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Introduction: The world is still struggling against the pandemic of coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), in 2022. The pandemic has been facilitated by the intermittent emergence of variant strains, which has been explained and classified mainly by the patterns of point mutations of the spike (S) gene. However, the profiles of insertions/deletions (indels) in SARS-CoV-2 genomes during the pandemic remain largely unevaluated yet.

Methods: In this study, we first screened for the genome regions of polymorphic indel sites by performing multiple sequence alignment; then, NCBI BLAST search and GISAID database search were performed to comprehensively investigate the indel profiles at the polymorphic indel hotspot and elucidate the emergence and spread of the indels in time and geographical distribution.

Results: A polymorphic indel hotspot was identified in the N-terminal domain of the S gene at approximately 22,200 nucleotide position, corresponding to 210–215 amino acid positions of SARS-CoV-2 S protein. This polymorphic hotspot was comprised of adjacent 3-base deletion (5′-ATT-3′; Spike_N211del) and 9-base insertion (5’-AGCCAGAAG-3′; Spike_ins214EPE). By performing NCBI BLAST search and GISAID database search, we identified several types of tandem repeats of the 9-base insertion, creating an 18-base insertion (Spike_ins214EPEEPE, Spike_ins214EPDEPE). The results of the searches suggested that the two-cycle tandem repeats of the 9-base insertion were created in November 2021 in Central Europe, whereas the emergence of the original one-cycle 9-base insertion (Spike_ins214EPE) would date back to the middle of 2020 and was away from the Central Europe. The identified 18-base insertions based on 2-cycle tandem repeat of the 9-base insertion were collected between November 2021 and April 2022, suggesting that these mutations could not survive and have been already eliminated.

Discussion: The GISAID database search implied that this polymorphic indel hotspot to be with one of the highest tolerability for incorporating indels in SARS-CoV-2 S gene. In summary, the present study identified a variable number of tandem repeat of 9-base insertion in the N-terminal domain of SARS-CoV-2 S gene, and the repeat could have occurred at different time from the insertion of the original 9-base insertion.

KEYWORDS
 BLAST search, insertions/deletions, GISAID, N-terminal domain, variable number tandem repeats, spike gene, severe acute respiratory syndrome coronavirus 2


1. Introduction

The pandemic of coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), is still ongoing worldwide still in end of 2022 (Alexandridi et al., 2022; Biancolella et al., 2022). The pandemic has been sustained in the last 3 years, driven by the intermittent emergence of consequential variant strains (Papanikolaou et al., 2022; Viana et al., 2022). By now, the lineages of the variant strains have been classified mainly based on the types of point mutations in the spike (S) gene of the virus. This is reasonable because SARS-CoV-2 Sprotein has been known to play major roles in binding to the receptor angiotensin-converting enzyme 2 (ACE2) and also as the target antigen of most neutralizing antibodies (Liu et al., 2020; Zhang et al., 2020; Min and Sun, 2021). Recently, the genomes of many SARS-related coronavirus species, including SARS-CoV-2 from humans, have reported to incorporate many mutation hotspots with relatively long and highly divergent insertions/deletions (indels; Akaishi, 2022b; Akaishi et al., 2022b), which are not common in many of other virus families (Willemsen and Zwart, 2019; Akaishi, 2022a). These indel hotspots with highly divergent RNA sequences in SARS-related coronavirus species were identified to be clustered in several specific genome positions, including the non-structural protein 2 (Nsp2) and Nsp3 of the open-reading frame 1a (ORF1a), N-terminal domain (NTD) of S gene, and ORF8 gene (Akaishi et al., 2022a). Many of these divergent and complex indel hotspots are away from the known genomic recombination sites in the viruses (Alexandridi et al., 2022; Lytras et al., 2022). However, the genomic regions and patterns of highly polymorphic indel sites in the genomes of SARS-CoV-2 from humans have not been enough evaluated until now. Moreover, the geographical distributions and prevailing periods of each indel pattern remains largely unevaluated. Therefore, in this report, we searched for the polymorphic indel hotspots in the genomes of SARS-CoV-2 collected from humans and estimated the time period and geographical locations of the emergence of such polymorphic indels. Furthermore, we are going to report an insertion site with variable number tandem repeat of 9-base insertion, found in the NTD of the SARS-CoV-2 S gene.



2. Materials and methods


2.1. Initially evaluated genome sequences

In this study, a total of 20 SARS-CoV-2 genome sequences from different timings and countries were initially collected to search for the presence of polymorphic indel sites, which were randomly selected from the NCBI GenBank Database in October 2022, based on the sample collection time and geographic distribution. These sequences were first used to preliminarily search for the location of the polymorphic site across the SARS-CoV-2 genome in the last 3 years. The list of the initially collected 20 sequences is shown in Table 1 (Holland et al., 2020; Wu et al., 2020; Wilkinson et al., 2021; De Marco et al., 2022).



TABLE 1 List of the initially recruited 20 SARS-CoV-2 strains.
[image: Table1]



2.2. Multiple sequence alignment

By using the initially collected 20 virus genome sequences, multiple sequence alignment was performed by using Molecular Evolutionary Genetics Analysis Version 11 (MEGA11) software (Tamura et al., 2021). The Multiple Sequence Comparison by Log-Expectation (MUSCLE) program was run to align the whole genome sequences. As for the alignment parameters, gap opening penalty score was set with −400 and gap extension penalty score was set with 0. The presence of polymorphic indel sites were manually searched across the whole genomes using the aligned sequences. Polymorphism of the indel site was determined if more than two patterns of indels at the indel site, including the nearby sequences of ±10 bases, were observed. Point mutation patterns in the indel sites were not considered to decide the polymorphism of the indels.



2.3. Basic Local Alignment Search Tool (BLAST) search

The identified sites of polymorphic RNA sequences based on sequence alignment were further evaluated by performing sequence search with NCBI basic local alignment search tool (BLAST) to know the numbers of registered sequences with 100% sequence identity with each of the identified polymorphic RNA sequence.1 Sequences those are 100% identical to the reference sequence were determined when they achieved 100% both for with the query cover rate and percent sequence identity. To pick up other types of overlooked polymorphic RNA sequence patterns, the identified sequences upon highly similar sequence search method (megablast) with <100% sequence identity were further checked manually and visually one by one.

Furthermore, to search for other patterns of polymorphic sequence which are not included in the initially recruited 20 sequences or are failed to be picked up by the megablast search, several patterns of hypothetical virtual sequences were prepared by gradually shortening the bases with deletion by 3 nucleotides or duplicating the bases with insertion up to 3 tandem repeats. For the collected sequences with indel polymorphisms, recombination analyses were performed using the Recombination Detection Program Version 5 (RDP5) to detect potential recombination sites across the whole virus genomes (Martin et al., 2021).



2.4. Global Initiative on Sharing All Influenza Data (GISAID) database search

Next, to investigate the prevalence of each observed indel type at the identified polymorphic indel site, the registered virus genome sequences worldwide were accessed via the Global Initiative on Sharing All Influenza Data (GISAID; Elbe and Buckland-Merrett, 2017; Shu and McCauley, 2017; Khare et al., 2021). A total of 14,066,931 genome sequences, which were registered and available up to December 1, 2022, were evaluated in the present study. The associated EPI_SET Identifier ID is specified in the subsequent data availability statement.




3. Results


3.1. Identified polymorphic site

First, the presence and location of polymorphic indel sites were screened with the initially recruited 20 virus genome sequences, which identified only one polymorphic indel site in the S1-NTD at approximately 22,190–22,210 nucleotide positions of the overall 29,903 nucleotides of SARS-CoV-2 Wuhan-Hu-1 genome. The aligned sequences around the identified polymorphic indel site with some of the randomly selected first 20 sequences are shown in Figure 1, together with the aligned sequences of some of the additional sequences detected by BLAST search. This indel site was comprised of two adjacent but distinct indels: 3-base deletion (5′-ATT-3′) and 9-base insertion (5’-AGCCAGAAG-3′). Among the initially recruited 20 sequences, both of the 3-base deletion and 9-base insertion were confirmed in the same 5 sequences, all of which were sampled and sequenced in 2022. These 5 sequences were distributed across the countries worldwide (United States, Japan, Italy, Australia, and Turkey). Sequences with these mutations accounted for 35.7% of the randomly selected sequences sampled in 2022 (n = 5/14 sequences). The estimated prevalence of these 3-base deletion and 9-base insertion among the viruses worldwide in 2022 was approximately 20–50%, suggesting the rapid spread of the combination of these two indels all over the globe in the early 2022. To be noted here, more than half of the randomly selected virus strains in 2022 (n = 9/14 sequences) still preserved the original reference RNA sequences (i.e., sequence of Wuhan-Hu-1) in this polymorphic indel hotspot site.

[image: Figure 1]

FIGURE 1
 Polymorphic insertion/deletion hotspot in SARS-CoV-2 S1-NTD. The result of the multiple sequence alignment with some of the initially recruited sequences by random selection based on geographical distribution and other additional sequences identified with subsequent BLAST searches. This polymorphic indel site was comprised of two adjacent distinct indels: 3-base deletion and 9-base insertion. The combination of these 3-base deletion and 9-base insertion was confirmed in 5 of the randomly selected initial 20 sequences. Further BLAST searches with virtual RNA sequences of different indel patterns revealed the presence of SARS-CoV-2 strains with a 2-cycle tandem repeat of the 9-base insertion in the past.BLAST, basic local alignment search tool; S1-NTD, N-terminal domain of S1 gene; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.




3.2. BLAST search results for the polymorphic indels

Based on the finding of polymorphic indels basically comprised of 3-base deletion and 9-base insertion in the SARS-CoV-2 S1-NTD, NCBI BLAST search was performed for the identified sequences and other conceivable non-lethal virtual sequences. The search with a virtual sequence conceived from 2-cycle tandem repeat of the 9-base insertion identified a total of 1,257 registered sequences, 5 of which were from Germany and the others were from Switzerland. The presence of two different cycles of tandem repeat of the 9-base insertion exhibited the presence of variable number tandem repeats (VNTD) in RNA sequence of the SARS-CoV-2 genomes. The detailed sequences close to this polymorphic indel hotspot among the initially recruited and additionally identified sequences are shown in Figure 2A, together with the number of the identified sequences with 100% sequence identity to the entered search sequence based on the BLAST search. Recombination analysis using RDP5 was performed with these collected sequences, which did not detect any potential recombination signals across the whole virus genomes.

[image: Figure 2]

FIGURE 2
 BLAST search results and geographic distribution of two-cycle tandem repeat of the 9-base insertion. (A) The aligned sequences at the identified polymorphic indel hotspot in SARS-CoV-2 S1-NTD are shown, together with the numbers of identified sequences with 100% sequence identity for each sequence based on the NCBI BLAST search. Both of the one-cycle and two-cycle tandem repeat of the 9-base insertion were dated from the November 2021 in Switzerland. The two-cycle tandem repeat did not spread across the globe, whereas the one-cycle 9-base insertion rapidly spread across the globe in 2022, estimated to account for 20–50% of the overall SARS-CoV-2 sampled from humans in 2022. (B,C) Geographic distributions of the one-cycle and two-cycles of the 9-base insertion with the nearby 3-base deletion. Although both cycles were suggested to originate in November 2021 in central Europe, the former rapidly spread across the globe, whereas the latter was limited in Switzerland. BLAST, basic local alignment search tool; S1-NTD, N-terminal domain of S1 gene; SARS-CoV-2, severe acute respiratory syndrome coronavirus 2.


The identified sequences including both of the 3-base deletion (Spike_N211del) and one-cycle of 9-base insertion (Spike_ins214EPE) distributed across the countries worldwide (e.g., Germany, Switzerland, United Kingdom, Russia, United States, Kenya, Gambia, Australia, Denmark, New Zealand, India, Brazil, Myanmar, Korea, and Japan) in all five continents, as shown in Figure 2B. Based on the BLAST search, the exact time and geographical location of the emergence of Spike_ins214EPE mutation could not be determined. Meanwhile, the origin in time and location of the 18-base insertion, based on 2-cycle tandem repeat of the 9-base insertion, was more obvious because the number of the sequence was much smaller with 1,257 registered sequences. The geographical distribution of the 18-base insertion by the BLAST search result is shown in Figure 2C, most of which were collected in Switzerland since the late November 2021.



3.3. GISAID database search results for the polymorphic indels

To further investigate the exact time and location of the emergence of the 9-base insertion (Spike_ins214EPE) and its 2-cycle tandem repeats (Spike_ins214EPEEPE and Spike_ins214EPDEPE), we decided to perform the sequence search via the GISAID database. The obtained numbers of the identified sequences are listed in Table 2. More than 95% of the sequences with insertions at 214 amino acid position in the S protein were with a 9-base insertion (ins214EPE), which accounted for 13.84% of all registered sequences worldwide by November 2022. The first sample with this 9-base insertion in the GISAID database was collected in May 2020 in the United States. Regarding the 18-base insertion, we could identify two types in the GISAID database (214EPDEPE, 214EPEEPE). The first sample with ins214EPDEPE was collected in November 2021 in Switzerland, and that with ins214EPEEPE was collected in December 2021 in Brazil. The finding of the different seasons and geographical locations of the 9-base insertion and its two-cycle tandem repeat suggests that the observed set of VNTR were not created all at once, but developed gradually in different seasons at different places.



TABLE 2 Numbers of the registered genome sequences with each insertion type at Spike_214 amino acid position in GISAID database.
[image: Table2]

Finally, to confirm that the finding of polymorphic insertion at the 214 amino acid position in the S protein is truly site-specific and it not common in other amino acid positions, the site-specific numbers of registered sequences in the GISAID database with insertions or deletions at each amino acid position in the S1-NTD and receptor-binding domain (RBD) of SARS-CoV-2 S gene are shown with line graphs in Figure 3. As can be seen, the 214 amino acid position in the S protein showed the highest peak of sequences with insertions in the evaluated 400 amino acid positions (i.e., 130–530 amino acid positions). This hotspot was also a hotspot for the point mutations in the previous variants of concern (VOCs), suggesting that this amino acid position has some potential roles for the survival of the virus and mutations at this position including indels would often function as beneficial mutations for the virus. Another notable finding of the line graphs was the asymmetrical distributions between the S1-NTD and the S1 RBD, although the frequency of point mutations in the previous VOCs was not apparently different between the two domains or even higher in the S1 RBD. This finding may suggest the different tolerability for incorporating indels between the two domains, with a lower tolerability in the S1 RBD compared to the S1-NTD.

[image: Figure 3]

FIGURE 3
 GISAID database search for the insertions/deletions in the N-terminal domain and receptor-binding domain of SARS-CoV-2 spike gene. The line graphs show the numbers of sequences sampled from humans with insertions/deletions (indels) at each amino acid position in the N-terminal domain (NTD) and receptor-binding domain (RBD) of the SARS-CoV-2 spike gene, which were registered in the GISAID database by December 01, 2022. The observed variable numbers tandem repeat of this study matches to the peak of insertion at 214 amino acid position of the S1-NTD. The asymmetrical line graphs suggest the different tolerability for incorporating indels between the SARS-CoV-2 S1-NTD and the S1-RBD, with a lower tolerability in the S1 RBD. The Y-axis scale is logarithmic.





4. Discussion

In this study, the presence of highly polymorphic indel hotspot in SARS-CoV-2 genomes, sampled from humans during the pandemic of COVID-19, was identified in the S1-NTD. This polymorphic indel site was comprised of the combination of adjacent 3-base deletion and nearby 9-base insertion. Furthermore, the NCBI BLAST search and GISAID database search identified several derivatives of the 9-base insertion, some of which were 18-base insertions based on two-cycle repeats of the 9-base insertion. The two-cycle tandem repeats of the 9-base insertion were suggested to have emerged in November 2021, possibly in the Central Europe including Switzerland and Germany, whereas the original one-cycle 9-base insertion could have dated back to the middle of 2020 away from the Central Europe. The two-cycle tandem repeat types have not been identified in samples collected after the April 2022, suggesting that this type of mutation could have already eliminated. Meanwhile, the one-cycle 9-base insertion type is still prevailing, known as Spike_214EPE insertion, which is one of the characteristic mutations of the Omicron variant BA.1 (Dhawan et al., 2022; Singh et al., 2022).

One of the notable findings of the present study was that it implied the possible importance of paying attention to mutations in genomic regions other than the SARS-CoV-2 S1 RBD, including S1-NTD, in monitoring and classifying the emerging consequential variant strains. Although the exact role of highly polymorphic indel site in the SARS-CoV-2 evolution and the emergence of VOCs remains undetermined, the high tolerability of S1-NTD for incorporating indels may suggest that the occurrence of polymorphic indels in this domain may be beneficial for the virus via some unknown mechanisms like escaping from host immunity. Another notable finding was that this study suggested the potential roles of indels and tandem repeats of inserted sequences, in addition to point mutations, in the process of SARS-CoV-2 genomic evolution. From before, VNTR has been broadly identified in the DNA sequences of the genomes in many organisms, including animals and wide variety of bacteria (Chang et al., 2007; Bilgin Sonay et al., 2015; Bakhtiari et al., 2021), but the reports of VNTR in virus genomes are currently limited (Sun et al., 1995; Avarre et al., 2011). Therefore, the process of emergence, prevalence, and potential role in virus evolution of VNTR remain largely unknown at present. The obtained results suggested that the one-cycle and two-cycle tandem repeat of the 9-base insertion emerged at different seasons in remote areas. This finding may suggest the possibility that previously inserted nucleotides in the virus genome are likely to be repeated and exhibit VNTR. While most of the extraordinarily long indels involving dozens of bases in coding regions would be deleterious and the virus with such mutations will be removed from the population, some of the tandem repeats of relatively short sequences could be non-lethal and survive in the environments, which could partially contribute to the genomic evolution of the virus. Considering from the numbers of identified sequences with the evaluated insertion types, the observed two-cycle tandem repeat of the 9-base insertion (Spike_ins214EPEEPE) and its derivative (Spike_ins214EPDEPE,) may have been non-lethal, although whether the mutations were beneficial or deleterious for the survival of the virus remains uncertain. Studies to elucidate the roles in virus evolution and exact mechanisms of tandem repeat of inserted bases are warranted.

There are several limitations for the present study. First, this study could not determine the exact process of emergence, origin in the environments, and geographical location of the original one-cycle 9-base insertion. Therefore, whether the 9-bases insertion had occurred at one time or had gradually extended by accumulations of 3-base insertion is uncertain. However, because the identified number of the 3-base insertion (Spike_ins214E) or 6-base insertion (Spike_ins214EP) was much smaller than that of the 9-base insertion (Spike_ins214EPE), it could be inferred that the insertion of the nine nucleotides had occurred at once. The environmental origin of the inserted 9-bases (AGCCAGAAG) could not be determined with BLAST search because of its short sequence length. Second, the significance of the observed VNTR for the severity of symptoms in hosts could not be estimated in this study. Determining the severity with the lineages incorporating the 2-cycle tandem repeat seems to be difficult, because the number of the registered sequences with the 18-base insertions was relatively small and the mutations have not been identified later than April 2022, as far as we could search. Lastly, although the BLAST search and GISAID database search could not identify the matched sequences to the two-cycle tandem repeat of 9-base insertion in samples collected after April 2022, this result may not necessarily mean that the tandem repeat insertion had failed to spread and had already been eliminated completely from the environments. As a possibility, the mutation may have subsequently incorporated additional mutations and the BLAST search and GISAID database search in this study could have failed to identify such possible resultant variants.

In summary, the present study identified a polymorphic indel hotspot with different tandem repeat cycles of inserted bases at the 214 amino acid position in SARS-CoV-2 S1-NTD, sampled and sequenced from humans during the COVID-19 pandemic. The obtained results implied the polymorphic patterns of indels could emerge gradually in different seasons at different geographical locations. This finding may imply that tandem repeat may be likely to occur at the indel hotspots and can repeat the previously inserted sequences. Furthermore, the tolerability for incorporating indels was suggested to be significantly different between the genomic regions and could be distinct from the distribution of tolerability for incorporating point mutations. Further studies are warranted to elucidate the potential roles of polymorphic indels and tandem repeat of insertion in the evolutionary process of viruses including SARS-CoV-2.
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Introduction: Rhinovirus (RV) infections constitute one of the main triggers of asthma exacerbations and an important burden in pediatric yard. However, the mechanisms underlying this association remain poorly understood.

Methods: In the present study, we compared infections of in vitro reconstituted airway epithelia originating from asthmatic versus healthy donors with representative strains of RV-A major group and minor groups, RV-C, RV-B, and the respiratory enterovirus EV-D68.

