer details). The RBD, Neck-domain, and different Neck-domain fragments followed directly with a stop codon were cloned into the pBiFC-VN155 (I152L) vector. For protein expression, the cell membrane-penetrating peptide (TAT), red fluorescence protein (DsRed), and NK-NT or NKN1 fragments were cloned into pET6xHN-N Vector (Takara, CA, USA) (see Table 2 for the cloning primer details). HEK293T cells were cultured in FP medium (Dulbecco’s modified Eagle’s medium containing 10% fetal bovine serum, 2 mM GlutaMAX™ supplement, 0.1 mM MEM non-essential amino acids, and 50 U/ml and 50 μg/ml penicillin–streptomycin, respectively). For ACE2-expressing lentivirus packaging, pscALPSpuro-HsACE2 (human) (Addgene, MA, USA) was co-transfected with psPAX2 and pCMV-VSV-G packaging plasmids into HEK293T cells using FuGENE 6 (Promega, WI, USA). The supernatants containing the virus were collected at 48 and 72 h after transfection. For doxycycline (Dox) inducible, S protein-pseudotyped luciferase-expressing lentivirus preparation, HEK293T cells were transfected with FUW-RLuc-T2A-PuroR (10) (Addgene, MA, USA), psPAX2, and pUNO1-SARS2-S (D614G) (Invivogen CA) packaging plasmids using FuGENE 6. The supernatants containing the virus were collected at 48 and 72 h after transfection. To establish ACE2-expressed cell line (ACE2-HEK293T cells), HEK293T cells were infected with ACE2-expressing lentivirus, and ACE2-positive cells were selected by 2 ug/ml of puromycin.


Table 1 | Cloning primers for the BiFC assays.




Table 2 | Cloning primers for recombinant protein expression.





Bimolecular Fluorescence Complementation (BiFC) Assay

For the bimolecular fluorescence complementation (BiFC) assay, the HEK293T cells were cultured in 12-well plates and were co-transfected with 0.5 μg of each construct expressed in pBiFC-VN155 (I152L) and pBiFC-VC155 vectors per well using FuGENE 6. In competition BiFC assay, HEK293T cells were co-transfected with 0.5 μg of each construct expressed in pBiFC-VN155 (I152L) and pBiFC-VC155 vectors, together with 5 μg competitor constructs with stop codon in pBiFC-VN155 (I152L) vector. For the protein competition BiFC assay, HEK293T cells were co-transfected with 0.5 μg of each construct expressed in pBiFC-VN155 (I152L) and pBiFC-VC155 vectors in 12-well plates. FP medium containing 0.1, 1, or 2 μg of recombinant TAT-Dsred-GFP/NK-NT/NKN1 proteins was added to the cells at 4 h after transfection. Fluorescence images were taken at 24 and 48 h after transfection using a Nikon fluorescence microscope, and the fluorescence intensity was quantified by Image J.



Protein Expression and Purification

The recombinant pET6xHN-N constructs were transformed into Escherichia coli strain BL21 (DE3) (New England Biolabs, MA, USA). The transformed clones were cultured at 37°C in LB broth with 100 μg/ml carbenicillin, induced by adding 1 mM isopropyl β-D-1-thiogalactopyranoside at optical density of 0.6–0.8, and then incubated at 23°C overnight. For protein purification, cells were harvested by centrifugation at 5,000 rpm for 15 min and resuspended in xTractor Buffer containing DNAse I, lysozyme solution, and Protease Inhibitor Cocktail (Takara Bio USA, Inc., CA). The suspension was sonicated for 10 s three times with a 30s pause and centrifuged at 10,000 rpm for 20 min. The supernatant was incubated with equilibrated TALON Metal Affinity Resin (Takara Bio USA, Inc., CA, USA) for 20 min on ice. The proteins were eluted from resin with the elution buffer (pH 7.0, 150 mM imidazole, 50 mM NaH2PO4, and 300 mM NaCl). The eluted proteins were concentrated and with buffer exchanged to phosphate-buffered saline (pH 7.4) using Protein Concentrator PES, 3K MWCO (Pierce Biotechnology, PA, USA).



Co-Immunoprecipitation

For HEK293T, cells in a 6-well-plate were transfected with 1 μg Myc-tagged ECT-expressing plasmids per well, and the total proteins were extracted from the cells by adding Cell Lysis Buffer (Cell Signaling Technology, MA, USA) containing 500 mM NaCl, 1.5% Triton X-100 and 1 mM PMFS at 48 h after transfection. Supernatant was collected after centrifugation at 14,000 × g for 10 min and was incubated at 4°C overnight with 5 μg of recombinant DsRed, NK-NT-DsRed, or NKN1-DsRed proteins and Myc-Tag (9B11) Mouse mAb (1:1,000, Cell Signaling Technology, MA, USA). Moreover, 30 μl of protein G Agarose Beads (Cell Signaling Technology, MA, USA) slurry was added to the protein mixture, and the latter was rotated at 4°C for 3 h. The agarose beads were washed with cell lysis buffer 5 times and then resuspended in 30 μl of NuPAGE™ LDS Sample Buffer (4X) and 12 μl NuPAGE™ Sample Reducing Agent (10X) (Invitrogen, MA, USA).



Western Blotting

The samples collected from immunoprecipitation were separated by 10% SDS-PAGE gel and transferred onto an Immobilon-P polyvinylidene fluoride (PVDF) membrane. The membrane was blocked by 5% skimmed milk and incubated at 4°C overnight with ACE-2 Antibody (1:2,000, Novus Biologicals, CO, USA) and 6xHN Polyclonal Antibody (1:2,000, Takara, CA, USA). The membrane was then incubated with secondary horseradish peroxidase (HRP)-linked, anti-rabbit IgG (1:10,000, Cell Signaling Technology, MA, USA) for 1.5 h at room temperature.

Proteins extracted from HEK293T cells in the BiFC assay were separated by 10% SDS-PAGE gel and transferred onto an Immobilon-P PVDF Membrane. The membrane was incubated at 4°C overnight with ACE-2 Antibody (1:2,000, Novus Biologicals, CO, USA), Myc-Tag (9B11) Mouse mAb (1:1,000, Cell Signaling Technology, MA), and GAPDH (D16H11) XP® Rabbit mAb (1:1,000, Cell Signaling Technology, MA, USA). The membrane was then incubated with secondary HRP-linked, anti-rabbit IgG (1:10,000, Cell Signaling Technology, MA, USA), and goat anti-mouse IgG (H+L) cross-adsorbed secondary antibody, HRP (1:2,000, Thermo Fisher Scientific, MA, USA) for 1.5 h at room temperature. Images were developed with Clarity™ Western ECL Substrate (Bio-Rad Laboratories, CA, USA) and visualized under the ChemiDox XRS Image System (Bio-Rad Laboratories, CA, USA).



mRNA Transfection and S Protein Pseudovirus Luciferase Assay

For mRNA preparation, GFP, NK-NT, and NTN1 DNA fragments harboring T7 promoter sequence were amplified by PCR, purified, and transcribed to mRNAs in vitro using mMESSAGE mMACHINE™ T7 ULTRA Transcription Kit (Invitrogen, CA, USA) (see Table 3 for PCR primer details). For the S protein pseudovirus infection and luciferase assay, ACE2-expressing HEK293T cells were seeded into 24-well plates and transfected with 2 μg of each mRNA/well using Lipofectamine™ MessengerMAX™ Transfection Reagent (Invitrogen, CA, USA). After 24 h, the cells were infected with Spike-RLuc pseudotyped lentivirus, M2rtTA lentivirus, and 10 ug/ml Polybrene for 1 h. The luciferase expression was induced by adding 1 μg/ml doxycycline at 24 h after viral infection. Luciferase activity in cells was measured using Renilla Luciferase Glow Assay Kit (Pierce Biotechnology, PA, USA) and the CLARIOstar Plus plate reader (BMG LABTECH, NC, USA) at 24 h later.


Table 3 | PCR primers for mRNA templates.





Statistial Analysis

One-way ANOVA with Tukey’s multiple-comparison post-hoc test or Student’s t-test was used for data analysis. The figures were presented as mean ± standard deviation. A p-value <0.05 was considered statistically significant.




Results


Neck-Domain Is Needed for ACE2 Receptor Dimerization in Living Cells

The ACE2 ECT region consists of PD, the Neck-domain, and a long linker before the transmembrane helix (TM, excluded from ECT) (Figure 1). The intensive polar interaction between Neck-domains is believed to primarily mediate ACE2 dimerization based on cryo-EM structural analysis (8). The bimolecular fluorescence complementation (BiFC) assay based on the reconstitution of the N- and C-term fragments of the YFP protein Venus (VN and VC) has been widely applied for protein–protein interaction (PPI) study under physiological conditions (9, 11), allowing a direct visualization of PPI in living cells with high sensitivity and without exogenous reagent and complicated data process (12, 13). To verify the function of Neck-domain in living cells, we designed BiFC assays to evaluate the Neck-domain-mediated ACE2 dimerization (Figures 2A, B). ACE2 PD (without Neck-domain) fused with VN or VC were co-expressed in HEK293T cells. Alternatively, ACE2 ECT (with Neck-domain) fused with VN or VC were co-expressed. As expected, the co-expression of PD-VN and PD-VC yielded no fluorescence, while the co-expression of ECT-VN and ECT-VC produced a strong fluorescence (Figures 2C, D). The co-expression of ECT-VN with PD-VC or ECT-VC with PD-VN did not also yield any significant fluorescence signal (Figures 2C, D). These data in living cells support the notion that Neck-domain is critical for ACE2 protein dimerization (8).




Figure 2 | BiFC assays to verify the Neck-domain function on ACE2 dimerization. (A) The PD is fused with the N-term or C-term fragment of YFP protein Venus (VN or VC). (B) The ECT is fused with VN or VC. (C) Representative fluorescence images of HEK293T cells co-expressing different combinations of the ACE2-ECT and ACE2-PD constructs at 24 and 48 h after the plasmid transfection. Bar = 250 µm. (D) Quantitation of the fluorescence intensity at 24 h (upper) and 48 h (lower) after plasmid transfection. p < 0.001, N = 3. ***p < 0.001.





Neck-Domain Is Needed for the ACE2/S Protein Interaction

To investigate the significance of Neck-domain for the PPI between human ACE2 and SARS-CoV-2 S protein, we developed BiFC assay constructs by fusing S protein RBD with VN and ACE2 PD or ECT with VC (Figure 3A). Western blotting (WB) confirmed the co-expression of S protein RBD-VN and ACE2 PD-VC or ECT-VC fusion proteins in HEK293T cells (Figure 3B). The YFP fluorescence was then quantified at 24 h after plasmid transfection. Intriguingly, the BiFC assay revealed that ACE2 PD (without Neck-domain) was incapable of binding to S protein RBD in living cells, with the background fluorescence signal similar to a pair of previously reported non-interactive proteins (14)—CD163 scavenger receptor cysteine-rich domain 2 (SRCR2) and porcine reproductive and respiratory virus glycoprotein GP2a (Figure 4). On the contrary, ACE2 ECT which contains Neck-domain showed a strong interaction with S protein RBD (Figure 4). These results strongly indicate that the presence of Neck-domain is necessary for the recognition of viral S protein by ACE2. Based on the fact that Neck-domain is critical for ACE2 dimerization, our results here support the hypothesis that Neck-domain is needed for the ACE2 recognition of S protein, most likely through mediating the dimerization of ACE2.




Figure 3 | Design of the BiFC assay to detect the ACE2/S protein PPI. (A) The RBD of S protein was fused with VN, and PD (a.a. 19–615) or ECT (a.a. 19–740) of ACE2 was fused with VC. (B) Western blot detection of the recombinant proteins co-expressed in HEK293T cells for BiFC assay using specific antibodies. GAPDH served as the loading control.






Figure 4 | ACE2 Neck-domain is critical for ACE2/S protein interaction. Left: representative BiFC fluorescence images of HEK293T cells co-transfected with ACE2-PD-VC or ACE2-ECT-VC and S protein RBD-VN plasmids at 24 and 48 h, respectively. Bar = 250 µm. Right: quantitation of the relative fluorescence intensity. p < 0.001, N = 3. NC, negative control using a pair of non-interactive proteins (CD163-SRCR2 and GP2a) as described in the main text. ***p < 0.001.





Screening Parts of Neck-Domain Critical for ACE2 Dimerization and S Protein Recognition

To investigate which part of Neck-domain is critical for ACE2 dimerization, we designed a competition assay by co-expressing different segments of Neck-domain as the competitor (Figure 5A) in the ECT-VN/ECT-VC BiFC system (Figure 2B). The competitor plasmids were added at 5-fold of ECT-VN/ECT-VC plasmids, with data collected at 72 h after plasmid transfection to allow the proper expression of ECT-VN/ECT-VC plasmids. As expected, PD without Neck-domain failed to interfere with the interaction between ECT-VN and ECT-VC (Figure 5B). The competition BiFC screening revealed that N-term residues 616–671 of Neck-domain (NK-NT, Figure 5A) strongly inhibited the PPI between ECT-VN and ECT-VC (Figure 5B). Interestingly, the overexpression of NK-MT caused the aggregation and death of cells (Figure 5B). To investigate how the disturbance of ECT dimerization could impact the PPI between S protein RBD and ECT, we co-expressed these segments of Neck-domain as competitors in the RBD-VN/ECT-VC BiFC system (Figure 3A). Over-expression of PD as a competitor could only slightly inhibit the recognition of RBD by ECT (Figure 5C). However, the NK-NT fragment exhibited the most significant inhibitory effect on the PPI between RBD and ECT (Figures 5C, D), similar to the ECT dimerization BiFC assay (Figure 5B). Further screening of different parts of NK-NT identified that residues 616–658 of Neck-domain (NKN1, Figure 5A) shared a similar potency as NK-NT in blocking the RBD/ECT interaction (Figure 5E). This correlates well with the comparable efficiency on inhibition of full-length ACE2 protein dimerization by NK-NT and NKN1 in BiFC assay (Figure 5F).




Figure 5 | Screening parts of Neck-domain critical for ACE2 dimerization and recognition of S protein. (A) Schematic diagram of different Neck-domain fragments for BiFC screening. (B) Competition ECT-VN/ECT-VC BiFC results with the co-expression of different Neck-domain fragments as competitors. Left: representative BiFC fluorescence images. Bar = 250 µm. Right: quantitation of the relative fluorescence intensity. p < 0.01, N = 3. NC, negative control of ECT-VN/ECT-VC BiFC with no competitors. (C) Competition RBD-VN/ECT-VC BiFC results with the co-expression of different neck domain fragments as competitors. Left: representative BiFC fluorescence images. Bar = 250 µm. Right: quantitation of the relative fluorescence intensity. p < 0.001, N = 3. NC, negative control of RBD-VN/ECT-VC BiFC with no competitors. (D) Competition RBD-VN/ECT-VC BiFC results with RBD, Neck-domain, and NK-NT as competitors. Left: representative BiFC fluorescence images. Bar = 250 µm. Right: quantitation of the relative fluorescence intensity. p < 0.001, N = 3. (E) Comparing competition RBD-VN/ECT-VC BiFC results with additional fragments of NK-NT as competitors. Left: representative BiFC fluorescence images. Bar = 250 µm. Right: quantitation of the relative fluorescence intensity. p < 0.001, N = 3. (F) Comparing competition full-length ACE2-VN/ACE2-VC BiFC results with PD, NK-NT, and NKN1 as competitors. Left: representative BiFC fluorescence images. Bar = 250 µm. Right: quantitation of the relative fluorescence intensity. p < 0.001, N = 3. Different letters indicate significant difference between conditions.



In order to double-verify the results of the competition BiFC assays, we engineered histidine and asparagine (HN)-tagged protein constructs with fusion of a cell-penetrating peptide TAT (15), red fluorescence protein DsRed, and NK-NT (Figure 6A, upper). The TAT-DsRed (16) and TAT-DsRed-NK-NT recombinant proteins were purified, quantified, and added directly to a culture medium of 293T cells transfected with ECT-VN/ECT-VC or ACE2-VN/ACE2-VC plasmids (Figure 6A, lower). Compared with the TAT-DsRed control, 1 and 2 μg/ml TAT-DsRed-NK-NT significantly, though not completely, inhibited the dimerization of ECT (Figure 6B) or ACE2 (Figures 6C, D). We also expressed HN-tagged DsRed-NKN1 and DsRed-NK-NT fusion proteins (Figure 6E) and conducted a co-immunoprecipitation (Co-IP) experiment using the total lysates of 293T cells over-expressing Myc-tagged ECT. We found that both NKN1 and NK-NT recombinant proteins interacted with ECT (Figure 6F). Taken together, our results demonstrated a 43-a.a. peptide (NKN1) as the critical segment in Neck-domain necessary for the PPI between ACE2/S protein by mediating ACE2 dimerization.




Figure 6 | Recombinant NK-NT and NKN1 proteins bind to ECT and block ACE2 dimerization. (A) Upper: schematic diagram of histidine and asparagine (HN)-tagged recombinant protein constructs with cell-penetrating peptide TAT. Lower: representative image showing the HN-TAT-NK-NT recombinant protein transfected into HEK293T cells. Bar = 120 µm. (B) Competition ECT-VN/ECT-VC BiFC results with the TAT-DsRed control or TAT-DsRed-NK-NT as competitors. Left: representative BiFC assay fluorescence images. Bar = 250 µm. Right: quantitation of the relative fluorescence intensity. p < 0.001, N = 3. (C) Competition ACE2-VN/ACE2-VC BiFC assay results with the TAT-DsRed control or TAT-DsRed-NK-NT as competitors. Left: representative BiFC fluorescence images. Bar = 250 µm. Right: quantitation of the relative fluorescence intensity. p < 0.001, N = 3. (D) Overlay of fluorescence images in ACE2-VN/ACE2-VC BiFC assay with TAT-DsRed or TAT-DsRed-NK-NT as competitors. Green, Venus; red, DsRed recombinant proteins; blue, DAPI nuclear stain. Bar = 120 µm. (E) Schematic diagram of HN-tagged recombinant NK-NT and NKN1 protein constructs. (F) Co-IP results of purified HN-tagged recombinant DsRed, NK-NT, and NKN1 proteins incubated with the lysates of HEK293T cells expressing Myc-tagged ECT. Different letters in (B ,C) indicate significant difference among conditions.





NK-NT and NKN1 mRNAs Inhibit SARS-CoV-2 Viral Infection

A previous cryl-EM structure study mapped extensive polar interactions for ACE2 dimerization in the second (a.a. 636–658, NKA-2) and fourth (a.a. 708–717, NKA-3) helices of Neck-domain (8) (Figure 7A), which may explain the partial activities that we observed for NKA-2 and NKA-3 segments in blocking ECT dimerization (Figure 5B). However, NK-NT and NKN1 fragments exhibited the greatest potency in blocking ECT dimerization (Figure 5B), indicating that, in addition to the second helix, the additional residue(s) before that (residues 616–636) also has a critical function for ACE2 dimerization (Figure 7A). One such could be Y633 that forms a cation-π interaction with R710 in the fourth helix (8) (Figure 7A). In order to test whether the expression of NK-NT and NKN1 fragments can interfere with the SARS-CoV-2 viral infection, we in vitro transcribed and purified the NK-NT and NKN1 mRNAs, with GFP mRNA as the negative control (Figure 7B). In total, 2 μg mRNAs per well were transfected to 293T cells stably expressing human ACE2 in 24-well plates. After 24 h of transfection, the cells were infected with Renilla luciferase-expressing FUW-lentivirus pseudotyped with SARS-CoV-2 S protein (D614G) as the envelope protein, and luciferase intensity was evaluated at 48 h after viral infection. We found that compared with the GFP mRNA, transfection of both NK-NT and NKN1 mRNAs significantly inhibited the S protein pseudotyped lentivirus infection of the host cells (Figure 7C).




Figure 7 | NK-NT and NKN1 mRNAs mitigate SARS-CoV-2 pseudovirus infection. (A) Residues in NK-NT, NKN1, and Neck-domain critical for ACE2 dimerization. The second and fourth helices are highlighted by yellow and green, respectively. (B) Upper: GFP, NK-NT, and NKN1 mRNAs transcribed in vitro via DNA constructs with a T7 promoter. Non-tail, purified mRNAs transcribed in vitro; tailing, purified mRNAs with the addition of poly-A tail; lower, expression of GFP mRNA after transfection into HEK293T cells. Bar = 250 µm. (C) Relative luminescence intensity in HEK293T cells in 24-well plates transfected with 2 µg of GFP, NK-NT, or NKN1 mRNAs per well and followed by infection of S protein pseudotyped lentivirus expressing Renilla luciferase. p < 0.01, N = 3. Different letters indicate significant difference between conditions.






Discussion

The COVID-19 pandemic has caused over 500 million infection cases and 6 million deaths globally. Numerous research have been done to better understand the mechanism of SARS-CoV-2 viral infection and its pathological effect in order to combat this disease. In this study, we tried to understand the fundamental aspects that determine this virus/host cell interaction to aid in the design of effective therapeutics, and used uniquely designed serial BiFC assays to verify the essential role of Neck-domain for the ACE2/S protein PPI. We found that only the ACE2 fragment capable of self-dimerization can effectively bind to the S protein of SARS-CoV-2. This is consistent with the previous observation from a cryl-EM structural study (8). These data indicate that conformational changes caused by dimerization could significantly enhance the binding affinity of ACE2 to S protein. We further identified that the presence of Neck-domain is critical for successful ACE2/S protein recognition, which indicates that the disruption of the Neck-domain-mediated ACE2 dimerization in host cells might have a significant impact on blocking S protein recognition.

We further identified that the minimal peptide sequence from residues 616–658 (NKN1) in Neck-domain is necessary for blocking ACE2 dimerization and the PPI between ACE2 and S protein. It is interesting that the NKA-1 fragment (Figure 5A) containing both the second and forth helices could not effectively inhibit the PPI between ACE2 or ACE2/S protein. One reason could be the potential self-association of NKA-1 fragments caused by an extensive hydrogen bond and cation-π interaction among residues within these two helices (Figure 7A). By expressing NKN1 or NK-NT peptides in ACE2-expressing cells, we confirmed that these peptides could inhibit the S protein pseudotyped lentivirus infection. These results correlate well with a previous study showing that artificial dimerization of ACE2 PD by fusion with the IgG Fc has a much lower efficiency than that of ACE2-ECT in binding to S protein and blocking SARS-CoV-2 pseudovirus infection (17, 18). The data here allowed us to predict that, on the host cell surface, ACE2 receptors form a homodimer to enable S protein recognition, and the dimerization mediated by Neck-domain is necessary for ACE2/S protein interaction and the SARS-CoV-2 viral infection. Thus, drugs interfering with Neck-domain to disrupt ACE2 homodimerization would have the potential to minimize the susceptibility of host cells to SARS-CoV-2 virus.

As a transmembrane zinc metallocarboxypeptidase, ACE2 is abundantly expressed in many organs/tissues and promotes cardioprotective actions of nitric oxide release, vasodilation, and the inhibition of inflammation by cleaving angiotensin II (Ang II) into Ang-(1-7) and Ang I into Ang-(1-9) (19, 20). While the elevated level of ACE2 in patients with comorbidities is associated with an increased risk of SARS-CoV-2 infection and severity, the enzyme activity of ACE2 may be beneficial for patients suffering a dysfunctional renin–angiotensin–aldosterone system, which poses danger to infected patients with various comorbidities (21). Although evidence showing that ACE2 lacking Neck-domain maintains its peptidase activity (18), further investigation would be necessary to evaluate the potential impact of disturbing ACE2 dimerization to human health and to establish targeting the ACE2 dimerization as a potential therapeutic tool against SARS-CoV-2 infection.

We therefore expect that future research would identify refined protein peptides based on Neck-domain and/or small molecules that can effectively block the ACE2 dimerization to enhance the host cell “immunity” to SARS-CoV-2 virus. These drugs could be applied either to protect the host from viral infection or to curb subsequent viral amplification and viremia in infected hosts. This could also have an extended effect on preventing the infection by other members of the coronavirus family that utilize ACE2 receptor to enter host cells.
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Zika virus (ZIKV) has emerged as a globally important arbovirus. The virus is primarily transmitted to humans through the bite of an infective Aedes albopictus in temperate area. Vertical transmission of ZIKV by Ae. albopictus is determined and has been suggested to be a means by which the virus could persist in nature. Ae. albopictus undergoes a well-characterized photoperiodic diapause. Viruses are harbored by overwintering mosquitoes in diapause that contributes to the resurgence of vertebrate diseases in the following spring, yet little is known about the impact of diapause on the regulation of viral replication and survival. The purpose of this study is to determine that Ae. albopictus in Beijing are highly susceptible to ZIKV (92.3%), and viable virus is passed to their organs of progeny via vertical transmission. Moreover, diapause eggs (diapause incidence 97.8%) had significantly lower minimum infection rates and filial infection rates of the first gonotrophic cycle than those of the second gonotrophic cycle in the short-day photoperiod group. Regarding the development of diapause eggs, the minimum infection rates and ZIKV RNA copy number increased significantly, suggesting that virus RNA replication occurred in the diapause eggs. Meanwhile, eggs from the ZIKV-infected mosquitoes had a significantly lower hatching rate compared with uninfected mosquitoes, implying an intriguing interaction between diapause eggs and virus. The findings here suggest that vertical transmission of ZIKV from diapause eggs to progeny may have a critical epidemiological role in the dissemination and maintenance of ZIKV circulating in the vector.

Keywords: ZIKV, Aedes albopictus, photoperiod, diapause, vertical transmission


INTRODUCTION

Zika virus (ZIKV) is an emerging mosquito-borne virus belonging to the genus Flavivirus of the Family Flaviviridae (Kuno et al., 1998). It was first isolated from a febrile sentinel rhesus monkey in Uganda in 1947 (Dick and Haddow, 1952). Following the 2016 outbreak in the Americas, the World Health Organization declared that the ZIKV outbreak constituted a Public Health Emergency of International Concern (Musso and Gubler, 2016). With regard to how ZIKV was able to be transmitted from Africa to Asia and then to the Americas, one possible explanation is that its vector mosquitoes Aedes albopictus are capable of vertically transmitting ZIKV, which may have contributed to its rapid global range expansion (Venceslau et al., 2020). In addition, travel by infected humans is also a known pathway for transporting arbovirus to new geographic locations with the development of globalization and urbanization (Thomas et al., 2014).

The Asian tiger mosquito, Ae. albopictus, is a highly invasive mosquito that has spread from its native Southeast Asia to North America, South America, Europe, and Africa over the last 30 years (Lounibos, 2002; Benedict et al., 2007). It is competent to transmit at least 22 arboviruses in addition to dengue virus, chikungunya virus, and ZIKV that cause human illness (Gratz, 2004; Delatte et al., 2008; Paupy et al., 2009). Ae. albopictus is widely distributed in both subtropical and temperate zones (Bonizzoni et al., 2013). Diapause is an alternative life history strategy of many mosquito species, especially Ae. albopictus. Diapause eggs in Ae. albopictus are both more resistant to cold temperatures and desiccation-tolerant than non-diapause eggs due to accumulating extra nutrients and lipids for energy conservation and utilization, which facilitate Ae. albopictus to survive during the harsh conditions (Urbanski et al., 2010). The capacity of this mosquito to colonize and establish in new areas (including temperate area) is enhanced by its ability to produce diapausing eggs that survive in relatively cold winters (de Carvalho et al., 1981). Photoperiod and temperature were the primary influential factor for diapause (Urbanski et al., 2012). Xia et al. reported that Guangzhou population of Ae. albopictus was induced diapause by a short-day (SD) photoperiod in the laboratory, and diapause eggs in the field were the main form for overwintering and began to hatch in large quantities in March (Xia et al., 2018). Diapause in Ae. albopictus offers a mechanism for bridging unfavorable seasons in both temperate and subtropical environments and serves to synchronize development within populations, thus directly affecting disease transmission cycles (Denlinger and Armbruster, 2014).

Previous experimental studies have adequately assessed that diapausing stages are critical for harboring the viruses during winter and subsequently reintroducing them as disease agents in the following summer for diseases such as West Nile virus and La Crosse virus (Benedict et al., 2007). A study conducted in a city in Brazil provided evidence of ZIKV detection in field-collected Aedes aegypti eggs during the emergence of ZIKV in 2015–2016. The result indicated the existence of natural vertical transmission may contribute to ZIKV maintenance in nature during epidemic periods (da Costa et al., 2018). Imported viral diseases increasing year by year are becoming a serious public health threat in China. There were 24 imported cases of Zika in China, including Beijing and Guangdong (Wang et al., 2018b). Vertical transmission of ZIKV in Ae. albopictus was also confirmed recently (Lai et al., 2020). However, the importance of ZIKV infection specifically in Ae. albopictus diapause eggs in the virus maintenance during unfavorable environmental conditions has not been investigated yet. This study revealed the possible role of infected diapause eggs of Ae. albopictus in Beijing in the maintenance of the ZIKV against adverse climatic conditions and ZIKV vertical transmission occurred through Ae. albopictus diapause eggs to offspring.