Results: We found that viral replication was higher in tissues derived from asthmatic donors for all tested viruses. Viral receptor expression was comparable in non-infected tissues from both groups. After infection, ICAM1 and LDLR were upregulated, while CDHR3 was downregulated. Overall, these variations were related to viral replication levels. The presence of the CDHR3 asthma susceptibility allele (rs6967330) was not associated with increased RV-C replication. Regarding the tissue response, a significantly higher interferon (IFN) induction was demonstrated in infected tissues derived from asthmatic donors, which excludes a defect in IFN-response. Unbiased transcriptomic comparison of asthmatic versus control tissues revealed significant modifications, such as alterations of cilia structure and motility, in both infected and non-infected tissues. These observations were supported by a reduced mucociliary clearance and increased mucus secretion in non-infected tissues from asthmatic donors.

Discussion: Altogether, we demonstrated an increased permissiveness and susceptibility to RV and respiratory EV infections in HAE derived from asthmatic patients, which was associated with a global alteration in epithelial cell functions. These results unveil the mechanisms underlying the pathogenesis of asthma exacerbation and suggest interesting therapeutic targets.
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1. Introduction

Rhinoviruses (RVs) are among the most frequent pathogens in human worldwide, involved in more than 50% of common colds. Members of the Enterovirus genus, those small non-enveloped positive-stranded RNA viruses are classified into three species: RV-A, RV-B, and RV-C and can be further divided according to their receptor usage. RVs from the major group (most RV-As and all RV-Bs) bind ICAM1 (Greve et al., 1989), RV-As from the minor group bind the low-density lipoprotein receptor (LDLR; Hofer et al., 1994) and RV-Cs use cadherin related family member 3 receptor (CDHR3), expressed on ciliated airway cells (Bochkov et al., 2015; Everman et al., 2019). Some other non-RV enteroviruses (EVs), including EV-D68, share biological properties with RVs such as acid lability and optimal growth at 33°C and induce respiratory symptoms similar to RVs (Royston and Tapparel, 2016).

It is widely accepted that respiratory and particularly RV infections constitute a major trigger of asthma exacerbations and a risk factor for asthma development (Gern, 2010; Jackson and Gern, 2022). Concerning EV-D68, an association between EV-D68-related symptoms severity and a history of asthma has also been reported (Moss, 2016; Hayashi et al., 2018; Korematsu et al., 2018). The mechanisms linking viral infections to asthma exacerbation remain, however, poorly understood. While upper respiratory tract RV infections are not increased in asthmatic patients, more frequent and more severe lower respiratory tract infections are observed (Corne et al., 2002). How viral infections contribute to these clinical manifestations remains unknown. A dysregulated immune and particularly IFN-response upon infection has been shown in asthmatic patients (Contoli et al., 2006; Edwards et al., 2013; Zhu et al., 2019; Jackson and Gern, 2022; Liew et al., 2022), but remains controversial (Baraldo et al., 2012; Sykes et al., 2014; Da Silva et al., 2017; Hansel et al., 2017; Sopel et al., 2017; Jazaeri et al., 2021; Yang et al., 2021).

RV-As and RV-Cs are more frequently detected in childhood asthma exacerbations than RV-Bs. This could be explained by the difference of virulence between isolates of distinct species, but remains hypothetical (Iwane et al., 2011; Lee et al., 2012). RV-A, B, and C may induce distinct host antiviral responses, possibly through the use of different cellular receptors. A single-nucleotide polymorphism (SNP) in CDHR3, the RV-C receptor, is associated with greater risk of asthma hospitalizations in homozygous and heterozygous children (Bonnelykke et al., 2014; Kanazawa et al., 2017; Bonnelykke et al., 2018). This SNP (rs6967330) results in a C529Y amino acid (aa) change in the CDHR3 protein, associated with increased expression at the cell surface upon transfection, favoring RV-Cs infection (Bochkov et al., 2015). Increased expression of the mutated allele was also reported in human bronchial epithelial cells cultured at the air-liquid interface (ALI) (Basnet et al., 2019). Accordingly, the CDHR3 risk allele was associated with increased RV-C infection incidence in two birth cohorts (Bonnelykke et al., 2018). However, the interaction between RV-C and this receptor and the role of this interaction in asthma exacerbations remains speculative. Recent studies have reported different consequences of CDHR3 mutation on tissue differentiation, protein subcellular localization, and RV-C binding (Basnet et al., 2019; Everman et al., 2019). Everman and colleagues found that CDHR3 knockdown affected RV-C binding but not replication and suggested that RV-Cs use a coreceptor for infection (Everman et al., 2019; Lutter and Ravanetti, 2019). Regarding major group RVs, ICAM1 expression is very low in the airways but increases upon inflammation (Bianco et al., 2000). Similarly, LDLR expression may vary in response to inflammation (Zhang et al., 2016). The asthma-associated inflammatory response could enhance the accessibility of viral receptors and improve infectivity (Bochkov and Gern, 2016). However, RV-Bs that are less frequently associated with asthma exacerbations, also use ICAM1 to infect cells. Further research is needed to better define the role of viral receptors in RV-A, RV-B, and RV-C-induced asthma exacerbations.

In this study, we aimed to explore the involvement of different RVs and of EV-D68 in asthma and assess the role of viral receptors and innate immune induction, using human airway epithelia (HAE) and clinical viral isolates. We highlighted overall increased viral replication in tissues from asthmatic patients, but could not link receptor expression or IFN-induction with this phenotype. Unbiased transcriptomic analysis showed basic morphological and physiological differences between tissues from asthmatic versus control donors, even in absence of infection, an observation supported by diminished mucociliary clearance (MCC) and increased mucus secretion in asthma-derived tissues. Our observations suggest an alteration in the mechanical defense of the respiratory mucosae in tissues derived from asthmatic patients, resulting in increased permissiveness and susceptibility to RV or respiratory EV infections.



2. Materials and methods


2.1. Human airway epithelia

HAE (“MucilAir”1) were reconstituted from airway cells obtained from patients undergoing surgical nasal polypectomy (for nasal tissues) or lung lobectomy (for bronchial tissues). Patients presenting no atopy, asthma, allergy, or other known respiratory comorbidity were used as controls (Supplementary Table S1). All experimental procedures were explained, and all subjects provided informed consent. The study was conducted according to the Declaration of Helsinki on biomedical research (Hong Kong amendment, 1989), and the research protocol was approved by the local ethics committee (commission cantonale d’éthique de la recherche CCER from Geneva). Cultures are performed in an ALI system according to the procedure previously detailed in (Essaidi-Laziosi et al., 2018). Once differentiated, epithelia contain ciliated, goblet, and basal cells, with a pseudostratified structure and mucociliary clearance functions.



2.2. Viral stocks and tissue infection

Anonymized clinical samples were screened by semi-quantitative real-time PCR (RT-sqPCR; Ambrosioni et al., 2014) and RV/EV were subtyped by sequencing as previously described (Tapparel et al., 2011; Essaidi-Laziosi et al., 2018). A respiratory EV (EV-D68), a major group RV (RV-A16), a minor group RV (RV-A49), and representatives of the B (RV-B48) and C (RV-C15) species were selected. Viral stocks were produced directly in MucilAir to avoid any adaptation in immortalized cells and titrated as described (Essaidi-Laziosi et al., 2020). Serial dilutions were performed in MucilAir to evaluate viral infectious doses within each stock. The viral inoculum was then normalized according to the determined endpoint, which corresponds to the highest inoculum dilution allowing virus replication as described (Essaidi-Laziosi et al., 2020).

Tissues were infected as previously described (Essaidi-Laziosi et al., 2018, 2020). For each virus, the inoculum was normalized based on the infectious titer to contain identical doses of infectious particles (MOI of ~0.001 per accessible cell). Four hours after inoculation, tissues were washed 3 times with PBS. At various times post-infection, 200 μL of medium was applied on the apical surface during 20 min at 33°C for sample collection. Basal medium was collected at the same time and replaced with 500 μL of fresh medium.



2.3. Viral load quantification, gene expression quantification, and CDHR3 genotyping

RNA was extracted (E.Z.N.A viral RNA kit I, Omega, R687402), and quantified by one-step real-time quantitative PCR (RT-qPCR) with the QuantiTect kit (Qiagen) in a StepOne ABI thermocycler (Essaidi-Laziosi et al., 2018).

Gene expression of the receptors and IFNs at 4dpi was determined by semi-quantitative RT-PCR (RT-sqPCR) on total RNA extracted from tissue lysates using total RNA extraction kit (E.Z.N.A total RNA kit I, Omega, R8334A) and normalized to RNAseP housekeeping gene. IFNλ1 mRNA was amplified using primers and probe (Fwd GGACGCCTTGGAAGAGTCACT, rev AGAAGCCTCAGGTCC CAATTC and probe AGTTGCAGCTCTCCTGTCTTCCCCG) as previously described (Dolganiuc et al., 2012), while mRNAs from CDHR3, ICAM1, LDLR, ISG15, IFNα, IFNβ, and RNAseP were amplified using specific gene expression assay kits (Thermo Fisher Scientific, ref. 4331182, Cat N° Hs00541677_m1, Hs00164932_m1, Hs00181192_m1, Hs01921425, Hs04190680_gH, Hs01077958_s1, and 4403326). Fold changes were calculated after normalization with the RNAseP housekeeping gene with the 2(-Delta Delta C(T)) (Livak and Schmittgen, 2001). Regarding CDHR3 genotyping, the gene was amplified by PCR from extracted DNA and then sequenced using specific primers (Fwd ATTCCTCCAGCCAGAACCCG and Rev. TGTTTCTCACCACATCCGCAG).



2.4. ELISA and Western blot

Interferon lambda (IFNλ1/ λ3, IL-29 /IL-28B) was measured in the basal medium by ELISA (R&D DY1598B-05) according to the manufacturer’s instructions.

Western blot assays were performed as previously described (Essaidi-Laziosi et al., 2014). Infected and non-infected tissues from healthy and asthmatic donors were lysed using RIPA buffer (NaCl 150 mM, EDTA 1mM, Tris HCl pH = 7.4 50mM, NP40 1%, SDS 0.1%, and Sodium deoxycholate 1%) containing protease inhibitors (Roche, 04693159001). Cell lysates were clarified and resuspended in SDS-PAGE sample buffer and electrophoresed on 8 or 10% SDS polyacrylamide gel. Gel transfer was made onto a polyvinylidene difluoride membrane (PVDF, Biorad, 1,620,177) using Trans-Blot SD Transfer Cell (Biorad). The membranes were first blocked with 5% skim milk (AppliChem) in TTBS (20 mM Tris HCl, pH 7.5, 500 mM NaCl, and 0.05% Tween 20) at RT for 30 min and then incubated with Anti-ICAM1 (diluted 1/500, Abcam, ab2213), -LDL-R (diluted 1/1,000, R&D systems, AF2148), CDHR3 (diluted 1/500, Sigma-Aldrich, HPA011218), and Actin (diluted 1/1,000 Millipore, MAB1501) primary antibodies overnight at 4°C. The membranes were then washed 3 times with TTBS and incubated at RT for 1 h with corresponding anti-mouse or anti-rabbit horseradish peroxidase (HRP)-coupled secondary antibodies (Cell Signaling). Membranes were washed and viral receptors were detected using an enhanced chemiluminescence solution (ECL, ref. K-12043-D10 Western Bright Sirius Advansta) for 2 min. Immunoblot images were acquired using Fujifilm LAS 4000 luminescence imager.



2.5. Transcriptomic analysis

Infected and non-infected tissues were lysed in 800 μL of trizol (Ambion, 5,596,018) and RNA was extracted according to the manufacturer’s instruction. Total RNA was quantified with Qubit (Life Technologies) and RNA integrity was assessed with a Bioanalyzer (Agilent Technologies). The TruSeq Stranded Total RNA kit with Ribo-Zero Gold was used for the library preparation with 150ng of total RNA as input. The 18 libraries were pooled at equimolarity and loaded at 8.5 pM for clustering on a single-read Illumina Flow cell.

Library molarity and quality for all samples were assessed with a Qubit and a Tapestation using a DNA High sensitivity chip (Agilent Technologies). All 100-base sequencing was performed using the TruSeq SBS HS v3 chemistry on an Illumina HiSeq 2,500 sequencer. The sequencing raw data are available at GEO with accession number GSE222129.

Quality control of the resulting reads was done with FastQC and the reads mapped to the Homo sapiens UCSC hg38 genome with the STAR program (version 2.5.2a; Dobin et al., 2013), and count tables containing the number of mapped reads per gene were produced with featureCounts (version 1.6.0). Count tables were then imported into R (version 2.13) to do the differential expression analysis with edgeR (version 3.12.1; Robinson et al., 2010). Data were filtered for genes with weak expression level (average CPM < 1). Library sizes were adjusted with a scaling factor calculated using a trimmed mean of M-values (TMM) between each pair of samples. The common dispersion and tagwise dispersions were estimated with the estimateDisp function. After negative binomial glm fitting the quasi-likelihood (QL), F-test was applied for the testing procedure. The significantly differentially expressed gene lists (FDR < 0.05) obtained with this procedure were then used to do GO enrichment analysis on the cellular component subset of GO term database with ClusterProfiler functions (version 2.4.3) (Yu et al., 2012).



2.6. Mucociliary clearance, mucin measurement with enzyme-linked lectin assay

The mucociliary clearance was monitored using a Sony XCD-U100CR camera connected to an Olympus BX51 microscope with a 5× objective. Polystyrene microbeads of 30 μm diameter (Sigma, 84,135) were added on the apical surface of MucilAir. Microbeads movements were video tracked at 2 frames per second for 30 images at room temperature. Three movies were taken per insert. Average beads movement velocity (μm/s) was calculated with the ImageProPlus 6.0 software.

Mucin secretion was quantified using an Enzyme-linked Lectin Assay (ELLA) in-house protocol detecting the carbohydrate groups of the collected mucus. 96-well plates were coated with 6 μg/mL Lectin from Triticum vulgaris (wheat) (Sigma, L0636) in PBS adjusted at pH 6.8 and incubated 1 h at 37°C. After washing steps with high 0.5M NaCl, 0.1% Tween-20 in PBS, samples, and standards (Mucin from porcine stomach Type II, Sigma, M2378) were incubated 30 min at 37°C. After washing, plates were incubated 30 min at 37°C with a detection solution containing 1μg/mL of Peroxidase conjugated Lectin from Glycine Max (soybean) (Sigma, L2650), in 0.1% BSA-PBS adjusted at pH 7.4. After the last washing steps, the TMB substrate reagent (3,3′,5,5′-tetramethylbenzidine purchased from ThermoFisher Scientific 34,021) was added and incubated for 10 min in the dark at RT. The reaction was stopped with 2N H2SO4 and the plates were read at 450 nm.



2.7. Muc5AC immunohistochemistry

Tissues were fixed using 4% formaldehyde in PBS with Ca2+/Mg2+ for 30 min. One epithelium per donor was evaluated for the presence of goblet cells with anti-Muc5AC-specific antibody (Abcam ab3649) and percentage of positive area were assessed. Briefly, inserts were processed for immunohistochemistry using four central transversal paraffin sections of 4 μm. Immunostaining of the slides was performed with the Benchmark automated platform (Ventana-Roche) and the Autostainer Link 48 (Dako) with the detection kit Ultraview DAB (DAB chromogeny).

The sections were pre-treated using heat-mediated antigen retrieval with sodium citrate buffer, pH 6, for 20 min. The sections were then incubated with primary Ab for 1 h at room temperature. A biotinylated secondary Ab (Dako) was used to detect the primary, and visualized using an HRP conjugated ABC system. DAB was used as the chromogen to reveal Muc5AC immune reaction. The sections were then counterstained with hematoxylin and mounted with DPX.

Image analysis using ImagePro Plus software (version 6.2, Media Cybernetics) was conducted to quantify goblet cells on four sections per insert. The whole images of stained sections were scanned and total DAB labeled dark areas were measured using “count and measure object” function based on dark brown color selection. The results are expressed as percentage of Muc5AC stained area of the total surface area of the epithelial sections. Data from the four sections were averaged for one insert.



2.8. Statistics

Results were expressed as scatter plots with the median. Statistical significance was calculated using ordinary one-way ANOVA (no matching), two-way ANOVA (no matching), with multiple comparisons or unpaired t-tests, and Spearman’s analysis for correlation analyzes using GraphPad Prism 7.02 software.




3. Results


3.1. All tested viruses replicate more robustly in respiratory tissues originating from asthmatic compared to control patients

Viral stocks were prepared and titrated in HAE to avoid cell-adaptation. Viruses (MOI of ~0.001) were applied at the apical surface of the tissues and removed after 4 h by extensive washes. RNA was extracted from apically released viruses and quantified by RT-qPCR as previously described (Essaidi-Laziosi et al., 2018).

Replication was greater for EV-D68 and lower for RV-B48 compared to all other viruses independently of the condition (Figure 1), as previously shown (Essaidi-Laziosi et al., 2018). Interestingly, for all viruses, viral replication was increased in tissues from asthmatic patients compared to controls. This difference was observed independent on the tissue origin [nasal or bronchial (Supplementary Table S1)]. A C529Y mutation in CDHR3 has been shown to increase asthma susceptibility. We sequenced this allele and found 5/12 (42%) and 6/14 (43%) donors, from the control and asthma groups, respectively, heterozygous for the asthma susceptibility allele and one control donor homozygous. No association between the presence of the susceptibility allele and viral growth could be observed (Supplementary Figure S1).

[image: Figure 1]

FIGURE 1
 Virus production at the apical side of ALI culture of reconstituted HAE derived from non-asthmatic (control) or asthmatic patients represented as scatter plots with medians. Twelve control and 14 asthmatic donors were included (Supplementary Table S1). Statistically significant differences between HAE from asthmatic or control donors are indicated. ns: non-significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.




3.2. RV receptor expression does not account for the increased replication observed in tissues from asthmatic donors

We next assessed whether increased receptor expression could account for the enhanced replication observed in tissues from asthmatic donors. ICAM1, LDLR, and CDHR3 mRNA levels were quantified in non-infected or infected tissues derived from asthmatic or control donors by RT-sqPCR and no significant difference was observed between their basal levels (Figure 2A). This absence of difference in basal expression levels of RV receptors in tissues from control or asthmatic patients speaks against their involvement as an initial trigger of the increased viral replication observed in tissues from asthmatic donors. Of note, ICAM1 basal expression is lower than LDLR and CDHR3 (1 to 2 logs) and CDHR3 expression is higher than LDLR (Figure 2A).

[image: Figure 2]

FIGURE 2
 Expression of the different RV receptors in (A) mock-infected and in (B–D) infected tissues derived from asthmatic and control donors and measured by RT-sqPCR on total tissue lysates. In (A) the fold change (FC) is calculated relative to ICAM1 expression in tissues derived from control donors. In (B), (C), and (D), the fold change of LDLR, ICAM1, and CDHR3 is calculated relative to expression in mock-infected tissues derived from donors within the same group (asthmatic or control). Eleven control and 12 asthmatic patients were included (Supplementary Table S1). The signs directly above each scatter plot indicate significance between mock-infected and infected tissues for each of the condition (asthma or control). The enlarged signs indicate significant differences between control and asthmatic donors. ns: non-significant, *p < 0.05, **p < 0.01, ***p < 0.001, and ****p < 0.0001.


In contrast, in epithelia infected for 4 days (Figures 2B–D), LDLR and ICAM1 expression was induced by the infection and this induction was significantly stronger in asthmatic donors. Correlation analysis (Supplementary Table S2) further highlighted a significant positive correlation between LDLR and ICAM1 expression and the replication of RV-A49 and RV-B48 in tissues derived from healthy donors and between LDLR expression and replication of RV-C15 in tissues derived from asthmatic donors. Conversely, infection induced the downregulation of CDHR3 and more significantly in asthmatic donors (Figure 2D). Accordingly, a significant negative correlation was found between CDHR3 level and the replication of RV-A16, RV-A49, RV-B48, and RV-C15 in tissues derived from asthmatic donors (Supplementary Table S2). Of note, changes in receptor expression levels induced by RV-B48 were smaller in both control tissues and tissues from asthmatic donors. These observations were confirmed at the protein level by western blot (Supplementary Figure S2). Again, these data and the correlation analyzes do not support a causative role of receptor expression levels in the observed increased replication in tissues derived from asthmatic donors. This is particularly relevant for CDHR3, for which a decreased expression in tissues from asthmatic donors correlated with increased RV-C15 replication. As variation in receptor expression levels follows replication levels, it seems a consequence rather than a cause of the high replication observed in tissues from asthmatic donors.