MATERIALS AND METHODS


Colonization of Mosquitoes

The Ae. albopictus strain used in this experiment was collected as larvae from different sites in Beijing (N39°51′, E116°17′) in 2019. The laboratory colony was maintained for five generations under insectary conditions of 26 ± 1°C, 70–80% relative humidity (RH), and a non-diapause- inducing long-day photoperiod (LD) of 16 h:8 h light:dark (16L:8D) cycles. Adults were held in rearing cages (25 cm × 25 cm × 25 cm cage covered with nylon mesh) and provided with 8% sucrose solution.



ZIKV and Cells

The ZIKV SZ01 strain (GenBank no. KU866423), provided by the Microbial Culture Collection Center of the Beijing Institute of Microbiology and Epidemiology, was isolated from a patient who returned from Samoa to China in 2016 (Deng et al., 2016). Virus was harvested and separated into 1 ml aliquots stored at −80°C, which had been passaged five times through C6/36 cells. Viral titer of infectious blood meal was 7.1 × 107 PFU/ml via plaque-forming assay in baby hamster kidney cells.



Oral Infection

Prior to offering them an infectious meal, 5–7-day-old female mosquitoes were deprived of sucrose solution for 16 h. The infectious blood meal was a mixture of fresh virus suspension and mouse blood at a ratio of 1:1. While feeding, the viral blood meal was constantly warmed to 37°C using a Hemotek membrane feeding system. After 30 min exposure to the blood meal, mosquitoes were CO2 anesthetized and only fully engorge females (over 500 individuals per cage) were transferred immediately to cages. The LD females were daily given 10% sucrose in a chamber at 28°C and 80% RH under LD photoperiods. In contrast, the females under the diapause-inducing SD photoperiod were kept in the same environment. Besides, uninfected control cages under LD and SD conditions were fed with the uninfected blood meal consisting of 1:1 mouse blood and Dulbecco's modified Eagle's medium (Gibco?; Invitrogen, Beijing, China), which were treated in parallel to the infectious blood-fed cages.



Vector Competence of the Ae. albopictus to ZIKV

To demonstrate vector competence, about 24 mosquitoes from the LD group were selected on 0, 4, 7, 10, and 14 days post-infection (dpi). Salivary glands and ovaries were tested to assess the dissemination rate (DR). The saliva of infected females was processed to assess the transmission rate (TR). The salivary glands, midguts, and ovaries were carefully dissected and washed three times in phosphate-buffered saline. Saliva was collected from individual mosquito at the same time (Dubrulle et al., 2009). Every tissue was placed in 1.5 ml tubes containing 100 μl Trizol, stored at −80°C.



Oviposition

An overview of the experimental design is presented in Figure 1. Briefly, four cohorts (biological replicates) of the Ae. albopictus were reared under LD conditions described above. Meanwhile, four cohorts of the newly hatched three instar larvae were established under a diapause-inducing SD photoperiod of a light:dark cycle of 8 h:16 h (8L:16D) until the emergence. After blood meal, filter paper used as an oviposition substrate in small containers of deionized water was placed in cages on 4 dpi. The eggs on the filter paper from the first gonotrophic cycle (GC1) were collected and air-dried. To allow complete embryonation, the eggs were kept for 7 days under laboratory conditions (Hanson and Craig, 1994). The females only ingested mouse blood after the first oviposition. On 10 dpi, the eggs from the second gonotrophic cycle (GC2) were collected in the same way as mentioned above prior to preserving the eggs. For each group, eggs collected from biological replicate egg paper were divided into samples of about 500 eggs each and respectively assigned to SD photoperiod and LD photoperiod groups.


[image: Figure 1]
FIGURE 1. Illustration of the experimental design in the context of oviposition and eggs handling. GC1, first gonotrophic cycle; GC2, second gonotrophic cycle.




Diapause Induction

The eggs from GC1 and GC2 of the SD diapause-inducing group were held in an illumination incubator (MGC-300B, Shanghai Yiheng Co., Ltd., Shanghai, China) and subjected to SD conditions and 90% RH, while the temperature was decreased from 26 to 0°C during 1 week like the environment of late fall. Then, the eggs were sustained at 0°C for 4 weeks to simulate the winter environment of Beijing City. The eggs of LD non-diapause group were maintained at 10°C. The time span of LD group was the same as SD group. After that, all eggs in the SD and LD groups were still kept and developed for 4 weeks by establishing a simulated spring climate in which the temperature was raised to 16°C and the photoperiod was changed to LD conditions. Eggs of uninfected group were maintained under LD and SD conditions in equal way.

To terminate diapause, the eggs of duplicated cohorts were hatched by submerging in food slurry (Poelchau et al., 2014). After counting hatched larvae, unhatched eggs were air-dried and returned to 16°C under LD conditions. Finally, unhatched eggs were re-stimulated to hatch 7 days later in order to record the number of embryonated unhatched eggs. Hatching rates were calculated as the percentage of hatched eggs to the total eggs. The remaining embryonated unhatched eggs were bleached (Trpiš, 1970). Diapause incidence was calculated as the total number of embryonated eggs divided by the number of embryonated unhatched eggs. Diapause eggs were identified using an optical microscopy (MXB-2500REX; Hirox, Tokyo, Japan) at 200× magnification.



Mosquito Eggs Collection

To make out the level of infectivity in the eggs, we calculated the minimum infectivity rate (MIR) to identify vertical transmission of ZIKV. MIR is the ratio of the number of positive pools to the total number of individuals (eggs) tested. Each positive pool indicated that one or more of the eggs in the pool were infected with ZIKV. On 3, 7, 11, 21, 40, and 70 days post-oviposition (dpov), we sampled about 24 pools (30 unbroken eggs per pool) of the above eggs for RNA extraction and covered the GC1 and GC2 from LD and SD conditions. The time points were chosen for the different developmental stage. The 3 dpov period represented clear morphological landmarks in embryonic development, with the developmental landmarks of germ band retraction and dorsal closure; and the 7 dpov period comprised the end of embryonic development with cleared embryos, which were competent to hatch. On 11 dpov, developmental arrest was firmly established in diapause embryos (early diapause). Eggs were in mid-diapause on 21 dpov and late diapause or post diapause quiescence on 40 dpov (Poelchau et al., 2013).

Moderate eggs were simultaneously retained to quantify the titers for different GC to confirm the existence of ZIKV. Once the samples were positive, these eggs were grouped and macerated in RPMI 1640 (Gibco?; Invitrogen) with 1% penicillin/streptomycin (10,000 U/ml) and 2% fetal bovine serine, and were cultivated in C6/36 cells to isolate the virus. Observation of ZIKV growth and the cytopathic effects was monitored 5 days later as described above (Contreras and Arumugaswami, 2016). The ZIKV-free eggs were treated and inoculated into cell culture at the same time as negative control groups. In addition, the ZIKV RNA was detected by RT-qPCR.



Filial Infection Rate (FIR)

To further evaluate the existence of vertical transmission of ZIKV, FIR of ZIKV was detected to calculate the FIR (the proportion of infected larvae or adults in the total tested individuals). We collected some eggs from all groups after the above treatment. After 70-day-old eggs were hatched, 24 pools of the 3–4 instar larvae (five larvae per pool) and 24 pools of individual adult females (five adults per pool) were determined for ZIKV by qPCR. We also dissected the salivary glands, midguts, and ovaries of freshly emerged F1 female adults for detection. The saliva was obtained using before methods. In addition, other offspring mosquitoes were transferred to a cage and bit 10 neonatal mice. After the observation of symptoms, neonatal mouse brains were extracted for RNA. To confirm the viability of infectious ZIKV in the progeny, the samples consisting of ZIKV-positive adult offspring were used to isolate the virus by inoculating C6/36 cells.



Quantification of ZIKV

The total RNA was extracted using the QIAamp Viral RNA Mini Kit (QIAGEN, Hilden, Germany) following the protocol of the manufacturer after tissues were ground by a freeze-grinding machine (60 MHz, 2 min) (HODER Beijing N. 9548R). One-step nucleic acid detection kit (DaAn Gene, Guangzhou, China) was used to detect the RNA genome, which was determined by absolute RT-qPCR on a 7500 Real-time Quantitative PCR System (Applied Biosystems, Foster City, USA) under the following program, namely, 1 cycle at 50°C for 15 min, 95°C for 15 min; 40 cycles at 94°C for 15 s, and 55°C for 45 s. The number of viral RNA copy was calculated by generating a standard curve as previously described (Li et al., 2017). Viral RNA copy number was expressed as log10 RNA copies per μl.



Statistical Analysis

All statistical analyses were conducted using R version 3.6.1 and SAS version 9.3 (Cary, NC, USA). Chi-square and Fisher's exact tests were used to compare the rates. Multiple comparisons of the rates were performed with R using rcompanion packages. The ZIKV RNA copy number was log-transformed and then compared using two-way ANOVA post-hoc Tukey tests. Significance of p-value was corrected by Bonferroni adjustments, and p < 0.05 was considered significant.




RESULTS


Vector Competence of Mosquitoes to ZIKV Through Oral Infection

The infection rates were calculated by detecting infection status of midguts, saliva, and salivary glands or ovaries for ZIKV to evaluate vector competence. ~288 female mosquitoes (96 mosquitoes per duplicated trial) were infected by ZIKV, and the selected 30 females with full abdomen were ZIKV positive by qPCR after first infectious blood-fed (0 dpi). The results suggested that all midguts were infected with ZIKV because of the undigested viral blood meal on 0 dpi, while no virus was detected in other tissues (Figure 2A). The TR and DR continually increased with time. However, the difference in the TR was not significant on 7, 10, and 14 dpi (Fisher's exact test, p > 0.05). The IR of midguts, which rose from 4 dpi and rapidly increased to peak near 100% on 10 dpi and then declined on 14 dpi, was not accumulated. But the IR of 10 dpi was significantly higher than those of either 4 or 7 dpi (p < 0.01, p < 0.05). ZIKV could also be measured in the saliva glands and ovaries, which were significantly lower DR of 4 dpi than those of 10 dpi (p < 0.05) and 14 dpi (p < 0.01). There was relatively lower infection rate of the saliva glands than rates of other tissues, though the rates on 10 and 14 dpi were higher compared with the rates on 7 dpi (p < 0.05, p < 0.05).


[image: Figure 2]
FIGURE 2. Infection rates and virus reproduction for Zika virus in Beijing strain. (A) Vector competence of Zika virus in Beijing strain. The saliva, salivary glands, midguts, and ovaries were dissected on 0, 4, 7, 10, and 14 days post infection, and Zika virus was detected by reverse transcription quantitative real-time polymerase chain reaction. The results are expressed as mean ± SD. (B) Zika virus RNA copy number in infected saliva, salivary glands, midguts, and ovaries. Each point represents one positive tissue. X-axis represents days post infection (dpi), and Y-axis represents RNA copy number. Error bars indicate mean ± SD.


The RNA copy number in the saliva, salivary glands, midguts, and ovaries had significant differences, respectively. Virus was detected in the midguts, salivary glands, and ovaries from 4 dpi, except the saliva (Figure 2B). The RNA copy number in the saliva on 10 dpi was lower than RNA copy number on 14 dpi (p > 0.05). The amount of RNA copy in saliva glands increased from 4 dpi (3.0 ± 0.78) to 14 dpi (4.13 ± 0.54) with slight fluctuations (p > 0.05). But the RNA copy number of midguts rapidly raised to 6.91 ± 0.36 log10 RNA copies/μl on 14 dpi, which was significantly higher than those on 4 dpi (4.42 ± 1.01, p < 0.01), 7 dpi (5.83 ± 0.58, p < 0.01), and 10 dpi (5.59 ± 0.51, p < 0.01). For ovaries, the trend of the RNA copy number was slowly increasing to 4.74 ± 0.36 log10 RNA copies/μl on 14 dpi, significantly higher than that before (p < 0.05).



MIR of Eggs

Details of pools tested for ZIKV in positive pools are shown in Figure 3A. In GC1, the MIRs declined from peak 1/30.7 on 3 dpov to low 1/400 (Fisher's exact test, p < 0.01) under LD conditions, with the high proportion before 7 dpov and stay stable during the next 4 weeks. But there was no significant difference between the MIR on 70 dpov and the MIR on 40 dpov after being maintained at 16°C for 1 month. The trend of the MIR in the LD-GC2 group was similar to that of LD-GC1. The MIRs on 3 and 7 dpov were significantly higher than that on 40 dpov (p < 0.05). The MIRs of 40 and 70 dpov did not differ significantly (p > 0.05) when the temperature was raised. For SD, the MIRs of SD-GC1 were observed with the highest level of ZIKV infection on 3 dpov, which rapidly decreased to 40 dpov (p < 0.05). Although we quantified the relatively high MIR (1/32.3) of GC1 on 3 dpov, no ZIKV was found on 40 dpov in repeated trials until only detected once. When returning to LD conditions and 16°C, no significant difference was observed as time went by. However, a significant difference (p < 0.01) of the MIRs in SD-GC2 was detected among 3 dpov (1/30.0), 11 dpov (1/62.5), and 40 dpov (1/144.9). Furthermore, the level of MIR increasingly reached 1/77.5 from 40 dpov and was apparently higher after 1 month under LD conditions and 16°C.
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FIGURE 3. Minimum infection rates and RNA copy number of Zika virus in Aedes albopictus mosquitoes on 3, 7, 11, 21, 40, and 70 days post-oviposition. (A) Minimum infection rates/1,000 is the ratio of the number of positive pools to 1,000 eggs tested. Red dotted lines indicate the MIRs in the first gonotrophic cycle under long-day photoperiod. Red solid lines depict the MIRs in the second gonotrophic cycle under long-day photoperiod. Blue dotted lines indicate the MIRs in the first gonotrophic cycle under short-day photoperiod. Blue solid lines depict the MIRs in the second gonotrophic cycle under short-day photoperiod. Error bars indicate SDs. (B) Zika virus RNA copy number in egg pools on 3, 7, 11, 21, 40, and 70 days post-oviposition. Each point represents one positive pool. Red dots indicate RNA copy number in the second gonotrophic cycle under long-day photoperiod. Blue dots indicate RNA copy number in the second gonotrophic cycle under short-day photoperiod. Error bars indicate SDs.


The RNA copy number of GC1 in SD group was detected once on 40 dpov, while no eggs were positive for ZIKV in repeated experiments. Therefore, the RNA copy number of GC2 in SD group is presented in Figure 3B. The RNA copy number of SD group obviously continued to plummet after infection. The value continually decreased from 3 dpov (5.12 ± 0.46) and was apparently higher than RNA copy number on 40 dpov (F = 6.12, p < 0.05). Through 1-month virus duplicate in eggs, the peak copy number, which occurred on 70 dpov (5.27 ± 0.25), was significantly higher than RNA copy number of 40 dpov (F = 9.773, p < 0.01). Similarly, the level of RNA copy number in LD-GC2 was a slow decline over time and reached 2.75 ± 0.27 log10 RNA copies/μl on 40 dpov. Then, the growth in ZIKV became rapid and the ZIKV RNA copy number reached 3.63 ± 0.64 log10 RNA copies/μl on 70 dpov due to the rise in temperature (F = 4.438, p < 0.05).

However, the mean of RNA copy number had a large variation between SD and LD in GC2. The RNA copy number of SD-GC2 reached 5.12 ± 0.46 log10 RNA copies/μl on 3 dpov and was higher than those of LD-GC2 (2.99 ± 0.41) (F = 15.60, p < 0.01). On 7 dpov, the number of viral RNA copy (3.91 ± 0.16) was higher than that on 40 dpov (F = 7.03, p < 0.01). No significant difference between SD-GC2 and LD-GC2 was found on 11 and 40 dpov (p > 0.05), whereas a significant increase in the RNA copy number of SD-GC2 (5.27 ± 0.25) was apparently observed compared with the value of LD-GC2 when the developmental eggs on 70 dpov were detected for RNA (F = 7.80, p < 0.01).

The supernatants of ZIKV RNA-positive eggs on 70 dpov were collected after homogenization. The viral titers of LD group and SD group were 3.3 × 102 and 1.25 × 103 PFU/ml by plaque assay using BHK cell line, respectively.



Hatching Rate and Diapause Incidence

In hatching experiment, all eggs in our simulated winter experiments were aged at least 70 days; therefore, we infer that nearly all eggs will have terminated diapause. After we measured hatching rate in uninfected eggs (Figure 4), 39.7% of diapause eggs were stimulated to terminate diapause from SD photoperiod while over 70% of diapause eggs hatched after 70 days under LD photoperiod conditions (Fisher's exact test, p < 0.01). Under SD conditions, 22.1% of the ZIKV infected eggs hatched were lower, which had a significant difference from that of uninfected control group (p < 0.05). But the hatching rate in infected eggs from LD group (33.2%) was higher than that in SD group, showing no significant difference (p > 0.05).
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FIGURE 4. Diapause incidence and hatching rate of ZIKV infection eggs and uninfected control eggs under SD and LD conditions. LD, non-diapause-inducing long-day photoperiod; SD, diapause-inducing short-day photoperiod. Each point represents replicate test. Error bars indicate SDs.


Diapause incidence was measured in replicates to confirm that SD photoperiod conditions had induced diapause and that LD photoperiod conditions had induced non-diapause. Under SD conditions, the mean diapause incidence across biological replicates was 97.8% in ZIKV-infected eggs, while under LD conditions, the mean diapause incidence was 28.7% of the infected eggs in the hatching experiment. In contrast, the mean diapause incidence of uninfected control eggs in SD and LD groups was 98.1 and 16.9%, respectively, and there was no significant difference compared with infected eggs (Fisher's exact test, p > 0.05). Diapause eggs of different developmental stages are shown in Figure 5.
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FIGURE 5. Comparison of developmental stages of diapause, non-diapause eggs of Ae. albopictus under short-day photoperiod. (A) Egg in embryonic development on 2 days post-oviposition (dpov). (B) Ventral view of embryo with appearance of the head with labrum, thorax, abdominal segments, and associated structure on 10 dpov. (C) View of diapause embryo with ocelli and egg burster on 40 dpov. (D) Diapause eggs on 70 dpov. OC represents ocelli. EB, egg burster.




FIR of Diapause Eggs

We observed the FIR for GC1 with 2/120 of infected larvae in SD group (Table 1). The ZIKV RNA in salivary glands and midguts of offspring was not detected. For LD, detection of ZIKV RNA was not found in filial adults and salivary glands. Only FIR of 1/24 was tested in larvae and midguts.


Table 1. Zika virus infection of F1 progeny in the first gonotrophic cycle.
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But in GC2, the adult females of F1 had an FIR for ZIKV of 7/120 for SD, which decreased to 4/120 in LD group (Figure 6). Both these groups in salivary glands had an FIR of 1/24. FIR for midguts of 5/24 in SD group slightly decreased to 3/24 compared with LD group (Fisher's exact test, p > 0.05), while the ovaries of SD and LD had FIRs for F1 of 6/24 and 1/24, respectively. The difference was found to be statistically significant (p < 0.05).


[image: Figure 6]
FIGURE 6. ZIKV RNA copy number in F1 larvae, F1 adults and saliva, salivary glands, midguts, and ovaries of F1 progeny females. LD, a non-diapause-inducing long-day photoperiod; SD, diapause-inducing short-day photoperiod. Each point represents one positive tissue.


Since detection of ZIKV RNA was not found in the offspring adults of GC1, we only carried out biting infant mice experiment with females of GC2. We counted more than one red blotch on the skin of each neonatal mice to make sure all of the neonatal mice were bitten at least once. When neonatal mice were observed for sickness, mice brains were dissected. For SD, 3/10 (30%) of mice brain had viral RNA in SD group, whose RNA copy number was 2.8 ± 0.23 log10 RNA copies/μl (Table 2). But 4/10 (40%) of the neonatal mice brain were positive with the RNA copy number of 4.11 ± 1.1 log10 RNA copies/μl. The virus titers were 1.7 × 102 and 3 × 102 PFU/ml in LD and SD groups, respectively. The suspensions of F1 progeny adults in GC2 from LD and SD groups were transferred into C6/36 cells after homogenization. The ZIKV infection in C6/36 cells was monitored microscopically for cytopathic effects.


Table 2. Detection for ZIKV RNA of the brain after F1 offspring females of the second gonotrophic cycle bit neonatal mice.
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DISCUSSION

Zika virus has quickly spread to many regions across the world. Due to the absence of available vaccines and effective treatment, vector control is the major approach to prevent ZIKV disease (Possas, 2016). Owing to their wide distribution, Ae. albopictus mosquitoes might become the primary vector for ZIKV in China. Many studies have confirmed that Ae. albopictus mosquitoes could potentially transmit ZIKV (Ciota et al., 2017; Guo et al., 2020). The vector competence of Ae. albopictus mosquitoes was strongly related to viral rapid reproduction in the midgut during 0–3 dpi. The viral particles could overcome the midgut barrier and be released into the hemolymph cavity and invade the salivary gland further (Franz et al., 2015). This study showed that ZIKV detection in saliva occurred on 7 dpi. Thus, the results of this study confirmed that Ae. albopictus mosquitoes from Beijing could potentially transmit ZIKV.

In Ae. albopictus, diapause is under maternal control and responded by producing diapause offspring that overwinter as pharate larvae within the chorion of the egg (Yang, 1988). The adaptive significance of diapause is well understood. Insects in diapause could survive in adverse conditions by increasing nutrient storage and reducing metabolic activity (Hahn and Denlinger, 2011). As described by many studies, Ae. albopictus can be easily and consistently induced diapause in the laboratory under SD photoperiods (Poelchau et al., 2014; Huang et al., 2015). Therefore, it is an outstanding model to study the mechanism of photoperiodic diapause, and this mechanism may directly impact disease transmission cycles and the seasonal abundance of vector species (Joy and Sullivan, 2005). In this study, the diapause incidence was 98.1% under diapause-inducing SD photoperiod, and the diapause incidence was 16.9% under LD photoperiod. These results supported earlier observations that diapause incidence ranged from 81.4 to 94.8% under diapause-inducing SD conditions (Huang et al., 2015). Thus, our experimental conditions could consistently induce Ae. albopictus diapause in this study. In contrast, hatchability of infected eggs was lower compared to uninfected eggs. The process of viral replication may consume the energy supposed to support development of the eggs (Wang et al., 2018a).

According to research data, ZIKV could survive in diapause eggs until 70 dpov as described. It was worth noting that diapause eggs under SD photoperiod had a relative higher infection rate before 7 dpov and then MIR on 70 dpov would have been minimal, even zero, in GC1, suggesting that the virus infectivity and RNA copy number decreased with time and no virus replication occurred in the eggs finally. These results corroborated the findings of a great deal of previous work (Manuel et al., 2020). Despite the trend of rapid decreasing MIRs, vertical transmission was observed during GC1 (Chaves et al., 2019). This would be a fruitful area for further work to identify within-egg location of virus colonization to demonstrate the existence of vertical transmission.

Compared to GC1, there was a higher level of MIRs in both LD and SD groups in GC2. But the MIRs largely declined from a peak on 3 dpov to a low on 40 dpov. The probable reason could be that the virus may not reach into the inside of the egg through vertical transmission, but the virus is contaminated on the surface of the egg during laying. In the high-temperature condition, the change in MIR in GC2 was not apparent, but RNA copy number of 70 dpov was increasingly higher than those of 40 dpov that indicated that RNA replication occurred in the diapause eggs. Besides, we carried out future studies to assess infection status of offspring mosquito in vertical transmission efficiency. The most obvious finding was that our results reveal ZIKV could be vertically transmitted to their offspring via diapause eggs. After diapause eggs hatched, we observed the FIR for GC1 with 2/120 of infected larvae in SD group and 1/120 of infected larvae in LD group. The FIRs of adults' salivary glands were not detected. For GC2, one anticipated finding was that 8/120 larvae and 7/120 offspring adults were tested ZIKV–positive. In accordance with the present results, previous studies have demonstrated that FIR ranged from 1/36 to 1/6,400 (Thangamani et al., 2016). This outcome was contrary to that of Chaves et al., who found that longer incubation time and fewer gonotrophic cycles could help clarify the influence of viral genotype on vertical transmission efficiency and promote vertical transmission (Chaves et al., 2019). In this study, the interesting finding was that viral RNA could exist in larvae, but that viral RNA in adults could not be detected. It was possible that there was transstadial loss of infection after adult mosquitoes emerged (Pereira-Silva et al., 2018). Here, we verified that transstadial transmission was completely efficient.

To our knowledge, this is the first study of detection of ZIKV in diapause eggs of Ae. albopictus. Our conclusions show a precise evaluation of vertical transmission, including FIR and the exact viral load of infected progeny. The results highlight that gonotrophic cycle may influence the infection rate of offspring mosquitoes. This study reveals that ZIKV can survive in diapause eggs in winter until the alive virus can rapidly proliferate under appropriate conditions. Thus, these updated findings can be used for preventing ZIKV disease and vector control strategy.
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The ongoing pandemic of coronavirus disease 2019 (COVID-19) caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) urgently needs effective antivirals. After over 2 years since the beginning of the pandemic, only a few FDA approved therapeutic options are available to treat the population. Combination therapies have become a standard for the treatment of other infectious diseases such as HIV and hepatitis C due to their improved efficacy compared to monotherapy, reduced toxicity, the ability to prevent the development of resistant viral strains and their potential to treat co-infection. The interest in identifying molecules displaying bioactivity against SARS-CoV-2 has led to extensive search for promising molecules from the natural pharmacopoeia and polyphenols have been shown to display antiviral activity against a number of viruses including SARS-CoV-2. Here we evaluated the in vitro efficacy of two polyphenols, Epigallocatechin gallate (EGCG) and Isoquercetin, in combination with Remdesivir, the first-approved drug for the treatment of severe COVID-19. We confirmed the inhibitory effects of EGCG and isoquercetin against SARS-CoV-2 and demonstrated their strong antiviral synergistic effects with Remdesivir in vitro. These combinational therapies represent an interesting avenue for the treatment of COVID-19 and grant further studies.
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Introduction

The Severe Acute Respiratory Syndrome coronavirus 2 (SARS-CoV-2) outbreak is causing an unprecedented global pandemic that has led to an unparalleled worldwide public health emergency. As of June 2022, the scale of the coronavirus disease 2019 (COVID-19) pandemic, with over 544 million cases and 6.3 million deaths globally over a 2-year period (1) exceeds the 1968 influenza A/H3N2 pandemic, which reported ~1 million deaths worldwide. Patients with COVID-19 can develop pneumonia (2), severe symptoms of acute respiratory distress (ARDS), and multiple organ failure (3). This RNA virus is related to SARS-CoV-1, which emerged in 2002-03 in China, but has distinct features provoking specific morbid symptoms. Infected persons display strong respiratory syndrome including fever, cough, shortness of breath and dyspnea. Severe symptoms will lead to pneumonia and are associated with a major inflammatory crisis in the lungs which leads to improper alveolar pulmonary function and poor gas exchange and blood oxygenation. The disease can also lead to kidney failure and death. Increasing evidence shows that immune patterns are closely associated with the disease progression of patients infected with SARS-CoV-2, where the altered responses are due to both replication in different organs as well as the exacerbation of the inflammatory reactions. This outcome is even more important in high-risk individuals and elderly people (4).

While there are currently multiple effective vaccines, there is still a considerable amount of the global population which has not yet received any dose of COVID-19 vaccine due to vaccine hesitancy and public mistrust, no equitable access to vaccines in many countries, or not yet eligible for vaccination. In addition, immunocompromised individuals can have reduced responses to vaccines, due to their weak immune system. Therefore, the combination of these events is promoting the emergence of viral variants that are increasingly transmissible and are evolving to escape human immunity, as it is the case with omicron variant and its different sub-lineages (5). There is, thus, an immediate unmet need for antivirals that can be rapidly used to treat COVID-19 patients in the unvaccinated, the immunocompromised, and those infected with virus variants that escape human immunity.

COVID-19 antiviral therapy plays a pivotal role in limiting the burden of diseases, preventing infection and minimizing household or community transmission, reducing long-term sequelae of the disease, as well as reducing hospitalization, thus, having an important impact on public health. Very few therapeutic options are available for the treatment of COVID-19 patients, including monoclonal antibodies, which are in general very expensive, and recently, two antivirals, Paxlovid and Molnupiravir, have been authorized in the US. However, these antivirals have significant caveats, including low supply and use only among patients at high risk of severe illness and death.