3.3. Antiviral response is more important in infected tissues from asthmatic donors

Type I and type III IFN-responses and induction of the interferon-stimulated gene 15 (ISG15) were compared by RT-sqPCR in control and tissues from asthmatic donors, 4 dpi (Figure 3). While IFNα was almost not induced in both tissue types, in line with the low induction of this cytokine in infected respiratory tissues (Essaidi-Laziosi et al., 2018; Filipe et al., 2022), IFNβ, IFNλ1 and ISG15 were significantly induced with a significantly higher IFNλ1 induction in tissues from asthmatic donors. This increase was confirmed in a subset of tissues (Supplementary Table S1) by IFNλ1/λ3-cytokine measurement in the basal medium collected from day 1 to 4 pi (Supplementary Figure S3). The increased antiviral effector production was striking for RV-B, probably due to the significantly higher viral production in tissues from asthmatic donors (Figure 1). Correlation analysis indeed highlighted a significant positive correlation between RV-A49 viral load and IFNλ induction in tissues from healthy donors and between RV-B48 viral load and both IFNλ and β induction in tissues from both healthy and asthmatic donors (Supplementary Table S2). In conclusion, we observed higher rather than lower IFN-induction in tissues from asthmatic donors and the level of induction seems to follow viral replication trend.
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FIGURE 3
 Expression of type I IFN, type III IFN, and ISG15 in infected tissues derived from asthmatic and non-asthmatic donors and measured by RT-sqPCR on total tissue lysates. The fold change (FC) is calculated relative to expression in mock-infected tissues derived from donors within the same group (asthmatic or control). Eleven control and 12 asthmatic patients were included (Supplementary Table S1). The signs directly above each scatter plot indicate significance between mock-infected and infected tissues for each of the condition (asthma or control). The enlarged signs indicate significant differences between control and asthmatic donors. ns: non-significant, *p < 0.05, ***p < 0.001, and ****p < 0.0001.




3.4. Transcriptomic analysis highlights structural differences in the response to infection in tissues from asthmatic or control patients

We performed a comparative transcriptomic analysis of tissues from control or asthmatic patients in the presence or absence of viral infection. We previously reported modifications of tissue metabolism and activation of innate immunity by RV-C15 and RV-B48 in control tissues (Essaidi-Laziosi et al., 2018). To compare the epithelial response of tissues derived from asthmatic donors, a larger transcriptomic analysis was carried out at 3dpi with the same viruses in tissues from control or asthmatic donors. RV-C15 induced more genes than RV-B48 in control tissues (9,320 versus 274 genes) (Figure 4A) as previously reported (Essaidi-Laziosi et al., 2018). Gene-induction by RV-B48 drastically increased in tissues from asthmatic donors (5,588 versus 271 genes), reflecting changes in replication levels. Differential gene expression was considerably higher in infected tissues compared to mock-infected tissues (Figures 4B–D).

[image: Figure 4]

FIGURE 4
 Differential gene expression in infected and mock-infected tissues derived from control versus asthmatic donors. (A) Venn diagram comparing the significant gene induction, relative to mock, in RV-B48 and RV-C15-infected tissues from control versus asthmatic donors. (B–D) Volcano plots summarizing the differential gene expression between control and asthmatic donors in (B) mock-infected, (C) RV-B48-infected, and (D) RV-C15-infected tissues. Red and blue dots correspond, respectively, to significantly upregulated and downregulated genes (p-value < 0.05). Dotted vertical line indicates fold differences of 2, dotted horizontal lines indicate significance at a nominal p-value of 0.05.


Pathway enrichment analysis in tissues from controls versus asthmatic donors using Gene Ontology highlighted modified pathways. In non-infected tissues, enriched components were mostly related to envelope and membrane composition (Figure 5A). More focused comparison of genes involved in the differentiation and function of ciliated cells highlighted striking differences between asthmatic and control donors (Figure 5B). Similar pathways were differentially enriched after infection, particularly for RV-B. Again, the higher enrichment for RV-B is in line with the enhanced replication observed in asthmatic donors for this virus.
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FIGURE 5
 Enrichment of cellular pathways in infected and mock-infected tissues from control versus asthmatic donors. The top 15 of the most significantly enriched gene ontology cellular components analyzed from the total reads (A) and from reads of genes involved in the differentiation and function of ciliated cells (B) are shown, comparing epithelia originating from control versus asthmatic donors (Fold change >1, p < 0.05) in mock, RV-B48 and RV-C15 infections.




3.5. Tissues from asthmatic patients exhibit reduced MCC and increased mucus secretion

As most changes between asthmatic and controls (infected or not) were linked to tissue structure rather than induced tissue response, we compared the histology of tissues derived from healthy or asthmatic donors (Supplementary Figure S4A), as well as the tubulin expression and subcellular localization in infected or uninfected tissues (Supplementary Figure S4B). We did not observe macroscopic differences between the two groups. Since changes in transcriptomic profiles were already present in non-infected tissues (Figure 4; Essaidi-Laziosi et al., 2018), we then compared the MCC and mucus secretion in multiple non-infected tissues originating from a panel of distinct donors (Supplementary Table S1). As shown in Figure 6, tissues derived from asthmatic donors display a significantly decreased MCC and a significantly increased mucus secretion, confirmed by immunostaining of the muc5AC protein.

[image: Figure 6]

FIGURE 6
 Mucociliary clearance (A), mucus secretion (B) and expression of Muc5AC in immunostained tissue sections (C) compared in tissues derived from control or asthmatic donors. In A, 9 controls (54 inserts) and 7 asthmatic (55 inserts) donors were included in the comparison. In B, mucins were quantified from apical samples collected after 24h from tissues derived from 4 controls (15 inserts) and 5 asthmatic (20 inserts) donors. In C, tissues derived from 9 control and 9 asthmatic donors were processed. Statistically significant differences between HAE from asthmatic or control donors are indicated. *p < 0.05; **p < 0.01.





4. Discussion

In this study, we compared infections by RV-A major and minor group, RV-B, RV-C, and EV-D68, in HAE derived from asthmatic or control patients. First, we observed that RVs of all 3 species and, to some extent EV-D68, show increased replication in tissues from asthmatic patients and this increase is inversely associated with the replication of each virus in healthy tissues, with EV-D68 and RV-B48 showing the lowest and highest increase, respectively. The enhanced replication of RV-B48 in tissues from asthmatic donors was unexpected as this virus is less frequently associated with asthma exacerbation (Choi et al., 2021). However, RV-B replication and IFN-induction remained below the levels of the other viruses. In addition, the lower number of RV-B types (32 RV-B versus 80 RV-A and 57 RV-C) may also account for its lower detection in asthma exacerbations.

This overall effect on replication, independent of the species analyzed, made a causal association with viral receptor usage unlikely. Indeed, we observed no difference in basal receptor expression in the two groups of tissues. Nevertheless, after infection, ICAM1 and LDLR, the major and minor group receptors, were significantly induced, and this induction was proportional to viral replication levels. ICAM1 and LDLR are induced by inflammation (Bianco et al., 2000; Zhang et al., 2016) explaining these results. However, correlation analyzes did not highlight a positive correlation between RV-A16, RV-B48, and RV-A49 viral loads and expression of their respective receptor ICAM1 or LDLR, in tissues derived from asthmatic donors. In contrast, CDHR3 expression was decreased and the decrease was inversely proportional to the replication level, with a significant negative correlation observed for all viruses (except EV-D68) in tissues derived from asthmatic donors, even for RV-C15 whose replication is increased in this group. Because CDHR3 is expressed on ciliated cells, the primary target of RVs and EV-D68, this decrease is likely related to disruption of ciliated cell metabolism and/or ciliated cell death. Overall, these data indicate that different baseline expression levels of receptors do not represent the initial trigger for increased replication in tissues derived from asthmatic donors. However, after the onset of infection, the higher expression of ICAM1 and LDLR could possibly favor multiplication of major and minor group RVs in tissues from asthmatic donors. The situation differs for RV-Cs, where decreased CDHR3 expression would instead limit viral spread.

Concerning CDHR3, we also assessed the impact of the rs6967330 SNP on viral replication. We identified, respectively, 5/12 and 6/14 tissues from control and asthmatic donors heterozygous for the asthma susceptibility allele plus one homozygous control. We did not observe any significant increase in RV-C replication in presence of the CDHR3 susceptibility allele. Our data thus contradict previous studies performed in similar models, where increased RV-C binding and/or replication was observed (Basnet et al., 2019; Everman et al., 2019). This may be due to the differentiation stage of the tissues at the time of infection. Basnet and colleagues have shown that the difference of expression between the mutated and non-mutated allele is higher before 21 days of tissue differentiation (Basnet et al., 2019). Everman and colleagues (Everman et al., 2019) also highlighted a greater CDHR3 expression in differentiating airway epithelial cells. Both studies showed increased RV-C replication using in-house developed tissues less differentiated than the commercially available, fully differentiated tissues used in this study. Additional investigations are needed to assess the true impact of the CHDR3 mutation on RV-C replication in fully differentiated HAE from asthmatic donors. Apart from its role as RV-C receptor, CDHR3 is involved in the differentiation of ciliated airway cells (Lutter and Ravanetti, 2019) and participates in the tissue barrier function (Basnet et al., 2019; Everman et al., 2019). Its involvement in asthma exacerbation may thus rely on several pleiotropic effects.

We next assessed whether a deficient IFN-response could account for the increased viral replication. As in our previous study conducted on HAE of control donors (Essaidi-Laziosi et al., 2018), we observed differential replication and IFN-induction between the studied strains, with RV-B48 inducing a weak IFN-response compared to the other viruses. We also confirmed that compared to IFNλ, IFNβ is weakly induced and IFNα almost not expressed from infected HAE. An observation confirmed by others using primary bronchial epithelial cells (Liew et al., 2022). We could not highlight a reduced IFN-response in tissues from asthmatic donors, in contrast, this induction turned to be higher at 4 dpi due to the increased viral replication. Our data on increased RV replication in asthmatic conditions are in line with many studies (Xatzipsalti et al., 2008; Jackson et al., 2014; Hansel et al., 2017; Dhariwal et al., 2021), while others do not observe increased replication (Kennedy et al., 2014; Heymann et al., 2020). Data on IFN-response remain also debated. It is widely accepted that asthma exacerbation after RV infection is in part related to a deficient IFN-response which, in turn, leads to T2-inflammation (Duerr et al., 2016). Nevertheless, many studies, particularly in adult populations, did not observe such a deficient IFN-response, or even found an increased response (Krammer et al., 2021; Yang et al., 2021; Jackson and Gern, 2022; Liew et al., 2022). These inconsistent observations may rely on the baseline level of asthma control and severity between studies, the population age, the model used, and/or the experimental settings. We are using fully differentiated commercially available HAE derived from nasal or bronchial biopsies of adult patients. Furthermore, this model lacks immune cells and as such, the complex interplay between infected epithelial cells and neighbor immune cells. It is thus not fully adapted to study innate response in its entirety. In addition, we measured IFN mRNA at 4 dpi and IL28/29 cytokine from 1 dpi. Some studies report a delayed IFN-response rather than a decreased one (Veerati et al., 2020). We cannot exclude that in our setting, antiviral response was delayed before 24 hpi, allowing increased replication which in turn resulted in higher IFN-induction. This hypothesis is supported by a recent experimental infection with RV-A16 highlighting strong IFN-response at 4 dpi in asthmatic patients (Farne et al., 2022). Nevertheless, if defective very shortly after infection, this IFN-response was very strong afterward and even stronger in asthma patients. At later time points, IFN-induction appears thus to be a consequence rather than a cause of the differences in viral replication between asthma and controls.

As neither receptor expression nor IFN-induction after 24 hpi could consistently account for the overall increased viral replication observed in tissues from asthmatic patients, we performed unbiased transcriptomic analysis of tissues, infected or not with RV-B48 and RV-C15. This analysis highlighted basic morphologic and physiologic differences between tissues derived from controls or asthmatic donors, even in absence of infection. These data were supported by diminished MCC in asthma-derived tissues. The critical role of MCC to limit viral infections is well established and patients presenting defective MCC (due to genetic or environmental causes) suffer from repeated infections (Adivitiya Kaushik et al., 2021). Altogether our observations suggest that the intrinsic defense mechanisms of the respiratory mucosae are affected in tissues derived from asthmatic patients, increasing permissiveness and susceptibility to RV or EV-D68 infections. Perturbation of the epithelial barrier function was observed previously in asthmatic patients (Xiao et al., 2011; Looi et al., 2018). Similarly, mucus hypersecretion was reported in asthmatic settings (Rogers and Barnes, 2006; Evans et al., 2009; Martinez-Rivera et al., 2018). Interestingly, this defective barrier function and perturbed mucus secretion are retained in this ex vivo reconstituted tissue culture model, derived after over 45 days from isolated cells taken out of the context of the asthmatic host. This strongly indicates an involvement of genomic imprinting mechanisms, as suggested in the scientific literature (Gruzieva et al., 2021).

To conclude, we could show increased replication of RV-A major and minor groups, RV-B, RV-C, and EV-D68 in HAE derived from asthmatic patients. Our data highlight that a global disruption of epithelial cell barrier function, rather than changes in receptor expression or a deficient IFN response, is likely a key factor in the increased permissiveness and susceptibility to RV or EV-D68 infections. All in all, this work provides novel insights into the mechanism underlying asthma exacerbations upon respiratory enterovirus infections.
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The ongoing SARS-CoV-2 pandemic and the influenza epidemics have revived the interest in understanding how these highly contagious enveloped viruses respond to alterations in the physicochemical properties of their microenvironment. By understanding the mechanisms and conditions by which viruses exploit the pH environment of the host cell during endocytosis, we can gain a better understanding of how they respond to pH-regulated anti-viral therapies but also pH-induced changes in extracellular environments. This review provides a detailed explanation of the pH-dependent viral structural changes preceding and initiating viral disassembly during endocytosis for influenza A (IAV) and SARS coronaviruses. Drawing upon extensive literature from the last few decades and latest research, I analyze and compare the circumstances in which IAV and SARS-coronavirus can undertake endocytotic pathways that are pH-dependent. While there are similarities in the pH-regulated patterns leading to fusion, the mechanisms and pH activation differ. In terms of fusion activity, the measured activation pH values for IAV, across all subtypes and species, vary between approximately 5.0 to 6.0, while SARS-coronavirus necessitates a lower pH of 6.0 or less. The main difference between the pH-dependent endocytic pathways is that the SARS-coronavirus, unlike IAV, require the presence of specific pH-sensitive enzymes (cathepsin L) during endosomal transport. Conversely, the conformational changes in the IAV virus under acidic conditions in endosomes occur due to the specific envelope glycoprotein residues and envelope protein ion channels (viroporins) getting protonated by H+ ions. Despite extensive research over several decades, comprehending the pH-triggered conformational alterations of viruses still poses a significant challenge. The precise mechanisms of protonation mechanisms of certain during endosomal transport for both viruses remain incompletely understood. In absence of evidence, further research is needed.
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1. Introduction

During the first two decades of the 21st century, humanity has faced significant difficulties due to the emergence of highly pathogenic and contagious respiratory viruses, including severe acute respiratory syndrome coronavirus (SARS-CoV), Middle East respiratory syndrome coronavirus (MERS-CoV), IAV virus subtype H1N1, and the current severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2). The substantial levels of illness (Shi et al., 2017; James et al., 2018; Lopez-Leon et al., 2021), increased mortality (Zucs et al., 2005; Iuliano et al., 2018; Hansen et al., 2022; Msemburi et al., 2023), and significant socioeconomic consequences (Fendrick et al., 2003; Cutler and Summers, 2020) caused by these respiratory viruses have emphasized the need for effective measures to contain their spread. To mitigate the transmission of these viruses, both occupational and public health measures have been implemented, such as physical distancing, mask-wearing, disinfection, and the development of antiviral drugs, antibody-based therapies, and vaccines. In addition, since the recognition of airborne transmission as the main route of spread, engineering strategies have recommended the enhancement of indoor air quality through improved ventilation, air purifiers, and/or filtration of recirculated air (Sachs et al., 2022). Other approaches have also sought to take advantage of the sensitivity of enveloped viruses to environmental conditions, including temperature (Dabisch et al., 2020; Biryukov et al., 2021), UV levels (Dabisch et al., 2020; Biasin et al., 2021), and relative humidity (Dabisch et al., 2020). However, one environmental factor that has received limited attention during the pandemic is the potential impact of the pH value of the virus aerosol microenvironment (Luo et al., 2023).

Compared to the limited knowledge on the pH impact on viral survival in extracellular environments including aerosols and surfaces, inquiry into the impact of pH on respiratory viruses in intracellular environments began decades ago (Maeda et al., 1981). Both influenza and coronaviruses are known to be sensitive to changes in pH during the endocytosis process, which is a critical step in the infection cycle by which viruses enter host cells from the extracellular environment. For example, it is well-accepted that low pH induces viral disassembly and promotes the release of genetic material within the host cell (Stegmann et al., 1987). When the pH within the host cell becomes acidic (i.e., the concentration of hydrogen ions increases), the protein residues of the lipid membrane may become protonated, which eventually induces conformational changes in the envelope glycoproteins to a large extent, and to a lesser extent, in the viroporins (Caffrey and Lavie, 2021). This can cause the envelope to become more permeable, which may allow ions and other molecules to enter the virus and disrupt its structure. Additionally, changes in pH can also affect the electrostatic interactions between the viral proteins and the envelope, further destabilizing the virus (Shtykova et al., 2017). The COVID-19 pandemic has reignited interest in this topic, and recent studies have tried to elucidate the mechanisms involving pH-induced changes in the envelope disassembly of SARS-CoV-2 (Kreutzberger et al., 2022; Luo et al., 2023). In addition, the technological advancements in microscope technologies have enabled scientists to gain new insights into the mechanisms by which viruses are affected by changes in pH during endocytosis (Assaiya et al., 2021; Guaita et al., 2022).

In this review, I discuss developments in our understanding of the pH-induced endocytosis mechanisms in IAV and SARS-coronavirus. Drawing upon extensive literature from the last few decades and latest research, this mini-review provides a detailed explanation of the pH-dependent structural changes necessary for viral disassembly and fusion during endocytosis. Using this summary, I recognize the significant differences that result in pH-induced structural changes preceding the viral disassembly and initiating fusion with the host cell. The main aim of this review is to provide a better understanding of how the structural changes of two the highly contagious enveloped respiratory viruses differ in response to intracellular acidic environments.



2. Influenza A

Influenza is a negative-strand RNA virus with eight ribonucleoprotein particles (RNPs) contained within a lipid envelope derived from the host plasma membrane. The IAV viral envelope contains two major glycoproteins proteins, hemagglutinin (HA) and neuraminidase (NA), that project from the lipid membrane as spikes (Sriwilaijaroen and Suzuki, 2012). A third envelope protein is a homotetrameric protein 2 (AM2) consisting of an extracellular N-terminal segment, a transmembrane segment, and an intracellular C-terminal segment (Pielak and Chou, 2011). The lipid membrane envelope encapsulates the M1 protein, consisting of the N-terminal domain, middle domain, and C-terminal domain, which forms a rigid matrix layer under the lipid envelope and interacts with both the viral RNP particles and lipid envelope with the cytoplasmic tails of HA and NA (Lamb and Choppin, 1983; Bouvier and Palese, 2008; Dou et al., 2018).


2.1. IAV pH-regulated endocytic pathways: clathrin-mediated endocytosis

There are several types of viral entries to the cell, also known as endocytic pathways that can be utilized by influenza viruses, including predominantly clathrin-mediated and caveolin-mediated endocytosis (Lakadamyali et al., 2004; Brandenburg and Zhuang, 2007; de Vries et al., 2011). The pathways differ in the manner by which the virus particle attaches to the surface of the host cell. Caveolin-mediated endocytosis does not require sialic acid receptors for internalization of the virus, unlike clathrin-mediated endocytosis (Lakadamyali et al., 2004). The trafficking of clathrin-mediated endosomes relies on acidic pH, while the transport of caveolae containing vesicles to the destination is a neutral pH selection (Kiss and Botos, 2009). Therefore, pH-independent caveolin-mediated endocytosis is not considered in this paper. Before attaching to sialic acid, the HA glycoprotein in the viral membrane initially exists as a single polypeptide known as HA0, which must be cleaved by the host’s trypsin and serine-like proteases (TMPRSS2) to form a complex consisting of three HA1 (positively charged) and three HA2 (negatively charged) polypeptide chains linked by two disulfide bonds (Chen et al., 1998). HA1, which is located distal to the virus membrane, is responsible for receptor binding. On the other hand, HA2, which is located proximal to the membrane, anchors HA in the envelope and contains the fusion peptide (Benton et al., 2020a). As shown on Figure 1, once the HA cleavage occurs, the receptor binding pocket at the top of the positively charged HA1 subunit becomes available for binding with negatively charged sialic-acid receptors (Mair et al., 2014a). After viral internalization, the incoming virus is transported through early endosomes (pH range ∼5.6–6.5) (Padilla-Parra et al., 2012), late endosomes (pH range ∼5.0–5.5) (Wallabregue et al., 2016), and lysosomes (pH range between 4.6 and 5.0) (Luzio et al., 2007).
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FIGURE 1
Pre-viral entry of Influenza virus and binding to sialic acid receptors during clathrin-mediated endocytosis at neutral pH (1–3). Viral entry and transport through endosomes during clathrin-mediated endocytosis: low pH-induced conformational changes (4–6).