Remdesivir (GS-5734) is an inhibitor of the viral RNA-dependent RNA polymerase with in vitro inhibitory activity against SARS-CoV-2 and other coronaviruses such as SARS-CoV-1 and the Middle East respiratory syndrome (MERS-CoV) (6, 7). Remdesivir has been granted emergency or conditional authorization in the U.S., Europe, Australia, Singapore, Japan and Canada for people with severe symptoms (8) as a promising treatment option to reduce hospitalization by an average of 4 days (9). The current available Remdesivir requires intravenous administration, however, an orally bioavailable nucleoside prodrug (GS-621763) has been designed for optimal delivery of the parent nucleoside (GS-441524) into the systemic circulation and is being evaluated in in vitro and in vivo models (10).

In the context of the actual pandemic, it is urgent to revisit the arsenal of already developed synthetic drugs and natural molecules from the traditional pharmacopoeia with potential action against the virus. The latter category appears promising to fight viruses and especially SARS-CoV-2. In particular, polyphenols have been shown to display antiviral activity against a number of viruses such as influenza (11–14), Zika (15), Ebola (16), Dengue (17, 18), hepatitis (19), HIV (20, 21) and many others (22–24). As a matter of fact, flavonoids like epigallocatechin gallate (EGCG), present in green tea, display strong antiviral activity against many human viruses including HIV type I, Human T-cell lymphotrophic virus type I, Hepatitis B and C viruses, Herpes types 1 and 2, Epstein-Barr virus, Human Papilloma virus, Influenza virus, rotavirus, and several enteroviruses (25–33). The flavanone hesperidin, present in citruses, has also been shown to inhibit the replication of influenza virus type A (H1N1) (34, 35), and rotaviruses (29), yet, not as efficiently as EGCG. Oligognol™, a catechin oligomer (proanthocyanidin) extract found in the litchi exocarp, blocks the fixation of influenza A viruses to its receptor on Madin-Darby Canine Kidney cells and suppresses the nuclear transport of viral ribonucleoprotein (RNP) (36). Finally, quercetin glycosides (i.e. quercetin-3-β-O-d-glucoside or Isoquercetin, quercetin-4-o-β-glucoside, rutin, quercetin-sophoroside) present in apples, onions, and many Brassicas have been shown to prevent Ebola infection in Vero cells and in murine models (16). Quercetin, also prevents the replication of Zika virus (37), Dengue (38) and influenza A/H1N1 viruses (39).

The renewed interest in identifying molecules displaying bioactivity against SARS-CoV-2 has led to extensive search for promising molecules from the natural pharmacopoeia. Using computational molecular docking and in silico binding affinity, candidate molecules targeting SARS-CoV-2 proteins (PLpro, 3CLpro, RNA-dependent RNA polymerase (RdRp), helicase, Spike) have been tested for their potential use for inhibiting replication of this virus (40–44). Using this strategy, many molecules belonging to the flavonoid family, like EGCG, quercetin, hesperidin, chrysin and baicalain, all flavonoids, have shown potential (45), thus warranting further in vitro testing.

Based on this preliminary information, we investigated the in vitro antiviral activity of selected polyphenols against SARS-CoV-2 and we provide evidence for their synergistic effect when used concomitantly with Remdesivir, the first-approved drug for the treatment of severe COVID-19 (8).



Materials and methods


Cells and Virus

To assess the ability of polyphenols to inhibit SARS-CoV-2 replication in vitro, we used Vero E6 cells (ATCC® CRL-1586™) maintained at 37°C, 5% of CO2 in Minimum Essential Medium (Gibco, Paisley, UK) supplemented with HEPES (Wisent, Québec, CA) and 10% of fetal bovine serum (Cytiva, Utah, USA).

The wild-type virus SARS-CoV-2/Quebec City/21697/2020 used for the experiments was recovered from a patient in April 2020 and passaged twice in Vero E6 cells to produce a stock of the virus. All manipulations using SARS-CoV-2 were carried out at the Containment Level 3 (CL3) laboratory at the CHU de Québec-Université Laval Research Center.



Antiviral Compounds

EGCG and Isoquercetin (Quercetin-3-O-glucopyranoside) were obtained from Sigma-Aldrich (St Louis. MO, USA) and 10 mM stock solution were prepared in DMSO. Remdesivir was purchased from MedChem Express (Princeton, NJ, USA) and 100 mM stock solution was prepared in DMSO.



In Vitro Antiviral Analyses


Determination of Antiviral Effective Concentration Inhibiting Virus Replication by 50% (EC50) Using Monotherapy

Vero E6 cells (30000 cells per well) were cultured in 96-well plates. One day later, cells were infected with 200 Median Tissue Culture Infectious Dose (TCID50) of SARS-CoV-2 per well. After 1 hour of incubation at 37°C in a 5% of CO2 atmosphere, antivirals in two-fold serial dilutions were added with final concentrations ranging from 15.6 μM to 125 μM for EGCG, 7.8 μM to 62.5 μM for Isoquercetin and 1.25 μM to 20 μM for Remdesivir. Three days later, cell viability was evaluated using 3-(4,5-dimethylthiazol-2-yl)-5-(3-carboxymethoxyphenyl)-2-(4-sul-fophenyl)-2H-tetrazolium (MTS) (CellTiter 96® AQueous One Solution Cell Proliferation Assay, Promega, Nepean, ON, Canada) as previously described (46, 47). Ten microliters per well of MTS was added and absorbance was measured 3 hours later at 490 nm using a Synergy HTX Multi-Mode 96-well plate reader (Agilent). The percentage of cell survival was calculated and the EC50 values were determined (48).



Evaluation of Antiviral Combinations

We also combined Remdesivir with the two polyphenols (Remdesivir/EGCG and Remdesivir/Isoquercetin) to evaluate antiviral activity. The EC50 of combined polyphenols and antiviral were evaluated using the same principle as for single component. Serial dilutions of the two combinations, with concentrations surrounding the EC50 of each molecule tested separately were cross-mixed, resulting in 20 different pairwise comparisons. Cell culture infection and viability were processed as for monotherapy. The EC50 of one molecule (considered as the reference molecule) combined with a constant concentration of a second molecule was calculated. Experiments were done twice in quadruplicate. Dose-response curves were performed with Graph-Pad Prism 8.

To evaluate the synergistic effect of antiviral compounds, we used the SynergyFinder software version 2.0 (https://synergyfinder.fimm.fi/synergy/20210225212818919177/). We obtained a dose-response percent matrix inhibition of single and combined compounds (Remdesivir/EGCG and Remdesivir/Isoquercetin) and a 3D interaction surface response between these compounds, and calculated the synergy score for the combination using ZIP (Zero Interaction Potency) reference model as described previously (49). Red areas in the surface response and a synergy score larger than 10 correspond to a synergistic interaction between compounds (https://synergyfinder.fimm.fi/synergy/synfin_docs/#datanal).




Cytotoxicity Assays

Polyphenols and Remdesivir cytotoxic effects were evaluated using the same protocol as for antiviral combinations except for the addition of the virus. Cell viability was calculated and normalized with untreated control, which was defined as 100%.




Results


Inhibition Effects of Remdesivir, EGCG and Isoquercetin Against SARS-CoV-2 Infection

We first determined the 50% effective concentration (EC50) of each compound used in monotherapy. As shown in Table 1, EGCG and Isoquercetin were effective to inhibit SARS-CoV-2 replication by 50% at 85.65 ± 6.45 μM and 23.99 ± 1.07 μM, respectively. Isoquercetin has already shown its effectiveness against Influenza and Ebola virus (16, 50) and has been proposed for SARS-CoV-2 treatment (51, 52). Although the EC50 of EGCG was relatively high using this assay, it was previously described as effective to block infection of ancestral SARS-CoV-2 and UK-B.1.1.7, SA-B.1.351 and CA-B.1.429 variants, in vitro (53). Remdesivir, the first drug approved for severe COVID-19 (8), has been tested in parallel with polyphenols. The EC50 of Remdesivir was 9.18 ± 4.88 μM. Another study using Vero cells found a similar EC50 value at 8.24 μM (54). These findings confirm the capacity of EGCG, Isoquercetin, and Remdesivir to inhibit SARS-CoV-2 replication.


Table 1 | Antiviral activity of polyphenols (EGCG or Isoquercetin) and Remdesivir alone or in combination against SARS-CoV-2. EC50 of one compound alone or combined was determined.





Synergistic Inhibitory Effect of Remdesivir with EGCG or Isoquercetin Against SARS-CoV-2 Infection

We investigated the antiviral effects of the combination of Remdesivir with EGCG or Isoquercetin by mixing different concentrations of each compound, and calculated the EC50 of the reference compound combined with a constant concentration of a second one. The combination of remdesivir and EGCG or Isoquercetin exhibited highly potent synergism as compared with their individual EC50. Considering Remdesivir as reference compound, the addition of 15.65 μM of EGCG or Isoquercetin, reduced the Remdesivir EC50 values by at least half (8.18 ± 4.88 μM to 4.42 ± 2.13 and 2.29 ± 0.02, respectively). The EC50 was reduced 5 times with 31.5 μM of EGCG (Table 1). When EGCG and Isoquercetin concentrations increased, the Remdesivir EC50 could not be determined because cell viability was higher than 50% for all concentrations tested. These results indicate that low concentrations of polyphenols, about 5 times of EGCG EC50 and 1.5 times of Isoquercetin EC50 can potentiate the activity of Remdesivir.

We then used EGCG or Isoquercetin as reference compounds (15.6 to 125 μM and 7.8 to 62.5 μM respectively), and calculated their EC50 at a constant concentration of Remdesivir. The addition of much lower concentrations of EGCG-Remdesivir drastically reduced the EC50 of EGCG (with 1.25 μM of Remdesivir, 3.1-fold reduction; with 2.5 μM of Remdesivir, 3.4-fold reduction) (Table 1). When 5 μM of Remdesivir were added, a concentration below the EC50, we could not determine the EGCG EC50 because cell viabilities were higher than 50% for all concentrations tested, indicating a potential effect of EGCG to improve the antiviral effect of Remdesivir. The EC50 of Isoquercetin was also improved with different concentrations of Remdesivir (Table 1), but not to a greater extent as with EGCG.

Dose-response curves of compounds tested alone or in combination against SARS-CoV-2 were also evaluated. Serial dilutions of Remdesivir were tested with different constant concentrations of EGCG or Isoquercetin and vice versa. As shown in Figure 1A, EGCG with concentration higher than 15.62 μM potentiated the effect of Remdesivir. This finding was observed for Isoquercetin combined with Remdesivir, but only at certain concentrations (1.25 to5 μM of Remdesivir) (Figure 1B). Based on serial dilutions of EGCG or Isoquercetin, in combination with different constant concentrations of Remdesivir showed a higher potency for EGCG/Remdesivir than that for Isoquercetin/Remdesivir (Figures 1C, D).




Figure 1 | Dose-response curves of antivirals compounds tested alone or in combination against SARS-CoV-2. Serial dilutions of Remdesivir (1.25-20 μM) combined with constant concentrations of EGCG (A) or Isoquercetin (B). (C) Serial dilutions of EGCG (15.62-125 μM) combined with constant concentrations of Remdesivir. (D) Serial dilutions of Isoquercetin (7.81-62.5 μM) combined with constant concentrations of Remdesivir. X axis: Compound concentration in Log10 (μM). Y axis: Percentage of cell survival. Three different experiments were done in quadruplicates each time for both drug combinations.



Overall, these observations suggested a reciprocal positive effect of EGCG and Isoquercetin with Remdesivir.

To assess the synergistic interaction between Remdesivir and EGCG or Isoquercetin, we used the SynergyFinder web application (https://synergyfinder.fimm.fi) which generated dose-response matrix, 3D interaction surface response between these compounds and allowed to calculate the synergy score.

For Remdesivir/EGCG combination, the dose-response matrix showed that most of the boxes are red, corresponding to a clear synergistic inhibitory effect of Remdesivir/EGCG against SARS-CoV-2 (Figure 2A).




Figure 2 | Synergistic antiviral effects of polyphenols and Remdesivir against SARS-CoV-2. (A) Combination of Remdesivir- EGCG. At the top, dose-response matrix with the percentage of inhibition induced by single and combination drugs on SARS-CoV-2 infected cells (red box=high percentage of virus inhibition); In the middle, interaction surface response between these compounds with the synergy score for the combination using ZIP reference model (red areas correspond to a synergy score larger than 10 = synergistic interaction between two drugs); At the bottom, cytotoxicity evaluation on uninfected cells (red box=high percentage of cell viability) of (A) Remdesivir-EGCG and (B) Remdesivir-Isoquercetin.



This profile was confirmed by analyzing the 3D interaction surface responses between the polyphenols and the antiviral and indicated a large red area and a synergy score of 30.615 (Figure 2A). The dose-response matrix for the combination of Isoquercetin and Remdesivir showed a modest synergistic effect, observed by pallor red boxes and a synergy score of 11.072 (Figure 2B).




Discussion

In this study, we aimed to investigate the antiviral effects of the combination of Remdesivir with EGCG or Isoquercetin. We confirmed the inhibitory effects of EGCG and isoquercetin against ancestral SARS-CoV-2 and demonstrated their strong antiviral synergistic effects with Remdesivir in vitro. Remdesivir combined with EGCG showed a synergy score of 30.615. This score is high, compared to previous studies testing the Remdesivir combination using Vero cells (55, 56). EGCG interacts with viral membrane proteins and/or cellular proteins and blocks the early stages of infection such as attachment, post-adsorption entry, and genome replication by inhibiting reverse transcriptase, both in vitro and in vivo (31). Interestingly, EGCG appears to boost the antiviral action of Remdesivir, which means that lower concentration of the latter is needed to provide a similar antiviral activity. This is possibly due to the different mechanism of action of EGCG and Remdesivir. Preliminary data from our group (not published) and others (53, 57) have shown that EGCG inhibit SARS-CoV-2 in vitro through their interaction with the virions rather than the cells because pretreatment of virions but not cells with catechin derivatives significantly suppressed the viral infection (53, 57).

Colpitts and Schang (58) have shown that EGCG acts directly on the surface of several virus surface proteins without affecting the fluidity or integrity of the virion envelope by competing with heparan sulfate or sialic acid moieties in cellular glycans preventing virion binding to cells. Additionally, EGCG was also shown to have an inhibitory activity against the SARS-CoV-2 3CL-protease and reduce viral replication in cell culture (59). A multicenter, double-blind, randomized, placebo-controlled clinical trial has been proposed in health care workers directly exposed to clinical care, daily contact, or traffic of individuals with suspected COVID-19 during the epidemic outbreak. The aim of this latter study is to determine the efficacy of Previfenon® (EGCG) to prevent COVID-19, enhance systemic immunity, and decrease the frequency and intensity of selected symptoms when used as pre-exposure chemoprophylaxis to SARS-CoV-2 (https://clinicaltrials.gov/ct2/show/NCT04446065?term=EGCG+%28Previfenon%29&cond=COVID-19&draw=2&rank=1).

The active triphosphate form of Remdesivir acts as a nucleoside analog and inhibits the RdRp of SARS-CoV-2 and other coronaviruses. Remdesivir is incorporated by the RdRp into the growing RNA product and allows the addition of three more nucleotides before RNA synthesis stalls (60). Thus, since targets and mode of actions of each antiviral differ, and are potentiated by one another, we surmise that Remdesivir/EGCG combination could be used as an alternative therapy for immunocompromised patients or for severe cases of COVID-19. EGCG has been shown to inhibit SARS-CoV 3CLproteases with a IC50 in similar ranges as observed in the present study (45). This concentration of the molecule in circulation is attainable by dietary consumption of a green tea extract supplements (61). Moreover, EGCG has an antioxidant and anti-inflammatory effects (62–64). Of note, one case of resistance to Remdesivir was recently reported in immunocompromised patients just about a year after this drug was approved by the U.S. FDA, justifying the improvement of COVID-19 treatment (65). Therefore, using polyphenols along with Remdesivir could be an option to prevent mild to severe disease or to improve outcomes of patients with severe COVID-19 as well as to limit antiviral resistance.

Remdesivir combined with Isoquercetin showed a synergy score of 11.072. Using an in vitro fluorescence resonance energy transfer (FRET) SARS-CoV 3CLpro assay, Ryu et al. (66) have found that quercetin had an IC50 of 24 µM, which is in the activity range observed with isoquercetin in our study. Isoquercetin is the glycosylated form of quercetin found in plants. Its absorption is either intact through GLUT2 transporters or after deglycosylation from enterocyte produced lactose phloridzin hydrolase releasing the aglycone in circulation. Absorbed quercetin is then rapidly metabolized by hepatic phase II enzymes, leading to the glucuronidated form of the molecule. The molecule is thus bioavailable and can act systemically. Of note, an open-label randomized phase-2 study of Isoquercetin and standard of care versus standard of care only for the treatment of COVID-19 will be undertaken in 2022 (https://clinicaltrials.gov/ct2/show/record/NCT04536090).

Although the antiviral combinations demonstrated efficacy against SARS-CoV-2, they do not appear to be cytotoxic. Antiviral cytotoxicity was evaluated alone or in combination. Indeed, no cytotoxic effect was observed with all antiviral concentrations tested (Figures 2A, B). This observation confirms the low cytotoxic concentration 50 (CC50) of Quercetin observed previously (67).



Conclusion

This study confirmed the inhibitory effects of two polyphenols, EGCG and Isoquercetin, against SARS-CoV-2 and demonstrated their antiviral synergistic effects with Remdesivir in vitro. In order to improve antiviral therapy, to reduce the development of resistant strains or intolerance by using a high dose of Remdesivir alone, this study demonstrated that combining polyphenols and Remdesivir, which have different mechanisms of action, could be considered as an efficient therapeutic alternative. Also, EGCG and Isoquercetin could be used for prophylaxis in high-risk populations, or for the treatment of COVID-19 patients as an adjunct to Remdesivir due to their strong synergistic effect against SARS-CoV-2, especially for EGCG which has shown the highest synergy score. Moreover, if an orally bioavailable formulation of Remdesivir shows promising results, this combination could be extended to outpatients. Our results warrant further studies to explore the efficacy of each combination therapy using animal models as well as clinical investigations for the prophylaxis and treatment of SARS-CoV-2 infections.
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Severe acute respiratory syndrome-related coronavirus (SARS-CoV-2) transmission occurs even among fully vaccinated individuals; thus, prompt identification of infected patients is central to control viral circulation. Antigen rapid diagnostic tests (Ag-RDTs) are highly specific, but sensitivity is variable. Discordant RT-qPCR vs. Ag-RDT results are reported, raising the question of whether negative Ag-RDT in positive RT-qPCR samples could imply the absence of infectious viruses. To study the relationship between negative Ag-RDT results with virological, molecular, and serological parameters, we selected a cross-sectional and a follow-up dataset and analyzed virus culture, subgenomic RNA quantification, and sequencing to determine infectious viruses and mutations. We demonstrated that RT-qPCR positive while SARS-CoV-2 Ag-RDT negative discordant results correlate with the absence of infectious virus in nasopharyngeal samples. A decrease in sgRNA detection together with an expected increase in detectable anti-S and anti-N IgGs was also verified in these samples. The data clearly demonstrate that a negative Ag-RDT sample is less likely to harbor infectious SARS-CoV-2 and, consequently, has a lower transmissible potential.

Keywords: SARS-CoV-2, antigen rapid test, infectious virus detection, qRT- PCR, virus transmissibility


INTRODUCTION

Since December 2019, more than 250 million confirmed cases and 5 million deaths have been attributed to severe acute respiratory syndrome-related coronavirus (SARS-CoV-2)-related infections worldwide (World Health Organization, 2020). Vaccines against COVID-19 became available at the end of 2020, and as of 12 November 2021, 3.1 billion people were fully vaccinated (41% of the world's population). Although vaccination may reduce COVID-19 cases and disease severity (Hall et al., 2021; Shah et al., 2021), SARS-CoV-2 breakthrough infection still occurs among fully vaccinated subjects (Bailly et al., 2021; Bergwerk et al., 2021; Chau et al., 2021). In this scenario, social distancing measures and early detection/isolation of infected individuals remain central for viral dispersion control. SARS-CoV-2 diagnosis relies on the gold-standard technique of nucleic acid amplification tests (NAATs), and several assays targeting different viral genes are available and widely used (CDC, 2020). In Brazil, the Health Department recommends the use of NAATs within 3–15 days from the beginning of symptoms only for hospitalized patients with severe respiratory syndrome, healthcare workers presenting flu-like symptoms, and organ donation candidates (Larremore et al., 2021). However, the high costs and operational requirements limit its availability. Besides, NAATs long turnaround time to get results may negatively impact the clinical outcome and epidemiology. Thus, strategies to accelerate diagnosis are still required.

SARS-CoV-2 Ag-RDTs represent powerful tools to expand the number of people tested and increase testing frequency (Mina et al., 2020; Larremore et al., 2021; Pilarowski et al., 2021). Most commercial Ag-RDTs, based on lateral flow immunoassays, capture SARS-CoV-2 nucleocapsid (N) protein due to their high degree of conservation and the proportionally high amounts in coronavirus virions (Wang et al., 2020; Diao et al., 2021).

Currently, WHO recommends the use of Ag-RDTs as a diagnostic tool when the tests achieve a minimum of 80% sensitivity and 97% specificity, compared with a reference NAAT. Ag-RDTs can be especially useful in locations where NAAT is unavailable or has delayed time responses (World Health Organization, 2021). In fact, several studies report high specificity with few variations among Ag-RDT assays in clinical samples (Linares et al., 2020; Corman et al., 2021; Igloi et al., 2021; Pilarowski et al., 2021; Routsias et al., 2021). Most studies also demonstrate a correlation between the number of days since symptom onset (DSSO), viral load, and sensitivity. Ag-RDTs' sensitivity varies from 85 to 94% when used 3–5 DSSO (Chaimayo et al., 2020; Linares et al., 2020; Igloi et al., 2021) with high sensitivity for samples with Ct values below 25 (Chaimayo et al., 2020; Igloi et al., 2021; Korenkov et al., 2021).

In addition to its low cost and quick result, preliminary studies have also demonstrated a reliable correlation between a positive Ag-RDT result and viral isolation in cell culture, supporting Ag-RDTs as a convenient tool for early detection of the high virus spreading individuals, enabling appropriate patient isolation, and improving transmission control (Pekosz et al., 2021; Pickering et al., 2021). Although its cause remains unclear, a small proportion of patients show a negative Ag-RDT result with detectable viral load by NAAT and positive viral culture (Homza et al., 2021). Thus, these discordant cases (Ag-RDT-/NAAT+) could impact the spread of SARS-CoV-2 (Homza et al., 2021; Pray et al., 2021).

In this study, we analyzed patients with positive SARS-CoV-2 RT-qPCR results and negative Ag-RDT using the Panbio™ COVID-19 Ag test (Abbott) from a cohort of patients attending for SARS-CoV-2 diagnosis at the Federal University of Rio de Janeiro, Brazil, from August 2020 to September 2021. We found that 10–35% of samples that tested positive for SARS-CoV-2 RT-qPCR were negative at Ag-RDT consistently throughout the period of the study, regardless of the predominant SARS-CoV-2 variant circulating in the Rio de Janeiro State. We further characterized 23 concordant (RT-PCR+/Ag-RDT+) and 29 discordant (RT-PCR+/Ag-RDT-) samples for virus isolation in cell cultures, RT-qPCR correlation, presence of anti-Spike and anti-nucleocapsid IgG, full-length viral genome, viral sub-genomic mRNA (sgRNA), and viral protein content. We found that discordant samples harbor intact full-length genomes, but only 10.53% were replication-competent compared with 56.52% of the true positive counterpart. Through statistical models and in vitro assays, we demonstrated that the two variables with greater predictable capacity for a positive Ag-RDT result were the RT-qPCR Ct value and the absence of humoral response against SARS-CoV-2.



MATERIALS AND METHODS


Study Samples

The Federal University of Rio de Janeiro offers diagnostic tests for mildly symptomatic public healthcare and security force workers in the city of Rio de Janeiro and to the University community. For patients presenting up to 5 days from symptom onset at the time of testing, a nasopharyngeal swab was taken from one patient's nostril to perform the Panbio™ COVID-19 Ag test using the swab provided with the kit. Additional nasopharyngeal swabs were collected from both nostrils using two rayon-tipped swabs for RT-qPCR testing. The viral transport medium (VTM) sample was then used for RNA extraction and RT-qPCR for SARS-CoV-2 detection, and the leftover sample was stored at −80°C for further inoculation in cell culture. All patients were requested to take another RT-qPCR test 14 days after the initial symptoms and, if it remained positive, to take a follow-up test every 7 days until a negative RT-qPCR result was obtained. Plasma and serum were also collected during each visit for serological test purposes.

We selected samples from August 2020 to September 2021 in two study cohorts: a cross-sectional cohort composed of patients that, at the time of diagnosis, presented an antigen test that was further confirmed (antigen concordant) or not (antigen discordant) by RT-qPCR and a follow-up cohort, composed of patients that, at the time of diagnosis, presented antigen, and RT-qPCR positive results and had at least one more sample collected with a minimum 6-day interval where antigen and RT-qPCR results were concordant or discordant. For all the selected samples, 100 μl of the VTM sample was tested again with the Panbio™ COVID-19 Ag test according to the manufacturer's instructions. A flow chart of the sample selection and the study's cohorts is shown in Figure 1.
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FIGURE 1. Schematic representation of the UFRJ-CTD cohort from 20 August to 21 September and sample selection. Mildly symptomatic individuals tested for severe acute respiratory syndrome-related coronavirus (SARS-CoV-2) diagnosis at the Center for COVID-19 Diagnosis of Federal University of Rio de Janeiro from August 2020 to September 2021 account for a total of 8.095 RT-qPCR and antigen RTD exams. Of this total, 1.820 tested positive for SARS-CoV-2 1.539 also being antigen RDT positive (concordant samples) and 293 antigen RDT negative (discordant samples). From this group, 61 samples (23 concordant and 29 discordant) were selected for further studies comprising the cross-sectional dataset while 30 additional patients were selected for the follow-up dataset where the patient has a second sample collected with a minimum of 6 days after diagnosis.


This study was approved by the National Committee of Research Ethics (CAAE-30161620.0.1001.5257). All enrolled participants were above 18 years old and declared written informed consent.



Cell Lines

African green monkey kidney cells (Vero E6, ATCC CRL-1586) and the humanized Vero expressing hAce-2 and hTMPRSS2 (ATCC), referred to as Vero-hA/T, were maintained in DMEM (ThermoFisher Scientific) supplemented with 10% fetal bovine serum (FBS; Gibco), 100 U/ml penicillin, and 100 μg/ml of streptomycin (ThermoFisher Scientific). The cells were incubated at 37°C with 5% of CO2 and passed every 3–4 days.



Viral Isolation

For viral isolation, Vero E6 or Vero-hA/T was plated in six well plates 24 h before inoculation to achieve 70% confluence overnight. Cells were infected with 250 μl of VTM diluted in DMEM plus 300 U/ml penicillin and 300 μg/ml of streptomycin, with no addition of FBS for 1 h for viral adsorption. After the adsorption period, 10% FBS-supplemented DMEM with 300 U/ml penicillin and 300 μg/ml streptomycin was added to the inoculum, and the cells were incubated at 37°C and 5% CO2 for 72 h (passage #1). The supernatants of passage #1 were collected, 250 μl of supernatants was used to infect fresh cell cultures as previously described and incubated for another 72 h (passage #2), and the remaining supernatant was stored at −80°C for RNA extraction and RT-qPCR for SARS-CoV-2 detection. Passage #2 supernatants were also collected and stored at −80°C for viral titration, RNA extraction, and RT-qPCR for SARS-CoV-2 detection. For both cell passages, 100 μl of the collected supernatant was used to perform the Panbio™ COVID-19 Ag assay. For viral titration, 10-fold dilutions of each sample from passage #2 were used to infect Vero E6 cells. After 1 h of virus adsorption, media was replaced by fresh DMEM with 1% FBS, 100 μ/ml penicillin, 100 μg/ml streptomycin, and 1.4% carboxymethylcellulose (Sigma Aldrich) followed by incubation for 4 days at 37°C with 5% CO2. Then, cells were fixed with 10% formaldehyde and stained with 1% crystal violet in 20% methanol for plaque visualization and quantification. Viral titers were expressed as plaque-forming units per milliliter (PFU/ml). Positive viral isolation was defined by the visualization of viral plaques after titration of the passage #2 supernatants. If a sample presented a drop of Ct value from cell passage #1 to cell passage #2, we performed an additional cell passage (passage #3) as previously described. We considered the sample positive for virus isolation once plaques were visualized in the titration assay. All the experiments were conducted in a BSL-3 laboratory.



RNA Extraction

RNA was extracted from 200 μl of cell culture supernatant from cell passages #1, #2, and #3 when available, using the ReliaPrep™ Viral TNA Miniprep System (Promega) according to the manufacturer's instructions. RNA was eluted in 50 μl and stored at −80°C until RT-qPCR.



RT-qPCR

For detection of genomic and subgenomic SARS-CoV-2 RNA, we used viral RNA extracted from VTM at the time of diagnosis. Genomic RNA was detected using SARS-CoV-2 (2019-nCoV) CDC qPCR Probe Assay (Integrated DNA Technologies, IA, USA) targeting the SARS-CoV-2 N gene and Brilliant III Ultra-Fast qRT-PCR Master Mix (Agilent). For subgenomic RNA, specific primers for gene N subgenomic product were used together with a probe for N gene along with Brilliant III Ultra-Fast qRT-PCR Master Mix (Agilent) as follows: 0.08 μl of primer forward; 0.08 μl of reverse primer; 0.04 μl of probe; 10 μl of 2 × master mix; 0.2 μl of 100 mM DTT; 0.3 μl of reference dye (dilute 1:500); 1.0 μl of RT/RNase block; 3.0 μl of nuclease-free water, and 5 μl of RNA. The cycling used for subgenomic detection was 50°C for 10 min; 95°C for 3 min; 45 cycles of 95°C for 15 s, and 53°C for 30 s. Sequences of primers and probes are described in Supplementary Figure 1. For the detection of genomic RNA from viral cell cultures, we used the AnGene Kit according to the manufacturer's instructions. All the reactions were performed using the AriaMX real-time PCR System (Agilent).



Sequencing and Phylogenetic Analysis

Illumina sequencing proceeded using two distinct protocols for library construction, as described in Orf et al. (2021) and Moreira et al. (2021). In brief, viral RNA was converted to cDNA with SuperScript IV (ThermoFisher, USA), and whole-genome amplification was performed with the ARTIC SARS-CoV-2 V3 primer panel and the Q5 hot-start polymerase (NewEnglandBiolabs, USA). Amplicons were purified and converted into Illumina sequencing libraries with the QIAseq FX library kit (QIAGEN, Germany), following the manufacturer's protocol. Libraries were quantified with the Qubit dsDNA HS kit and equimolarly pooled, being sequenced on an Illumina MiSeq run with a V3 (600 cycles) cartridge (Illumina, USA).

Raw sequencing data were processed, and reference assemblies were performed using a custom pipeline. Whole-genome sequences were then classified using both the pangolin tool version 3.1.14 (Pango version 1.2.81) (O'Toole et al., 2021) and NextClade version 1.7.3 (Hadfield et al., 2018). Later, to further contextualize the novel genome sequences, a maximum likelihood phylogenetic inference was performed with IQ-Tree version 2.0.3 (Minh et al., 2020), under the GTR+F+I+G4 model. The reference dataset was assembled by querying the GISAID EpiCoV database to retrieve the 50 sequences most similar to each of ours, using the Audacity-Instant application (Acknowledgement table available in Supplementary File 1). After removing duplicates, the final dataset comprehended 555 genome sequences. All sequences generated in this study were deposited in GISAID. The GISAID accession codes (EPI_ISL_11836071 through EPI_ISL_11836089; and EPI_ISL_4413334 - EPI_ISL_4413337) together with other sequence information are listed in Supplementary Table 1.



Western Blotting

For protein analyses, infected-whole cell lysates were collected with RIPA buffer (10 mM Tris-Cl [pH 8.0]; 1 mM EDTA; 0.5 mM EGTA; 1% Triton X-100; 0.1% sodium deoxycholate; 0.1% SDS; and 140 mM NaCl) mixed with 0.1% protease inhibitor cocktail (Sigma-Aldrich). Proteins were fractionated by a 4–20% precast gel SDS-PAGE and blotted onto a nitrocellulose membrane (Hybond-ECL, GE Healthcare), using a wet tank transfer system (BioRad). Membranes were probed with primary antibodies, namely, anti-nucleocapsid (cat no: 26369, Cell Signaling) and anti-spike (cat no: 56996, Cell Signaling). The secondary antibodies used were the horseradish peroxidase HRP-conjugated Anti-Rabbit (KPL). SuperSignal West Pico Chemiluminescent Substrate (Thermo Scientific) was used as a substrate for the horseradish peroxidase (HRP) chemiluminescent reaction.



Serological Assay

Microtitre plates (Immulon 2 HB) were coated with a trimeric mammalian-culture secreted ectodomain of the Spike protein—Wuhan in the pre-fusion conformation (Alvim et al., 2021) at 4 μg/ml or the nucleocapsid—Wuhan protein produced as described by dos-Santos et al. (2021) at 1 μg/ml in 100 mM sodium carbonate-bicarbonate buffer (pH 9.6) and incubated overnight at 4°C. Excess protein was removed by washing five times with PBS + 0.05% Tween-20 (PBST, Sigma), and unbound sites were blocked using 5% BSA in PBST. Samples were added at 1/50 dilution in PBST + 2% BSA, followed by 1 h at 37°C. The plates were washed five times with PBST, and a polyclonal anti-human IgG antibody conjugated to HRP (Promega) was added for 1 h at room temperature. Plates were washed five times with PBST followed by the addition of the chromogenic substrate TMB (Sigma) for 10 min and the reaction stopped with 1N sulfuric acid. Absorbance was read at 450 nm with an ELISA microplate reader (Biochrom Asys). A positive control specimen (from a known COVID-19 patient) in simplicate and a negative control (pre-epidemic plasma sample) in triplicate were added to every assay plate for validation and cutoff determination. Results were expressed as a reaction of the sample optical density value divided by assay cutoff.



Statistical Analysis

The data from the cohort were acquired using the KoBoCollect online/offline web-based form (available at: https://www.kobotoolbox.org). The data were extracted as a dataset based on XLSForms and merged with the laboratory data. Differences between concordant and discordant groups were assessed by Mann–Whitney nonparametric U-test. A multivariate model based on logistic regression was applied for multivariate analysis. GraphPad Prism version 9.2.0 (GraphPad Software, San Diego, California USA), JASP version 0.16 (JASP Team, 2021) [Computer software]), and R (R Core Team 2021 R: A Language and Environment for Statistical Computing, Vienna, Austria available at: https://www.R-project.org/) were used. A p-value <0.05 was considered significant.




RESULTS

From August 2020 to September 2021, a total of 8,095 individuals were simultaneously tested for SARS-CoV-2 by RT-qPCR and Panbio™ Antigen RDT tests (Figure 1) at the center for COVID-19 diagnosis at the Federal University of Rio de Janeiro. While 1,820 were positive for RT-qPCR (22.5%), 1,539 (20.34%) were positive for the Ag-RDT (Figure 1), yielding 84.6% of concordant (RT-qPCR+/Ag-RDT+) and 16.1% of discordant (RT-qPCR+/Ag-RDT-) samples (Figure 1). The average age was 40.4 and 38.4 years, with 58 and 54% of women, in the concordant and discordant groups, respectively. Odds ratio measurement demonstrated no association of each demographic variable with a concordant (RT-qPCR+/Ag-RDT+) or discordant (RT-qPCR+/Ag-RDT–) status (Supplementary Table 2). All individuals presented mild symptoms in both groups, and the most frequent comorbidity was hypertension (17.9 vs. 15.5% in concordant and discordant groups, respectively). Immunodeficiency had a low frequency among these individuals with 0.4 vs. 1.1% in concordant and discordant groups, respectively. No association of specific symptoms or comorbidity with a concordant (RT-qPCR+/Ag-RDT+) or discordant (RT-qPCR+/Ag-RDT-) status was observed (Supplementary Table 2).

A multivariate logistic regression model applied to variables such as gender, age, and symptoms confirmed that none were associated with either the concordant or the discordant groups (Supplementary Figure 2 and Supplementary Table 3).

Importantly, 72.9% of the individuals in the concordant group and 72.3% in the discordant group have not been vaccinated. The individual demographic data for the total number of participants diagnosed from August 2020 to September 2021 in our cohort are shown in Supplementary Table 4. The total number of samples tested per month varied from 159 (June 2021) to 1,208 (November 2020), with a positivity rate/month of 15% (September 2021) to 36% (November 2021). Regardless of the transmission rates, the percentage of discordant samples did not vary substantially over time (Figure 2). Different SARS-CoV-2 variants circulated in Rio de Janeiro during this period (Figure 2), suggesting that Ag-RDT sensitivity was not impacted by these viral variants and neither with by the beginning of the vaccination program in January 2021.
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FIGURE 2. Evaluation of Panbio™ COVID-19 Antigen RDT test showed low false-negative occurrence with no variation during the time of the study. The total number of RT-PCR positive results per month in the studied population. In black, the total number of RT-PCR positive individuals with a negative antigen [Ag (–)] RDT result (discordant group). In gray, the total number of RT-PCR positive individuals with a positive Antigen [Ag (+)] RDT result (concordant group). At the top, prevalent viral variants in Rio de Janeiro state during the study, according to data from the Vigilance Network of the State of Rio de Janeiro (blob:http://www.corona-omica.rj.lncc.br/4efa46e4-9323-452e-b3b2-c8014526a9ad).


Using a logistic regression analysis model, we demonstrated that RT-qPCR Ct value, DSSO, and IgG anti-S significantly contribute to the probability of detecting a positive Ag-RDT. The RT-qPCR Ct value had the highest impact (Supplementary Figures 3, 4). The month of diagnosis could reflect a potential difference in the level of viral circulation, the prevalence of different variants over time, and the percentage of vaccinated individuals. However, it did not affect the probability of having a positive Ag-RDT result, suggesting that these factors did not alter Ag-RDT sensitivity (Supplementary Figure 4).

Ag-RDT negative samples had higher Ct values (Figure 3A) than Ag-RDT positive ones. A positive correlation between Ct values and DSSO for all samples was observed (Figure 3B). This correlation was maintained for Ag-RDT positive (concordant) (Figure 3C) but not for Ag-RDT negative (discordant) samples (Figure 3D), probably due to their higher Ct values.
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FIGURE 3. Discordant samples (RT-PCR+/Ag-RDT-) showed higher Ct values than concordant ones (RT-PCR+/Ag-RDT+). (A) Ct values (N1 target) of SARS-CoV-2 RT-PCR in patients with a positive (n = 1,539) or negative (n = 293) nasopharyngeal antigen (Ag) rapid diagnostic test (RDT) result tested from August 2020 to September 2021. (B–D) Correlation between Ct value (N1 target) of SARS-CoV-2 RT-PCR and days since symptom onset (DSSO) when samples were collected in total patients (B), and among patients with a positive or negative Ag-RDT result (C,D, respectively).


To further understand what influenced the sensitivity of the Ag-RDT when compared with the RT-qPCR assay, a total of 68 samples were selected (23 concordant and 29 discordant). The average age and the presence of mild disease symptoms were equivalents between the concordant and discordant groups (Supplementary Table 5). No participant had a previous diagnosis of immunodeficiency.

We analyzed the Ct value at the time of diagnosis for all samples in both study groups. Discordant samples notably had higher Ct values (20–38, median = 28) when compared with concordant samples (14–28, median = 21) (Figure 4A), as demonstrated above for the total number of samples (Figure 3A).
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FIGURE 4. Antigen discordant samples have higher Ct and lower viral isolation rates compared with discordant samples. (A) Violin plot showing RT-PCR Ct values (N1 target gene) in antigen concordant (RT-PCR+/Ag-RDT+, n = 23) and discordant (RT-PCR+/Ag-RDT-, n = 29) samples used for virus isolation experiments, and lines represent the median and 25–75% quartiles. (B) Virus isolation success in total number of antigen concordant (n = 23) and discordant (n = 29) samples. (C,D) Viral isolation probability considering RT-PCR Ct values (N1 target gene) and nasopharyngeal antigen rapid test (Ag-NP) result as isolated covariates, respectively.


We evaluated the presence of viable infectious viruses in concordant and discordant samples after two consecutive cell passages. Positive virus isolation was only confirmed after virus titration using plaque assay. From the 23 concordant samples, 12 samples were positive for virus isolation (rate = 52.17%). In contrast, for the 29 discordant samples, only 3 were positive for virus isolation (rate = 10.34%) (Figure 4B). These percentages indicate a significant difference in the isolation success between Ag-/RT-PCR+ and Ag+/RT-PCR+ groups (p < 0.00001, CI 0.05). When the sample Ct is considered as an indicator of virus isolation success, the higher probability of virus isolation significantly occurred for both concordant and discordant samples in the low Ct range (Figure 4C) (Chaimayo et al., 2020; Linares et al., 2020; Wang et al., 2020; Corman et al., 2021; Diao et al., 2021; Igloi et al., 2021; Korenkov et al., 2021; Pickering et al., 2021; Pilarowski et al., 2021; Routsias et al., 2021; World Health Organization, 2021). This probability dropped to <25% with Ct values >26 (Figure 4D). When analyzing discordant and concordant samples separately for virus isolation success in the same Ct range, the probability of virus isolation was below 10% for the former and above 50% for the latter (p = 0.002).

The absence of viral particles in nasopharynges still positive for total viral RNA could be due, in major part, to the presence of viral subgenomic RNA (sgRNA). To verify the influence of sgRNA on the Ct value, we performed parallel target-specific RT-qPCR for genomic and N-sgRNA in a few concordant and discordant samples (Supplementary Figure 1A). We observed that discordant samples presented higher Ct values for both genomic and N-sgRNA than concordant samples (Supplementary Figure 1B). Since sgRNA is a marker of viral replication, these data suggest a lower level of replication in antigen discordant samples, which correlates with a lower proportion of these samples harboring infectious viruses. Importantly, from these data, we showed that N-sgRNA proportionally contributed 20% of the total amount of the viral RNA present in both concordant and discordant nasopharyngeal samples (Supplementary Figure 1C). These results suggest that RT-qPCR positive, but antigen-negative nasopharyngeal samples, lack competent/infectious viral particles in part due to a lower level of viral replication, thus having a lower impact on the spread of SARS-CoV-2.

Then, we used the VTM and isolated viruses to characterize the full-length genomic viral RNA from a few concordant and discordant samples. We recovered intact full-length genomes from 8 discordant (4 VTM and 4 virus isolates) and 14 concordant (7 VTM and 7 virus isolates) samples. The phylogenetic reconstruction demonstrated the clustering of these samples in 3 distinct clades: B.1.1.33; Brazilian P.2 (Zeta); and P.1 (Gamma), in agreement with the period samples were collected (Figure 5A). Distinct clustering was not observed when we analyzed discordant vs. concordant samples, suggesting that no distinct genome characteristic would account for the discordant status. Analyzing specifically the N ORF, no major mutations or insertion/deletions were present in the discordant samples, excluding the possibility that gross genomic differences could compromise the recognition of the N protein by Ag-RDT (Figure 5B), and the nucleocapsid mutation profiles were largely identical for both groups (Figure 5B). Sequences recovered from both VTM and isolated virus from discordant samples 37,376 were identical.
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FIGURE 5. Phylogenetic and protein analysis indicate no major differences between concordant and discordant samples. (A) Phylogenetic tree of the viral transport medium (VTM) and isolated viral samples demonstrated that concordant and discordant samples do not form specific clusters and are grouped only according to the viral lineage. (B) Schematic representation of amino acid differences in N gene between sequenced VTM or viral isolated concordant and discordant samples. (C) Detection of SARS-CoV-2 Spike, S1, and nucleocapsid (N) proteins by Western blotting in lysates from Vero E6 cells infected with concordant and discordant samples. Uninfected cells were used as mock. Antigen discordant samples (42,952 and 41,606) in red and antigen concordant samples (38,177, 38,238, 37,936, 37,929, and 32,941) in black.


Both S and N proteins were readily detected from infected cell lysates by Western blotting, and no major difference in S and N amounts was observed (Figure 5C). The anti-N antibody equally detected the N protein from viruses recovered from both discordant and concordant samples. These data demonstrate that although discordant samples failed to be detected by the antibodies in the Ag-RDT, it was probably due to the small amount of intact viral particles in the nasopharyngeal samples rather than a lack of reactivity of kit capture monoclonal antibody with N protein.

Then, we hypothesized that patients with a prolonged infection present reduced viral shedding, thus accounting for the discordance between the Ag-RDT and RT-qPCR results. To evaluate the impact of the time of infection on antigen detection, we studied a cohort of 30 patients longitudinally, totaling 41 follow-up specimens, that were collected from January to September 2021, where the first patient sample was mandatorily concordant (RT-qPCR+/Ag-RDT+) and the patient had at least one more sample collected after the first diagnosis. All sample information is summarized in Supplementary Table 6. Again, the average age and the presence of mild disease symptoms were equivalents between the concordant and discordant groups (Supplementary Table 6), and no participant had a previous diagnosis of immunodeficiency. The minimal time interval between the first (day 0) and the following sample collection varied from 6 to 32 days. On day 0, the sample Ct ranged from 12 to 26 followed by an overall increase in the Ct value for viral RNA over time (Table 1 and Figure 6). We observed that N-sgRNA values also increased, and antigen-positive results decreased as time passed since symptom onset (Table 1). Therefore, a prolonged SARS-CoV-2 infection increases the likelihood of a negative Ag-RDT result without impacting detection by RT-qPCR. Importantly, out of 5 follow-up samples that were still positive for the Antigen RDT, 3 were collected early after symptom onset (6–8 days). The VTM of 70 samples was used to infect Vero-hA/T cells, followed by plaque titration of passage #2 supernatants. Among the 29 samples from day 0, 21 produced infectious viruses (rate = 74.41%). Among the 36 discordant follow-up samples, viruses were isolated from 5 (rate = 13.89%) showing a clear drop in virus isolation with a DSSO increase (Table 1 and Supplementary Table 6). These data show that most upper respiratory tract discordant samples do not harbor infectious viruses and consequently would be less transmissible.


Table 1. Summarized data from follow-up samples.
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FIGURE 6. Ct values increase with prolonged infectious periods in follow-up samples. Graphical representation of the Ct value from the 30 patients that comprised the follow-up dataset at the first sample collection and the following samples from these individuals during the follow-up.


All viruses isolated after 2 or 3 consecutive passages were analyzed for infectious viral particles and copy numbers of genomic RNA (gRNA) in order to obtain the gRNA copy number/infectious particle relationship that would indicate the percentage of defective viruses within a viral progeny. No difference in the average of both infectious virus titers and the gRNA copy number/infectious particle relationship was observed. In fact, a wide variation in infectious virus titers was observed in both groups, and we were not able to correlate the percentage of defective progeny with viral isolates from discordant samples (Supplementary Figure 5; Supplementary Tables 7, 8).

We demonstrated that a prolonged infection period decreases the likelihood of viral particle detection by the Panbio™ Ag-RDT, which, in our data set, is overall correlated with lower viral loads in nasopharyngeal samples as well as a lower level of viral replication/infectivity. However, a few discordant samples had viral loads in the range of 18–25 which predicted a substantial amount of viral replication and the presence of infectious viruses. The establishment of the anti-SARS-CoV-2 humoral response in those individuals would contribute to a decrease in detection by the Ag-RDT. The presence of both serum IgG anti-N and anti-S antibodies was measured in initial and followed-up samples. We observed that 92.59% and 100% of samples collected 6–14 and >14 days after diagnosis, respectively, had serum anti-N IgG. Notably, 96.29 and 83.33% of samples collected 6–14 and >14 days after diagnosis, respectively, had an anti-S IgG response (Table 1). Among initial diagnostic specimens, 23.33% already had serum anti-N IgG and 43.33% anti-S IgG, while 87.88% (36/41) of the followed-up sample post-seroconverted for both serum anti-S and anti-N IgG. Individuals that had a negative Ag-RDT in 15.78% of the diagnosed patients had been previously fully vaccinated. Taken together, these data suggest that a prolonged SARS-CoV-2 infection predicts a lower viral load and virus replication in the nasopharynx associated with decreased detection by Ag-RDT.



DISCUSSION

Since the COVID-19 pandemic remains a public health challenge even after the rapid development and increased access to available vaccines, it is important to ensure testing capacity with fast and reliable methods to guide patient isolation to curb virus transmission. For instance, the most recent wave of the Omicron variant illustrates the need for rapid detection and isolation of infected individuals, reinforcing the need for implementing Ag-RDTs as a means of reliable, affordable, accessible, and faster SARS-CoV-2 diagnosis test.

Our study cohort was composed of two datasets: a cross-sectional dataset, where the Panbio™ COVID-19 Ag test was only performed in symptomatic patients, and a follow-up dataset in which at least two samples were collected from the same patient for the Ag-RDT with a minimum of 6 days between sample collections. For both datasets, the viral isolation rate was higher for the concordant samples (56.52–66.7%) when compared with the discordant ones (10.53–10%) even for the same Ct range (14–29 vs. 18–29). For discordant samples, viruses could not be cultured when Ct values were higher than 30, confirming previous reports of low or absence of infectious viruses at this Ct range (Bullard et al., 2020; Sonnleitner et al., 2021). We observed that the virus isolation rate is not altered by different viral variants or sample collection. In different epidemiological weeks, RT-qPCR results indicated higher Cts for discordant samples for both genomic and sgRNA compared with concordant samples, and the relationship between genomic and sgRNA demonstrated that sgRNA levels do not impact the Ct of diagnosis or the isolation success in both groups.

The virus isolation criteria used in this article rely on a plaque titration assay for the determination of positive or negative sample isolation. Thus, only samples harboring replication-competent viruses were considered, which is a proxy for specimen infectivity, providing a more reliable measurement of viral viability/infectiousness than RT-qPCR. Our results demonstrated that discordant samples present lower levels of viral replication meaning that a patient with a negative Ag-RDT result has a reduced risk of transmission even when presenting as RT-qPCR positive, indicating that Ag-RDT has high epidemiological relevance.

Then, the use of Ag-RDTs could be a powerful tool for detecting infected individuals with a higher potential for transmission. Its specificity and sensitivity correlate with time from symptom onset and the presence of viral infectious particles. Data on the use of antigen tests in large cohorts such as universities, healthcare institutions, or even in music events as a SARS-CoV-2 screening method demonstrated that sensitivity depends on the target population where the test is used. In general population screening, antigen tests had a reported sensitivity from 41.2 to 74.4% in different countries (Landaas et al., 2021; Loconsole et al., 2021; Shaw et al., 2021), and in emergency rooms and nursing homes, the sensitivity varied from 50 to 92% even for asymptomatic individuals (Escrivá et al., 2021; Turcato et al., 2021). Revollo et al. demonstrated the utility of Ag-RDTs for the same day screening in mass gathering events, where no infected individuals were detected in follow-up tests 8 days after the event, indicating that the antigen test can detect potential transmitters (Revollo et al., 2021). Despite the variation in sensitivity, a recent study using mathematical modeling showed that Ag-RDTs could be more efficient than RT-qPCR in reducing SARS-CoV-2 transmission by up to 85% in a nursing home facility (Holmdahl et al., 2021). Another study predicts that Ag-RDTs could prevent infections better than RT-qPCR in a workplace (Pettit et al., 2021).

As vaccination campaigns progress around the world, high vaccine coverage in several regions has been achieved (World Health Organization, 2020). Nevertheless, places such as continental Europe and the US are experiencing new waves of infection with thousands of new cases daily. Although vaccines present a >90% protection against severe disease (Fabiani et al., 2021; Glatman-Freedman et al., 2021), their effectiveness has decreased substantially (Polack et al., 2020; Bar-On et al., 2021). One of the factors related to the decrease in effectiveness is the emergence of new SARS-CoV-2 variants. An effectiveness reduction from 91.78 to 79.87% was reported in New York City from May to July 2021 as well as the detection of breakthrough cases among fully vaccinated individuals infected with the Delta variant (Brown et al., 2021; Rosenberg et al., 2021).

New variants are mainly classified according to mutations in Spike protein; however, since mutations also accumulate in the N gene, they could impact the results of Ag-RDTs targeting N. The samples used in this study were collected throughout waves of different variants that circulated in Rio de Janeiro from August 2020 to September 2021, including the Zeta, Gamma, and Delta lineages. Our results agree with others that did not observe any impact on Ag detection of these variants (Bekliz et al., 2021; Rodgers et al., 2021). The presence of substitutions T205I and D399N in the N ORF was linked to a failure in Ag-RDT detection (Bourassa et al., 2021). We observed few mutations in concordant and discordant samples, but none impacted antigen recognition. The N and S proteins from viruses isolated from discordant samples were readily detected by Western blot, emphasizing the fact that when present in adequate amounts and/or conditions, and no difference in antigen-antibody recognition for all samples will exist.

It was clear that a specific and still unrecognized condition of the discordant sample would account for the Ag-RDT negative result and lower probability of virus isolation even with the presence of high amounts of intact full-length viral RNA. The characterization of samples in the follow-up dataset narrowed down this specific condition to a phenomenon related to time past from initial symptoms, which could be for instance patient's seroconversion, although the presence of circulating serum anti-N and anti-S IgG, measured in this study, does not necessarily correlate with mucosal immunoglobulins. Thus, the establishment of an upper respiratory tract environment over the time of infection could induce virus aggregation/reduced stability leading to low viral shedding and missed antigen capture in Ag-RDT.

Recent data demonstrated a higher rate of disease progression in individuals with no detectable antibody and, as our results indicate, the disappearance of antigen and infectious virus from the upper respiratory tract correlated with the rise of anti-SARS-CoV-2 antibodies (Vetter et al., 2020; Glans et al., 2021; Kim et al., 2021; Lv et al., 2021; van Kampen et al., 2021). These data suggest that a positive Ag-RDT indicates active disease and a longer time for viral RNA clearance than antigen. Considering the variable Ag-RDT sensitivity, its implementation for mass rapid testing is valuable to identify highly infectious individuals in a community, as most Ag-RDT negative samples probably will not harbor infectious viruses. Therefore, it may assist health authorities to control the virus spread while avoiding unnecessary individual isolation precautions.

Previous studies analyzed a variable number of RT-qPCR + /Ag-RDT+ concordant and RT-qPCR + /Ag-RDT- discordant samples for virus isolation and demonstrated a lower probability for the presence of cultivable viruses in the later (Albert et al., 2021; Prince-Guerra et al., 2021; Toptan et al., 2021; Yamamoto et al., 2021; Currie et al., 2022). We cultivated only 24% of the qRT-PCR(+)/Ag-RDT(–) discordant samples in our cohort in the defined period. However, only one study analyzed a similar number of discordant samples and found a similar virus isolation rate (Currie et al., 2022). Another study analyzed a higher number of discordant samples, 124 qRT-PCR(+)/Ag-RDT(–) samples, and 147 truly concordant samples, obtaining an 8.9 vs. 57.8% of infectious virus isolation rate (Prince-Guerra et al., 2021). In this study, we analyzed a total of 70 qRT-PCR(+)/Ag-RDT(–) discordant and 52 truly concordant samples with infectious virus isolation rates of 12.95 vs. 63.5%, confirming the lower probability of qRT-PCR(+)/Ag-RDT(–) discordant samples to harbor infectious viruses. However, the unique way our study was designed allowed us to establish that the main factors contributing to qRT-PCR(+)/Ag-RDT(–) discordant results are RT-qPCR Ct value and the time from initial infection, which in turn reinforces the low probability of virus transmission from these samples.



CONCLUSION

This study found a clear association between a negative Ag-RDT result and the absence of infectious virus in COVID-19 nasopharyngeal exudates. A positive Ag-RDT result was also correlated with a Ct <30 in our RT-qPCR test, accompanied by the absence of measurable IgG against the S and N viral proteins and <7 days after symptom onset. Our data also support the proposal to identify patients using Ag-RDT testing in the general population to substantially reduce the number of infected individuals with a higher risk of viral transmission while avoiding unnecessary individual isolation. Massive scaling of testing with Ag-RDT and patient isolation together with an extensive vaccination campaign should reduce the prevalence of SARS-CoV-2 infection and, consequently, the number of severe cases needing hospitalization, leading to a lower COVID-19 death toll.
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African swine fever virus (ASFV) represents a serious threat to the global swine industry, and there are no safe or commercially available vaccines. Previous studies have demonstrated that inactivated vaccines do not provide sufficient protection against ASFV and that attenuated vaccines are effective, but raise safety concerns. Here, we first constructed a deletion mutant in which EP153R and EP402R gene clusters were knocked out. Based on the deletion mutant, a further deletion from the MGF_360-12L, MGF_360-13L to MGF_360-14L genes was obtained. The five-genes knockout virus was designated as ASFV-ΔECM3. To investigate the efficacy and safety of the ASFV-ΔECM3 virus as a vaccine candidate, the evaluation of the virus was subsequently carried out in pigs. The results showed that the ASFV-ΔECM3 virus could induce homologous protection against the parental isolate, and no significant clinical signs or viremia were observed. These results show that the contiguous deletion mutant, ASFV-ΔECM3 encompassing the EP153R/EP402R and MGF_360-12L/13L/14L genes, could be a potential live-attenuated vaccine candidate for the prevention of ASFV infection.