Eventually, the cleaved pre-fusion neutral pH HA (Staschke et al., 1998) is attached to the cell surface via sialic acid receptors. According to experimental observations (Carr et al., 1997), the cleaved extracellular HA protein is trapped in a metastable state at neutral pH before viral entry. At neutral pH, molecular modeling studies have demonstrated that there is a strong electrostatic attraction between the positively charged HA1 and negatively charged HA2 monomers, while there is a repulsive electrostatic force between three subunits of either HA1 or HA2 (Huang et al., 2002). Consequently, electrostatic repulsion between the three HA1 monomers and three HA2 monomers is offset by electrostatic attraction between the HA1 and HA2 domains, thereby preserving a metastable trimeric association of the monomers. The binding of HA1 to sialic residues on membrane cells triggers the initiation of clathrin-coated pit formation beneath the virions bound to the cell surface (Rust et al., 2004). These pits then bud from the membrane to form small intracellular clathrin-coated vesicles containing the virions and their bound receptors (Matlin et al., 1981; Lakadamyali et al., 2004). When the vesicle is fully intracellular it loses its clathrin coat and ultimately fuses with early endosomes where it is exposed to an acidic environment (pH range ∼5.6–6.5) (Padilla-Parra et al., 2012). The high concentration of hydrogen ions (H+) in the endosome causes protonation of specific to envelope glycoprotein residues, leading to eventual conformational changes within the virus critical for later fusion with the host cell.


2.1.1. pH-induced hemagglutinin conformational changes

The pH dependence of the early stages of HA conformational change is regulated by the histidine residue HR184 of the HA1 and HA2 monomers (Mair et al., 2014b; Trost et al., 2019). The side chain of histidine is uncharged at physiological pH (∼7.4) because it has a pKa of approximately 6. As the environmental pH decreases, the HA histidine residue with a pKa value greater than the environmental pH becomes protonated (Mair et al., 2014b; Trost et al., 2019). Protonation leads to a significant increase in positive net charge, inducing the repulsion of HA1 monomers (Huang et al., 2002) and the partial dissociation of HA1 globular domains (Zhou et al., 2014). Thus, protonation triggers the enlarging of the cleavage between HA1 and HA2 monomers. As a consequence, water can enter the central cavity, which in turn induces the structural transitions of the HA2 monomer/sequences (Kemble et al., 1992) which have originally been shielded from contact with water (Böttcher et al., 1999; Huang et al., 2002). Interaction with water induces extrusion of the HA-2 fusion peptide from its buried position in the HA trimer to the distal tip of the HA spike (Ruigrok et al., 1989), eventually triggering the disintegration of the viral membrane by forming a pore through which the genomic segments of the virus are released (Cross et al., 2009; Rice et al., 2022). An HA that is too acid stable may not be sufficiently sensitive to trigger fusion pH-dependent uncoating, meaning that acid stability could restrict a virus’ ability to replicate in intracellular environments. Measured HA activation pH values across all subtypes and species range from ∼5.0 to 6.0, trending higher in highly pathogenic H5N1 (Zaraket et al., 2013) and H7N9 strains (pH 5.6–6.0) (Chang et al., 2020) whereas seasonal human strains are more acid-stable (pH of fusion 5.0 to 5.6) (Galloway et al., 2013).



2.1.2. pH-induced AM2 conformational changes

The AM2 protein forms a pH-activated proton-selective channel (Sakaguchi et al., 1996; Cady et al., 2009) essential for the acidification of the virus interior, thereby facilitating the dissociation of the matrix protein M1 from the viral nucleoproteins−a step that precedes fusion-pore formation (Zebedee and Lamb, 1988; Ivanovic et al., 2012). As the pH of the endosome encapsulating the virus is lowered, the AM2 channel becomes activated, allowing a unidirectional proton across the membrane to equilibrate the pH of the virus interior with that of the acidic endosome (Kelly et al., 2003). Once activated, the M2 channel conducts 10 to 10,000 protons per second (Mould et al., 2000a; Lin and Schroeder, 2001). This pH-activated protonation is mediated by an interplay between four proton-selective histidine residues His-37 and the proton conductive four tryptophan 41 (Trp 41) residues, both located in a narrow aqueous pore of the transmembrane domain (TMD) (Wang et al., 1995; Venkataraman et al., 2005; Hu et al., 2006; Schnell and Chou, 2008). Two proton conduction mechanisms have been proposed: the “water wire model” and the “proton relay model” mechanism. According to the “water-wire model,” the pore is essentially closed at neutral pH (pH = 7.5) as the Val 27 residue at the N terminal and the Trp 41 gate block water from freely entering into the pore, thus preventing proton diffusion across the membrane (Schnell and Chou, 2008). Lowering the pH protonates the imidazole rings of His-37, resulting in several imidazolium per channel, which repel each other and destabilize the transmembrane-helices packing. This conformational rearrangement breaks interactions between Trp 41 and Asp 44 residue and widens the pore, followed by a formation of a continuous hydrogen-bonded water network over which protons hop utilizing the Grotthuss mechanism (Chen et al., 2007). Carr–Purcell–Meiboom–Gill (CPMG) experiments have found that lowering the pH from 7.5 to 6.0, increases the frequency of Trp 41 gate opening by more than fourfold, while no significant frequency is changed when lowered to pH = 7.0 (Schnell and Chou, 2008). Under ideal conditions of the “water-wire model,” the constricted N-terminal only allows protons to penetrate the aqueous pore through a hydrogen-bonded water network. This assumption is confirmed by many electrophysiological studies that show that the highly selective M2 channel is virtually impermeable to Na+, K+, or Cl– ions regardless of external pH conditions (Chizhmakov et al., 1996, 2003; Mould et al., 2000b; Lin and Schroeder, 2001; Intharathep et al., 2008). Accordingly, the M2 protein only transports protons, and this permeation increases tenfold as the pH drops from below 8.5 until it reaches a saturation level close to pH = 4 (Chizhmakov et al., 1996). The selectivity, however, may not be absolute as the permeation of other ions through this channel has been suggested from earlier experiments (Pinto et al., 1992). It has been suggested that experimental artifacts from earlier studies are responsible for these differences (Chizhmakov et al., 1996).

On the other hand, the “proton-relay model” mechanism requires at least one non-protonated histidine at the gating region, with its two nitrogen atoms facing the extracellular side (Pinto et al., 1997; Chen et al., 2007). This model hypothesizes that one His-37 imidazole nitrogen atom is protonated by the entering hydronium ion before the other imidazole nitrogen releases its proton to the interior of the virus. Finally, the process is completed by flipping of imidazole rings, or tautomerization, to establish the original configuration to prepare for the next proton relay. The reliability of the model is uncertain as it appears that for a His residue to act as a proton relay two nitrogens from the same histidine residue must be exposed to water within the channel pore (Pinto et al., 1997). However, simulation studies have not revealed this specific conformation of His-37 (Phongphanphanee et al., 2010).



2.1.3. pH-induced neuraminidase conformational changes

Neuraminidase (NA)’s primary role is in the later stages of infection, where it aids in the detachment and spread of the virus to new cells by removing sialic acids from cellular receptors and newly synthesized HA and NA on nascent virions (Palese et al., 1974; Basak et al., 1985). This process prevents the virus from binding back to the dying host cell and enables the efficient release of RNA genomes (Palese et al., 1974). NA is most effective at a pH range of 5.5–6.0 (Mountford et al., 1982; Lentz et al., 1987; McKimm-Breschkin, 2000), although certain viruses have been found to maintain stable NA activity at a lower pH range of 4.0–5.0, resulting in enhanced replication kinetics (Takahashi and Suzuki, 2015).



2.1.4. pH-induced M1 conformational changes

The M1 protein binds both to the RNP complex and the lipid membrane. The M1–lipid binding is mediated through electrostatic interactions between the positively charged N-terminal domain residues (Arg76 and Arg78) and negatively charged cytoplasmic tails of HA and NA (Höfer et al., 2019), while the matrix protein interacts with the viral RNP complex inside the virus via the C-terminal domain (Shtykova et al., 2017) but also the middle domain (Noton et al., 2007). It is hypothesized that the acidification in the endosome causes the M1 protein to undergo a conformational change which ultimately allows the disassembly of the RNP-M1-lipid membrane complex and RNP detachment from the membrane (Calder et al., 2010; Fontana et al., 2012). Research by cryo-electron tomography (ET) further showed that the intermolecular interactions in the M1 layer are affected when the virions were incubated at pH 5.0, and the matrix layer was no longer seen in the virions (Lee, 2010). Specifically, other cryo-ET studies have indicated that acidification affects the oligomerization state of the M1 protein; it has been demonstrated that intact M1 display multiple-ordered forms of oligomers at neutral pH 7.4 which are dissociated at pH 5.0 (Zhang et al., 2012). Not until recently has the first full structure of full-length M1 been observed; subtomogram observations showed it contains a five histidine residues cluster that may serve as the pH-sensitive disassembly switch (Peukes et al., 2020). Despite these findings, the precise mechanism of protonation of the M1 protein during endosomal transport remains poorly understood, and further research is needed (Selzer et al., 2020).





3. SARS-coronavirus

The positive-stranded RNA genome of SARS-coronavirus encodes three membrane proteins: the spike (S) glycoprotein, responsible for binding the cell-surface receptor to induce virus-host cell fusion (Huang et al., 2020); and the viral envelope proteins consisting of the membrane (M) glycoprotein and the envelope (E) protein. The S protein anchored in the viral membrane is a trimer with each protomer composed of S1 and S2 subunits non-covalently bound in the pre-fusion state (Örd et al., 2020).


3.1. pH-dependent infection routes: S protein conformational changes activated by cathepsin L during clathrin-mediated endocytosis

SARS-coronavirus entry into target cells starts with protease-induced preactivation of the S1/S2 cleavage (Peacock et al., 2021). The protease-activated cleavage is followed by S1 binding to the host cellular receptor angiotensin-converting enzyme 2 (ACE2) (Li et al., 2003). Successive ACE2 binding further weakens the protease-induced preactivation of the S1/S2 cleavage, followed by cleavage of the S2 unit to generate S2′ (Benton et al., 2020b). The S2′ fusion peptide is then liberated and eventually penetrated the host target cell, ultimately leading to the fusion of the viral and host cell membranes after which viral RNA is released into the cytoplasm, where it replicates (Walls et al., 2017; Benton et al., 2020b). The conformational changes in the S2 unit can be triggered by either the transmembrane serine protease TMPRSS2 (Tortorici et al., 2019) or lysosomal cysteine protease cathepsin L in the endosomal compartment following ACE2-mediated endocytosis (Hoffmann et al., 2020; Zhao et al., 2021). However, the timing and dynamics of these proteolytic cleavages differ for different coronavirus types. After protease-preactivation of the S1/S2 cleavage, SARS-CoV-2 can use mutually exclusive routes to penetrate cells: one fast TMPRSS2-mediated plasma membrane entry (10 min) and one slower (40–50 min) clathrin-mediated endocytosis where S2′ cleavage is performed by cathepsin L (Koch et al., 2021; Jackson et al., 2022). TMPRSS2 is active at the cell surface regardless of pH conditions (Koch et al., 2021; Jackson et al., 2022), unlike cathepsin L, which requires a low-pH environment typical of endolysosomes (Mohamed and Sloane, 2006; Koch et al., 2021; Jackson et al., 2022).

Thus, SARS-CoV-2 fusion is essentially independent of pH value as endosomal acid-dependent penetration through cathepsin L occurs only in cells devoid of TMPRSS2 (Koch et al., 2021) as shown in Figure 2. Although several studies support the view that TMPRSS2-dependent early entry route is more efficient and results in a more productive infection than the cathepsin L-activated mechanisms for some CoV strains (Shirato et al., 2017, 2018), other studies indicate that more recent Omicron SARS-CoV-2 variants favor the low-pH endosomal entry route (Meng et al., 2022). For fusion activity in SARS-CoV, cathepsin Ls have been shown to require reduced pH of at least 6.0 or lower, found in the endolysosomal compartment (Luzio et al., 2007; Padilla-Parra et al., 2012; Wallabregue et al., 2016). Human cathepsin L is very unstable (kinact = 0.15 s−1) at close to neutral conditions (pH = 7.4; 37°C) and the inactivation rates increase for at least one order of magnitude between pH 7.0 and 8.0 at 37°C [L109]. Interestingly, the cathepsin L activity is very temperature dependent: at pH = 7.4, a temperature rise from 5 to 37°C results in a thousand-fold increase in the inactivation rate (Turk et al., 1993). Bound to negatively charged surfaces, the cathepsin L activity also depends on the ionic composition of the exposed milieu (Dehrmann et al., 1995). Studies focusing on the composition of buffers have shown that different ionic solutions and ionic strengths have unique impacts on cathepsin L activity (Dehrmann et al., 1995, 1996). While in phosphate solutions the enzymatic activity occurs at a slightly acidic condition range of pH = 5.5–6.0 (Mason and Massey, 1992), the cathepsin L activity peaks at pH = 6.5 in acetate-MES2-Tris (AMT) buffers (Dehrmann et al., 1996) at constant molarity. In most enzyme-catalyzed reactions carried out in the laboratory the ionic strength is usually fairly high due largely to the high buffer concentrations needed to ensure constant pH. The higher the ionic strength, the greater the electrostatic interactions between ions in the solution, which can affect various chemical and physical properties of the solution (Kennedy, 1990). For instance, when increasing the ionic strength of a weak acid its optimum pH shifts to lower pH values at constant molarity, and the opposite trend is true for weak bases (Dennison, 2003). It has been observed that cathepsin L activity time is reduced with an increase in the ionic strength of phosphate buffer–a weak acid (Kennedy, 1990), implying increasing the ionic strength in weak acids may increase the optimum pH activity range for cathepsin L and vice versa. The effects of ionic strength on the activities of cathepsin Ls may be of key significance in establishing their true potential for extracellular activity processes such as anti-viral drug development (Turk et al., 1993; Dehrmann et al., 1995). While cathepsin L activity generally favors slightly acid conditions, in sodium citrate buffers cathepsin L is irreversibly inactivated at pH values lower than 4.0 (Turk et al., 1993), an acidic environment that can occur in intact cells where matured lysosomes may reach a pH as low as 3.8 (Berg et al., 1995; Van Dyke, 1995).
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FIGURE 2
Pre-viral entry of SARS-coronavirus and binding to ACE-2 receptors during clathrin-mediated endocytosis in absence of TMPRSS2 (1–3). Viral entry and transport through endosomes during clathrin-mediated endocytosis: low pH-induced conformational changes induced by cathepsin L activation in acidified endosomes (4–6).



3.1.1. pH-induced M protein conformational changes

The M protein is the most abundant structural protein and contains three transmembrane helices, with a short amino-terminal ectodomain and a large carboxy-terminal endodomain (Kuo et al., 2007). The M protein defines the envelope shape and is directly involved in virus assembly, replication, and membrane budding (Hu et al., 2003; Neuman et al., 2011). Although the structure of M protein forms a dimer that is structurally related to the SARS-CoV-2 ion channel ORF3a (Ouzounis, 2020; Dolan et al., 2022), reported cryo-electron microscopy structures revealed that is unlikely that the so far known forms of M protein function as an ion channel because its transmembrane region is highly hydrophobic and has no apparent ion permeation pathway (Zhang et al., 2022). These findings do not rule out the possibility that the two currently recognized forms of the M protein, an elongated and a compact one (Neuman et al., 2011; Dolan et al., 2022), represent closed conformations, and that a different, unknown form is responsible for ion conduction. Although the function of coronavirus M appears to be analogous to that of the virus M1 protein of influenza A (Neuman et al., 2011), no similar pH-sensitive behavior has yet been observed.



3.1.2. pH-induced E protein conformational changes

The smallest of the major structural proteins, the multifunctional E protein acts on several aspects of the virus’ life cycle, including virus assembly, budding and pathogenesis (Schoeman and Fielding, 2019). The E protein is composed of a short hydrophilic N-terminal, followed by a large hydrophobic TMD, and ends with a long hydrophilic C-terminal domain, which compromises the majority of the protein Structurally, the TM domain of E forms a pH-sensitive pentameric ion channel (viroporin) on the ER/Golgi membrane, which is generally permeable to Ca2+, Na+, Mg2+ and K+ ions (Verdiá-Báguena et al., 2012; Nieto-Torres et al., 2015; Cabrera-Garcia et al., 2021; Xia et al., 2021), but also to H+ ions according to in silico studies and pH imaging (Cabrera-Garcia et al., 2021; Xia et al., 2021). In mammalian cells, the SARS-CoV-2 viroporin is activated at pH = 6.0 and 7.4, whereas at alkaline pH values of 8 and above the viroporin activity is reduced (Cabrera-Garcia et al., 2021; Xia et al., 2021). However, some inconsistencies between studies and tests have been noted. The varying ion channel characteristics of E proteins across different coronaviruses and even within different experimental settings have led to concerns that certain outcomes could be erroneous.





4. Discussion

In this review, I analyze and compare the conditions and mechanisms of pH-dependent endocytic pathways for IAV and SARS-coronavirus. While there are similarities in the pattern, there are notable differences in the mechanisms and incidence of pH-dependent endocytosis. Influenza viral entry primarily takes place via clathrin-mediated and caveolin-mediated endocytosis, but only the former is regulated by pH. After viral clathrin-mediated internalization, the incoming virion is transported through an acidic environment in early endosomes, late endosomes, and lysosomes. As the pH of the endosome encapsulating the virus is lowered, the virus structure undergoes several conformational changes. The lowered pH value induces the extrusion of the HA-2 fusion peptide from its buried position which forms a pore through which the genomic segments of the virus are released. In addition, the AM2 proton channel becomes activated, allowing a unidirectional proton across the membrane to equilibrate the pH of the virus interior with that of the acidic endosome. Lowered pH also induces conformational changes to the influenza NA and M1 protein, however, unlike HA and AM2 the precise mechanisms remain poorly understood, and further research is needed. Measured influenza activation pH values across all subtypes and species range from ∼5.0 to 6.0, trending higher in highly pathogenic H5N1 and H7N9 strains whereas seasonal human strains are more acid-stable (pH of fusion 5.0 to 5.6). Similar to IAV, SARS-CoV-2 can use mutually exclusive routes to penetrate cells: one fast pH-independent TMPRSS2-mediated plasma route, and one pH-dependent slow clathrin-mediated endocytosis via cathepsin L. The clathrin-mediated endocytosis through cathepsin L occurs only in cells devoid of TMPRSS2. Unlike TMPRSS2, which is active at the cell surface regardless of pH conditions, cathepsin L requires a low-pH environment typical of endolysosomes. Although several studies support the view that TMPRSS2-dependent early entry route is more efficient and results in a more productive infection than the cathepsin L-activated mechanisms for some SARS-coronavirus strains, recent studies indicate that Omicron SARS-CoV-2 variants favor the low-pH endosomal entry route. For fusion activity in SARS-coronavirus, cathepsin Ls have been shown to require reduced pH of at least 6.0 or lower. Although research has verified that the envelope E-protein serves as an ion channel when pH levels decrease, there have been certain inconsistencies observed between various studies and tests. Furthermore, unlike the influenza M1 protein, there has been no evidence of similar pH-sensitive behavior in the SARS-coronavirus M1 protein. However, studies also suggest that cathepsin L is irreversibly inactivated at pH values lower than 4.0, an acidic environment that may occur in matured lysosomes. The pH sensitivity of influenza A and SARS-CoV-2 viral glycoproteins is a potential target for therapeutic interventions and anti-viral drug treatments. So far, there is evidence suggesting that chloroquine, a weak base, inhibits the replication of those influenza A strains whose hemagglutinins require a low pH for their fusion activation (Di Trani et al., 2007). Chloroquine has shown potential in blocking the SARS-CoV-2 infection cycle by releasing basic side chains that raise the endosomal pH and inactivate cathepsin-L (Lan et al., 2022). However, the use of chloroquine for the treatment of COVID-19 triggered significant debate, especially since the drug is associated with side effects and exhibits only marginal efficacy (Chen et al., 2021; Kashour et al., 2021). With regard to alternative approaches for achieving endosomal deacidification, endosomal acidification inhibitors bafilomycin A1 and NH4Cl were shown to exert antiviral effects against SARS-CoV-2 in vitro cell models and in vivo in hACE2 transgenic mice, and thus should be evaluated as potential COVID-19 treatments (Shang et al., 2021). In summary: while both influenza and coronavirus may pursue pH-regulated endocytic pathways, the influenza virus does not require the presence of specific pH-sensitive enzymes (cathepsin L) during endosomal transport to activate fusion with the host cell. The review also notes that the precise mechanism of protonation mechanisms of certain envelope glycoproteins during endosomal transport for both viruses remains incompletely understood, and further research is needed.
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The severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection in humans can lead to various degrees of tissue and organ damage, of which cardiovascular system diseases are one of the main manifestations, such as myocarditis, myocardial infarction, and arrhythmia, which threaten the infected population worldwide. These diseases threaten the cardiovascular health of infected populations worldwide. Although the prevalence of coronavirus disease 2019 (COVID-19) has slightly improved with virus mutation and population vaccination, chronic infection, post-infection sequelae, and post-infection severe disease patients still exist, and it is still relevant to study the mechanisms linking COVID-19 to cardiovascular disease (CVD). This article introduces the pathophysiological mechanism of COVID-19-mediated cardiovascular disease and analyzes the mechanism and recent progress of the interaction between SARS-CoV-2 and the cardiovascular system from the roles of angiotensin-converting enzyme 2 (ACE2), cellular and molecular mechanisms, endothelial dysfunction, insulin resistance, iron homeostasis imbalance, and psychosocial factors, respectively. We also discussed the differences and mechanisms involved in cardiovascular system diseases combined with neocoronavirus infection in different populations and provided a theoretical basis for better disease prevention and management.
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1. Introduction

The global pandemic of the new coronavirus poses a great challenge to health care systems. In addition to the direct physical damage, the economic and social stress caused by the rampant virus is affecting the psychological health of people around the world to varying degrees (Liu D. et al., 2021; Isath et al., 2023a). Different cardiovascular system (CVD) complications can occur after the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection, including myocarditis (0.128%–0.15%; Fairweather et al., 2023; Keller et al., 2023), stress cardiomyopathy (0.1%–5.6%; Chung et al., 2021; Davis et al., 2023), pulmonary embolism (PE; 1.9%; Hobohm et al., 2023), heart failure (3%–33%; Chung et al., 2021), and myocardial infarction (0.9%–11%; Chung et al., 2021). In this general situation, SARS-CoV-2 combined with cardiac disease can lead to a worse clinical prognosis, and patients usually have a higher mortality rate. For example, patients with combined myocarditis have a higher mortality rate than those without myocarditis (24.3% vs. 18.9%; Keller et al., 2023), and patients with combined pulmonary embolism have a significantly higher mortality rate (28.7%) than patients with neocoronavirus without combined PE (17.7%; Hobohm et al., 2023). Currently, a large number of studies have taken the first step toward revealing the interaction between the coronavirus disease 2019 (COVID-19) and the cardiovascular system, but some of the specific mechanisms are still unclear. Also, due to individualized differences, different populations tolerate and respond differently to the disease (Liu F. et al., 2021; Tobler et al., 2022). In this review, we seek to explore how cardiac structure and function are affected in the context of COVID-19 and to discuss inter-population differences in COVID-19 comorbid cardiovascular disease for better risk stratification and precise management in the post-epidemic period.



2. Mechanism of interaction between SARS-CoV-2 and the cardiovascular system


2.1. ACE2

ACE2 is an important receptor for neocoronavirus invasion of human cells and is widely distributed in various organs of the body, such as the lung, heart, gastrointestinal tract, and kidney, and it has a high affinity for the viral protein receptor-binding domain (RBD). The binding of the two induces spatial folding and conformational changes in the RBD, promotes membrane fusion, and induces viral entry into cells through endocytosis (Chung et al., 2021). ACE2 is an extremely important and beneficial biomolecule for the cardiovascular system, which can promote the conversion of AngII to Ang1-7, reduce cardiac pathological remodeling, and exert cardiovascular protective effects (Kuriakose et al., 2021). When ACE2 binds and interacts with SARS-CoV-2 spike (S) protein, the structural domain of metalloprotease protein-17 (ADAM17) is activated and cleaves the extracellular region of ACE2, leading to an increase in soluble ACE2 (sACE2) in the plasma and a decrease in cell surface ACE2 expression. In turn, a decrease in ACE2 not only amplifies the deleterious effects of AngII but also further upregulates ADAM17 expression, creating a vicious cycle (Lambert et al., 2005; Zipeto et al., 2020; Liu F. et al., 2021; García-Escobar et al., 2022).

There is a correlation between the tropism and severity of viral infections and the expression of host cell receptors. Increased expression of plasma soluble ACE2 was found in patients with myocardial infarction, atrial fibrillation, valvular disease, and heart failure, reflecting a higher basal ACE2 expression and increased susceptibility in this population (García-Escobar et al., 2022; Silva et al., 2022). Therefore, patients with pre-existing cardiovascular disease may experience more severe complications and adverse events after infection with neocoronavirus. In an ACE2-deficient environment, SARS-CoV-2 entry into cells induces further downregulation of ACE2, amplifying the adverse effects of the ACE/AngII/AT1 axis and attenuating the beneficial effects of the ACE2/Ang1-7 (Angiotensin1-7) /mas axis, leading to cardiomyocyte fibrosis, endothelial damage, mediating inflammatory responses and vasoconstriction, and accelerating cardiovascular diseases such as hypertension and heart failure’s further progression (Verdecchia et al., 2020; García-Escobar et al., 2021).

Hypertension, diabetes, and smoking, as risk factors for neocoronavirus infection, can increase ACE2 expression and promote viral entry into cells, leading to energy metabolism and dysfunction (Gao et al., 2021; Kato et al., 2022). This was confirmed by Kato et al., who used rat cardiomyocytes as a model for SARS-CoV-2 pseudovirus infection and found that stimulation by risk factors for cardiac disease can promote ACE2 expression and increase viral susceptibility. In addition, upregulation of ACE2 expression could be achieved by the SARS-CoV-2 S protein by promoting the formation of the TRPC3-NoX2 complex, which is an important target of viral infection and can lead to structural and functional damage of the heart, and the SARS-CoV-2 pseudovirus could promote the release of extracellular ATP through pannexin1 (Panx1), leading to increased reactive oxygen species production while promoting the formation of the TRPC3-NoX2 complex (Kato et al., 2022).

Among the isoforms of apolipoprotein E (APOE), APOE4 has been recognized as a risk factor for the cardiovascular system, which increases the risk of atherosclerosis by increasing LDL levels (Mahley, 2016; Marais, 2019). It has been found that APOE binding to ACE2 attenuates the interaction of ACE2 with viral stinger proteins, inhibits SARS-CoV-2 pseudovirus infection, and attenuates the inflammatory response (Zhang et al., 2022). However, the inhibitory effect of APOE4 was lower due to different conformational structures. In addition to this, patients carrying the APOEε4 gene have a higher susceptibility to SARS-CoV-2 and increased inflammatory factors in the serum (Zhang et al., 2022). Therefore, exploring the relationship between APOE and COVID-19 may provide new ideas to further investigate the interaction between SARS-CoV-2 and cardiovascular disease, which is expected to further accurately assess patient risk and guide treatment.



2.2. Cellular and molecular mechanisms

It has been more than 2 years since the prevalence of COVID-19, and with the changing trend of the disease epidemic, the focus of research has transitioned from the study of pathogenesis in the acute phase to the exploration of clinical symptoms that persist after recovery from infection. Long COVID refers to signs and symptoms that persist or develop after acute neocoronavirus infection, affect almost all organs of the body, and can lead to more than 200 different clinical manifestations (Gyöngyösi et al., 2023). Among them, cardiovascular disease is very common, often with a poor prognosis, and its cellular and molecular pathological mechanisms have been investigated by several research teams.

Neutrophils produce neutrophil extracellular traps (NETs), structures composed of granular and nuclear components that are involved in pathophysiological processes such as autoimmune and inflammatory responses, platelet activation, and the promotion of inflammatory storms and thrombotic disease (Lee et al., 2017; Cedervall, 2018). COVID-19 was found to trigger increased expression of NETs through multiple mechanisms, and NETs play an important role in the transition from acute to chronic persistent neocoronavirus infection (Zuo et al., 2020; Gyöngyösi et al., 2023). In addition, Warnatsch et al. showed that cholesterol crystals in atherosclerosis promote the release of NETs, which activate macrophages to release cytokines and lead to the further development of atherosclerotic aseptic inflammation (Warnatsch et al., 2015). Therefore, the persistence of long COVID cardiovascular symptoms is closely associated with NETs, and targeted inhibition of NETs may be an effective therapeutic option to mitigate cardiac injury. In addition to this, epigenetic reprogramming of hematopoietic progenitor cells and cellular dysregulation may be involved in the clinical manifestations of the long COVID cardiovascular system, but the above mechanisms are only highly speculative, and the exact pathological process needs to be further clarified (Gyöngyösi et al., 2023).

Numerous researchers attention has recently turned to the role played by cellular senescence in long COVID. The invasion of SARS-CoV-2 into humans is found to increase the host cell’s stress response and induce cellular senescence, which increases the pro-inflammatory, tissue-damaging senescence-associated secretory phenotype (SASP) via Toll-like receptor 3 (TLR3; Tripathi et al., 2021). SASP activates neutrophils to produce NETs, promotes platelet activation, and enhances the inflammatory response of the virus to the body. Meanwhile, SASP can expand cellular senescence through a paracrine pathway, which further leads to tissue and organ damage (Schmitt et al., 2023). Therefore, targeted inhibition of TLR3 or senescent cells is meaningful to mitigate the adverse clinical outcomes caused by COVID-19, and further exploration of this is warranted.



2.3. Endothelial cell dysfunction

Endothelial cells are very important for maintaining vasoconstriction and diastole, regulating the flow of cells, molecules, and fluids inside and outside the blood vessels, maintaining the balance of coagulation and fibrinolysis, and participating in immune inflammatory responses (Krüger-Genge et al., 2019). When endothelial cells become structurally and functionally impaired, it will promote the development of many cardiovascular diseases, such as atherosclerosis, coronary artery disease, and hypertension (Incalza et al., 2018). Numerous studies have shown that neocoronavirus infection can cause serious cardiovascular system complications and that patients with pre-existing cardiac disease have a higher incidence of adverse events and mortality after infection with neocoronavirus, with endothelial damage being an important part of the pathogenesis (Kang et al., 2020; Shi et al., 2020; Gu et al., 2021; Rossouw et al., 2022). Histological and pathological findings of patients who died from neointimal pneumonia suggested the presence of endothelial inflammation and degradation of endothelial cells in multiple organs throughout the body, and the presence of viral structures in endothelial cells was observed by electron microscopy (Fodor et al., 2021). Thus, the involvement of endothelial cells in the pathological development of the neocoronavirus was further confirmed.

The pathological mechanism of endothelial cell structure and dysfunction caused by SARS-CoV-2 is complex. First, the virus itself attacks and damages endothelial cells. Among the SRAS-CoV-2 proteins, S protein disrupts endothelial cell integrity, and nucleocapsid protein (NP) induces a pro-inflammatory cell phenotype that triggers the release of inflammatory factors and cytokines by binding to TLR2 in endothelial cells, triggering the NF-κB and MAPK signaling pathways (Qian et al., 2021). Both of these proteins drive viral-mediated endothelial injury. S proteins consist of S1 and S2 subunits that bind to glycosaminoglycans on vascular endothelial cells, enabling them to recognize and interact with ACE2 on the cell surface, thereby inducing viral infection of cells (Rossouw et al., 2022). Unlike cardiomyocytes, S protein-mediated viral entry into pulmonary vascular endothelial cells is followed by an upregulation of ACE2 expression and an accompanying decrease in endothelial NO synthase (eNOS) activity (Lei et al., 2021). eNOS reduction can lead to decreased NO synthesis and increased catabolism, resulting in endothelial injury (Cai and Harrison, 2000). In addition to structural damage, this experiment also demonstrated the presence of endothelial dysfunction: endothelium-dependent dilation was blocked in the pulmonary arteries of hamsters receiving a sham virus infection, whereas non-endothelium-dependent dilation was unaffected (Lei et al., 2021). An in vitro study showed that the endothelial permeability of brain microvascular endothelial cells in normal and diabetic mice treated with SARS-CoV-2 S protein increased in both groups, and the expression of vascular endothelial (VE)-cadherin, junctional adhesion molecule-A (JAM-A), connexin 43, and platelet endothelial cell adhesion molecule-1 (PECAM-1), which are essential for maintaining the structural integrity and normal function of the endothelium, was significantly reduced. This study demonstrated that SARS-CoV-2 can cause impaired endothelial structure and function and reduce vascular barrier function, providing strong theoretical support for the mechanism of virus-endothelial cell interaction (Raghavan et al., 2021). In addition to the above mechanisms, S proteins can activate the alternative pathway of complement (APC) to increase endothelial cytotoxicity and activate NLRP3 present in vascular endothelial cells, leading to endothelial cell dysfunction (Yu et al., 2020; Rossouw et al., 2022).

Studies have shown that in addition to direct viral damage to endothelial cells, SARS-CoV-2 can also indirectly damage endothelial cells through oxidative stress, which is a long-lasting pathological process (Fodor et al., 2021). SARS-CoV-2 can induce activation of NADPH-oxidase and promote superoxide (O2−) production, which leads to mitochondrial damage (Fodor et al., 2021). Montiel et al. found that after viral infection, damaged mitochondria can promote β-oxidation of fatty acids in vascular endothelial cells to increase oxidative stress (Montiel et al., 2022). In addition to this, oxidative stress can promote the oxidation of thiols in SARS-CoV-2 and SARS-CoV-2 proteins to disulfides, increasing viral binding to ACE2 and thus aggravating the infection (Hati and Bhattacharyya, 2020). Therefore, the reduction of oxidative stress is an essential component for the intervention and control of the recent and long-term complications of a neocoronavirus infection.

Under normal conditions, endothelial cells prevent thrombosis by inhibiting platelet aggregation and fibrin formation. Increased expression of adhesion molecules and platelet aggregation occur when severe infections lead to endothelial cell damage (Gavriilaki et al., 2020; Prasad et al., 2021; Rossouw et al., 2022). A new coronavirus infection can cause a greatly increased incidence of thrombotic events, such as pulmonary embolism and myocardial infarction, which are inextricably linked to endothelial cell dysfunction. It was found that some patients with neocoronavirus infection have different types of antibodies in their sera that activate endothelial cells to increase the expression of surface adhesion molecules such as intercellular adhesion molecule-1, E-selectin, and vascular cell adhesion molecule-1, increasing the incidence of adverse thrombotic events (Shi et al., 2022). Meanwhile, Toll receptor 7 (TLR7) on the platelet surface during SARS-CoV-2 infection binds to the single-stranded RNA of SAR2-CoV-2, accelerating endothelial damage and leading to increased thrombotic susceptibility (Rossouw et al., 2022). Severe SAR2-CoV-2 can lead to endothelial cell injury, causing excessive platelet stress, and the interaction between the two disrupts the pre-existing homeostatic balance of the vasculature, thereby causing cardiovascular system disorders by mechanisms involving microvascular occlusion, cellular oxidative stress, and the release of pro-thrombotic/pro-coagulant factors (Rossouw et al., 2022). In addition to coagulation disorders, endothelial cell dysfunction can be secondary to inflammatory responses and increased vascular permeability, leading to the development of myocardial edema and myocarditis (Gavriilaki et al., 2020; Prasad et al., 2021; Rossouw et al., 2022).



2.4. Insulin resistance

Insulin resistance is closely associated with cardiovascular disease and can cause myocardial fibrosis and myocardial injury and even induce cardiac insufficiency through abnormal insulin metabolism, mitochondrial dysfunction, hyperglycemia, and glucose toxicity (Jia et al., 2018; Nakamura et al., 2022). Currently, several studies have demonstrated that COVID-19 can induce the development of insulin resistance, which increases the incidence of cardiovascular disease and more severe infectious complications. Shin et al. found that SARS-CoV-2 infection can mediate an impaired insulin/insulin-like growth factor signaling pathway through interferon regulatory factor 1 (IRF1), resulting in metabolic abnormalities and tissue damage such as insulin resistance, new-onset diabetes, etc., and IRF1 expression is higher in men, diabetic, and obese populations, a group that can develop a more severe outcome of SARS-CoV-2 infection (Shin et al., 2022). He et al. demonstrated that insulin resistance is due to SARS-CoV-2 upregulation of RE1 silencing transcription factor (REST) expression to regulate the metabolic factors myeloperoxidase (MPO), apelin, and myostatin gene expression, that such metabolic disorders are not improved by the disappearance of the virus in vivo, and that this pathology develops over time (He et al., 2021). The above study not only provides an important reference for exploring the mechanism of interaction between COVID-19 and metabolic disorders but also provides an important theoretical basis for risk stratification and the prognosis of infected patients.



2.5. Iron homeostasis imbalance

Several studies have recently demonstrated the involvement of iron metabolism in the development of COVID-19. Baier et al. demonstrated for the first time that SARS-CoV-2 infection can cause an imbalance in iron homeostasis and intracellular iron accumulation, leading to decreased iron storage capacity, which induces ROS production to cause increased oxidative stress and cellular damage in cardiomyocytes (Baier et al., 2022). The interaction between SARS-CoV-2 and iron metabolism disorders was also demonstrated by Han et al. SARS-CoV-2 induces ferroptosis in human sinoatrial node pacemaker cells, causing severe lipid peroxidation, which results in pacing dysfunction and bradycardia (Han et al., 2022). Reducing intracellular iron accumulation and improving the dysregulation of iron metabolism might be important in reducing myocardial injury and arrhythmogenesis, which need further exploration and research.



2.6. Psychosocial factors

COVID-19 has altered people’s old lifestyles, impaired physical functioning, increased economic and social stress, and put the physical and mental health of people worldwide at great risk. A study of a global meta-analysis of anxiety, depression, and stress before and during the COVID-19 pandemic showed that the prevalence of each of these negative emotions increased during the pandemic (Daniali et al., 2023). In addition to this, the COVID-19 outbreak and epidemic and some of the measures taken to reduce the further spread of the disease led to unemployment, reduced income, a lack of physical activity, and social isolation, all of which are adverse effects that are risk factors for cardiovascular disease and increase the incidence and potential for worsening of the disease (Lau and McAlister, 2021). COVID-19, affective disorders, and cardiovascular disease do not exist independently but can coexist and interact with each other, increasing the risk of adverse outcomes (Bucciarelli et al., 2022). Older adults are a vulnerable population for cardiovascular disease and COVID-19 and are susceptible to the negative effects of stressful life events. Ward et al. showed a significant increase in depression and loneliness in the elderly population during the neocoronavirus epidemic (Ward et al., 2023), while Gerhards et al. similarly demonstrated that during the COVID-19 epidemic, patients with cardiovascular disease in the elderly population were significantly more likely to be depressed and lonely compared to depression and psychological burden in healthy individuals (Gerhards et al., 2023). Interestingly, it has been documented that the correlation between life isolation and cardiovascular disease was stronger in participants < 65 years of age compared to those >65 years of age (Holt-Lunstad et al., 2015; Gronewold et al., 2020). In general, the potential psychological disorders brought on by neocoronavirus infection cannot be ignored and can increase the risk of cardiovascular disease through a variety of physiological mechanisms in the body, despite the fact that there are varied results regarding the risk of cardiovascular disease at various ages under the influence of significant social events (Gronewold et al., 2021; Figure 1).
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FIGURE 1
 Mechanism of interaction between COVID-19 and the cardiovascular system. SARS-CoV-2 interacts with the cardiovascular system through multiple mechanisms, leading to a variety of adverse outcomes such as atherosclerosis, myocardial fibrosis, excessive platelet activation, cardiomyocyte injury, and arrhythmias, resulting in structural and functional damage to the heart. (By Figdraw).