Keywords: African swine fever virus, recombinant viruses, live attenuated vaccine, safety, protective efficacy


INTRODUCTION

African swine fever (ASF), a fatal hemorrhagic and highly contagious disease in swine caused by the African swine fever virus (ASFV), has led to significant economic losses in the global swine industry (Sánchez-Cordón et al., 2018). Different isolates of ASFV exhibit differential clinical manifestations and pathological changes, leading to 100% mortality (Sánchez-Vizcaíno et al., 2015; Rodríguez-Bertos et al., 2020).

African swine fever virus is a large double-stranded DNA virus of the family Asfarviridae. The viral particle presents an icosahedral morphology, with a genome size between 170 and 193 kb, encoding more than 150 proteins (Dixon et al., 2013; Andrés et al., 2020). The ASFV C-type lectin protein is encoded by the EP153R gene, which is involved in the hemadsorption process observed in ASFV-infected cells (Galindo et al., 2000). In addition, it has been shown to play major roles in the modulation of MHC class I antigen presentation and inhibition of apoptosis (Hurtado et al., 2004, 2011). The ASFV EP402R gene, downstream from EP153R, is a transmembrane glycoprotein that is similar to host CD2 (Rodríguez et al., 1993). It is essential for hemadsorption and the inhibition of lymphocyte proliferation (Borca et al., 1994, 1998).

The ASFV pandemic has caused tremendous economic losses to the swine industry. However, there is currently no effective vaccine or antiviral drug for ASFV at present. Effective and safe vaccines are desperately required but still unavailable. For several years, multiple vaccine development strategies, including those based on inactivated, live attenuated, subunit, vectored, and DNA vaccines have been evaluated in swine (Sang et al., 2020). Currently, the most promising strategies for developing effective vaccines are based on live-attenuated vaccines. For example, the deletion of the MGF_360, MGF_505 genes provide reliable protection against homologous virulent viruses (O'Donnell et al., 2015; Reis et al., 2016). The deletion of the EP402R gene from ASFV BA71 isolate provides protection against both homologous virulent viruses and heterologous ASFV challenges (Monteagudo et al., 2017). In addition, the deletion of multiple genes has been performed to improve vaccine safety (O'Donnell et al., 2016a; Chen et al., 2020; Teklue et al., 2020). Studies have found that the deletion of the EP402R and EP153R genes from ASFV-G-Δ9GL fails to protect them against challenges with parental virulent ASFV Georgia 2007 isolate, but they may increase vaccines safety (Gladue et al., 2020). Recent studies have shown that the deletion of the EP402R and EP153R genes from BeninΔDP148 plays a synergistic role in reducing clinical signs and levels of virus in the blood. These results show that the deletion of EP153R and EP402R may further attenuate the virus and increase vaccine safety (Petrovan et al., 2022). Based on this trial, the continued evaluation of contiguous deletion encompassing the EP153R and EP402R genes in ASFV vaccines is warranted.

Here, we constructed a deletion mutant ASFV by targeting the EP153R and EP402R genes of the ASFV Chinese strain GZ201801. Based on the deletion mutant, a further deletion from the MGF_360-12L, MGF_360-13L to MGF_360-14L genes was obtained. The efficacy and safety of this live-attenuated vaccine were subsequently evaluated in pigs.



MATERIALS AND METHODS


Virus and Cells

Primary bone marrow-derived macrophages (BMDMs) were collected from specific-pathogen-free (SPF) pigs as described previously (Liu et al., 2021). BMDMs cells were cultured in RPMI 1640 (Gibco, Thermo Fisher Scientific, Waltham, MA, USA) containing 10 % fetal bovine serum (FBS), 2 mM L-glutamine (Gibco, Thermo Fisher Scientific, Waltham, MA, USA), 1% Pen-strep and 10 ng/ml rpGM-CSF (R&D Systems, Minneapolis, MN, USA). The ASFV strain GZ201801 (GenBank accession number: MT496893.1) belonged to the genotype II and was isolated from a piglet with severe infection in Guangdong (Ji et al., 2021).



Virus Titration

Bone marrow-derived macrophages cells were infected with the ASFV-ΔECM3 virus or the parental GZ201801 wild-type (WT) virus, respectively. The preformed monolayers were prepared in six-well plates and infected at an MOI of 0.01. The GZ201801 virus was titrated by limiting dilution in cultures of BMDMs cells using a monoclonal antibody (mAb) against p30 protein (prepared in our lab). Briefly, 10-fold serial dilutions of viruses were added to 96-well plates. After 4 days, the cells were fixed with 4% paraformaldehyde and permeated with 0.1% Triton X-100 for 10 min, and washed with PBS. The cells were blocked with 3% BSA for 1 h and then incubated with p30 mAb for 1 h at 37°C and subsequently with Alexa488-labeled anti-mouse secondary antibody IgG (H+L) for 30 min at 37°C. Finally, the cells were observed under a fluorescence microscope (EVOS M5000, Thermo Fisher Scientific, Waltham, MA, USA). The ASFV-ΔECM3 was directly observed under a fluorescence microscope. Virus titers were calculated by the Reed and Muench method (Reed and Muench, 1938).



Construction of Recombinant Virus

The genes were knocked out and generated by homologous recombination by infection with parental virus GZ201801 and transfection with the recombination transfer vectors (p72eGFPΔEP153R/ΔEP402R and p72mCherryΔMGF_360-12L/13L/14L) described in our previous study (Liu et al., 2021). The recombinant transfer vector p72eGFPΔEP153R/ΔEP402R contains the upstream and downstream fragments (about 1,200 bp each) of the target deletion EP153R-EP402R gene with the p72 promoter and eGFP gene in the middle (Borca et al., 2017). The recombinant transfer vector p72mCherryΔMGF_360-12L/13L/14L contains the upstream and downstream fragments (about 1,200 bp each) of the target deletion MGF_360-12L/13L/14L gene with the p72 promoter and mCherry gene in the middle. The recombinant transfer vector was obtained by DNA synthesis (Shanghai Generay, Shanghai, China). BMDMs were transfected with 2 μg of the recombinant transfer vector p72eGFPΔEP153R/ΔEP402R using jetPEI-macrophage transfection (Polyplus-transfection Inc., Illkirch, France) and infected with the GZ201801 virus at an MOI of 1 at 6 h post-transfection. After 48 h, ASFV-ΔEP153R/ΔEP402R viruses were purified in BMDMs by limiting dilution assay. In brief, the viruses were serially diluted in 96-well plates. After virus dilution, the green fluorescent cells were picked by limited dilution. BMDMs were transfected with the p72mCherryΔMGF_360-12L/13L/14L plasmid and infected with the ASFV-ΔEP153R/ΔEP402R virus at an MOI of 1 at 6 h post-transfection. After 48 h, the viruses were purified in BMDMs by limiting dilution assay. The cells exhibiting both green and red fluorescence were picked by limited dilution.



PCR Confirmation and Next-Generation Sequencing

The ASFV-ΔECM3 deletion mutant virus was confirmed by PCR. Detection of the EP153R, EP402R, MGF_360-12L, MGF_360-13L, and MGF_360-14L genes was confirmed by PCR using the specific primers listed in Table 1. For the whole-genome next-generation sequencing, genomic DNA was extracted from BMDMs infected with ASFV-ΔECM3 separately. The extracted DNA was sequenced using Illumina NovaSeq 6000, PE150 (Tanpu Biotechnology Co. Ltd, Shanghai, China).


Table 1. Primer sequences.

[image: Table 1]



Virus Growth Analysis

The virus growth curves of the ASFV strain GZ201801 and ASFV-ΔECM3 virus were analyzed. The cells were seeded in six-well plates and infected at an MOI of 0.01. After 1 h of adsorption at 37°C under 5% CO2, the inoculum was removed, and the cells were rinsed twice with PBS buffer. The cell pellets and supernatants were collected at 0, 24, 48, 72, and 96 h post-infection (hpi) and freeze-thawed three times. Virus titers were calculated as described previously.



Animal Experiments
 
Experiment 1

Safety investigation. Piglets weighing about 15–20 kg were purchased from a local farm with high biosecurity and hygiene standards. The ASFV-ΔECM3 virus was assessed for its virulence phenotype relative to the virulent parental ASFV GZ201801 virus. Two groups of pigs (n = 5 per group) were infected with the ASFV-ΔECM3 virus or the WT virus intramuscularly (IM), both at a dose of 105 TCID50. ASFV-inoculated pigs were monitored for rectal temperature as described previously (Liu et al., 2021). Clinical samples of sera, heparin-anticoagulated whole blood, oral swabs, nasal swabs, and anal swabs were collected at 0, 3, 7, 10, 14, 21, and 28 dpi. The pigs were euthanized by injection of sodium pentobarbital and then subjected to necropsy examination at 28 dpi. To assess the stability and virulence of the recombinant mutant virus, the ASFV-ΔECM3 virus was passaged serially in pigs five times. The organs and tissues of ASFV-ΔECM3 virus-infected pigs euthanized were collected, and the viral distribution in pigs was analyzed. Organs and tissues from the dead pigs and surviving pigs that were euthanized at the end of the observation period were scored using the gross scoring system, and 100 mg of the indicated samples were homogenized by Tissuelyser-FEII (Shanghai Jingxin Co. Ltd., Shanghai, China) in 800 μl PBS supplemented with 1% Pen-strep for the detection of virus titer by TCID50 assay as described previously (Liu et al., 2021).



Experiment 2

Efficacy evaluation of protection by vaccination with ASFV-ΔECM3 in pigs. To investigate the immunogenicity of the ASFV-ΔECM3 virus in pigs, 10 piglets were divided into two groups. Five pigs were immunized with 105 TCID50 of the ASFV-ΔECM3 virus. At 28 dpi, the non-immunized group (n = 5) and the immunized group (n = 5) were IM challenged with 102 HAD50 of the virulent parental GZ201801 virus and later subjected to necropsy examination at 75 days post-challenge (dpc). To evaluate pathological changes in pigs immunized with ASFV-ΔECM3, spleen, lung, liver, kidney, and mandibular lymph node tissues were collected and stained with H & E stain and TUNEL assay. The samples were collected and determined following the methods mentioned earlier.




Quantitative PCR

African swine fever virus genomic DNA was extracted from tissue homogenate (Tissuelyser-FEII, Shanghai, China) and whole blood using GlinX Viral Nucleic Acid Extraction kits (GlinX, Shanghai, China). The qPCR procedure was carried out on a QuantStudio 5 system (Applied Biosystems, USA) according to the protocol of ASFV dtec-qPCR test kits (Genetic PCR Solutions, Spain).



Analysis of Immune Response to ASFV-ΔECM3

The ID Screen® African Swine Fever Competition ELISA kits (IDVet Innovative Diagnostics Louis Pasteur, Grabels, France) were used to detect specific anti-ASFV antibodies in serum. For each sample, the competition percentage (S/N%) was calculated according to the manufacturer's instructions. Less than or equal to 40% was considered positive, between 40 and 50% was considered doubtful, and ≥50% was considered negative.



Biosafety Statement and Facility

Animal experiments were performed under Animal Biosafety Level 3 (ABSL-3) conditions in The Spirit Jinyu Biological Pharmaceutical Co., LTD and approved by the China National Accreditation Service for Conformity Assessment (CNAS) with a license of CNAS-BL0101. The protocols of ASFV infection were approved by the Ministry of Agriculture and Rural Affairs.



Statistical Analysis

Statistical analyses were performed using unpaired, two-tailed Student's t-test. A p-value < 0.05 was considered statistically significant.




RESULTS


Development of ASFV-ΔECM3 Deletion Mutant

Deletion of the EP153R-EP402R genes from 72,837–74,465 nt in the viral genome was achieved by homologous recombination using the p72eGFPΔEP153R/ΔEP402R vector (Figure 1A). The EP153R-EP402R genes were replaced by a p72eGFP expression cassette. Based on this deletion mutant, second gene loci from 29,384–32,916 nt including the MGF_360-12L, MGF_360-13L, and MGF_360-14L genes was replaced with a p72mCherry expression cassette with the p72mCherryΔMGF_360-12L/13L/14L vector by homologous recombination. The deletion mutant was designated as ASFV-ΔECM3 (Figure 1A). The ASFV-ΔECM3 virus grew easily in cells with a high titer of more than 107 TCID50/ml. BMDMs were infected with the purified ASFV-ΔECM3 virus, showing stable expression of eGFP and mCherry reporter protein (Figure 1B). Following several rounds of purification, PCR confirmation was performed to verify the deletion of these five genes (Figure 1C). Compared with the WT virus, no bands were amplified from the ASFV-ΔECM3 virus. The accuracy of the ASFV-ΔECM3 virus genome was further confirmed by next-generation sequencing.


[image: Figure 1]
FIGURE 1. Schematic of the construction of ASFV-ΔECM3 deletion mutant. (A) The EP153R, EP402R, MGF_360-12L, MGF_360-13L, and MGF_360-14L genes from the GZ201801 genome were replaced by the p72eGFPΔEP153R/ΔEP402R and p72mCherryΔMGF_360-12L/13L/14L recombination transfer vectors by homologous recombination. (B) eGFP and mCherry reporter fluorescence indicate BMDM cells infection with the ASFV-ΔECM3 virus. (C) Confirmation of the ASFV-ΔECM3 deletion mutant by PCR. Lanes 1 and 6 test for the EP153R gene. Lanes 2 and 7 test for the EP402R gene. Lanes 3 and 8 test for the MGF_360-12L gene. Lanes 4 and 9 test for the MGF_360-13L gene. Lanes 5 and 10 test for the MGF_360-14L gene.




Replication of ASFV-ΔECM3 in BMDMs

Cells and supernatants were collected at different time points post-infection. The results showed that the ASFV-ΔECM3 virus displayed a growth kinetic similar to that of the parental GZ201801 WT virus (Figure 2). The growth titer of the ASFV-ΔECM3 virus was slower than that of the WT virus at 24 hpi. The mean titer of the ASFV-ΔECM3 virus was 6.00 × 103 TCID50/ml, while that of the WT virus was 3.51 × 104 TCID50/ml, about 6-fold less. Until 96 hpi, the titer of the ASFV-ΔECM3 virus was 1.00 × 107 TCID50/ml, at which time the titer of the WT virus was 1.47 × 107 TCID50/ml. Thus, the deletion of the EP153R and EP402R or EP153R, EP402R, MGF_360-12L, MGF_360-13L, and MGF_360-14L genes did not significantly affect the replication ability of the GZ201801 virus in swine macrophages.


[image: Figure 2]
FIGURE 2. In vitro growth characteristics of ASFV-ΔECM3 and parental GZ201801 virus. Primary swine macrophage cell cultures were infected (MOI = 0.01) with either virus, and virus yield was titrated at the indicated times post-infection. Data represent means and SD from three independent experiments. *p < 0.05.




Safety Investigation of ASFV-ΔECM3 Virus in Pigs

To determine the pathogenicity of the virus as a live-attenuated vaccine candidate in vivo, five pigs were inoculated with the ASFV-ΔECM3 virus. None of the piglets had remarkable clinical signs in the group of the ASFV-ΔECM3 virus. All of them survived until 28 dpi. The body temperatures of the five piglets were below 40.0°C, with no significant increase during the examination period. However, all the piglets in the WT virus group showed a rapid increase after 7 dpi (Figure 3A).


[image: Figure 3]
FIGURE 3. Safety investigation of ASFV-ΔECM3 as a vaccine candidate in pigs. (A) Body temperature in piglets challenged with ASFV-ΔECM3 virus and parental GZ201801. (B) Viremia titers were detected in piglets inoculated with ASFV-ΔECM3 virus. Viral titers of oral swabs (C), nasal swabs (D), and anal swabs (E) were evaluated post-infection. The sensitivity of virus detection was ≥ 102.45 TCID50/ml, which meant Cycle threadhold (Ct) more than 35 might be considered below the limit of detection by qPCR analysis. **p < 0.01.


Blood samples were collected at 0, 3, 7, 10, 14, 21, and 28 dpi to measure ASFV genomic DNA expression in whole blood. Only two of the five pigs in the group of animals infected with ASFV-ΔECM3 showed slightly low-virus shedding in blood with titers of 1.46 × 104 TCID50/ml and 0.39 × 103 TCID50/ml, respectively. The mean titer of the group was 0.66 × 103 TCID50/ml at 21 dpi (Figure 3B). Viral DNA was detectable in oral swabs (Figure 3C), nasal swabs (Figure 3D), and anal swabs (Figure 3E) beginning at 14 dpi, and the virus titers in the oral swabs and anal swabs were much higher than those in the nasal swabs. In addition, the ASFV-ΔECM3 virulence was preserved by serial passages in pigs (Figure 4). It showed that the ASFV-ΔECM3 virus was less virulent to pigs and that serial deletions of the EP153R, EP402R, MGF_360-12L, MGF_360-13L, and MGF_360-14L genes improved the safety of the vaccine candidate.


[image: Figure 4]
FIGURE 4. Virulence of the ASFV-ΔECM3 virus by serial passages in pigs. The ASFV-ΔECM virus was serially passaged in pigs five times, the organs and tissues with lesions were collected, dissociated, and re-injected into pigs. The qPCR analysis for detection of the viral distribution in pigs. The sensitivity of virus detection was ≥ 102.45 TCID50/ml.




Efficacy Evaluation of Protection by Vaccination With ASFV-ΔECM3 in Pigs

To evaluate the protective efficacy of ASFV-ΔECM3 as a potential live-attenuated vaccine, all the piglets were challenged with 102 HAD50 of virulent parental GZ201801 at 28 dpi. The results showed that all the piglets of the ASFV-ΔECM3-vaccinated group survived with a transient temperature increase period (Figure 5A). However, the rectal temperatures in all the piglets of the virulent parental GZ201801 WT virus group increased rapidly after 5 dpi. All the animals showed classical lesions at 12 dpi without survival (Figure 5B). Viral shedding of the piglets in the ASFV-ΔECM3 virus-immunized group was very low or undetectable, at <6.17 × 103 TCID50/ml. However, viremia was much higher at up to 6.92 × 108 TCID50/ml in the WT virus group (Figure 5C). After the challenge, high virus titers were detected in the oral swabs (Figure 5D), nasal swabs (Figure 5E), and anal swabs (Figure 5F) from all pigs in the virulent parental GZ201801 WT virus group, while pigs inoculated with ASFV-ΔECM3 pigs had either very low or undetectable viral titers. As expected, the pigs infected with the parental ASFV WT virus exhibited an increased body temperature (>41.36°C) at 3.6 dpi (Table 2). At the end of the experiment, the piglets were necropsied, and tissue samples were collected from the hearts, kidneys, livers, lungs, and lymph nodes. Compared with the high level of virus shedding in the WT virus group, viral shedding in the tissues was very limited, below a level of 1.10 × 103 TCID50/ml in the ASFV-ΔECM3 virus-immunized group (Figure 5G). Lesions on spleens showed more severe bleeding and splenic lymphocytes exhibited more variable degrees of necrosis in the GZ201801 virus group than in the ASFV-ΔECM3 virus group (Figure 6A). Lesions on the lung showed pulmonary interstitial widening and hyperemia. Liver pathological changes were seen in the liver interstitial widening and hepatic sinusoid congestion (Figure 6A). The kidney exhibited slight pathological changes (Figure 6A). Mandibular lymph nodes showed more prominent congestion in the GZ201801 virus group than in the ASFV-ΔECM3 virus group (Figure 6A). By TUNEL assay, in the lymph nodes, no cells were positively stained in the ASFV-ΔECM3 virus group (Figure 6B). The fragmented DNAs significantly revealed many apoptotic cells in the GZ201801 virus group. These results indicate that the ASFV-ΔECM3 deletion mutant almost completely protected pigs against homologous virulent challenge.


[image: Figure 5]
FIGURE 5. The efficacy of ASFV-ΔECM3 virus against ASFV-GZ201801 infection. (A) Body temperature in the ASFV-ΔECM3 virus immunized piglets challenged with parental GZ201801. (B) Percentage of animals surviving after challenge. (C) Viremia titers were detected in piglets that were immunized with ASFV-ΔECM3 virus after being challenged with the parental GZ201801 virus. Viral titers of oral swabs (D), nasal swabs (E), and anal swabs (F) were detected in piglets that were immunized with ASFV-ΔECM3 virus after being challenged with parental GZ201801 virus. (G) The viral shedding in the tissues was measured. The sensitivity of virus detection was ≥102.45 TCID50/ml. **p < 0.01.



Table 2. Swine survival and fever response following infection with ASFV-ΔECM3 and challenge with parental GZ201801.

[image: Table 2]
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FIGURE 6. Histological sections of the tissues by HandE staining and TUNEL assay. (A) Histopathological analysis of the spleen, lung, liver, kidney, and mandibular lymph node in the ASFV-ΔECM3 virus and parental GZ201801 (H and E staining). (B) TUNEL assay of lymph nodes.




Analysis of Immune Response to ASFV-ΔECM3 in Pigs

Serum levels of specific anti-ASFV antibodies were evaluated by ELISA in the ASFV-ΔECM3 group during the immunization (Figure 7). However, among the five pigs infected with ASFV-ΔECM3, only one pig produced specific anti-ASFV antibodies. It was assumed that due to the contiguous deletion encompassing the EP153R and EP402R genes, the production of the specific anti-ASFV antibodies tended to appear delayed and lower.


[image: Figure 7]
FIGURE 7. Detection of antibodies against ASFV in sera of pigs. Serum levels of ASFV-specific antibodies were measured using the African Swine Fever Competition ELISA kits. Positive: S/N%≤40%. Doubtful: 40%< S/N% <50%. Negative: S/N% ≥50%.





DISCUSSION

ASF has been causing significant economic losses to the global swine industry. To prevent ASFV infection, several vaccine technologies have been developed, including those based on live attenuated, inactivated, subunit, vectored, and DNA vaccines (Sang et al., 2020). Live-attenuated vaccines have been shown to produce a high level of protection by targeted gene deletion. For example, the deletion of the I177L or DP148R genes protected the swine against homologous virulent challenge (Reis et al., 2017; Borca et al., 2020).

Different combinations of deletions can affect vaccine efficacy. Previous research has shown that the different gene deletion combinations of MGF_360, MGF_505, CD2v, UK, and 9GL provide reliable protection against homologous virulent viruses (O'Donnell et al., 2016b; Chen et al., 2020; Teklue et al., 2020). In contrast, the simultaneous deletion of the MGF_360/505 and 9GL genes reduces its protective effect (O'Donnell et al., 2016a). Although live-attenuated vaccines have been shown to be highly effective, they raise safety concerns, such as the presence of persistent low-level viremia and fever have been reported. Recent studies have shown that the deletion of the EP153R and EP402R genes from BeninΔDP148 plays a synergistic role in reducing clinical signs and levels of virus in the blood (Petrovan et al., 2022). In any case, further studies are necessary to determine which genes may increase the safety and efficacy of live-attenuated vaccines.

Here, we constructed a deletion mutant ASFV-ΔECM3 of GZ201801 by deleting the EP153R, EP402R, MGF_360-12L, MGF_360-13L, and MGF_360-14L genes. After immunization with the ASFV-ΔECM3 vaccine, 100% of the pigs survived, and no clinical signs were observed. The normal body temperature of the ASFV-ΔECM3-immunized pigs was maintained, while that of those infected with ASFV-GZ201801 was not. However, in the group of animals vaccinated with ASFV-ΔECM3, only one pig produced specific anti-ASFV antibodies, and the production appeared delayed and lower. This may have been due to the contiguous deletion encompassing the EP153R and EP402R genes, as previously reported in BeninΔDP148RΔEP402RΔEP153R (Petrovan et al., 2022). The histopathology results suggested that lesions on the spleen, lung, liver, kidney, and mandibular lymph nodes were more severe in the ASFV-GZ201801-infected pigs than in the ASFV-ΔECM3-immunized pigs. Our results suggested that the deletions in the EP153R-EP402R, MGF_360-12L-14L regions of the ASFV genome decreased the pathogenicity significantly and increased safety. Importantly, animals infected with ASFV-ΔECM3 were effectively protected against homologous virulent challenge.

Viremia causes systemic virus dissemination and shedding of virus, and viremia titers are the best correlates of safety in live-attenuated vaccines. In this study, we observed that the pigs had limited viral shedding in blood. The pigs vaccinated with the ASFV-ΔECM3 virus either had very low level or undetectable viral titers in the oral swabs, nasal swabs, and anal swabs. This may have been due to the correlation between the viremia and the ASFV EP402R gene, as previous studies have indicated (Borca et al., 1998). Thus, we constructed a deletion mutant ASFV-ΔECM3 by deleting the MGF_360-12L, MGF_360-13L, and MGF_360-14L genes. The contiguous deletion encompassing the EP153R and EP402R genes attenuated the virulence of the live-attenuated vaccine. In the future, we will target more genes target for recombination to delete more functional genes based on the ASFV-ΔECM3 vaccine candidate to balance the virulence and safety, further analyzing the effect of deletion mutations on live-attenuated vaccines.
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Hendra virus and Nipah virus are considered to be emerging viruses and cause severe zoonotic diseases, which occur in humans who have had close contact with horses and pigs in Australia and Asia, respectively. Both viruses belong to the genus Henipavirus. Although there are large populations of horses and pigs in northern Nigeria, no previous studies in this region have investigated henipavirus sero-surveillance in horses and pigs using the gold standard test, the serum neutralization test (SNT). A total of 536 apparently healthy horses and 508 apparently healthy pigs were sampled in northern Nigeria in 2018. Serum samples were tested for Hendra virus and Nipah virus-specific antibodies using either the Henipavirus Luminex binding assays for horses or the Hendra virus Competitive ELISA and Nipah virus Indirect ELISA for pigs as initial screening tests, followed by the confirmatory Hendra and Nipah virus SNT for both species, according to accredited protocols at the Australian Centre for Disease Preparedness. Although some horse and pig samples crossed-reacted or reacted weakly in the screening test, confirmatory SNT for all of them proved negative. This study reveals the absence of Hendra and Nipah antibodies in horses and pigs in northern Nigeria, which is consistent with the absence of observable disease in the field. However, the continuous inter and intra-trans-boundary animal movement and trade in Nigeria calls for the continuous evaluation of the henipavirus status of susceptible animals to safeguard both animal and human health.
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Introduction

Viral diseases of humans and horses are emerging and reemerging, including diseases caused by henipaviruses, which emerged from wildlife hosts in the late 20th century (1). The Henipavirus genus comprises the zoonotic and highly lethal viruses, Hendra virus (HeV) and Nipah virus (NiV), within the family Paramyxoviridae (2). Cedar virus is also in this genus but is not known to cause disease. HeV and NiV have similar reservoir host preferences but different geographic ranges (3).

HeV was first isolated in 1994 from a disease outbreak involving 20 horses and two humans in the Brisbane suburb of Hendra, Australia (4). Since then, it is known to have caused sporadic and relatively small outbreaks with high mortality associated with equine and human infections (5). HeV infection is a serious emerging zoonotic disease, and human infection is acquired through contact with acutely infected horses (5, 6). A severe outbreak of febrile encephalitis in humans in Malaysia in 1998 led to the discovery of NiV, which was attributable to a concurrent disease outbreak in pigs (7). It is assumed that pig trading contributed to the spread of the outbreak between farms, including into Singapore (7, 8). A total of 265 human encephalitis cases with approximately 105 fatalities, all involving those associated with pig farming and slaughtering activities, occurred during the initial outbreak (9). This led to the culling of approximately one million pigs to control the outbreak (10).

HeV can experimentally infect cats, guinea pigs, and pigs (11). In the field, HeV infects horses and causes disease, and it has been identified in asymptomatic dogs on two occasions (12). HeV has been isolated from the uterine fluid and fetal tissues of a pregnant fruit bat, also known as a flying fox belonging to the genus Pteropus, implicating this species as a reservoir host (13). Humans become infected after close contact with HeV-infected horses. Similarly, humans became infected after close contact with NiV-infected pigs in the only Malaysian outbreak (7). Other species capable of becoming naturally infected with NiV include cats, horses, and dogs (7, 14). The presence of NiV neutralizing antibodies and the isolation of the virus from two species of fruit bats (Pteropus vampyrus and P. hypomelanus) indicates the reservoir host role of these bats in the transmission of NiV infection (7). HeV and NiV outbreaks are found in accordance with the geographical distribution of the natural reservoir species. HeV is found in Australia and NiV is found in Southeast Asia, with more recent outbreaks of NiV occurring in Kerala, India (15, 16).