3. Differences and analysis of cardiovascular system diseases combined with COVID-19 in different populations


3.1. Gender

Gender differences are one of the key determinants of disease progression and outcome and have received increasing attention and research. Several studies have found that among patients infected with SARS-CoV-2, disease morbidity, severity, and mortality appear to be higher in men than in women (Chen et al., 2020; Marik et al., 2021; Wehbe et al., 2021; Torres et al., 2023). Cardiovascular system disease is one of the common comorbidities and complications of neocoronavirus infection, and their interaction can increase the risk of death in patients (Wehbe et al., 2020; Woodruff et al., 2023). Recently, a series of explorations have been conducted regarding gender differences in cardiac disease combined with COVID-19. The prevalence of COVID-19 in combination with cardiovascular disease is higher in male patients worldwide (Gebhard et al., 2020). The increased mortality associated with acute myocardial infarction in COVID-19 patients is higher in men than in women (Yeo et al., 2023). Isath et al. found more men among patients with COVID-19 combined with heart failure by analyzing the baseline characteristics of patients admitted with heart failure in the United States (Isath et al., 2023b). The above studies suggest that men may have greater susceptibility to and more severe adverse clinical outcomes from neocoronavirus infections.

The reasons for this are the involvement of ACE2 and type II transmembrane serine protease (TMPRSS2) expression, sex hormones, and immune and inflammatory responses. ACE2 and TMPRSS2 are key factors in promoting SARS-CoV-2 entry into cells (Hoffmann et al., 2020), and it was found that plasma concentrations of ACE2 were higher in males, while TMPRSS2 is more expressed in males and regulated by androgens (Okwan-Duodu et al., 2021), which may lead to an increased initial viral load (Viveiros et al., 2022). When SARS-CoV-2 binds to ACE2, it activates metalloproteinase 17 (ADAM17), which induces ACE2 membrane shedding, exacerbates the accumulation of AngII, and diminishes the cardioprotective effects of ACE2 (Gheblawi et al., 2020). TLR7 recognizes single-stranded RNA and promotes interferon production, playing an important role in the immune response to new coronary infections. Females can express higher amounts of TLR7, thereby increasing resistance to viruses (Bienvenu et al., 2020; Wehbe et al., 2021). Sex hormone-dependent innate immunity leads to gender differences in the face of viral infections. Estradiol enhances the antiviral response by increasing the number of neutrophils and natural killer cells and decreasing pro-inflammatory cytokines, whereas androgens have immunosuppressive effects (Viveiros et al., 2021; Bechmann et al., 2022; Brandi, 2022). Recently, the first exploration regarding the effect of COVID-19 on patients with stress cardiomyopathy was conducted by Hajra et al. This study found that stress cardiomyopathy combined with COVID-19 was predominantly in men, and, interestingly, stress cardiomyopathy was more common in women (Hajra et al., 2023). It is worth noting that there are still flaws and controversies regarding the above mechanisms and studies. For example, it is too limited to consider only the ACE2 expression and ignore ACE2’s own function. Differences in sex hormone levels in older patients may affect the observed sex differences. Both confounding factors and vaccination may affect the outcome of the studied patients.

Currently, the exploration of gender differences for COVID-19 combined with CVD is more based on physiological mechanisms. However, the impact of the new coronavirus on the psychological aspects of humans cannot be ignored. It has been found that the COVID-19 pandemic can lead to more stress in women from various aspects such as social, economic, work, and family, exacerbating the development of psychological disorders such as depression and anxiety and thus leading to an increased risk of CVD (Gulati and Kelly, 2020; Bucciarelli et al., 2022).

Gender differences in COVID-19 combined with CVD should be investigated further, not only in terms of physiological mechanisms but also to emphasize the importance of psychosocial factors in disease development. Not only will this allow for better risk stratification for patients, but it will also allow for more refined and accurate treatment.



3.2. Age

Age is an important risk factor for increased mortality in patients with COVID-19, and older adults usually have a higher susceptibility as well as more severe clinical outcomes (Bonanad et al., 2020; Zhou et al., 2020; Torres et al., 2023). As previously mentioned, COVID-19 can increase the incidence of cardiovascular disease through endothelial damage, an immune inflammatory response, and coagulation abnormalities, and patients with underlying cardiac disease or the presence of cardiovascular disease risk factors are more likely to experience serious outcomes (Tian et al., 2020). Several studies have demonstrated that the risk of cardiovascular complications is greatly increased in the elderly population with a COVID-19 infection. Pellicori et al. found that some patients with COVID-19 can develop different types of cardiovascular complications during hospitalization and that the risk of CVD increases with age (Pellicori et al., 2021). Hajra et al. demonstrated that advanced age is a risk factor for stress cardiomyopathy and an independent predictor of mortality in patients with combined COVID-19 (Hajra et al., 2023). Hypertension is a common cardiovascular comorbidity in patients with COVID-19 (Harrison et al., 2021; Pellicori et al., 2021), and its pathogenesis is closely related to ACE2. ACE2 is both an important target of SARS-CoV-2 infected cells, and its elevated expression may be associated with an increased risk of infection while acting as a protective factor of the cardiovascular system to mitigate the deleterious effects of AngII. SARS-CoV-2-infected cells result in a further reduction of ACE2, while downregulation of ACE2 expression leads to more severe cardiac dysfunction. Thus, elderly people with down-regulated ACE2 expression have a more severe infection outcome (AlGhatrif et al., 2020). Older adults with cardiometabolic disease (CMD) have more severe adverse outcomes when infected with neocoronavirus, making social isolation particularly important for this high-risk population. However, DOVE et al. found that this population is more vulnerable to the negative psychological effects of social isolation, which can exacerbate the severity of cardiovascular disease, which requires us to weigh the pros and cons of each aspect in our clinical work and give targeted treatment and prevention recommendations (Dove et al., 2022).

Age is an uncontrollable risk factor for COVID-19 and cardiovascular disease, and exploring the link between age and disease pathogenesis will facilitate better risk stratification and management of patients. The physical and mental health of the elderly is highly vulnerable to disease itself and social factors; therefore, both “body” and “mind” should be the focus of our care and support for this population.



3.3. Metabolic syndrome

Metabolic syndrome (MetS) is a complex group of metabolic disorder syndromes, including obesity, dyslipidemia, hyperglycemia, and hypertension, which are closely associated with the development of cardiovascular diseases (Hamjane et al., 2020; Fahed et al., 2022). Epidemiology has shown that the prevalence of MetS has increased in all regions of the world, posing a huge health, economic, and medical burden and becoming an important health problem in modern society (Saklayen, 2018; Li et al., 2022). The pathogenesis of MetS is closely related to insulin resistance, chronic inflammation, mitochondrial dysfunction, and neurological activation, and interestingly, the above pathological processes are also involved in the development of cardiovascular disease and COVID-19 (Fahed et al., 2022; Dissanayake, 2023). A large body of evidence suggests that MetS leads to an increased risk of death and the development of serious complications in patients with COVID-19, often with a worse clinical outcome when combined with cardiovascular disease (Rico-Martín et al., 2021; Frere and tenOever, 2022).

Obesity, as a manifestation of the metabolic syndrome, can enhance SARS-CoV-2 susceptibility by increasing ACE2 expression. In addition, it was found that obese patients have elevated levels of n6-acetyl-l-lysine and p-cresol, which induce cytokine storm production and exacerbate the severity of COVID-19 (Jalaleddine et al., 2022). Protein lysine acetylation leads to impaired cardiac energy metabolism, and p-cresol enhances the risk of atherosclerosis and thrombosis in uremic patients (Jalaleddine et al., 2022). Increased blood glucose increases the risk of SARS-CoV-2 infection and the possibility of cardiovascular system disease through mechanisms such as the promotion of viral replication, platelet activation, and an excessive inflammatory response. Conversely, COVID-19 infection can cause disturbances in glucose regulation and induce serious complications (Aluganti Narasimhulu and Singla, 2022). Lipids are not only the structural basis of cells but also involved in several physiological or pathological activities in the body, which are essential for the development of the cardiovascular system and COVID-19. Lipid metabolism plays an important role in the processes of virus-cell fusion, endocytosis, replication, and cytokinesis, so statins are beneficial in reducing viral infections, while their plaque stabilizing effect reduces the probability of cardiovascular disease (Abu-Farha et al., 2020). Much controversy remains regarding the interaction between hypertension and COVID-19. Studies suggest that hypertension can occur in the acute phase of SARS-CoV-2 infection or as a sequela and has the potential to be a long-term predictor of COVID-19, but the evidence against the above view is not sufficient, and there are no studies to prove that pre-existing hypertension is an independent risk factor for increased mortality in COVID-19 (D'Elia et al., 2023; Matsumoto et al., 2023; Shibata et al., 2023). However, it is undeniable that hypertension, as a systemic disease, can lead to serious adverse clinical outcomes in patients with COVID-19, posing a significant threat to individual health and the global health care system (Abdalla et al., 2023; Figure 2).
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FIGURE 2
 Differences in cardiovascular system diseases combined with COVID-19 in different populations. Men, older adults, and patients with metabolic syndrome have worse clinical outcomes when faced with COVID-19 combined with cardiovascular disease. (By Figdraw).





4. Summary and outlook

The incidence of cardiovascular disease was significantly higher in the SARS-CoV-2 infection state, with significant differences across populations. COVID-19 patients with preexisting cardiovascular disease risk factors or cardiac disease had worse clinical outcomes. In addition to ACE2-mediated viral entry, endothelial dysfunction, iron homeostasis imbalance, and psychosocial factors involved in pathological development, severe electrolyte disturbances, respiratory failure, and impaired mitochondria can also lead to cardiac involvement (Wu et al., 2020; Adeghate et al., 2021; Chang et al., 2023). Take consideration of the spreading time of COVID-19 and the multiple variant strains, the long-term effects of SARS-CoV-2 on the heart are not yet known, and we still need to conduct long-term follow-up and a lot of research and exploration.
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Respiratory syncytial virus (RSV) remains a leading cause of hospitalizations and death for young children and adults over 65. The worldwide impact of RSV has prioritized the search for an RSV vaccine, with most targeting the critical fusion (F) protein. However, questions remain about the mechanism of RSV entry and RSV F triggering and fusion promotion. This review highlights these questions, specifically those surrounding a cleaved 27 amino acids long peptide within F, p27.
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1. The RSV F protein: cleavage sites and the p27 peptide

Respiratory syncytial virus (RSV) remains a leading cause of hospitalizations and death for young children and adults over 65 (Rha et al., 2020; McLaughlin et al., 2022). RSV is an enveloped, single-stranded, negative-sense RNA virus belonging to the Pneumoviridae family (Amarasinghe et al., 2019). Similar to paramyxoviruses, pneumoviruses consist of a nucleocapsid protein complex (a nucleocapsid protein (N) encapsidating the genetic material, the polymerase (L) and polymerase co-factor, P (phosphoprotein)), a matrix (M) protein layer linking the nucleocapsid protein complex with the phospholipid envelope, and three transmembrane glycoproteins (King et al., 2012). The fusion protein (F) and attachment (G) glycoproteins promote membrane fusion and viral entry. Functional and structural studies suggest that the pneumovirus small hydrophobic (SH) protein forms pH-dependent viroporin that regulates membrane permeability, infectivity, and prevent host cell apoptosis (Fuentes et al., 2007; Gan et al., 2012; Masante et al., 2014).

RSV F is synthesized as an inactive precursor (F0) which undergoes cleavage by host cell proteases to yield two disulfide-linked subunits, F1 and F2 (Collins and Mottett, 1991; Day et al., 2006), which are fusion competent. Fusion active F is in a metastable “prefusion” state until a triggering event induces conformational changes, exposing the fusion peptide, which inserts into the target membrane, followed by formation of a six-helix bundle which is hypothesized to drive membrane fusion (Smith et al., 2009; King et al., 2012). This process is similar for all paramyxo- and pneumoviruses; however, RSV F has several differences that remain to be fully understood.

Collins et al. (1984) and Elango et al. (1985), respectively, first sequenced RSV F, showing it is 574 amino acids with a polybasic motif (KKRKRR136) corresponding to a furin consensus site. Unlike closely related paramyxovirus F proteins, the polybasic sequence is six amino acids long, leading Bolt et al. to suggest that other proteases could be involved in cleavage (such as proprotein convertase 5 and 7; Basak et al., 2001) and activate RSV F (Bolt et al., 2000). However, it was not until 2001 that González-Reyes et al. (2001) and Zimmer et al. (2001a) independently demonstrated that RSV F is cleaved at two polybasic sites (RARR109 and KKRKRR136), generating two major subunits: the F2 subunit (20 kDa, AA 26 to 109), and F1 (50 kDa, AA 137 to 574), and releasing an internal peptide of 27 amino acids, termed p27 (AA 110–136) (Figure 1A). The fate of this fragment post-cleavage is still unknown.

[image: Figure 1]

FIGURE 1
 Structure of the RSV F protein on prefusion and postfusion conformations. (A) primary structure showing the disulfide bonds between F1 and F2 subunits (thin lines), N-glycosylation sites (▽), and the Fusion Peptide (FP) on F1 N-term; the p27 peptide is shown between cleavage sites R109 and R136 (arrows). F protein trimer on the (B) prefusion and (D) postfusion conformations with N-Glycans N27, N70, and N500 modeled as sticks. F1 + F2 protomers on prefusion (C) and postfusion (E) conformations. The RSV F protein prefusion trimer (B) is formed by the interaction between three F1 + F2 protomers (C). In the process of viral entry, the prefusion trimer (B) undergoes structural rearrangement to a final postfusion conformation (D). The FP (F1 N-term), β3/β4 hairpin, and alpha-helices α2, α3, and α4 rearrange, fusing with α5 (C) to form an extended postfusion helix, α5post (E); the prefusion β22 parallel strand unravels so the α10 helix (C) can meet α5post, finalizing the postfusion conformation (E). Although not shown in crystal structures, the p27 peptide remains at the F1 N-term when partially cleaved, capping the Fusion Peptide, which hinders the fusion efficiency. From McLellan et al. (2013b). Structure of RSV Fusion Glycoprotein Trimer Bound to a Prefusion-Specific Neutralizing Antibody. Science (80- ) 340:1113–1117. Reprinted with permission from AAAS.


Through site-directed mutagenesis of Bovine Respiratory Syncytial Virus (BRSV), Zimmer et al. (2002) determined that furin cleavage at site R109 impaired but did not abolish fusion activity in vitro, highlighting the importance of cleavage at site R136, which exposes the fusion peptide at the N-terminus of the F1 subunit. Rawling et al. (2011) generated chimeric mutations of Sendai virus (SeV) fusion to include one or both RSV furin recognition sites rather than the single cleavage site normally in SeV F. SeV F normally requires the HN attachment protein for fusion triggering, while. RSV F can promote fusion in cell culture without the G protein (Techaarpornkul et al., 2001). Interestingly, all SeV F/RSV cleavage site chimeric mutants formed syncytia without HN protein, suggesting that the ability of RSV F to fuse without the attachment protein is facilitated, at least in part, by the additional cleavage site.

There are two known RSV subtypes, A and B, classified as such by divergences in antigenic profile from the RSV/A Long strain (prototypic strain historically used for in vitro studies and vaccine development; McLellan et al., 2013c; Pandya et al., 2019). Hause et al. (2017) compared sequence variability of more than 1,000 RSV sequences of subtypes A and B to the RSV/A Long, showing that although the F protein is well-conserved across RSV genotypes, the p27 region of RSV/B strains exhibited significantly more non-synonymous amino acid changes than the RSV/A strains. However, entropy analysis – the measure of variability at each amino acid position – revealed that within the same subtype, several amino acid positions within the p27 sequence of RSV/As are more variable than in RSV/Bs.

As reported by Rajan et al. (2022), RSV infection in HEp-2 or A549 cells (commonly used for in vitro studies) have different viral growth kinetics and host response when infected with RSV/A or B. Additionally, the efficiency of p27 cleavage shows to be cell line dependent, as higher levels of mature F proteins retaining p27 are found on the surface of RSV-infected HEp-2 cells compared to A549 cells, independent of RSV subtypes (Rezende et al., 2023). On the other hand, cleavage of p27 is also subtype dependent, since F proteins from RSV/A were less efficiently cleaved (retaining more p27) than the F proteins expressed on the surface of cells infected with RSV/B (Rezende et al., 2023). Moreover, the authors showed that for both subtypes, the p27 cleavage efficiency declines over time (Rezende et al., 2023).

These studies highlight that despite a highly conserved F protein sequence among RSV subtypes and genotypes, the cleavage of p27 relies on host factors (e.g., enzyme turnover, vesicular transport, post-translational modifications, and innate immunity) rather than exclusively on enzymatic accessibility to cleavage sites.



2. Insights on the p27 glycosylation sites

Glycosylation is a crucial post-translational modification, as it impacts structure, function, stability, and translocation to the cell surface (Beyene et al., 2004; Vigerust and Shepherd, 2007; Ellgaard et al., 2016). RSV F has five N-linked glycosyolation sites which are well conserved among subtypes (N27, N70, N116, N126, and N500) (Zimmer et al., 2001b); with an additional N120 glycosylation site for some strains (Tan et al., 2012; Kimura et al., 2017). Two and for some strains three glycosylation sites are located within the p27 segment (N116, N120, and N126; Figure 1A).

Zimmer et al. (2001b) and Leemans et al. (2018) used systematic N – Q mutations to show that glycosylation in the p27 segment does not impact cleavage or transport of the F protein to the cell surface. Furthermore, F proteins containing the mutations N116Q or N126Q did not display molecular weight differences compared to wild-type. Therefore, Leemans et al. concluded that p27 was cleaved entirely off in a mature F protein. Both groups observed formation of larger syncytia in BSR T7/5 cells transfected with the mutant N116Q. Viral proteins can use glycosylation to shield antigenic sites, evading antibody recognition (Klink et al., 2006); however, Leemans et al. demonstrated that glycosylation of p27 at N116 and N126 did not significantly compromise binding of Palivizumab or other neutralizing antibodies targeting the prefusion conformation.

Leemans et al. (2019), incorporated the same mutations into recombinant viruses. During infection of HEp-2 cells, the molecular weight of the F proteins expressed by viruses encoding mutations N116Q or N126Q was comparable to F from wild-type virus. However, infection with mutant virus RSV F N116Q showed a decrease in syncytium formation compared to wild-type RSV. Although the presence of glycosylated p27 was not confirmed, changes in syncytium format in vitro and in vivo indicate that glycosylation of at least one site on p27 might have an important role in RSV biology.



3. The impact of p27 on RSV entry

RSV F on the cell surface is generally thought to be cleaved and fusogenically active (González-Reyes et al., 2001; Zimmer et al., 2001a). F0 could not be detected on the cell surface in an RSV infection model (Bolt et al., 2000). However, p27 was recently reported on the cell surface of infected cells, leading to the suggestion that uncleaved or partially cleaved F was on the cell surface (Lee et al., 2022). Krzyzaniak et al. (2013) also suggested that RSV F exists on the viral surface in a partially cleaved state (Figure 2). They detected peptides corresponding to the p27 region on purified RSV/A particles through Liquid Chromatography coupled with Mass Spectrometry (LC/MS) analysis. Western blot analysis of infected HeLa cells was consistent with cleavage at site R109 occurring before viral assembly, while cleavage at R136 occurred only after viral micropinocytosis upon viral entry (Krzyzaniak et al., 2013). However, contrary to the closely related human metapneumovirus (HMPV), RSV fusion is pH-independent, indicating that acidification of endosomes may not be required for cleavage of F, and consequently, for RSV entry (Srinivasakumar et al., 1991). The question of when both cleavage events occur has remained controversial, and additional work is needed to clarify the differing studies.

[image: Figure 2]

FIGURE 2
 Two proposed mechanisms of RSV entry. (A) in the macropinocytosis method of entry, F is only cleaved at FCS1 in the trans golgi, expressing on the viral surface in a half-cleaved state. Newly synthesized virus enters host cells through macropinocytisis, allowing for FCS2 to be cleaved by cathepsin L in an endosome. This activates F, facilitating fusion with the endosomal membrane and releasing the viral genetic material into the host cell cytoplasm. (B) in the direct plasma membrane method of entry, F traffics through the secretory pathway to be cleaved at both FCS1 and FCS2 by furin, expressing on the viral surface in a fully cleaved state. Entry occurs through receptor binding, resulting in the fusion of the viral and host cell membranes facilitated by F.




4. Insights on the impact of p27 on the F protein trimer

Fusion-competent RSV F is formed by non-covalent interactions between three disulfide-linked F1 and F2 protomers (Figures 1B–E) (McLellan et al., 2013c; Gilman et al., 2015; Krarup et al., 2015). Gilman et al. in 2015 characterized an RSV-neutralizing antibody, AM14, that recognizes cleaved, trimeric prefusion F (Gilman et al., 2015). AM14 binding was dependent on furin cleavage, either because of interference of p27 on AM14 binding through steric inhibition, or because F is unable to trimerize prior to cleavage. In the same year, a study by Krarup et al. determined that p27 destabilizes the protein trimer (Krarup et al., 2015). When incubating soluble F proteins in 0.1% SDS at room temperature, 50% of trimers without p27 were monomerized, while 97% of trimers containing p27 did (Krarup et al., 2015).

Gilman et al. evaluated stability of trimerized F using an antibody specific for soluble, prefusion F trimers (Gilman et al., 2019). The trimers of F1 + F2 heterodimers on the cell surface existed in dynamic equilibrium of associated-dissociated trimers, suggesting a “breathing” mechanism for the trimerization (Liu et al., 2008; Munro et al., 2014; Rutten et al., 2018).



5. The impact of p27 on F protein structure

The first evidence study of RSV F quaternary structure was in 2000 when Calder et al. used electron microscopy to show that F protein trimers from the RSV/A Long strain aggregated in rosette structures that were cone-like or lollipop-like rods (Calder et al., 2000). Morphological comparison between the RSV F protein and the parainfluenza 3 and 5 (PIV3 and PIV5) F protein structures indicated that cone-shaped trimers likely corresponded to a prefusion F (pre-triggered) while the lollipop-shaped trimers corresponded to a postfusion F (post-triggered) protein (Yin et al., 2005, 2006; Liljeroos et al., 2013).

Gozáles-Reyes et al. and Ruiz-Argüello et al. reported that complete enzymatic cleavage of F0 (release of p27) or partial cleavage at R136 alone (p27 remaining uncleaved from F2) led to the formation of rosettes and changes in morphology from cone to lollipop structures (González-Reyes et al., 2001; Ruiz-Argüello et al., 2002). However, Chaiwatpongsakorn et al., expressing F protein trimers from the RSV/A D53 strain, found cleavage of p27 was not the driving factor for morphological changes, but instead thermodynamic and physicochemical factors (e.g., temperature and low molarity) were the triggers (Chaiwatpongsakorn et al., 2011).

In 2011, McLellan et al. and Swanson et al. independently determined the crystal structure of the postfusion conformation of the F protein of RSV/A A2 strain. Both constructs truncated the initial portion of the fusion peptide to minimize aggregation, keeping the furin cleavage sites intact (McLellan et al., 2011; Swanson et al., 2011). Similar to parainfluenza viruses, the stalk portion of the postfusion F monomer is composed of two anti-parallel helices formed by the N- and C-terminus of the F1 subunit, juxtaposing the fusion peptide and transmembrane region. The stalk of the lollipop-shaped postfusion F is formed by a bundle of six alpha-helices, creating a thermodynamically stable structure. The absence of p27 on the postfusion structure was attributed to the complete cleavage of both furin sites during protein synthesis (Figure 1).

In 2012, Smith et al. reported the expression and purification of a near full-length F protein based on the RSV/A A2 strain (Smith et al., 2012), optimized by mutating the furin cleavage R136 (from KKRKRR136 to KKQKQQ136, cleaving F0 on R109 only) and deleting the first ten amino acids of the N-terminus of the F1 subunit. This construct generated antibodies targeting antigenic sites specific to pre- and postfusion RSV structures, including antibodies sharing the same antigenic site as Palivizumab.

McLellan et al. first published a partial structure of RSV F in the prefusion conformation in 2013 by co-crystalizing the prefusion-specific D25 antibody with a near wild-type F protein from the RSV/A A2 strain. The same group then published the structure of a prefusion construct without co-crystallizing monoclonal antibodies, named DS-Cav1 (McLellan et al., 2013a,b). The prefusion monomer structure is compact, made of two lobes (one proximal and one distal from the viral membrane) connected by two parallel beta-strands (one from F1 and one from F2) stabilized by several inter-monomer contacts. The membrane-proximal lobe from the neighboring monomer stabilizes the highly hydrophobic fusion peptide at the N-terminus of the F1 subunit. In 2015, a mutational analysis by Krarup et al. led to a model where p27 cleavage is needed to allow trimerization and fusion peptide burial in a hydrophobic cavity (Krarup et al., 2015).

The conformational change of RSV F trimers from prefusion to postfusion requires drastic rearrangements, which led Gilman et al. to study the dynamics of F in solution and on lipid membranes (Gilman et al., 2019). They observed that the prefusion trimer alternates between discrete open-and-closed states in a breathing-like motion similar to the HIV Env protein, and the same dynamics are observed on the surface of cells expressing the full-length RSV F protein. Moreover, on the surface of immortalized cell lines transfected with wild-type RSV F protein or F variants harboring a Foldon trimerization motif, the authors concluded that the F protein naturally exists in an equilibrium between monomer and trimer on cellular membranes.

To date, no structural determination method could characterize the most flexible regions of the F protein (the transmembrane domain, the cytoplasmic segment, and the p27 peptide region; Krueger et al., 2021). However, in 2021, Krueger et al., using small-angle neutron and small-angle X-ray scattering techniques (SANS and SAXS, respectively), determined the quaternary structure of prefusogenic F formulated on Polysorbate 80 nanoparticles and modeled the positioning of such regions within the trimeric structure (Krueger et al., 2021). When formulated on nanoparticles, trimeric prefusogenic F was recognized by monoclonal antibodies specific to either pre- or postfusion arrangements. Most importantly, prefusogenic F retains a partially cleaved p27, indicating that the flexibility of p27 did not destabilize the F protein trimeric arrangement. Moreover, RSV-infected cells displaying F protein trimers with partially cleaved protomers shows higher levels of surface F protein on prefusion conformation (Rezende et al., 2023); F protein trimers with detectable p27 are more thermally stable than those comprised of completely cleaved F proteins protomers (Rezende et al., 2023), although more studies are needed to evaluate the impact of p27 on RSV infectivity and replication cycle.

According to Krueger et al., in the prefusogenic structure, the p27 on the N-terminus of the F1 subunit would be solvent exposed, supporting Krarup’s observation that fusion peptide+p27 would not fit in the cavity formed within the prefusion structure (Krarup et al., 2015). On the other hand, the partially cleaved RSV F proteins can form trimers without the assistance of a Foldon trimerization motif (Krueger et al., 2021).



6. Humoral and mucosal immune response to p27 during natural infection

In 2016, Fuentes et al. published the first report demonstrating an immune response to p27 upon natural RSV infection (Fuentes et al., 2016). Looking at sera from five infants before and after their first RSV infection, the authors identified new antigenic sites using whole-genome-phage display libraries (GFPDL) encoding peptides covering the length of F. One new antigenic site mapped to p27. The authors then synthesized peptides covering the p27 region and surveyed serum samples from a cohort of children (<2 years old), adolescents (10–14 years old), and adults (30–45 years old) using Surface Plasmon Resonance (SPR). Although p27-binding antibodies were identified in all age groups, reactivity was higher in children than adolescents and lowest in adults. The authors suggested the immune response to p27 came from an uncleaved F0 precursor, present in immature virions and dying infected cells. Based on the work from Tapia et al., the immune pressure caused by the high mutation rate in the p27 region may be the driver for a high antibody response to p27 (Tapia et al., 2014).

Humoral and mucosal immunity to p27 was found in RSV infected hematopoietic cell transplant (HCT) recipients (Fuentes et al., 2019). Fuentes et al. again used GFPDL and SPR to examine blood serum and nasal washes of 11 HCT patients infected with RSV/A who stopped shedding the virus in less than 14 days (early recovery) or over 14 days (late recovery). Both groups developed antibodies recognizing p27. However, early-recovered patients generated mucosal antibodies with higher binding to p27 than late-recovered patients.

Leemans et al. evaluated the immune response to recombinant F proteins lacking glycosylation on N116 or N126. BALB/c mice immunized with plasmids encoding F N116Q generated an enhanced neutralizing antibody response compared to the control (Leemans et al., 2018). Immunization of BALB/c mice with a recombinant infectious RSV harboring the N116Q mutation (Leemans et al., 2019) generated higher neutralizing antibody titers compared to the wild-type RSV F virus.

Ye et al. quantified the amount of IgG, IgA, and p27-like antibodies (P27LA, natural antibodies capable of competing with a monoclonal anti-p27) in serum and nasal washes of 33 HCT patients during (acute) and post (convalescent) RSV infection (Ye et al., 2020). Anti-p27 IgG and IgA concentrations in both serum and nasal wash samples were about 1,000-fold lower than other F-specific sites (Ye et al., 2018, 2019). P27LA also showed a 1,000-fold lower concentration level than the correlate of immunity PCA (Palivizumab Competitive Antibody; Ye et al., 2018, 2019). Anti-p27 antibodies did not appear to improve the overall neutralizing antibody activity against RSV. However, a reduction in antibody concentration in nasal wash samples from convalescent HCT patients suggests that mucosal anti-p27 antibodies bind to either released viruses or virus-infected epithelial cells, aiding in controlling respiratory tract infection.

In 2019, Patel et al. demonstrated that prefusogenic F protein formulated in nanoparticles is recognized by pre-F specific monoclonal antibodies (antigenic sites Ø and VIII – also called V) and by monoclonal antibodies targeting antigenic sites shared between pre-F and post-F conformations (sites II and IV; Patel et al., 2019). The prefusogenic F protein also elicited significant levels of functional neutralizing antibodies and competitive antibodies to antigenic sites Ø, VIII, II, IV, and p27 in a challenge cotton rat model, preventing viral replication in the lungs with no significant histopathology. The prefusogenic nanoparticle formulation was further developed into a vaccine candidate for maternal immunization, eliciting a strong, broad antibody response and neutralizing antibody activity. It was the first RSV vaccine candidate targeting protection of newborns by vaccinating pregnant individuals during late gestation showing efficient antibody transplacental transfer [reviewed elsewhere (Blunck et al., 2021)].

Blunck et al. (2022) reported the kinetics of immunity to p27 in healthy adults under age 65, naturally infected with RSV/A or RSV/B during the 2018–2019 RSV season. The cohort of 19 subjects was divided into uninfected, acutely infected, and recently infected individuals based on levels of neutralizing antibody titers. As observed in HCT patients, all subjects presented detectable anti-p27 IgG and IgA levels. Throughout the study, uninfected individuals maintained constant levels of serum IgG anti-p27, while acutely infected and recently infected individuals experienced an increase and decrease in anti-p27 antibodies, respectively. However, p27 was not an immunodominant epitope in this cohort of healthy adults.



7. p27 in vitro and in vivo: first evidence of p27 detection on the surface of infected cells and histopathology sections

To better understand the protective antigenic sites within F, Lee et al. (2022) chemically synthesized peptides spanning the entire F protein. BALB/c mice were vaccinated with these peptides and challenged intranasally with RSV/A A2 strain. At 5 days post-challenge, mice immunized with the p27 region had significantly lower lung viral titers and pathology scores compared to mock-vaccinated mice (Lee et al., 2022), suggesting that p27 may elicit a protective immune response; however, the protective effect is unlikely due to neutralizing antibody activity. The authors instead speculate that p27 may induce antibody-dependent cell cytotoxicity (ADCC) and T cell-mediated effector functions.

Additionally, lung tissues immunostained with anti-F-p27 antisera showed p27 surface expression post-infection. A549 cells infected with RSV/A A2 showed comparable surface staining, confirming p27 surface expression in vitro (Lee et al., 2022). The authors attribute this to the expression of F0 on the surface of infected cells, consistent with the results seen in 2013 by Krzyzaniak et al. (2013). However, other studies have determined that F0 is inefficient in reaching or unable to reach the cell surface (Collins and Mottett, 1991; Bolt et al., 2000; Sugrue et al., 2001). A mechanistic understanding of how p27 is expressed on the cell surface has yet to be uncovered.



8. Gaps in knowledge and future directions

Important work in electron microscopy, crystallography, and structure modeling over the past 20 years has increased our understanding of the RSV F protein structure; however, the biological roles and fate of p27 remain elusive.

Cleavage of p27 is not a requirement for cellular transport, as the F protein can exist in a heterogenous population of uncleaved, partially cleaved, and fully cleaved F proteins on the cell surface (San-Juan-Vergara et al., 2012; Krzyzaniak et al., 2013; Lee et al., 2022). However, it is unknown if the fully cleaved p27 is secreted as free peptide or if it has an intracellular role that improves viral fitness. In addition, although the F protein sequence is well-conserved between RSV subtypes and genotypes, the p27 region is variable (Hause et al., 2017); therefore, future studies that address such sequence differences may shed light on F protein structure, entry mechanism, and infectivity (Fuentes et al., 2016).

It is unclear if complete cleavage of the F protein is required for trimerization of F1 + F2 heterodimers, although it is accepted that a partially cleaved p27 within the F protein cavity would disrupt the trimerization (Krarup et al., 2015). On the other hand, the “breathing” motion of the F protein trimer and models of prefusogenic F trimer indicate that the RSV F protein could trimerize while harboring a partially cleaved p27 (Gilman et al., 2019).

While immunological data showed that p27 elicits serum antibody responses in RSV-infected individuals of all ages, the lackluster neutralizing activity of anti-p27 IgG antibodies raises the possibility that protection might come from ADCC or other cell-mediated immune mechanisms, and this deserves further investigation (Blunck et al., 2022). Likewise, the role of mucosal anti-p27 IgA antibodies in viral clearance requires additional studies. Lastly, the humoral and mucosal immune responses to p27 might be potentially powerful biomarkers of RSV infection.
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Background: The influenza virus poses a significant threat to global public health due to its high mutation rate. Continuous surveillance, development of new vaccines, and public health measures are crucial in managing and mitigating the impact of influenza outbreaks.

Methods: Nasal swabs were collected from individuals with influenza-like symptoms in Jining City during 2021-2022. Reverse transcription-quantitative polymerase chain reaction (RT-qPCR) was used to detect influenza A viruses, followed by isolation using MDCK cells. Additionally, nucleic acid detection was performed to identify influenza A H1N1, seasonal H3N2, B/Victoria, and B/Yamagata strains. Whole-genome sequencing was conducted on 24 influenza virus strains, and subsequent analyses included characterization, phylogenetic construction, mutation analysis, and assessment of nucleotide diversity.

Results: A total of 1,543 throat swab samples were collected. The study revealed the dominance of the B/Victoria influenza virus in Jining during 2021-2022. Whole-genome sequencing showed co-prevalence of B/Victoria influenza viruses in the branches of Victoria clade 1A.3a.1 and Victoria clade 1A.3a.2, with a higher incidence observed in winter and spring. Comparative analysis demonstrated lower similarity in the HA, MP, and PB2 gene segments of the 24 sequenced influenza virus strains compared to the Northern Hemisphere vaccine strain B/Washington/02/2019. Mutations were identified in all antigenic epitopes of the HA protein at R133G, N150K, and N197D, and the 17-sequence antigenic epitopes exhibited more than 4 amino acid variation sites, resulting in antigenic drift. Moreover, one sequence had a D197N mutation in the NA protein, while seven sequences had a K338R mutation in the PA protein.

Conclusion: This study highlights the predominant presence of B/Victoria influenza strain in Jining from 2021 to 2022. The analysis also identified amino acid site variations in the antigenic epitopes, contributing to antigenic drift.

KEYWORDS
 influenza virus, whole-genome sequencing, mutation, genome characterization, Jining City


1. Introduction

The influenza virus is a common pathogen in the human respiratory tract, causing approximately 290,000 to 650,000 deaths each year. It is considered one of the major public health problems worldwide (Chavez and Hai, 2021; Tyrrell et al., 2021). Influenza virus is a single positive-stranded RNA virus, which is further divided into four types: type A, type B, type C, and type D based on the antigenicity of nucleoprotein and matrix protein (Carascal et al., 2022). Influenza A and B viruses are the primary cause of illness in humans. Influenza A viruses are divided into subtypes based on the antigenicity of hemagglutinin (HA) and neuraminidase (NA). HA is divided into 18 subtypes, while NA is divided into 11 subtypes (Duraes-Carvalho and Salemi, 2018). In contrast, the influenza B virus has only one subtype, which is further divided into two lineages: Victoria lineage and Yamagata lineage based on the antigenic characteristics and HA sequence of influenza B (Hay et al., 2001; Toure et al., 2022).

Both influenza A and B viruses are composed of eight segments of the gene, including haemagglutinin (HA), neuraminidase (NA), matrix protein (MP), nucleoprotein (NP), nonstructural (NS), polymerase acidic (PA), polymerase basic 1 (PB1), and polymerase basic 2 (PB2) genes. These gene segments between different types can undergo genetic recombination (Zhu et al., 2013; Liang et al., 2022). Among these segments, the HA protein of influenza virus is a major surface antigen prone to mutation, which can cause antigenic changes that help the virus evade host immunity and cause influenza outbreaks (Liu et al., 2018; Wu and Wilson, 2020). Currently, the seasonal influenza virus pathogens that infect humans are mainly influenza A H1N1 influenza virus, seasonal influenza A H3N2 subtype virus, B Victoria series influenza virus, and B Yamagata series influenza virus (Wu and Wilson, 2020). These four influenza viruses alternate in prevalence during different years (Liu et al., 2022).

The influenza virus can cause fever, cough, sore throat, pneumonia, and even death, and the general population is susceptible. Vaccination is an effective method to prevent influenza. However, the influenza virus is prone to mutation, undergoes antigenic drift, and produces immune escape. Both NA and PA inhibitors are specific drugs for treating influenza; however, with the continuous use of drugs, the virus may develop drug-resistant mutations, which reduces the therapeutic effectiveness of the drugs.

Influenza is highly prevalent during the winter and spring months in northern China, and monitoring typically occurs from April to March of the following year (Liu et al., 2022). Jining, being one of the most densely populated cities in northern China, the threat of seasonal flu outbreaks in this region should not be underestimated. In this study, we analyzed the epidemic patterns and genome-wide characteristics of the influenza virus monitored in Jining City from 2021 to 2022. Our goal was to gain insight into the epidemic characteristics of the influenza virus and the evolutionary trends of circulating strains in order to improve outbreak prevention strategies.



2. Materials and methods


2.1. Specimens collection

According to the requirements of the National Influenza Center of China, between 1 April 2021 and 31 March 2022, throat swab specimens for influenza-like illness (ILI) (body temperature ≥ 38°C, with either cough or sore throat) were collected at Jining First People’s Hospital and Rencheng District Maternal and Child Health Planning Service Center. A minimum of 10 samples were collected each week from April 2021 to September 2021, and a minimum of 20 samples were collected each week from October 2021 to March 2022, resulting in a total of 1,543 samples. The collected specimens were immediately stored at 2–8°C and transferred to the Influenza Surveillance Network Laboratory of Jining Center for Disease Control and Prevention within 24 h for testing.



2.2. Laboratory testing

A volume of 200 μl throat swab sample was taken, and the automatic nucleic acid extraction instrument (GeneRotex 96) of Xi’an Tianlong Technology Co., Ltd. and the virus nucleic acid extraction reagent (T138) of Xi’an Tianlong Technology Co., Ltd. for nucleic acid extraction were used. Also, Guangzhou Daan Biotechnology Co., Ltd. Type A H1N1 (DS0042), Seasonal H3N2 (DS0091), B/Victoria series (D0970), and B/Yamagata series (D0960) influenza virus nucleic acid detection kit (PCR-fluorescent probe method) were used for nucleic acid detection.



2.3. Influenza virus culture

Madin–Darby canine kidney (MDCK) cells were cultured in DMEM (GIBCO 11995–065) medium with 10% FBS (GIBCO 16000–044) at 37°C. After the cells reached 90% confluence, the culture medium was discarded and washed with 5-ml PBS for three times. Then, 1 ml of a throat swab sample with positive influenza virus was inoculated; incubated at 35°C for 1 h; discarded the throat swab sample; added 5 mL of DMEM (containing 2 μg/mL TPCK-trypsin, 100 U/ml penicillin, and 100 μg/ml chain tetracycline), and incubated at 35°C. After 3–4 days, the cells were frozen–thawed three times, and 1% red blood cells were used to measure the HA titer of influenza virus strains. Twenty-four influenza virus strains with virus titer ≥1:8 was isolated, and the strain numbers were as follows: B/shandongrencheng/11484, 11,485, 11,486, 11,487, 11,488, 11,494, 11,495, 11,499, 11,504, 11,506/2021; B/shandongrencheng/1115, 1,122, 1,125, 1,126, 1,127, 1,128, 1,169, 1,176, 1,210, 1,211, 1,252, 1,291, 1,354, 1,356/2022. Sampling dates for the 24 strains were 5 November 2021 (5 strains), 5 December 2021 (5 strains), 6 January 2022 (6 strains), 5 February 2022 (5 strains), and 3 March 2022 (3 strains). Of the 24 strains, 16 strains were isolated from the male patients and 8 strains were isolated from the female patients. Age distribution was as follows: 1 patient aged 0–5 years, 8 patients aged 6–15 years, 6 patients aged 16–25 years, 8 patients aged 26–60 years, and 1 patient aged above 61 years.