Clinical signs associated with henipavirus infections in pigs can manifest as neurological disease syndromes such as trembling, twitches, muscle spasms, and uncoordinated gait, or as a respiratory syndrome with manifestations (8).

In horses, infections are characterized predominantly by respiratory syndrome with increased heart rate and fever, as well as sudden death. Neurological manifestations have also been reported (5). In Nigeria’s horse and pig populations, these clinical signs may occur covertly, but since the country does not have a diagnostic capacity for HeV and NiV, infections may go unnoticed or misdiagnosed.

Animal husbandry practices in Nigeria allow close contact between bat reservoirs and animals susceptible to henipaviruses (17). The vast majority of animal husbandry practices in Nigeria are extensive systems. Animals forage in the wild for food, encroaching on the natural habitat of bats and potentially putting these foraging animals at a higher risk of exposure to bat-associated pathogens. The proximity of humans to domestic animal viral amplification hosts will play a significant role in the dynamics of an enzootic virus outbreak.

Human infection with HeV and NiV can occur via exposure to infectious urine, saliva, or nasopharyngeal fluid from infected horses and pigs (5). This study investigated the presence of henipavirus antibodies in horses and pigs in seven states in Nigeria and could provide useful insight into the epidemiology of the disease in Nigeria and the sub-Saharan African region in general. As many clinical cases of human HeV and NiV infection have occurred via close contact with infected horses and pigs and/or their tissues, the results of this study will inform the henipavirus infection risk of sub-Saharan African animal handlers and those involved with animal necropsies (7, 18–21). In this study, sero-surveillance of henipaviruses was conducted in horses and pigs in seven states of Nigeria using screening tests, followed by confirmatory serum neutralization tests (SNT), to determine the health status.



Materials and methods

Using convenience sampling, a cross-sectional study was carried out on horses. Verbal consent was obtained from the horse owners. Horses (all adults) were sampled from stables, including horse racing stables in Kaduna (Kaduna State), Suleja (Niger State), Gombe (Gombe State), Keffi (Nasarawa State), and Abuja (Federal Capital Territory; FCT). In total, 536 apparently healthy horses were sampled between January and June 2018. Table 1 contains the locations and numbers of animals sampled for this study. Figure 1 shows the sampling locations. Blood (5 ml) was collected via jugular venipuncture from restrained horses and transported to the laboratory where sera were separated by centrifugation at 5,000g for 10 min. The harvested sera were siphoned using a sterile Pasteur pipette and transferred into 2 ml cryovials where they were kept at −20°C until transported to the Australian Centre for Disease Preparedness (ACDP) for testing. Sera from horses were screened using NiV and HeV Luminex binding assays, which use soluble G (glycoprotein) as the binding antigen (22). All reactors were subsequently tested by the NiV and/or HeV SNTs.


Table 1 | Species, sampling numbers, locations, and dates.






Figure 1 | Map of Nigeria showing the states (pink) (Federal Capital Territory, Niger, Nasarawa, Kaduna, Gombe, Plateau and Benue) and locations where horses and pigs were sampled.



Market-weight adult pigs were sampled at slaughterhouses prior to slaughter. Using convenience sampling, the abattoirs in Makurdi (Benue State) and Jos (Plateau State) were visited twice weekly between the months of March to June 2018. In total, 508 pigs were sampled (Table 1; Figure 1). Blood samples were collected from the cranial vena cava of the pigs presented for slaughter. After transportation to the laboratory, the blood was centrifuged at 5000g for 10 min for separation of serum. Harvested sera were kept at -20°C until transported to ACDP for testing. Sera from pigs were screened using NiV iELISA and HeV bELISA (23, 24). The NiV iELISA used a whole virus NiV antigen, whereas the HeV bELISA used a soluble G antigen fromHeV and a monoclonal antibody (mAb 1.2). All reactors in either ELISAs were subsequently tested by the NiV and/or HeV SNTs.


Henipavirus luminex binding assays

The Henipavirus Luminex binding assays have been described previously (22). For example, HeV and NiV soluble G proteins were first coupled to individual microsphere sets (25). Then, a predetermined number of coupled magnetic beads (Fisher Biotech Pty Ltd, Australia) were added to each well of a 96-well Nunc™ Microwell™ microplate (Thermo Fisher Scientific), covered in foil and placed on a plate shaker for 30 min. The plate was washed with 3× Phosphate Buffered Saline with Tween® 20 (PBST) using a magnetic binding plate so the beads did not disappear (bind to the magnetic plate). The test sera were diluted 1:100 in 2% skim milk and 100 µl added to each well. The plate was covered in foil and placed on the plate shaker for 30 min. Following incubation, the plate was washed with 3× PBST (as above), and 100 µl per well of biotinylated Protein G (Pierce, Rockford, USA) and biotinylated Protein A (Pierce, Rockford, USA) was added to each well. The plate was covered in foil and placed on the plate shaker for 30 min. Next, 100 µl of streptavidin-phycoerythrin (Qiagen, Pty Ltd, Australia) was added to each well. The plate was read using a Bio-Plex Protein Array System integrated with Bio-Plex Manager Software (Bio Rad Laboratories, Inc., CA, USA). Results were recorded as median fluorescence intensity (MFI) and transformed as a percentage relative to the MFI for the positive control to yield a percentage positive (%P) value. Results greater than 5%PI and greater than 1,500 MFI were considered positive. Results of less than 5%PI and less than 1,500 MFI were negative. Results that were either greater than 5%PI or greater than 1,500 MFI in duplicate wells were considered indeterminate. Indeterminate and positive samples were then tested in the SNT.



Hendra virus competitive blocking ELISA

A HeV competitive blocking ELISA as described previously (23) was used to assess the sera for the presence of antibody against HeV. Briefly, Nunc™ Maxisorp™ 96 well ELISA plates (Thermo Fisher Scientific) were coated with 50 µl of 4.4 ng HeV-soluble G tetramer antigen (26) diluted in PBS. Plates were incubated at 37°C on a plate shaker for 1 h. The plates were blocked with 50 µl of casein blocking buffer (Sigma Aldrich) diluted 1/10 in ddH20 (BB). Following 30 min on a plate shaker at 37°C, the plates were washed 3× PBST. The test sera were diluted 1/5 in BB and 50 µl added to each well. The plates were incubated at 37°C on a plate shaker for 1 h. Then, mAb 1.2 (27) diluted 1/500 in BB was added. Plates were incubated at 37°C for 30 min on a plate shaker. Next, the plates were washed 3× PBST, and 50 µl of goat anti-mouse IgG HRP conjugate (Jackson ImmunoResearch Laboratories, Inc.) diluted ½,000 in BB was added to all wells. Plates were again incubated at 37°C for 30 min on a plate shaker. The plates were developed with 50 µL of 3,3´5,5´-tetramethylbenzidine (TMB) substrate (Sigma Aldrich) added to each well. After 8–10 min, the plates were stopped by adding 50 µl per well of 1 M sulfuric acid (Ajax Finechem). Plates were read at 450 nm using a plate reader and the results were calculated as percentage inhibition of the mAb wells. A cut off value of ≥33% inhibition was used as a positive result.



Nipah virus indirect ELISA

An indirect ELISA was used to assess for antibodies against NiV (23). Firstly, cell lysates of NiV-infected cells (Ag) and Vero mock uninfected cells (Mock) were prepared using detergent treatment and irradiation, diluted in PBS, and used to coat NUNC Maxisorp 96 well ELISA plates (Thermo Fisher Scientific) using 50 µl per well in rotating columns of two. The plates were incubated at 37°C for 1 h on a plate shaker. The sera were inactivated using a 1:5 dilution in PBSA containing 0.5% Tween 20 and 0.5% Triton X-100 solution and heat-inactivated at 56°C for 30 min. Then 25 µl of Vero mock diluted 1:100 in PBS was added to 25 µl of the diluted heat inactivated sera. This was incubated at room temperature for 30 min. Next, 450 µl of blocking solution (5% v/v normal chicken sera and 5% w/v skim milk in the required volume of PBS) was added to each tube of pre-treated sera (final dilution of 1:100) and incubated for 30 min at room temperature. The ELISA plates were washed 4× PBST and 100 µl of blocking solution was added to each well. The plates were incubated at 37°C for 30 min on a plate shaker. The plates were washed 4× PBST and 100 µl of the pre-treated sera was added to each well. The plates were incubated at 37°C for 1 h without a plate shaker (stationary). The ELISA plates were washed 4× PBST and protein A/G conjugate diluted in PBST and 1% skim milk powder was added 100 µl/per well except the blank wells. The plates were again incubated at 37°C for 1 h without shaking. Following incubation, the plates were washed 4× PBST and 50 µl of TMB substrate was added to each well. The color development was stopped after 10 min by adding 50 µl of 1 M sulfuric acid. The plates were read at 450 nm using a plate reader. The optical density (OD) results were used to calculate an OD ratio which equaled the average OD sample against NiV antigen divided by the average OD sample against Vero mock antigen. Results are shown in Table 2. Samples with an OD value (NiV antigen) <0.2 were negative. Samples with an OD value (NiV antigen) between 0.2 and 0.5 were weak reactors except when the OD ratio was less than 2.0, in which case they were non-specific reactors. An OD value (NiV antigen) >0.5 and an OD ratio >2.0 were positive. All reactors and positives were then tested in the NiV SNT.


Table 2 | Serology results for horses in the screening (HeV sG Luminex and NiV sG Luminex) and confirmatory (HeV SNT and NiV SNT) assays.





Serum neutralization test

The SNTs were performed as previously described (23). These tests are conducted at BSL4 at ACDP. Serial doubling dilutions of sera from 1/2 to 1/4,096, were carried out in singlicate in a final volume of 50 μl/well in 96 well plates. To this, 50 μl of 100 TCID50 units of virus (HeV or NiV) was added and incubated for 30 min at 37°C. Following incubation, 100 μl of Vero cells at 2 × 105 cells/ml were added to each well on the 96-well plate, and the plate was incubated for 3 days at 37°C, 5% CO2 in a humidified incubator. Serum antibody titers are determined as the highest dilution at which there is complete neutralization of the virus and the absence of a cytopathic effect (CPE).




Results


Results for horses

The results for 536 horses are shown in Table 3. Antibodies against G protein showed a reaction rate of 1.86% (10/536) for HeV and 0.56% (3/536) for NiV in the Luminex binding assay for antibodies against G protein from horse samples. All indeterminates and positives were negative when subjected to HeV and NiV SNT. Specific details of the individual horses, which were positive or indeterminate in the screening assays can be found in Table S2.


Table 3 | Serology results for pigs in the screening (HeV bELISA and NiV iELISA) and confirmatory (HeV SNT and NiV SNT) assays.





Results for pigs

The results for 508 pigs are shown in Table 3. Specific details of the individual pigs, which were positive, non-specific or weak reactors, can be found in Table S3. One pig from Markudi in Benue State tested positive in the HeV bELISA (percentage positive 0.2%; 1/508) but tested negative using the HeV SNT and was thus considered HeV antibody negative.

In the NiV iELISA, there were no positives but two were weak reactors (0.39%; 1/508) and 11 were non-specific reactors (2.17%; 11/508). Further investigation of these samples gave negative results when they were subjected to the NiV SNT.




Discussion

This was a large-scale surveillance study targeting seven states in Nigeria, with 1,044 animals sampled in total. With very low reactivity in the screening assays and no positive test results in the gold standard tests, the HeV and NiV SNTs, this study showed that there were no antibodies specific to HeV or NiV in the horse and pig sera collected from northern Nigeria (19). Olufemi et al. (17), reported 15.5% and 20.0% prevalence of henipavirus antibodies in the sera of horses and pigs from Zaria, Nigeria, using the HeV sG iELISA method. However, this study did not verify the performance characteristics of this screening assay, nor did they follow up with the confirmatory SNT, thereby shedding doubt on the reported seroprevalence. The Hendra bELISA used in the current study has diagnostic sensitivity (DSe) and diagnostic specificity (DSp) values of 100% (95% CI 95.3–100.0) and 99.5% (95% CI 98.8–99.8) (24).

A similar study conducted in Uganda between 2015 and 2016 reported that 2.1% of apparently healthy pigs sampled at a slaughterhouse were sero-reactive in at least one screening assay (HeV G and/or NiV G indirect ELISAs). However, none of the sera-neutralized viruses in the plaque reduction neutralization tests with either HeV or NiV, supporting the finding that neither HeV nor NiV was present, but suggesting the presence of other henipa-like viruses (9). The current Nigerian study has similar findings, with 2.8% of pigs being sero-reactive in at least one screening assay and none testing positive in the neutralization test.

Higher levels of sero-reactivity have been found in studies with bats. Using a Luminex multiplexed microsphere assay, Hayman et al. found that 22.0% and 39.0% of Ghanian fruit bats (Epomophorus gambianus and E. helvum) were seropositive for NiV and HeV, respectively (28).

In this study, the negative results from the confirmatory and gold standard HeV SNT and NiV SNT showed the absence of a prior HeV and/or NiV infection in the sampled horses and pigs from Nigeria using validated diagnostic tests. Caution should be exercised when using unvalidated screening tests, particularly in new populations. These screening tests give non-specific cross-reactions resolvable with the use of HeV and NiV SNTs at Laboratory Bio-safety-Level 4 Containment (PC4) (22).

Further investigations, such as Western blots using the henipavirus antigens, may help clarify the ELISA and Luminex results in the future. Atherstone et al. used Western blots as a confirmatory test after screening pig serum in ELISAs, and while some samples were positive in both screening and confirmatory tests, none of the sera-neutralized HeV or NiV in plaque reduction neutralization tests (9). This most likely supports the presence of antibodies against a closely related virus, as neutralizing antibodies should be present if exposed to a homologous virus.

The low seroprevalence was expected, especially as there has been no report of disease in either pigs or horses in Nigeria or in Africa. However, with bats, which might be carrying undescribed henipaviruses in parts of Africa, it is pertinent to monitor this situation, and we would recommend under-camp and under-roost surveillance. The risk to humans remains very low as we would expect to see disease in pigs and/or horses before we see disease in humans as these animals act as amplifying hosts.



Conclusion

Sero-surveillance is a convenient way of monitoring the health status of susceptible host species. The negative serology results for HeV and NiV SNTs in horse and pig sera sampled from seven states in Nigeria in 2018 showed the absence of HeV and NiV in Nigeria then. However, unrestricted transboundary movements of susceptible hosts highlight the need for continuing sero-surveillance of these and other viruses to monitor the risk of henipavirus disease in Nigeria and to safeguard both animal and human health.
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Coronavirus disease 2019 (COVID-19) has been a pandemic disease reported in almost every country and causes life-threatening, severe respiratory symptoms. Recent studies showed that various environmental selection pressures challenge the severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) infectivity and, in response, the virus engenders new mutations, leading to the emergence of more virulent strains of WHO concern. Advance prediction of the forthcoming virulent SARS-CoV-2 strains in response to the principal environmental selection pressures like temperature and solar UV radiation is indispensable to overcome COVID-19. To discover the UV-solar radiation-driven genomic adaption of SARS-CoV-2, a curated dataset of 2,500 full-grade genomes from five different UVindex regions (25 countries) was subjected to in-depth downstream genome-wide analysis. The recurrent variants that best respond to UV-solar radiations were extracted and extensively annotated to determine their possible effects and impacts on gene functions. This study revealed 515 recurrent single nucleotide variants (rcntSNVs) as SARS-CoV-2 genomic responses to UV-solar radiation, of which 380 were found to be distinct. For all discovered rcntSNVs, 596 functional effects (rcntEffs) were detected, containing 290 missense, 194 synonymous, 81 regulatory, and 31 in the intergenic region. The highest counts of missense rcntSNVs in spike (27) and nucleocapsid (26) genes explain the SARS-CoV-2 genomic adjustment to escape immunity and prevent UV-induced DNA damage, respectively. Among all, the most commonly observed rcntEffs were four missenses (RdRp-Pro327Leu, N-Arg203Lys, N-Gly204Arg, and Spike-Asp614Gly) and one synonymous (ORF1ab-Phe924Phe) functional effects. The highest number of rcntSNVs found distinct and were uniquely attributed to the specific UVindex regions, proposing solar-UV radiation as one of the driving forces for SARS-CoV-2 differential genomic adaptation. The phylogenetic relationship indicated the high UVindex region populating SARS-CoV-2 as the recent progenitor of all included samples. Altogether, these results provide baseline genomic data that may need to be included for preparing UVindex region-specific future diagnostic and vaccine formulations.
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Introduction

In December 2019, clusters of pneumonia cases were reported from the Wuhan city, Hubei province, China. Some of the early disease cases were reported working in the live animal market. On 11 March 2020, the WHO announced the disease outbreak, now named coronavirus diseases 2019 (COVID-19), as a public health emergency of international concern and declared it a pandemic (Koyama et al., 2020). As of June 2022, ~ >528.82 million positive cases were reported to WHO across the world [WHO Coronavirus (COVID-19) Dashboard, 2022], with more than 6.29 million deaths. The COVID-19 symptoms range from mild fever, cough and fatigue to severe shortness of breath, and loss of taste and smell (Guan, 2020; Wang D. et al., 2020), with the 5% average fatality rate of all confirmed positive cases, which is of lower than SARS-CoV (9.6%) and MERS (34.3%) (World Health Organization., 2003, 2019; Wang C. et al., 2020).

After the preliminary etiological investigations based on the exclusion of all common respiratory pathogens, the deep meta-transcriptomic sequencing of the patient's bronchoalveolar lavage fluid revealed the abundance of a viral strain from β-coronavirus (CoV) genus (Shi et al., 2016, 2018; McMullan et al., 2019; Yadav et al., 2019; Abdelrahman et al., 2020; Wu et al., 2020). The COVID-19-causing virus showed 89.1%, 79.5%, and 50% sequence homology to previously reported SARS-like coronavirus strains, namely, bat SL-CoVZC45, SARS-CoV, and MERS, respectively (Wang et al., 2015; Wu et al., 2020). Based on the sequence homology to SARS-like viruses, the crown-like viral structure, and the consequent manifestation of severe respiratory disease symptoms, the COVID-19-causing virus is designated as SARS-CoV-2 (severe acute respiratory syndrome coronavirus-2) (Lu et al., 2020; Wu et al., 2020). Furthermore, most SARS-like coronaviruses have been identified in bats (Hamre and Procknow, 1966; McIntosh et al., 1967; Li et al., 2005), and the SARS-CoV-2 shares 100% amino-acid sequence similarity with NSP7 and E protein of the bat SARS-like coronavirus strain (bat SL-CoVZC45) (Wu et al., 2020). These findings suggest that bats are the possible natural reservoirs for most SL-CoVs, including SARS-CoV-2.

The SARS-CoV-2 genomic characterization revealed 29,903 nucleotide long single-stranded positive-sense RNA (ribonucleic acids) comprising a multi-domain nonstructural protein (NSP) encoding ORF1ab, four structural protein genes (spike “S,” envelope “E,” membrane “M,” and nucleocapsid “N”), and six accessory protein-encoding genes (ORF2a, ORF6, ORF7a, ORF7b, ORF8, and ORF10) (Koyama et al., 2020). The SARS-CoV-2 was found capitalizing its spike structural protein for host cell (respiratory epithelial) attachment and subsequent entries via the angiotensin-converting enzyme 2 (ACE2) receptor (Hoffmann et al., 2020).

Since December 2019, whole-genome sequence analysis revealed hundreds of viable genetic variants of SARS-CoV-2 from different parts of the globe. Within SARS-CoV-2, the observed predominating drivers of genetic variation are the single-nucleotide variants (SNVs) caused by the error-prone viral polymerases (Smertina et al., 2019; Lu et al., 2022) and endogenous mutagenesis via the host RNA-editing enzymes (nucleotide deaminases APOBEC: C>U and ADAR: A>G) (Placido et al., 2007; Moris et al., 2014; Mourier et al., 2021; Tong et al., 2022). The genome-wide studies of large sets of SARS-CoV-2 revealed SNV-based nucleotide substitution rate of ~1 × 10−3 per year (Duchene et al., 2022), closer to the 1.42 × 10−3 Ebola virus substitution rate reported from West Africa during 2013–2016. However, SNVs are not the only genetic variations discovered in coronaviruses, but the small insertions/deletions of viral or non-viral sequences were also reported in various genetic variants of coronavirus genomes possibly caused by the discontinuous nature of viral transcriptase for sub-genomic mRNA synthesis (Licitra et al., 2013; V'kovski et al., 2021). In total, a large proportion of the mutations represent neutral “genetic drift” or have died out quickly, and a small subset is affecting viable viral traits, such as host range, transmissibility, antigenicity, pathogenicity, and adaptability of the virus to various selection pressures.

Various biotic and abiotic selection pressures challenge the SARS-CoV-2 persistence, transmission, infectivity, host cell entry efficacy, and pathogenesis (Pica and Bouvier, 2012). Since RNA viruses, via high mutation rate, have demonstrated a great potential for rapid evolution and adaptation to new environmental conditions in the absence of a proper proofreading RNA polymerases activity (Holland et al., 1982; Rubio et al., 2013). Therefore, to escape stress conditions, the coronaviruses continuously engender new genomic variations, potentially resulting in the emergence of more virulent SARS-CoV-2 strains of WHO concern with higher transmission and mortality rates (Sanjuán and Domingo-Calap, 2016; Chin et al., 2020; Koyama et al., 2020; Seyer and Sanlidag, 2020; Kumar et al., 2021; Soh et al., 2021). The commonly experienced biotic selection pressures in human hosts may include natural immunity (Clapham et al., 2020), host genetic makeup (COVID-19 Host Genetics Initiative, 2021), monoclonal antibodies produced in response to vaccines (Rella et al., 2021; Shah et al., 2021), antiviral drugs, and convalescent sera, whereas solar radiation (Chiyomaru and Takemoto, 2020) (ultraviolet radiations) (Seyer and Sanlidag, 2020), temperature (Chin et al., 2020; Wang J. et al., 2020), relative humidity (Ahlawat et al., 2020; Ghoushchi et al., 2020), and air pollutants (Coccia, 2020) are the widely studied abiotic selection pressures on viral populations (Tan et al., 2005; Shaman et al., 2010; Otter et al., 2016; Chattopadhyay et al., 2018; Dalziel et al., 2018; Gardner et al., 2019). Studies revealed a negative correlation between the environmental conditions (temperature and humidity) and the H3N2 strain of the influenza flu virus (Lowen et al., 2007; Reich et al., 2019). Additionally, ultraviolet radiation imposed negative selection pressure on strains of influenza and related coronaviruses (Darnell et al., 2004), and more recently, Ratnesar-Shumate et al. showed that the UV-solar radiation induced SARS-CoV-2 nucleic-acid damage and subsequent viral inactivation (Ratnesar-Shumate et al., 2020).

Predicting genomic level adaptation of SARS-CoV-2 in response to various selection pressures is indispensable in understanding the viral spread, mutation, pathogenicity, control, and future treatment options to effectively tackle COVID-19 (O'Reilly et al., 2020). Solar ultraviolet radiation is thought to have a great impact on the formation of viral populations by selecting variants that can withstand UV-solar radiations (Ratnesar-Shumate et al., 2020). In this study, to investigate the SARS-CoV-2 genomic adaptation in response to UV solar radiation, we analyzed 2,500 high-quality, full-length genomes from five different WHO's defined UVindex regions. The comparative genome-wide analysis of SARS-CoV-2 populations revealed differential genomic adjustments in response to different ultraviolet solar radiations. All identified differential genomic signatures in response to various UVindex ranges provide baseline data for future more effective molecular COVID-19 diagnosis and region-specific vaccine production against COVID-19.



Methods


Sampling

In this study, to reveal the genomic adaptation of SARS-CoV-2 in response to UV-radiation, all COVID-19 experienced countries, which have uploaded at least 100 full-length, high-quality SARS-CoV-2 genomes, are included. Based on the WHO and US-EPA ultraviolet (UV) radiation exposure categories (Table 1), all included countries are divided into the following five groups according to their respective ultraviolet index (UVindex) records (World Health Organization, 2002; Fioletov et al., 2004). Low UVindex countries (UVindex range: <2), Moderate UVindex countries (UVindex range: 3–5), High UVindex countries (UVindex range: 6 to 7), Very_High UVindex countries (UVindex range: 8–10), and Extreme UVindex countries (UVindex range: >11).


TABLE 1 Ultraviolet radiation exposure categories by WHO UVindex guide.

[image: Table 1]

UVindex mean data for 12 months (from 7 December 2020 to 8 December 2021) for all included countries were obtained from the monthly weather forecast and climate by WeatherAtlas (retrieved on 08 December 2021, at 15:30 GMT/UTC + 5h; https://www.weather-atlas.com/). The UVindex value for each country was presented as a single value rounded to the nearest whole number. For each category, irrespective of the country's geographical location, the most relevant (top of the category's list) five countries were selected provided that the country experiencing UVindex falls in the specified category range and must have at least 100 full-length, high-quality genome sequences reported in publicly accessible databases (Supplementary Table 1). Initially, for all UVindex categories, the all available (total of 8,631) full-length SARS-CoV-2 genomes were downloaded from GISAID on 11 December 2021, GenBank on 15 December 2021, the Chinese National Genomics Data Center Genome Warehouse on 23 December 2021, and the Chinese National Microbiology Data Center on 23 December 2021 (Benson et al., 2012; Shu and McCauley, 2017; CNCB-NGDC Members and Partners, 2021). To process high-quality, full-length genomes in each of the UVindex category, downloaded sequences shorter than 29,700 bps and containing seven consecutive ambiguous nucleotides (NNNs) were excluded from the downstream analysis. The China National Center for Bioinformation annotations was used to remove redundancy (Gong et al., 2020). Downloaded sequences containing 50 ambiguous bases were removed from the downstream analysis to reduce the number of false-positive variants using Trimmomatic version 0.39 (Bolger et al., 2014). Finally, using the accustomed Perl script, a 100 high-quality genome sequences from each of the five included countries in a UVindex category were randomly selected, so in a nutshell, for all five UVindex categories, 2,500 full-length SARS-CoV-2 reported genomes were retained for analysis.



Reference genome

The SARS_CoV-2 (NC_045512.2) sequence was used as a reference genome in this study. The NC_045512.2 was sequenced in December 2019 from a sample recovered from Wuhan, China (Wu et al., 2020). According to the standard procedure for variant detection (DePristo et al., 2011), to retrieve high-quality variants, first, each sample was converted to short FastQ reads using emboss-splitter (Rice et al., 2000) and an accustomed fasta-to-fastq.pl script available in GitHub (Dabbish et al., 2012).



Read mapping

High-quality reads from each sample were mapped to the latest available reference SARS-CoV-2 genome NC_045512.2 using the BWA-MEM algorithm with the default minimum seed length of 20, gap open penalty 6, gap extension penalty 1, and matching score 1 (Li, 2013). For variant identification and downstream processing, open-source software packages were used. The “RealignerTargetCreator” and “InDelRealigner” command-line tools of the Genome Analysis Toolkit (GATK version 3.3.0) were used to fix all mapping issues through locally realigning improperly mapped reads, possessing variant artifacts at their terminals (McKenna et al., 2010). Before calling variants, Picard, Samtools, and BWA were used to generate the reference and bam file indexes (Li and Durbin, 2009; Li et al., 2009; McKenna et al., 2010; DePristo et al., 2011).



Variant calling and quality filtration

Any deviation of the properly mapped read sequence to the reference genome NC_045512.2 was called as a variation. For variant discovery, initially, the “mpileup” utility of bcftools, with default parameters, was used to call genotypes for each of the samples included in this study. From the derived genotypes, high-quality variants were identified as any deviation of the mapped read sequences from the reference genome using the bcftools “call” command (Li, 2011). To differentiate between real hereditary variants from the false-positive data-processing artifacts (caused ambiguous bases), a calibrated statistical likelihood was generated for each of the identified variant loci using the GATK “Variant Recalibrator” and “ApplyRecalibrator” functions (McKenna et al., 2010). Finally, false-positive data-processing artifacts were removed using the following options of bcftools filter and GATK variant filtration; (a) variants were removed with a Phred quality score ≤ 20; (b) since Fisher's exact test-based Phred-scaled P-value (FS) represents strand bias for the reference and alternative allele, a sign for the false-positive variant. Therefore, variants with FS values >60 were filtered out from the downstream analysis (Kim et al., 2017; Iqbal et al., 2019).



Variant functional annotation and prioritization

After filtration, high-quality variants were retained for each of the UVindex categories. Furthermore, high-quality variants to predict possible variant functional effects, impact, and their respective distribution across the reference NC_045512.2 genome were comprehensively investigated. The SnpEff_4.3 was used to attribute each variant by a functional class and offered various annotation levels to identify potential coding variants. For functional annotation, the SnpEff database was developed according to the SnpEff database building protocol (Cingolani et al., 2012) using the NCBI SARS-CoV-2 sequence annotation resources (NC_045512.2; Bio-Project, PRJNA485481; https://www.ncbi.nlm.nih.gov/sars-cov-2/). For all potential coding variants, the assigned SnpEff functional class vocabularies were UTR 3 prime, UTR 5 prime, splice site donor, splice site acceptor, splice site region, downstream, upstream, disruptive in-frame deletion and insertion, and conserved in-frame insertion and deletion. The results are provided in the list of functionally annotated variants (Supplementary Material: rcntSNV_UVindex.snpEff.vcf). A customized script was developed in Python to extract all identified variants for each of the genes in all UVindex categories (Supplementary Material: rcntSNVs_genes_functional_effects_UV.Case.genes). Following variant functional annotation, all coding region variants were compared to find UVindex category-specific and overlapping variants using vcftools (Danecek et al., 2011), the bioinformatics, and evolutionary genomics resources (http://bioinformatics.psb.ugent.be/webtools/Venn/).



Phylogeny

For phylogeny, sequences were precisely chosen with <30 variations, and the lengths were adjusted by 5′ UTR and 3′ UTR truncation, without losing the key sequence sites. From this sequence pool, for an optimal phylogenetic relationship, a subset of 125 high-quality SARS-CoV-2 whole-genome samples (25 from each of the UVindex category) randomly selected in Perl by using a random number generator. All selected genomes were first aligned using the progressive multiple sequence alignment method of ClustalW (Thompson et al., 1994). The MEGA X (version 11.0.10) was used to produce and visualize the phylogenetic tree (Kumar et al., 2018). The maximum likelihood approach with Tamura-Nei substitution model, uniform rates among sites, all sites' data treatment, 1,000 bootstrap value, and nearest neighbor interchange (NNI) heuristic method was used for the best interfacing of a tree.




Results and discussions

To determine the differential genomic adaptation of SARS-CoV-2 in response to different UVindex ranges, 2,500 full-length, high-quality reported genomes were investigated from 25 countries, classified into five distinct categories based on the country's UVindex exposures. UVindex-based categories are described in the “Methods” section (Table 1). A total of 500 full-grade genomes were included from each of the defined UVindex-based categories; for the Low UVindex category, genomes were obtained from Estonia, Faroe Islands, Iceland, Norway, and Sweden; for the Moderate UVindex category, genomes were retained from Kazakhstan, North Macedonia, South Korea, Spain, and Georgia, the United States; for the High UVindex category, genomes were maintained from Cyprus, Iran, Japan, New Zealand, and Florida, the United States; for the Very_High UVindex category, genomes were acquired from Bahrain, Bangladesh, Egypt, Kuwait, and Saudi Arabia; and for the Extreme UVindex category, genomes were included from Brazil, Ecuador, Singapore, Suriname, and Uganda (Supplementary_info_file.docx, Supplementary Table 1, and for geographical location, please see the map from Supplementary_map1, Supplementary Material). Accustomed Perl script was used to randomly select 100 high-quality SARS-CoV-2 genomes from each of the included countries.


Variant discovery (total/rcntSNVs)

For 2,500 SARS-CoV-2 complete genome samples, we discovered a total of 10,228 single nucleotide variants (SNVs) with an average variation load of one SNV after every 15.49 nucleotides per UVindex category (averaging ~3.92 SNVs/sample). In each UVindex category, countries are included based on their commonly shared UVindex ranges, irrespective of their relative humidity, temperature, altitude, geographical location, and many other selection pressures. Considering our sampling strategy, all identified SNVs in each UVindex category are the probable genomic adjustments against all experienced biotic and abiotic selection pressures, whereas only the most common SNVs in a UVindex category are the potential genomic adaptation of SARS-CoV-2 in response to UVindex. Therefore, based on a 25% reoccurrence rate in a UVindex category, a sum of 515 (5.03% of a total of 10,228) recurring SNVs were carefully prioritized to discover the SARS-CoV-2 genomic responses to a commonly experienced environmental selection pressure, the UV solar radiation. These SNVs with atleast 25% reoccurrences in each UVindex category are termed recurrent-SNVs (rcntSNVs). For all UVindex categories, lists of all discovered rcntSNVs are given in Supplementary_info_file.docx Supplementary Tables 2–6. Of the total, the least number of rcntSNVs (75) were observed in SARS-CoV-2 genomes included from countries exposed to Extreme UVindex solar radiation, revealing that the Extreme UVindex solar radiation employs negative selection pressure by damaging viral DNA and thus limits the diversity of SARS-CoV-2 strains. Our finding is consistent with the hypothesis that Extreme UVindex radiations induces viral DNA damage to disinfect the SARS-CoV-2 without altering its morphology (Lo et al., 2021). Furthermore, the solar UV radiation of extreme intensity inactivates SARS-CoV-2 and other related strains of corona and influenza viruses on surfaces (Pi et al., 2003; Darnell et al., 2004; Ianevski et al., 2019; Ratnesar-Shumate et al., 2020). On the contrary, the highest number of rcntSNVs (141) was discovered in the High UVindex region, suggesting that the large majority of SARS-CoV-2 variants/strains are adapted to High UVindex solar radiation. A. Ianevski et al. also showed the highest counts for the active influenza virus strains populating High UVindex experiencing parts of Northern Europe from 2010 to 2018 (Ianevski et al., 2019). Based on these findings, we propose that COVID-19-causing viruses have had sufficient evolutionary time to acquire genomic-level adaptation in High UVindex regions, probably in their primary natural reservoir (bat). Our findings are scientifically in line with the Li et al.'s work that found bats families, being the zoonotic origin of several SARS-like coronaviruses, greatly enriched in tropical regions experiencing High UVindex solar radiations (e.g., Guangdong, Guangxi, Hubei, and Tianjin) (Hamre and Procknow, 1966; McIntosh et al., 1967; Li et al., 2005; Wu et al., 2020). Figure 1 shows the total number of identified and rcntSNVs in each of the UVindex category.
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FIGURE 1
 Total and recurrent SNVs (rcntSNVs) count in all examined 2,500 SARS-CoV-2 genomes, grouped in five distinct UVindex-based categories. For each WHO's defined UVindex category, the outer bar represents total identified SNVs, whereas the inner short bar represents predicted rcntSNVs.




rcntSNVs genomic distribution

The SARS-CoV-2 genome exhibits two non-structural multi-domain protein-encoding genes (ORF1a and ORF1b), four structural protein-encoding genes (SPeGs; S, E, M, and N), and up to six genes that encode accessory proteins 3a, 6, 7a, 7b, 8, and 10a (Brant et al., 2021). Our in-depth analysis for gene-set-based distribution of all potentially UVindex responding variants revealed the large majority of the total rcntSNVs (302: 53.45%) in the non-structural protein-encoding genes (ORF1ab), followed by 168 (29.73%) in four SPeGs (N = 75, S = 64, M = 20, and E = 9), whereas only 95 (16.81%) were found in six accessory genes (Figure 2). These inferences are in agreement with the genomic architecture of the SARS-CoV-2 (Wu et al., 2020) and illustrate that SARS-CoV-2 has done most (approximately >53%) of the genomic-level adaptation in non-structural multi-domain protein-encoding genes (ORF1ab) to adapt various UVindex regions, where the accessory protein-encoding genes were the most conserved gene-set of SARS-CoV-2.


[image: Figure 2]
FIGURE 2
 The SARS-CoV-2 genome-wide distribution of all observed high-quality rcntSNVs. Structural protein-encoding genes category is shown in orange (left-most), non-structural protein-encoding genes category is represented in blue (in the middle), whereas accessory genes category is shown in gray blocks (right-most). In each category, the smaller blocks and their sizes represent genes in a particular category and their respective rcntSNVs load, respectively.


Of all the virion proteins, the structural gene products were directly exposed to environmental selection pressures, like solar UV radiation. Therefore, the downstream analysis was focused to identify rcntSNVs in E, M, S, and N SPeGs for each of the UVindex category (Figure 3). Of the total identified 168 structural rcntSNVs, we discovered 75, 64, 20, and 9 in nucleocapsid, spike, membrane, and envelope SPeGs, respectively. Of all four SPeGs, the nucleocapsid gene has gone through most of the genomic rearrangements, possibly to shield the nucleic acid damaging effects of UV radiation via adaptation in response to differential UVindex exposures. These findings support recent studies on SARS-CoV-2, revealing the adverse effects of UV radiation (UVC) on nucleic acid without affecting viral proteins (Chang et al., 2014), and the nucleocapsid protein's key role in packaging and protecting COVID-19 viral genome in a viable virion (Tahara et al., 1994, 1998; Lai and Cavanagh, 1997).


[image: Figure 3]
FIGURE 3
 rcntSNVs load on structural protein-encoding genes per UVindex category. Each UVindex category is represented by a stacked column, whereas the bars in gray, yellow, blue, and pink represent numbers of recurrent SNVs in nucleocapsid (N), spike (S), membrane (M), and envelope (E) structural protein-encoding genes, respectively. For each UVindex categories, the rcntSNVs count for all proteing-encoding genes are given on the right-hand side of stacked-bars.




rcntSNVs functional effects

Since rcntSNVs in each of the five UVindex categories best represent differentially adapted SARS-CoV-2 populations. Therefore, all rcntSNVs were functionally annotated to predict their direct effects and impacts on the genes' functions. One SNV may have more than one effects, possibly due to the gene overlapping (Cingolani et al., 2012; Iqbal et al., 2019). As a result, slightly more rcntSNV-effects (rcntEffs) were observed compared to the total rcntSNV count. In this study, a total of 596 functional rcntEffs were discovered for all rcntSNVs. Functional annotation revealed only 31 (5.2%) rcntEffs in the non-coding intergenic regions, and the remaining 565 (94.8%) were located in the genic regions of the SARS-CoV-2 genome. Of the total genic region rcntEffs, 81 (14.3%) were detected in the gene's regulatory regions, positioned 200 bp upstream (34 count) and downstream (47 count) of all genes, and the remaining 484 (85.7%) were found in the coding regions (exonic). These results are scientifically in line with the genomic architecture of the SARS-CoV-2, and similar results were also shown by Koyama et al. (2020). The overall functional rcntEffs count for all rcntSNVs and their corresponding distribution across the SARS-CoV-2 genome are shown in Figure 4.
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FIGURE 4
 The overall genomic and functional effect-based distribution of all identified rcntSNV-effects (rcntEffs). (A) Displays the distribution of all predicted rcntEffs into coding/genic and non-coding/intergenic regions. (B) Upon further in-depth annotation, the genic region rcntEffs are distributed among protein-coding (exons) and gene-regulatory (up/downstream) regions of all SARS-CoV-2 genes, whereas the bar chart (C) represents the total missense and synonymous functional effects counts exhibited by all identified rcntEffs found segregating in the gene's exonic regions.


The exonic rcntEffs set comprises 290 missenses and 194 synonymous genes' functional effects. Interestingly, of the total identified rcntSNVs in all UVindex categories, the highest number of the variants are with missense functional effects (290; 48.7%), suggesting that in response to immense selection pressure imposed by varying degrees of UV radiation, the SARS-CoV-2 has capitalized on the high impact missense variation enrichment to qualify for UV radiation stress. More than 71.38% (~207) of the total missense rcntEffs are found segregating in High (92; 31.7%), Moderate (65; 22.4%), and Low (50; 17.2%) UVindex categories. Suggesting that the UVindex range ≤ seven allows more SARS-CoV-2 strains to survive. On the contrary, the UVindex ≥ eight imposes strong negative selection pressure on SARS-CoV-2 as only ~28.62% (83) of the total missense rcntEffs are identified segregating in the Extreme (43; 14.8%) and the Very_High (40; 13.7%) UVindex categories. Furthermore, the ORF1ab, which occupies two-thirds of the SARS-CoV-2 genome and expresses into 16 non-structural proteins (NSPs), harbors the highest number (163) of missense rcntEffs. We also observed that the nucleocapsid protein (N) and spike glycoprotein (S) encoding genes carry the second and third highest number of missense rcntEffs, 43 and 40, respectively. The rcntEffs counts observed in all UVindex categories are presented in Figure 5.


[image: Figure 5]
FIGURE 5
 Different functional effects (rcntEffs) predicted for all rcntSNVs in all five WHO's defined UVindex categories are shown using a combo bar-line chart. The most prevalent rcntEffs missense are displayed using red-pointed gray line, whereas the synonymous, regulatory, and non-coding rcntEffs are represented here in blue-, gray-, and yellow-stacked columns, respectively.




Comparative genomic analysis

The rcntSNVs-based comparative analysis of all studied full-length SARS-CoV-2 genomes revealed a total of 380 (~73.8% of the all rcntSNVs) UVindex category-specific rcntSNVs (CaSp-rcntSNVs), not being shared among any two or more categories (Extreme 58, Very_High 63, High 107, Moderate 84, and Low 68). The comprehensive annotation of each category-specific rcntSNV is given in Supplementary_info_file.docx, Supplementary Tables 2–6. A total of seven rcntSNVs, five missense and two synonymous, observed commonly shared among all UVindex categories, with at least 3,217 overall recurrences, suggesting that all these common rcntSNVs are conserved and near to fixation (rcntSNVs-based comparison is shown in Figure 6A). Of seven shared rcntSNVs, the ORF1ab 14159C>T (missense; Pro4720Leu) is the most common rcntSNV found in RNA-dependent RNA polymerase (missense; RdRp Pro327Leu; 4,683/8,631 samples), followed by the N gene 608G>A (missense; N Arg203Lys; samples 35,98/8,631), 610G>C (missense; N Gly204Arg; 3,384/8,631 samples), S gene 1841A>G (missense; S Asp614Gly; samples 3,259/8,631), ORF1ab gene 2772C>T (synonymous; ORF1ab Phe924Phe; samples 3,238/8,631), and N gene 610G>C (synonymous; N Gly204Arg; samples 3,217/8,631). All commonly shared rcntSNVs and their respective annotations are given in Supplementary_info_file.docx, Supplementary Table 8. To effectively combat COVID-19, all seven commonly shared rcntSNVs may play a key role in universal vaccine preparation against SARS-CoV-2.
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FIGURE 6
 A Venn diagram depicting the overlap of recurrent single nucleotide variants (rcntSNVs) found across different SARS-CoV-2 populations from five WHO's defined UVindex country categories. The comparison based on total identified rcntSNVs across all 2,500 SARS-CoV-2 genomes from UVindex categories; Extreme (blue), Very_High (red), High (green), Moderate (yellow), and Low (brown) revealed a total of seven commonly shared variants (A). The complete description of all UVindex categories is presented in the method section. Upon detailed functional annotation, all seven commonly shared rcntSNVs are found with five shared missense functional effects (rcntMissense-effects) on gene's functions (B), of which three shared rcntMissense-effects are revealed in structural protein-encoding genes (C), comprising two in nucleocapsid (D) and one in spike (E). In all Venn diagrams, the UVindex-specific rcntSNVs/Missense-effects (CaSp-rcntSNVs/Effs) counts are given near the outer edges, whereas the shared rcntSNVs/effects are represented in the dark brown core middle of each diagram.


Functional annotation of all 380 CaSp-rcntSNVs revealed a sum of 420 category-specific rcntSNV effects (CaSp-rcntEffs) on genes products (Extreme 64, Very_High 68, High 120, Moderate 94, and Low 74). Of the total genes, the ORF1ab harbors the highest number of CaSp-rcntEffs (234), followed by all four structural genes (103) and six accessory genes (73). The detailed number of CaSp-rcntEffs loads per gene for each of the UVindex categories is given in Table 2.


TABLE 2 Functional effects of all identified category-specific recurrent SNVs (CaSp-rcntEffs) counts identified in all 2,500 SARS-CoV-2 genomes and their respective per WHO's defined UVindex category distribution.

[image: Table 2]

Of the total Uvindex CaSp-rcntEffs, 222 are found changing codons to specify biochemically different amino acids (CaSp-rcntMissense-effects), 136 are observed without consequent changes in the amino-acid compositions (CaSp-rcntSilent-effects), and 62 are detected in the genes' regulatory region (CaSp-rcntRegulatory-effects). Most CaSp-rcntMissense effects observed in ORF1ab (141), S (27), and surprisingly, the N (26) protein-encoding structural genes. These results showed that SARS-CoV-2 capitalized CaSp-rcntMissense, likely the gain of function variant, in ORF1ab and structural protein-encoding genes to adapt to varying UVindex ranges (Table 3).


TABLE 3 Functional effects of all identified category-specific recurrent SNVs (CaSp-rcntEffs) count across all SARS-CoV-2 genes.
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Approximately 69.4% (154/222) of the overall CaSp-rcntMissense effects are detected in the UVindex range ≤ 7 (UVindex categories: Low 35, Moderate 46, and High 73), whereas the remaining 30.6% (68/222) are observed in the Extreme UVindex (36) and Very_High UVindex (31) categories (for details, see Figures 6B–E). The negatively related linear-trending line with the UVindex implies that the UVindex is inversely proportional to the CaSp-rcntMissense effects count. Suggesting that a higher UVindex (mostly ≥ 8) allows significantly fewer SARS-CoV-2 viral strains to survive hence imposing strong negative selection pressure (Figure 7). A set of all category-specific rcntMissense effects causing rcntSNVs may serve as potential resource for considerably more effective region-specific vaccine production.
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FIGURE 7
 Per UVindex category-specific rcntMissense-effects (CaSp-rcntMissense) count. The bars from left to right shows the total identified number of CaSp-rcntMissense effects in extreme (43; 14.8%), very high (40; 13.7%), high (92; 31.7%), moderate (65; 22.4%), and low (50; 17.2%) UVindex categories. The plot (A) reveals countries with UVindex above seven impose strong negative selection pressure by allowing least number of SARS-CoV-2 variants with minimal identified CaSp-rcntMissense effects (~28.62%), whereas, (B) most number of CaSp-rcntEffs (~71.38%) are observed in group of countries experiencing UVindex from 0 to 7.




Phylogeny

To find the evolutionary relationship between SARS-CoV-2 populations prevailing in different UVindex regions, we constructed a phylogenetic tree based on high-quality whole-genome sequences of 125 randomly selected SARS-CoV-2 samples, 25 from each of the UVindex categories (Figure 8).
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FIGURE 8
 Phylogenetic tree of SARS-CoV-2 genome sequences prevalent in five different UVindex regions. The five beta corona viral populations constituted five different clades. The SARS-CoV-2 population from high UVindex regions was found as the outgroup clade, whereas the SARS-CoV-2 populations from extreme, low, very high, and high UVindex regions formed three descendant clades within the ingroup.


Our phylogenetic analysis revealed five different branches for all randomly selected 125 high-quality SARS-CoV-2 genome samples (25 from each of the UVindex region). The tree displays separate branches for SARS-CoV-2 retrieved from UVindex regions, namely High (orange), Extreme (purple), Low (green), Very_High (red), and Moderate (yellow). The phylogenetic analysis has shown High UVindex inhabiting SARS-CoV-2 population as an outgroup and the SARS-CoV-2 prevailing Extreme, Low, Very_High, and Moderate UVindex regions as ingroup populations. To accommodate four SARS-CoV-2 populations, three main lineages were found within the ingroup, revealing the extent of relationships between different populations. The Extreme and Low UVindex populations are placed in two separate ingroup lineages and SARS-CoV-2 populations from the Very_High and Moderate UVindex regions are found sharing the third lineage. This relationship reflects that all SARS-CoV-2 samples, which are included in this study, are descended from the High UVindex region's inhabiting populations, whereas the SARS-CoV-2 populations from Very_High and Moderate UVindex regions are closely related to others.




Conclusion

SARS-CoV-2 is the pandemic COVID-19-causing coronavirus, which has raised a great threat to human health in almost all regions of the world. The genome-wide analysis of the rapidly evolving SARS-CoV-2 genomes discovered a large majority of the rcntSNVs as distinctive (found uniquely in a specific UVindex region), revealing the SARS-CoV-2 differential genomic responses to WHO's defined five different UVindex regions. Based on the total number of rcntSNVs predicted in all included SARS-CoV-2 genomes, our analysis showed that the Extreme UVindex applies negative selection pressure, whereas UVindex range of 6–7 provides the most suitable conditions for SARS-CoV-2 endurance. The phylogenetic relationship indicated the high UVindex region inhabiting the SARS-CoV-2 population as the recent progenitor of all included samples. To help in immune evasion and tolerate the DNA damaging effects of varying UV-solar radiation, the SARS-CoV-2 has acquired the highest number of missense rcntSNVs in their spike glycoprotein and nucleocapsid-encoding genes. Since COVID-19 diagnostic tests and vaccines are based on the spike or the nucleocapsid viral proteins, all missense rcntSNVs may need to be included in future diagnostic and vaccine formulations.
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Laboratory indicators  Univariable analysis Multivariable analysis

HR(95% Cl) Pvalue HR(95%Cl) P value

Age 1.02(0.99-1.05) 0,085
Gender 1.11(0.64-1.91) 0.722
Neutrophil count 1.25(1.06-1.48)  0.009
Lymphocyte count 0.45(0.25-0.84)  0.011
NLR 1.49(132-1.69) 0000 1.52(1.32-1.75) 0.000
PLT 0.97 (0.96-0.99)  0.001
AST 1.00(1.00-1.00) 0.000 1.00(1.00-1.00) 0.029
AT 1.00(1.00-1.00)  0.092
AST/ALT 1.43(1.24-164) 0000 1.34(1.13-1.60) 0.001
LOH 1.00(1.00-1.00)  0.000
ALP 1.00(0.99-101) 0272
AB 096(0.91-101) 0.076
BUN 1.12(1.06-1.19) 0,000 1.11(1.05-1.18) 0.001
Sor 1.01(1.01-1.01)  0.000

HR, hazard ratio; NLR, neutrophil-to-fymphocyte.
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Characteristics

Age, years

Gender

Male

Female

Symptoms

Fever

Bellyache

Diarrhea

Vormiting

Laboratory indicators (normal range)
WBC (3.5-9.5 x 10%/L)

Neutrophil count (1.8-6.3 x 109/1)
Lymphocyte count (1.1-3.2 x 10%L)
NLR

PLT (125-350 x 10%/L)

HGB (130-175 g/L)

AST (18-85 U/L)

ALT (740 UL)

AST/ALT

LDH (120-250 U/L)

GGT (7-45 U/L)

ALP (50-135 U/L)

ALB (40-55 g/L)

CK (18-198 UL)

CK-MB (0-25 U/L)

Amylase (0-150 U/L)

Lipase (0-1500 UL)

BUN (2.6-7.5 mmol/L)

Ser (41-73 pmol/L)

Al patients (n = 228)

63.0(54.0-70.8)

107 (47%)
121 (53%)

228 (100%)
32 (14%)
82 (36%)
54 (24%)

21 (1.4-3.7)
12(0.8-2.1)

07 (0.4-1.2)
19(1.2-27)
44.0(31.0-54.0)
1300 (117.0-140.0)
186.0 (109.5-372.0)
82,0 (52.0-155.0)
23(1.8-2.9)
912.0(585.5-1934.0)
32,0 (20.0-62.0)
64.5(51.0-87.0)
31.6(28.8-35.6)
446.0 (233.0-974.0)
22.0(11.0-87.0)
112.0 (75.3-178.0)
436.0 (179.0-758.8)
58(4.5-7.6)
74.0(62.4-96.5)

Survival(n = 177)

61.0(53.0-70.0)

82 (46%)
95 (54%)

177 (100%)
23 (13%)
60 (34%)
43 (24%)

2.1(1.4-38)
1.1 (06-2.0)
07 (0.4-1.3)
1.6(1.0-23)
46.0(34.0-57.0)
1300 (117.0-141.0)
163.0 (89.0-310.5)
77.0 (49.5-126.5)
2.15(1.61-2.72)
820.0 (518.5-1700.0)
32,0 (20.0-66.5)
63.0 (50.0-84.0)
32.3 (205-36.0)
433.0(233.0-882.5)
22,0 (11.0-37.0)
111.0 (75.0-178.0)
399.0 (173.0-758.5)
5.4(43-7.0)
720 (61.1-92.0)

Death (n = 51)

67.0(61.0-72.0)

25 (49%)
26 (51%)

51(100%)
9(18%)
22 (43%)
11 (22%)

1.9(1.3-3.0)
1.6(1.0-2.6)
05(0.4-0.8)
27(23-3.4)
32.0(23.0-48.0)
128.5 (115.0-136.8)
372.0 (169.0-687.0)
118.0 (64.0-223.0)
280 (2.12-3.76)
1443.0 (862.0-2362.0)
33.0 (22.0-63.0)
71.0(66.0-93.0)
31.0 (27.5-33.4)
555.0 (248.0-1127.0)
24.0 (13.0-37.0)
112.0(78.0-186.0)
519.0 (264.0-814.0)
7.0(5.4-11.0)
84.9(68.0-136.0)

P value*

0.063
0734

1.000
0.399
0.226
0.687

0212
0.002
0.008
0.000
0.000
0.339
0.000
0.012
0.000
0.000
0.494
0.047
0.037
0.235
0516
0.818
0.263
0.000
0.001

Data are n (%) or median (interquartile range, IQR). The group was divided according to survival or death. *p value describes the comparison between survival and death groups. NLR,

neutrophil-to-lymphocyte, U/L, units per L.





OPS/images/fmicb-13-907888/fmicb-13-907888-g002.gif
— vitisa oo

% = Nt ssom
PR
H
i
e

B e e S N
Nember stk “Timesece sarof admision @)

W w w e om ome w w ow o

P w w0 4 s a1 e

i

i

i

el
T
R

- st s Gy





OPS/images/fmicb-13-907888/fmicb-13-907888-g001.gif
WO S St W ey
EEE T TE
s i BB
s i ]






OPS/images/fmicb-13-787739/fmicb-13-787739-g006.jpg
a-N o-EGFP Merge
>
@)
[aa]
[
=
-9
s
Q
&
>
a
m
Ay
=l
E
5’UTR[ORFla S p
— oD [ [N
e EGFP
5 e __RT-PCR detection ----=-----~
Foss i ;
1> |
D= ’
69n1 _________
5°UTR v S v EGFP
™ AGACTCTTGTCTACTCAAT TCAACICT TAC 6A A 685 bp- ATGGTG
1 kb
=~ - 880bp \
0.25 kb s« /\
= O Yl
A\






OPS/images/fmicb-13-787739/fmicb-13-787739-t001.jpg
Name Sequence (5-3)

PYESTL-F AAAAAAAAAAAAAAAAAAAAAAAAAAAAAAARAGGCOG

PYESIL-R CTATTAGAGCTCAAGCTCTGC

YESIL-PEDV-F1  TCTATATAAGCAGAGCTTGAGCTCTAATAGACTTAAAAGATTTTCTATCTACGG
YESIL-PEDV-R1  GTTGGTGACATAATGACCAC

YESIL-PEDV-F2  TTATAGGCAAGGATAGTGGTC

YESIL-PEDV-R2  CTATAGGACAACTAGGATTGTT

YESIL-PEDV-F3  GCCAAGTTTGGTTTCACC

YESIL-PEDV-R3  AACTTACGTGGTGGTTC

YESIL-PEDV-F4  GGTTGTAACACTATTGAGCTAGAACC

YESIL-PEDV-R4  TGCTTGAACCATTCTCCACCTGAAGATTAC

YESIL-PEDV-F5  GTAATGTTCAGGTGGAGAATGGTTCAAGCA

YESIL-PEDV-R5  TAGCACCAAGTGCCAAC

YESIL-PEDV-F6  GTGTCATCACTGAAAAGTTGG

YESIL-PEDV-R6  CGCTGCTCTAAATCTGC

YESIL-PEDV-F7  TATCTTAATCTCACTGGTGAAATTGC

YESIL-PEDV-R7  CCTTTTTTTTTTTTTTTTTTTITITITTTTTITITGTGTATCCATATC

PEDV-N-F TTCGAGCTCGCCACCATGGCTTCTGTCAGCTT

PEDV-N-R TAGCTCGAGTTAATTTCCTGTATCGAAGATCTCG

PEDV-EGFP-F  AGTCGTCAAAGATGTCTCTAAGTCTATGGTGAGCAAGGGCG

PEDV-EGFP-R  GAATTGAGTCAAATGCAGCATTAGTAATGCCAACAATTTTACTTGTACAGCTCGTCCA
PEDV-seq-R12  ACTAAGCTTGGTAGTGC

PEDV-seq-F25  ACTGGTAATGCAAAACC

PEDV-sgRNA1  GACAGCGTCCGAAGACAAGTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAMAAGTGGCACCGAGTCGGTGC
PEDV-sgRNA2  TTTTOGCAACATCAAATTGTGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGGCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGC
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Characteristics Daegu (n = 16%) Ansan (n = 22%) Anyang (n = 26%) Daejeon (n = 20%) Sporadic (n = 79%) Total (n = 163%)

Diagnosis?
Real-time RT-PCR 9 (56.2) 15 (68.2) 22 (84.6) 12 (60.0) 56 (70.9) 114 (70.0)
IgM 1(6.3) 0(0.0) 0 (0.0 0(0.0) 1(1.3 2(1.2)
Real-time RT-PCR/IgM 6 (37.5) 7(31.8) 4 (15.4) 8 (40.0) 22 (27.8) 47 (28.8)
Age group, y
<1 6 (37.5) 4(18.2) 0 (0.0 10 (50.0) 5(6.3) 25(15.9)
1-4 2(12.5) 7(31.9) 0 (0.0 5 (25.0) 6 (7.6) 20 (12.3)
5-9 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0) 0(0.0)
10-14 0(0.0) 0(0.0) 0(0.0) 0(0.0) 3(3.8) 3(1.8)
15-19 0(0.0) 0(0.0) 1(3.8) 0(0.0) 6 (7.6) 7 (4.3
20-24 5(31.3) 3(13.6) 17 (65.4) 1(6.0) 19 (24.0) 45 (27.6)
25-29 0(0.0) 4(18.2) 8(30.8) 2(10.0) 9 (11.4) 23 (14.1)
30-34 1(6.3) 1(4.5) 0 (0.0 1(5.0) 7 (8.9 10 (6.1)
> 35 2(12.5) 3(13.6) 0 (0.0 1(5.0) 24 (30.4) 30 (18.4)
Sex
Female 11 (68.8) 14 (63.6) 20 (76.9) 11 (85.0) 38 (48.1) 94 (57.7)
Male 5(31.2) 8(36.4) 6 (23.1) 9 (45.0) 41 (51.9) 69 (42.3)
Vaccination status®
1 dose 3(18.8) 1 (4.5) 17 (65.4) 7 (35.0) 12 (15.2) 40 (24.5)
2 doses 5(31.2) 4(18.2) 7 (26.9) 3(15.0) 8(10.1) 27 (16.6)
Unvaccinated 5(31.2) 9(40.9) 0 (0.0 9 (45.0) 9 (11.4) 32 (19.6)
Unknown 3(18.8) 8(36.4) 2(7.7) 1(5.0) 50 (63.3) 64 (39.3)
Infection source
Imported 0(0.0) 0(0.0) 0(0.0) 1(5.0) 60 (75.9) 61 (37.4)
Import-related 16 (100.0) 22 (100.0) 26 (100.0) 19 (95.0) 16 (20.3) 99 (60.7)
Unknown 0(0.0) 0(0.0) 0(0.0) 0(0.0) 3(3.8) 3(1.8)
Genotype
B3 14 (87.5) 0(0.0 0 (0.0 0(0.0) 26 (32.9) 40 (24.5)
D8 0(0.0) 22 (100.0) 26 (100.0) 20 (100.0) 47 (89.5) 115 (70.6)
Unknown® 2(12.5) 0(0.0 0 (0.0 0(0.0) 6 (7.6) 8(4.9)

aReal-time RT-PCR refers to the detected measles virus gene, and not detected or have not specimen for measles virus-specific IgM antibodies. IgM refers to detected
measles virus-specific IgM antibodies and have not specimen for measles virus gene. Real-time RT-PCR/IgM refers to detected measles virus gene as well as measles
virus-specific IgM antibodies.

PFirst dose of measles containing vaccine at 12-15 months of age and second dose at 4-6 year of age.

®Among the 8 patients, 2 were confirmed as IgM-positive and have not specimen for measles virus gene, 6 were though measles virus detected using real-time RT-PCR,
genotyping was not confirmed.
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Gene Sequence (5 —3')

NK-NT Forward TAATACGACTCACTATAGGGAGA ATGGCATCAATGCAGAAGCTGATC
Reverse TCATCGCACATCCTCCTCCC

NKN-1 Forward TAATACGACTCACTATAGGGAGA ATGGCATCAATGCAGAAGCTGATC
Reverse TCATACTTTTAAAAAGTACTGCCTC

DsRed Forward TAATACGACTCACTATAGGGAGA ATGGTGAGCAAGGGCGAG
Reverse TCACTGGGAGCCGGAGTG

The T7 promoter sequences are underscored.
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Construct Gene
pET6xHN-N-Dsred DsRed
PET6XHN-N-Dsred-NK-NT  DsRed
NK-NT
pETExHN-N-Dsred-NKN-1  DsRed
NKN-1
PET6XHN-N-TAT-Dsred TAT
DsRed
PETEXHN-N-TAT-Dsred- TAT
NK-NT
DsRed

NK-NT

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse

Sequence (5 —3')

GATAAGGCCTCTGTCGAC ATGGACAACACCGAGGACGTC

AAGCGGCCGCCAGAATTC TCACTGGGAGCCGCGAGTG

GACGATGATAAGGCCTCT ATGGACAACACCGAGGACGTC

TTTGATGCTTTGGTCGAC CTGGGAGCCGGAGTGGCG

GATAAGGCCTCTGTCGAC CAAAGCATCAAAGTGAGGATAAG

AAGCGGCCGCCAGAATTC TCATCGCACATCCTCCTCCC

GACGATGATAAGGCCTCT ATGGACAACACCGAGGACGTC

TTTGATGCTTTGGTCGAC CTGGGAGCCGGAGTGGCG

GATAAGGCCTCTGTCGAC CAAAGCATCAAAGTGAGGATAAG

AAGCGGCCGCCAGAATTC TCATACTTTTAAAAAGTACTGCCTC

ATAATCACAACGCTGCAGGT TATGGCAGGAAGAAGCGGAGACAGCGACGAAGA AAGGCCTCT ATGGACAACAC
GTGTTGTCCAT AGAGGCCTT TCTTCGTCGCTGTCTCCGCTTCTTCCTGCCATA ACCTGCAGCGTTGTGATTAT
GATAAGGCCTCTGTCGAC ATGGACAACACCGAGGACGTC

AAGCGGCCGCCAGAATTC TCACTGGGAGCCGGAGTG

ATAATCACAACGCTGCAGGT TATGGCAGGAAGAAGCGGAGACAGCGACGAAGA AAGGCCTCT ATGGACAACAC
GTGTTGTCCAT AGAGGCCTT TCTTCGTCGCTGTCTCCGCTTCTTCCTGCCATA ACCTGCAGCGTTGTGATTAT
GACGATGATAAGGCCTCT ATGGACAACACCGAGGACGTC

TTTGATGCTTTG GTCGAC CTGGGAGCCGGAGTGGCG

GATAAGGCCTCTGTCGAC CAAAGCATCAAAGTGAGGATAAG

AAGCGGCCGCCAGAATTC TCATCGCACATCCTCCTCCC

The overlapping sequences with cloning vectors are in bold. The overlapping sequences for multi-DNA segment cloning are italicized. The restriction enzyme sites are underscored.
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Construct
pBIFC-VN155(1152L)-RBD
pBIFC-VN155(1152L)-ACE2
pBiFC-VC155-ACE2
pBIFC-VN155(1152L)-ECT
pBiFC-VC155-ECT
pBiFC-VN155(1152L)-PD
pBiFC-VC155-PD
pBIFC-VN155(1152L)-RBD_SC
PBIFC-VN155(1152L)-PD_SC
PBIFC-VN155(1152L)-Neck_SC

PBIFC-VN155(1152L)-NK-NT_SC

pPBIFC-VN155(1152L)-NK-MT_SC

PBIFC-VN155(1152L)-NK-CT_SC

pBIFC-VN155(1152L)-NKA-1_SC

pBIFC-VN155(1152L)-NKA-2_SC

pBIFC-VN155(1152L)-NKA-3_SC

PBIFC-VN155(1152L)-NKN-NT_SC

PBIFC-VN155(1152L)-NKN-CT_SC

PBIFC-VN155(1152L)-NKN1_SC

Protein name

RBD
ACE2
ACE2
ECT

ECT

PD

PD
RBD_SC
PD_SC
Neck_SC

NK-
NT_SC

NK-
MT_SC

NK-
CT_sC

NKA-
1.8C

NKA-
2.8C

NKA-
3.8C
NKN-

NT_SC

NKN-
CT_SC

NKN-
1.8C

Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward
Reverse
Forward

Reverse
Forward

Reverse
Forward

Reverse
Forward

Reverse
Forward

Reverse
Forward

Reverse

Forward

Reverse
Forward

Reverse
Forward

Reverse

Sequence (5'—3')

ATGGAGGCCC GAATTC GG AGAGTCCAACCAACAGAATC
GTACCTCGAG AGATCT C CTTTTTAGGTCCACAAACAGTTG
ATGGAGGCCC GAATTC GG ATGTCAAGCTCTTCCTGGC
GTACCTCGAG AGATCT C AAAGGAGGTCTGAACATCATCAG
ATGGAGGCCC GAATTC GG ATGTCAAGCTCTTCCTGGC
GTACCTCGAG AGATCT C AAAGGAGGTCTGAACATCATCAG
ATGGAGGCCC GAATTC GG TCCACCATTGAGGAACAG
GTACCTCGAG AGATCT C CCCCAGAAACTCTAGGCTG
ATGGAGGCCC GAATTC GG TCCACCATTGAGGAACAG
GTACCTCGAG AGATCT C CCCCAGAAACTCTAGGCTG
ATGGAGGCCC GAATTC GG TCCACCATTGAGGAACAG
GTACCTCGAG AGATCT C GTCTGCATATGGACTCCAG
ATGGAGGCCC GAATTC GG TCCACCATTGAGGAACAG
GTACCTCGAG AGATCT C GTCTGCATATGGACTCCAG
ATGGAGGCCC GAATTC GG AGAGTCCAACCAACAGAATC
GTACCTCGAG AGATCT C TCACTTTTTAGGTCCACAAACAGTTG
ATGGAGGCCC GAATTC GG TCCACCATTGAGGAACAG
GTACCTCGAG AGATCT C TCAGTCTGCATATGGACTCCAG
ATGGAGGCCC GAATTC GG CAAAGCATCAAAGTGAGGATAAG
GTACCTCGAG AGATCT C TCACCCCAGAAACTCTAGGCTG
ATGGAGGCCC GAATTC GG CAAAGCATCAAAGTGAGGATAAG

GTACCTCGAG AGATCT C TCATCGCACATCCTCCTCCC
ATGGAGGCCC GAATTC GG CGATCATCTGTTGCATATGC

GTACCTCGAG AGATCT C TCAAGTTCTAGGAATGATATCAGACAC
ATGGAGGCCC GAATTC GG GTGGCTAATTTGAAACCAAGAATC

GTACCTCGAG AGATCT C TCACCCCAGAAACTCTAGGCTG
ATGGAGGCCC GAATTC GG AACGACAATGAAATGTACCTG

GTACCTCGAG AGATCT C TCACAGACGGAAAGCATCATTGATAC
ATGGAGGCCC GAATTC GG AACGACAATGAAATGTACCTG

GTACCTCGAG AGATCT C TCATACTTTTAAAAAGTACTGCCTC
ATGGAGGCCC GAATTC GG CGGAGCCGTATCAATGATGCTTTCCGTCTGTGA
GAGATCTCTCGAGGTAC

GTACCTCGAG AGATCT C TCACAGACGGAAAGCATCATTGATACGGCTCCG
CCGAATTCGGGCCTCCAT

ATGGAGGCCC GAATTC GG CAAAGCATCAAAGTGAGGATAAG

GTACCTCGAG AGATCT C TCAGAACAGGTACATTTCATTGTCG
ATGGAGGCCC GAATTC GG CGATCATCTGTTGCATATGC

GTACCTCGAG AGATCT C TCATCGCACATCCTCCTCCC
ATGGAGGCCC GAATTC GG CAAAGCATCAAAGTGAGGATAAG

GTACCTCGAG AGATCT C TCATAC AAAAAGTACTGCCTC

The stop codons (SC) presented in cloning primers for competition BiFC are underscored. The overlapping sequences with cloning vectors are in bold. The restriction enzyme sites

are italicized.
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Ct value RT-qPCR (median)
Genomic

Subgenormic

VTM Antigen positive result (%)
1gG anti-S

Median OD

Positive results (%)

1gG anti-N

Median OD

Positive results (%)

Virus isolation (% success)*

Days after diagnosis

0 6-14 >14
29 29 13
17.71 27.48 35.03
19.53 29.50 0.0
100.0 12.19 0.0
115 3.93 3.86

43.33 (13/80)  96.29(26/27) 83.33 (10/12)

0.70 3.70 4.30
23.33(7/30) 9259 (23/25) 100.0 (12/12)
72.41(21/29)  1071(3/28)  23.08 (3%/13)

"Seven patients were previously fully vaccinated.

!The two negative samples had 6 and 7 days since symptom onset (SSO).

*Related to the total of follow-up samples (41) including concordant (5) and discordant
(36) samples. The overall rate of virus isolation among the discordent samples is

13.89% (5/36).

& Tiwo isolations came from consecutive samples of a single individual.
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Mosquito NO. of neonatal mice NO. of positive brain Infection rate (%) RNA copy (logto) Virus titers (PFU/ml)

sD 10 3 3/10 (30%) 281023 1.7 x 107
LD 10 4 4/10 (40%) 441+£14 3x 102

SD, diapause-inducing short-day photoperiod: LD, non-diapause-inducing long-day photoperiod.
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Effective Concentrationthat Inhibits Virus Replication by 50% (uM)

Antiviral SARS-CoV2/Qc/21697/2020
Remdesivir 9.18 +4.88
Remdesivir (1.25 to 20 pM) + EGCG 15.62 uM 4.42 213
Remdesivir (1.25 to 20 pM) + EGCG 31.25 uM 1.79 £ 1.29
Remdesivir (1.25 to 20 uM) + EGCG 62.5 uM <1.25
Remdesivir (1.25 to 20 uM) + Isoquercetin 15.62 uM 2.29 + 0.02
Remdesivir (1.25 to 20 uM) + Isoquercetin 31.25 uM <1.25
Remdesivir (1.25 to 20 uM) + Isoquercetin 62.5 pM <1.25
EGCG 85.65 * 6.45
EGCG (15.6 to 125 pM) + Remdesivir 1.25 uM 27.68 = 14.21
EGCG (15.6 to 125 pM) + Remdesivir 2.5 uM 25.02 + 11.25
EGCG (15.6 to 125 pM) + Remdesivir 5 uM <15.62
Isoquercetin 23.99 = 1.07
Isoquercetin (7.8 to 62.5 uM) + Remdesivir 1.25 uM 19.32 + 5.13
Isoquercetin (7.8 to 62.5 uM) + Remdesivir 2.5 uM 17.13 £ 3.19
Isoquercetin (7.8 to 62.5 uM) + Remdesivir 5 uM 13.39 + 1.19

For compound combinations, two compounds with different concentrations were mixed. ECso for each combination was calculated based on the final concentrations of one serially diluted
drug or polyphenol (reference compound) combined with another one maintained at constant concentration. For some combinations, cell survival percentages were greater than 50% for
all compound dilutions. Thus, we could not determine the ECso value. In this case, the ECso was considered less than the smallest concentration of the reference compound tested; i.e. <
15.62 uM for combination using EGCG as the reference and <1.25 uM for those using Remdesivir.
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Results HeV bELISA
Positive (%) 1(0.2%)
Negative 507 (99.8%)

Insufficient sera

Non-specific reactor (%)

Weak reactor (%)

TOTAL 508

HeV SNT

NiV iELISA

0
495 (97.44%)

11 (2.17%)
2 (0.39%)
508

*The one sample where there was insufficient sera to conduct the confirmatory test was a non-specific reactor in the NiV iELISA.

NiV SNT

0
12 (92.31%)
1*

13
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Gene product

PCV4 Cap (1-228 aa)
PCV4 Cap (38-228 aa)
PCV4 Cap (1-37 aa)
DDX21 (1-784 aa)
DDX21 (1-217 aa)
DDX21 (218-581 aa)
DDX21 (582-784 aa)
DDX21 (1-581 aa)
DDX21 (218-784 aa)
(

DDX21 (1-217 aa + 582-784 aa)

DDX21 (682-772 aa)
DDX21 (682-762 aa)
DDX21 (763-772 aa)

Sense primer (5'-3')

ATGCCAATCAGATCTAGGTACA
CATGCGCGCTTCATGAGGGA
ATGCCAATCAGATCTAGGTACA
ATGCCGGGGAAACTTCGTAGT
ATGCCGGGGAAACTTCGTAGT
TTTCACCATGTCTATAGCGGGAA
AGGCTTTTGGATTCTGTGCCT
ATGCCGGGGAAACTTCGTAGT
TTTCACCATGTCTATAGCGGGAA
ATGCCGGGGAAACTTCGTAGT
ATACAAGCAAAGACGAGGCTTTTGGATTCTGTGCCT
ATGCCGGGGAAACTTCGTAGT
AGGCTTTTGGATTCTGTGCCT
AGGCTTTTGGATTCTGTGCCT
TCGAGGGTAGCAGAAGCAACAGATTCCAAAACAAATAAG

Antisense primer (5'-3')

TTATCCCTGTTTGGGGTAGTTAACA
TTATCCCTGTTTGGGGTAGTTAACA
GTTCTTCCTTCTCCACCGGTATCTC
TTACTGTCCAAACGCTTTGCT
CGTCTTTGCTTGTATGGGAAACA
GATGGCATCTTTACTAGAAGCTTTT
TTACTGTCCAAACGCTTTGCT
GATGGCATCTTTACTAGAAGCTTTT
TTACTGTCCAAACGCTTTGCT
AGGCACAGAATCCAAAAGCCTCGTCTTTGCTTGTAT
TTACTGTCCAAACGCTTTGCT
TTACTGTCCAAACGCTTTGCT
TTITGTTTTGGAATCTGTTGCTT
ACCTCCTGATCGCTGTCCCCTGAA
AATTCTTATTTGTTTTGGAATCTGTTGCTTCTGCTACCC
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Results

Positive (%)
Negative
Indeterminate (%)
Total

HeV sG Luminex

4(0.75%)
526 (98.13%)
6 (1.12%)
536

HeV SNT

0
10 (100%)

10

NiV sG Luminex

0
533 (99.44%)
3 (0.56%)
536

NiV SNT

0
3 (100%)
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Species

Horse

Horse

Horse

Horse

Horse

Total Number Horses
Pig

Pig

Total Number Pigs

Number

59
273

57
83
536
100
408
508

State

Niger
Kaduna
FCT
Gombe

Nasarawa

Plateau

Benue

Town

Suleja
Kaduna
Abuja
Gombe

Keffi

Jos

Makurdi

Type of Establishment

Horse racing stable
Horse racing stable
Horse racing stable
Horse racing stable

Horse racing stable

Slaughterhouse
Slaughterhouse

Sample collection dates

March 2018

January to March 2018
February to April 2018
May 2018

March 2018

March and June 2018
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Circoviruses

PCV1
PCv2
PCV3
PCv4

Accession no.

AY193712.1
AY188355.1
KT869077.1
MK986820.1

Sequences of NoLSs

MTWPRRRYRRRRTRPRSHLGNILRRRPYLAHPAFRNRYRWRRK
MTYPRRRYRRRRHRPRSHLGQILRRRPWLVHPRHRYRWRRK
MRHRAIFRRRPRPRRRRRHRRRYARRRLFIRRPT
MPIRSRYSRRRRNRRNQRRRGLWPRANRRRYRWRRKN
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Primer name

EP153R-F
EP153R-R

EP402R-F

EP402R-R

MGF_360-12L-F
MGF_360-12L-R
MGF_360-13L-F
MGF_360-13L-R
MGF_360-14L-F
MGF_360-14L-R

Sequence (5'-3')

ATG 'CTAACAAAAAGTACATCGGTCT

TTATTTACTACAAATATATAATAAACTT
ACATG G GT

CCTAAGCCTTACAGTCGTTATCAG
TGGCGGGATATTGGGTAGTA
TGCCCACGAACCAACATTA
GTGGTGGCCGGACTATAAAT
GGATCGTGGCCGAATACAAATA
CAAAGGCATTACCACCCAAATC
CGGGTAGCTTGTAGCCTTTATT
GATACTCTTCGGCTCGTTTCAG

Gene

EP153R

EP402R

MGF_360-12L

MGF_360-13L

MGF_360-14L
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ORFs Bovine Porcine  Equine  Goat ToV sp.
torovirus torovirus  torovirus  torovirus
(BToV) (PToV) EToV)  (GToV)

1a 89.4 75.6-77.5 688 91.6 888
b 808 86.3-86.4 804 809 810
s 74.3-745  747-75.1 724 75,2 75.2
M 77.8-786  80.6-82.3 78.1 79.2 78.7
HE 718742 69.8-71.6 725 724
91.7-92.0
N 68.2 75.2-77.6 67.0 70.1 69.8
1a 91.3 76.6-77.1 775 91.0 900
1b 88.0 86.7 88.1 85.6
s 78.0-785 739 788 789
M 89.7-915 8.0 90.1 91.0
HE 71.4-746 72.3 702
94.8
N 61.3 75.6-78.0 613 67.9 67.3

The complete sequences of HE gene of EToV Berne are not avaiable in Genbank. ToV'
strains used for painwise comparison are listed in Supplementary Table S4. The
identity between AToV Qinghait, BToV B150, and B155 are provided.
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First wave Second and third waves Delta variant of fourth wave

Day after symptom onset Total case no. Average Ct (range) Total case no. Average Ct (range) Total case no. Average Ct (range)

0 2,295 26.14 (8.50-37.14) 11,654 22.08 (7.30-38.65) 519 16.97 (8.25-34.40)
1 314 24.10 (8.21-37.78) 2,199 20.24 (7.40-38.39) 589 15.44 (7.61-30.14)
5 244 23.30 (9.03-37.36) 1,334 19.08 (7.06-37.90) 299 15.84 (8.27-34.00)
3 202 23.37 (8.76-35.29) 872 19.63 (8.01-36.34) 160 16.39 (9.57-29.38)
4 157 23.55 (9.43-34.28) 591 20.67 (8.29-36.09) 80 18.27 (10.69-27.17)
5 148 23.62 (8.80-35.72) 436 21.11 (7.21-37.07) 44 19.55 (9.82-33.36)
6 123 24.72 (12.61-36.37) 296 22.65 (8.66-36.55) 38 19.75 (11.98-34.44)
7 142 26.18 (13.93-36.69) 283 22.78 (9.36-35.06) 26 21.62 (10.41-32.19)
8 86 25.50 (12.51-36.96) 165 23.17 (11.92-35.05) 24 22.62 (12.51-37.92)
9 64 26.47 (13.01-36.62) 99 24.07 (12.13-34.90) 20 22.50 (14.62-29.72)
10 47 27.09 (12.37-34.61) 79 25.25 (10.30-37.53) 9 25.89 (15.44-31.99)
11 27 28.27 (16.00-34.37) 50 26.04 (17.43-38.24) 14 26.71 (17.02-34.92)
12 39 28.11 (15.47-34.84) 32 26.40 (17.14-35.11) 12 28.27 (17.33-36.63)
13 22 27.38 (15.85-34.06) 40 27.85 (19.19-38.42) 7 27.02 (21.77-33.33)
14 24 27.86 (13.63-35.41) 28 26.79 (13.37-35.45) 7 26.99 (13.00-32.72)

Total 3,934 25.47 (8.21-37.78) 18,158 21.54 (7.06-38.65) 1,848 16.99 (7.61-37.92)
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Characteristics Total no. (%) First wave no. (%) Second and third waves no. (%) Fourth wave no. (%) p-value
Total 23,940 3,934 18,158 1,848
Median age, years (IQR) 48 (Q1 =29, Q3 = 61) 41 (Q1 =25, Q3 =57) 50 (Q1 =32, Q3 =63) 35.5 (Q1 = 24, Q3 = 50)
Age group, years <0.0001
0-9 818 (3.4) 50 (1.3) 712 (3.9) 56 (3.0)
10-19 1,529 (6.4) 224 (5.7) 1,136 (6.3) 169 (9.1)
20-29 3,869 (16.2) 1,150 (29.2) 2,221 (12.2) 498 (26.9)
30-39 3,062 (12.8) 477 (12.1) 2,247 (12.4) 338 (18.3)
40-49 3,409 (14.2) 555 (14.1) 2,526 (13.9) 328 (17.7)
50-59 4,398 (18.4) 662 (16.8) 3,435 (18.9) 301 (16.3)
60-69 3,759 (15.7) 442 (11.2) 3,202 (17.6) 115 (6.2)
70-79 1,930 (8.1) 236 (6.0) 1,661 (9.1) 33(1.8)
>80 1,166 (4.9) 138 (3.5) 1,018 (5.6) 10 (0.5)
Sex <0.0001
Female 12,713 (63.1) 2,365 (60.1) 9,460 (52.1) 888 (48.1)
Male 11,227 (46.9) 1,569 (39.9) 8,698 (47.9) 960 (51.9)
Cycle threshold (Ct) <0.0001
=15 4,450 (18.6) 271 (6.9) 3,542 (19.5) 637 (34.5)
15-20 5,974 (25.0) 562 (14.3) 4,651 (25.6) 761 (41.2)
20-25 5,068 (21.2) 790 (20.1) 3,960 (21.8) 318(17.2)
25-30 5,025 (21.0) 1,216 (30.9) 3,705 (20.4) 104 (5.6)
>30 3,423 (14.3) 1,095 (27.8) 2,300 (12.7) 28(1.5)

IQR, interquartile range.
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Pairwise amino acid identity (%)

Coronavirus Genome size G+C content Pairwise genome 3CLpro RdRp Hel ExoN NendoU NS2a S M N
identity
Lucheng Rn rat coronavirus
AcCoV-JC34 27,682 401 69.2 629 929 935 84.2 83.0 727 84.7 67.4
AlphaCoV UKRn3 28,763 402 707 61.5 93.2 936 856 83.5 532 69.5 855 707
LRNV Lijiang-170 27,563 40.2 69.5 62.9 91.9 93.1 84.0 832 730 843 68.2
LRNV Lucheng-19 28,763 40.3 707 61.2 932 936 86.2 84.7 53.1 70.7 86.7 707
RtMruf-CoV-1/JL2014 29,197 39.8 708 62.3 938 936 86.0 85.0 55.8 70.6 87.6 69.3
RtRI-CoV/FJ2015 28,722 40.3 74 61.5 93.1 935 85.6 84.7 53.6 69.6 86.4 7.0
Mink coronavirus 28,941 37.5 44.4 256 76.9 725 64.2 59.5 183 51.1 29.1
Ferret coronavirus 28,434 39.0 442 246 765 720 64.0 59.3 173 482 312
Feline coronavirus 28,595 38.7 431 259 747 70.8 632 58.4 17.4 50.4 28.0
TGEV 28,586 37.6 443 26.5 748 7.6 63.8 59.0 17.4 515 296
Human coronavirus 229E 27,317 38.3 452 237 73.0 730 67.6 58.7 19.1 45.0 248
Human coronavirus NL63 27,553 345 473 237 734 725 64.7 60.8 18.2 49.4 282
SADS-CoV 27,173 39.4 50.5 233 749 727 66.0 62.4 39.4 51.4 323
Wencheng Sm shrew CoV' 26,028 315 50.7 19.8 68.0 67.2 59.0 50.0 313 452 248
Shrew-CoV/Tibet2014 27,102 36.6 39.1 169 63.8 626 55.8 49.4 29.0 332 ]

LRNY, Lucheng An rat coronavirus; AcCoV-JC34, Coronavirus AcCOV-JC34; RiMrut-CoV- /L2014, Rodent coronavius isolate Riruf-CoV-14JL2014; RRI-CoV/FJ2015, Rodent coronavirus isolate RUR-CoV/FJ2015; TGEV, porcine
transmissible gastroenterits virus; SADS-CoV, Swine acute dlarhea syndrome coronavirus.
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Zinc salts exert inhibitory effect on EV-D68 replication. The EV-DE8-infected RD cells
were treated with various zinc salts (zinc chioride, zinc sulfate, and zinc acetate). At
48hpi, the supematant was collected for virus titer assay.
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