2.4. Whole-genome sequencing

Influenza virus gene capture using Beijing Micro Future’s ULSENTM® Ultra-Sensitive Influenza Virus Whole-Genome Capture Kit. Reaction system: DEPC-treated ddH2O, 12 μl; B whole-genome amplification mix, 25 μl; BWGP-Mix, 4 μl; EF Enzyme 1 μl; and virus culture cell line nucleic acid, 8 μl. Reaction conditions: 45°C, 60 min; 55°C, 30 min; 94°C, 2 min; 94°C, 20 s; 40°C, 30 s; 68°C, 3 min 30 s; 5 cycles; 94°C, 20 s; 58°C, 30 s; 68°C, 3 min 30 s; 40 cycles; and 68°C, 10 min. After purifying the product with AMPure XP (BECKMAN A63880), the library was amplified with Nextera® XT Library Prep Kit (Illumina 15032352) and sequenced with Illumina NextSeq2000 sequencer and NextSeqTM 2000 P3 Reagent Cartridge 300 cycles (Illumina 20045959) sequencing reagent.



2.5. Genome assembly and analysis

Whole genome of the influenza virus on sequenced data was assembled using the QIAGEN CLC Genomics Workbench 21 software. Download 2021–2022 Northern Hemisphere BV influenza virus vaccine representative strain B/Washington/02/2019 (EPI_ISL_341131), 2021–2022 global BV influenza virus sequence, and BV early isolate sequence from the GISAID database. Using the Kimura two-parameter model of the Neighbor-joining method of the MEGA 7.0.14 software to construct the evolutionary tree of eight gene segments of the influenza virus. Nucleotide and amino acid homology analysis was performed using MegAlign of the DNASTAR 7.0.1 software; the amino acid sequence alignment was performed using the align of the MEGA 7.0.14 software to analyze the amino acid difference sites; and analysis of protein N-glycosylation sites was carried out using the NetNGlyc 1.0 Server software. The data presented in the study are deposited in the e Global Initiative on Sharing All Influenza Data (GISAID)1 repository, accession number list in Supplementary Table S1.




3. Results


3.1. Positive rate of BV influenza virus

From April 2021 to March 2022, 1,543 specimens from patients with influenza-like illness (ILI) were tested, of which 380 (24.63%) were positive for BV influenza virus. No cases of influenza A H1N1, seasonal H3N2, and BY influenza viruses were detected. The BV influenza viruses were not detected from April 2022 to September 2022, but began to be detected in ILI in late October 2022. The highest positive rate of influenza viruses in ILI was observed in December 2022 and January 2022. The favorable rates of BV influenza viruses in different months were statistically significant (χ2 = 409.002, p < 0.001). The favorable rates of BV influenza virus in males and females were 22.67 and 26.69%, respectively (χ2 = 3.382, p = 0.07). The positive rates of BV influenza virus in different age groups were 8.15% for 0–5 years; 32.22% for 6–15 years; 26.91% for 16–25 years, 33.98% for 26–60 years, and 9.46% for those above 60 years, respectively (χ2 = 103.411, p < 0.001) (Table 1). In summary, the study found a high prevalence of BV influenza virus in ILI cases in Jining City from October 2021 to March 2022, with the highest positive rate observed in December 2021 and January 2022. The virus showed significant differences in favorable rates across different age groups and months.



TABLE 1 The positive rate of nucleic acid testing and composition characteristics of BV influenza in Jining between 2021–2022.
[image: Table1]



3.2. Nucleotide diversity of B/Victoria influenza viruses

This study successfully sequenced 24 whole genomes of B/Victoria influenza viruses. The nucleotide similarity of 8 gene fragments in the sequences of 24 strains ranged from 98.3 to 100%. Compared with the WHO-recommended BV influenza virus vaccine strain B/Washington/02/2019 for the Northern Hemisphere 2021–2022, the nucleotide similarity of the 8 gene segments varied from 98.2 to 99.7%. The amino acid similarity of the encoded protein was the lowest at 97.2% and was the highest at 100% (Table 2).



TABLE 2 Similarity analysis of the whole genome of BV influenza virus in Jining.
[image: Table2]

Additionally, the evolutionary distances of HA, NA, MP, NP, NS, PA, PB1, and PB2 genes in the 24 sequences were 0.0076, 0.0078, 0.0069, 0.0056, 0.0045, 0.0052, 0.0048, and 0.0065, respectively, when compared with B/Washington/02/2019. The evolutionary distances of HA, NA, MP, NP, NS, PA, PB1, and PB2 genes were 0.0129, 0.0093, 0.0159, 0.0063, 0.0090, 0.0078, 0.0048, and 0.0159, respectively (Table 2). Overall, this study provides valuable insights into the genetic characteristics and evolutionary distances of B/Victoria influenza viruses, which can help inform the development and selection of appropriate vaccine strains.



3.3. Analysis of genetic variation and evolution of B/Victoria influenza viruses

In this study, the genetic evolution of B/Victoria influenza viruses in Jining was analyzed using the sequences of their eight segments. A phylogenetic tree was constructed using the eight-segment sequences from 24 B/Victoria strains, including the global BV influenza virus (2021–2022), influenza vaccine strains recommended by WHO, and early BV isolates. The results revealed that the eight segments of the seven sequences were all closely related and located in the same evolutionary clade. Notably, the HA genes of these sequences all belonged to the Victoria clade 1A.3a.1. The remaining strains were found in a separate evolutionary clade, with their HA genes belonging to the Victoria clade 1A.3a.2 (Figure 1). Overall, the phylogenetic analysis of the eight-segment sequences of B/Victoria influenza viruses in Jining revealed two distinct evolutionary clades, with the HA genes of the sequences belonging to either the Victoria clade 1A.3a.1 or the Victoria clade 1A.3a.2.

[image: Figure 1]

FIGURE 1
 The phylogenetic analysis of influenza viruses circulating in Jining during 2021–2022 (red) compared with the Northern Hemisphere vaccine strain B/Washington/02/2019 (green). HA, hemagglutinin. NA, neuraminidase.




3.4. Amino acid variant analysis

Compared with B/Washington/02/2019, the HA, NA, and PA genes showed the highest number of amino acid variation sites. HA is crucial for the antigenic variation of the influenza virus, and its heavy chain region contains both antigenic determinants and receptor binding sites (Liu et al., 2018). These include the 120-loop (116–137 aa), 150-loop (141–150 aa), 160-loop (160–172 aa), and 190-helix (193–202 aa) for antigenic epitopes, as well as the 140-loop (136–143 aa), 190-helix (193–202 aa), and 240-loop (237–242 aa) for the HA receptor binding site (Wang et al., 2007; Liu et al., 2018). Table 3 shows that out of the 24 HA protein sequences, 20 variations were found, with 9 occurring in epitopes, including 5 in the 120-loop, 2 in the 150-loop, 1 in the 160-loop, and 1 in the 190-helix. Additionally, there were three mutations in the HA receptor binding site, with 1 in the 190-helix and 2 in the 240-loop.



TABLE 3 Analysis of amino acid variation sites of B/Victoria influenza viruses in Jining City during 2021–2022.
[image: Table3]

The active catalytic site of NA protein is composed of 19 amino acids, including R116, E117, D149, R150, R154, W177, S178, D197, I221, R223, E226, H273, E275, E276, R292, N294, R374, Y409, and E428 (Chen et al., 2019). Among the 24 sequences, 20 sites of NA protein were mutated, and one of the sequences had the D197N mutation in the catalytic site of NA. The NA inhibitors are the primary antiviral drugs used to treat influenza. However, mutations such as E105K, P139S, G140R, D197N, and H273Y in BV influenza viruses can cause resistance to NA inhibitors (Farrukee et al., 2015, 2018). In this study, it was observed that one sequence had a D197N drug resistance mutation.

Nucleoprotein is a crucial structural protein that makes up the nucleocapsid of the influenza virus. It contains specific amino acid sites that are important for its nuclear import and export, including K44, R45, and F209, and the 125–149 aa region of the RNA-binding domain of NP (Ng et al., 2012; Sherry et al., 2014). In the 24 sequences analyzed, nine amino acid sites in NP proteins were found to be mutated, with the E128D mutation appearing in the RNA binding domain of 7 sequences.

M1 is a crucial matrix protein that forms the structure of the influenza virus. It contains a nuclear localization signal (NLS), nuclear export signal (NES), and phosphorylation modification sites, which play a role in promoting the nuclear export of influenza virus ribonucleoprotein (vRNP). In the influenza B virus, the NLS is located at amino acids 76–94, while the NES is located at amino acids 3–14 and 124–133. The key phosphorylation sites are T80 and S84 (Cao et al., 2014). The present study found that none of the 24 sequences analyzed showed mutations in the NLS, NES, T80, and S84.

NS1 and NEP are nonstructural proteins of influenza; NS1 has diverse biological functions, including binding to host mRNA, inhibiting interferon, and interacting with many host proteins (Nogales et al., 2018). It consists of two functional domains, an N-terminal RNA-binding domain (RBD, 1–90 aa) and a C-terminal effector domain (ED, 120–261 aa), which are connected by a short interdomain linker region (LR, 91–119 aa) (Jumat et al., 2016). Among the 24 sequences analyzed, 14 amino acid site variations were observed in NS1, with 1 variation found in the RBD, 4in the linker region, and 9 in the effector domain. On the contrary, NEP is a nuclear export protein that facilitates the nuclear export of viral RNP. Its nuclear export signal (NES) is located at 11–23 aa of NEP (Paragas et al., 2001). In the 24 sequences, three amino acids were identified in NEP, but none of them were found in the NES sites.

Polymerase acidic inhibitors are currently important specific drugs for treating influenza B, and their sites of action are T20, F24, M34, N37, and I38. None of the 24 strains examined in this study had mutations at these sites (Takashita, 2021). However, the K338R mutation in PA was present in 7 out of 24 sequences and is known to enhance the replication ability of influenza (Bae et al., 2018). The PB1 gene can also undergo mutations that enhance replication ability (Binh et al., 2013), such as D27V/N and N44Q; however, none of the 24 sequences had mutations in these sites. PB2 binds to the cap structure through Q325, W359, and Y434 alleles (Kim et al., 2018), and none of the 24 sequences had mutations in these sites either.

In this study, multiple amino acid variations were observed in the PA, HA, NA, NP, and NS1 proteins of the influenza B virus, with some mutations potentially affecting drug resistance and viral replication. In contrast, the M1 and NEP proteins showed no mutations in the analyzed sequences.



3.5. Glycosylation site analysis

Glycosylation of the HA and NA of influenza virus is a crucial mechanism for immune evasion and persistent viral infection (Kim et al., 2018). One HA sequence has an N59K mutation that eliminates a glycosylation site in N59. The N197D variant in all 24 sequences results in the loss of the glycosylation site at N197. An S109F mutation in NS1 of 11 sequences also leads to losing a glycosylation site at N107. Finally, one PB2 sequence has a D473N mutation, creating a new glycosylation site at N473 (Table 3). Overall, the mutations N59K in HA, N197D in both HA and NA, S109F in NS1, and D473N in PB2 alter glycosylation sites, potentially affecting immune evasion and persistent viral infection.




4. Discussion

Over the past two decades, studies on viruses have been extensively carried out due to their association with both acute self-limiting and long-term chronic diseases in humans, including the influenza virus responsible for the common “flu” (Li et al., 2016; Chen X. et al., 2017; Chen Y. et al., 2017; Jiao et al., 2017; Shi et al., 2017; Duan et al., 2018; Yuan et al., 2023). Many pathogens cause influenza-like illnesses, the most important of which is the influenza virus (Clementi et al., 2021). Influenza virus infection can cause severe disease burden, causing fever, cough, headache, pneumonia, and even death, resulting in a severe disease burden (Feng et al., 2020; Castillo-Rodriguez et al., 2022). The WHO influenza established a global surveillance network and recommends annual influenza vaccine strains for the northern and southern hemispheres. China is one of the most crucial member countries for influenza surveillance and has established a surveillance network covering all prefecture-level cities (Liu et al., 2022). Jining City is an ordinary medium-sized prefecture-level city in northern China, with a total area of 11,000 km2 and a population of 8.358 million. It has a warm temperate monsoon climate with four distinct seasons. Jining City has built an influenza surveillance network laboratory. According to the epidemic characteristics of influenza with high incidence in winter and spring, about 1,500 influenza-like case specimens from two sentinel hospitals are monitored for influenza from April to March of the following year.

From April 2021 to March 2022, Jining City’s influenza surveillance network laboratory reported a 24.63% positive rate of influenza virus among influenza-like illnesses, with BV influenza virus being the primary prevalent subtype during the winter and spring seasons in northern China (Feng et al., 2020; Liu et al., 2022). The highest positive rate was observed in December and January, followed by November and February, while the lowest positive rate was observed from April to September. Additionally, the percentage distributions by age category showed slightly higher rates in the 6–60 year groups and lower rates in the 0–5 year groups and above 65 year groups as shown in Table 1.

Compared to the vaccine strain B/Washington/02/2019, the HA and PB2 gene segments of the Jining strain exhibit the lowest similarity and the highest gene evolution distance. Although both strains belong to the Victoria clade 1A branch on the evolutionary tree (162–164 aa missing in HA); they are located in different clades. Jining has two epidemic strains the Victoria clade 1A.3a.1 and Victoria clade 1A.3a.2, which are cocirculating. In the 2019–2020 influenza season, BV lineage influenza viruses in Jining City were mainly located in the Victoria clade 1A.3 branch, indicating that the BV lineage influenza viruses in Jining City have evolved from the Victoria clade 1A.3 branch to the Victoria clade 1A.3a.1 and Victoria clade 1A.3a.2 evolutionary branches. In addition, on the phylogenetic tree, the isolated strains worldwide are also mainly distributed in the Victoria clade 1A.3a.1 and Victoria clade 1A.3a.2 evolutionary branches. However, a small number of strains in the 2021–2022 season were located in the Victoria clade 1A.3 branch, indicating that the global circulation of BV lineage influenza viruses in the 2021–2022 season is a polymorphic epidemic with multiple units coexisting, mainly in the Victoria clade 1A.3a.1 and Victoria clade 1A.3a.2 evolutionary branches.

Variant strains with different amino acids on hemagglutinin (HA) continue to emerge due to the high mutation rate of influenza viruses. When there are more than four amino acid variations in the HA antigenic determinants, and the variations are distributed on at least two antigenic determinants, antigenic drift occurs, forming a new influenza variant (Liu et al., 2018). Out of the 24 sequences analyzed, the HA epitope of 7 sequences located in the Victoria clade 1A.3a.1 only had 3 amino acid changes. In contrast, the HA epitope of 17 sequences found in the Victoria clade 1A.3a.2 clusters had 5–8 amino acid site variations distributed across 3 or 4 antigenic determinants. These variations may change the antigenicity of the influenza virus, lead to the formation of new variants, and possibly affect the protective effect of vaccine strains. The receptor binding sites of HA have 2–3 amino acid mutations, which may impact the binding of HA and receptors. The N197D variant found in all 24 sequences is not only located in the antigenic epitope of HA but also in the receptor binding site. However, the mutation of N197, an important glycosylation site in the B/Victoria virus, resulted in the loss of the N197 glycosylation site in these 24 sequences. This loss, in turn, affects the changes in HA antigenicity and promotes the reproduction of the influenza virus in embryonated eggs (Nakagawa et al., 2004; Saito et al., 2004). Currently, NA, PA, PB1, and PB2 inhibitors are all specific drugs used for the treatment of influenza A virus. However, only NA and PA inhibitors are specific drugs for the treatment of influenza B infection (Takashita, 2021). The function of NA is to cleave the glycosidic bonds between the HA and the influenza receptor, allowing the virus to be released from the host cell surface. The NA inhibitors can specifically bind to the active site of the NA enzyme, inhibit the activity of the NA enzyme, and inhibit the release of the virus. PA is a component of the polymerase of the influenza virus, and PA inhibitors can inhibit the endonuclease activity of the viral polymerase, thereby inhibiting the replication of the influenza virus. However, with the continuous mutation of the influenza virus genes, especially when the active site or adjacent amino acid sites of NA and PA undergo mutations, it may reduce the binding of the inhibitor to NA and PA, and reduce the virus’s sensitivity to the inhibitor, resulting in drug-resistant mutants that make the treatment of influenza more challenging (Takashita, 2021). The D197N mutation may result in resistance to NA inhibitors, indicating the possible emergence of NA inhibitor-resistant variants in B/Victoria influenza viruses in Jining City. Studies have shown that the N197D mutation can affect the antigenic properties of the HA protein, potentially allowing the virus to evade recognition by the host immune system. This is because the glycosylation site can act as a shield to mask the virus from antibodies produced by the host. Additionally, the mutation may alter the shape of the HA protein, making it more difficult for antibodies to bind and neutralize the virus (Tsai and Tsai, 2019). This demonstrates that PA and NA inhibitors can still be used to treat influenza, but there is a need to strengthen the monitoring of drug-resistant mutations.

PA, PB1, and PB2 are the three subunits that make up the RNA polymerase of influenza virus (Wandzik et al., 2021). Among them, K338 of PA is located in the polymerase’s core position. The K338R mutation in PA has been shown to enhance the activity of B/Victoria influenza virus RNA polymerase, thereby increasing its pathogenicity (Bae et al., 2018). In this study, it was found that none of the 17 sequences in the Victoria clade 1A.3a.2 had the K338R mutation, while all 7 sequences in the Victoria clade 1A.3a.1 had the K338R mutation in their PA subunit.

This study analyzed the influenza epidemic and gene evolution variation in Jining City from 2021 to 2022, showing that the B/Victoria influenza virus’s antigenic epitopes have partially mutated and formed new variants. These new variants are poorly matched with the WHO-recommended northern hemisphere vaccine strains, which should be adjusted accordingly. Furthermore, the 24 nucleic acid and protein sequences in Jining have undergone some variation, displaying differences in variation sites, homology, evolutionary characteristics, and genetic distances. This suggests that the B/Victoria strain of influenza virus is still evolving and mutating; thus, influenza surveillance needs further strengthening.
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Respiratory Syncytial Virus (RSV) is a non-segmented negative-sense RNA virus belonging to the paramyxovirus family. RSV infects the respiratory tract to cause pneumonia and bronchiolitis in infants, elderly, and immunocompromised patients. Effective clinical therapeutic options and vaccines to combat RSV infection are still lacking. Therefore, to develop effective therapeutic interventions, it is imperative to understand virus-host interactions during RSV infection. Cytoplasmic stabilization of β-catenin protein results in activation of canonical Wingless (Wnt)/β-catenin signaling pathway that culminates in transcriptional activation of various genes regulated by T-cell factor/lymphoid enhancer factor (TCF/LEF) transcription factors. This pathway is involved in various biological and physiological functions. Our study shows RSV infection of human lung epithelial A549 cells triggering β-catenin protein stabilization and induction of β-catenin mediated transcriptional activity. Functionally, the activated β-catenin pathway promoted a pro-inflammatory response during RSV infection of lung epithelial cells. Studies with β-catenin inhibitors and A549 cells lacking optimal β-catenin activity demonstrated a significant loss of pro-inflammatory chemokine interleukin-8 (IL-8) release from RSV-infected cells. Mechanistically, our studies revealed a role of extracellular human beta defensin-3 (HBD3) in interacting with cell surface Wnt receptor LDL receptor-related protein-5 (LRP5) to activate the non-canonical Wnt independent β-catenin pathway during RSV infection. We showed gene expression and release of HBD3 from RSV-infected cells and silencing of HBD3 expression resulted in reduced stabilization of β-catenin protein during RSV infection. Furthermore, we observed the binding of extracellular HBD3 with cell surface localized LRP5 protein, and our in silico and protein–protein interaction studies have highlighted a direct interaction of HBD3 with LRP5. Thus, our studies have identified the β-catenin pathway as a key regulator of pro-inflammatory response during RSV infection of human lung epithelial cells. This pathway was induced during RSV infection via a non-canonical Wnt-independent mechanism involving paracrine/autocrine action of extracellular HBD3 activating cell surface Wnt receptor complex by directly interacting with the LRP5 receptor.
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 respiratory syncytial virus, human beta defensin-3, pro-inflammatory response, LDL receptor-related protein-5, β-catenin


Introduction

Respiratory Syncytial Virus (RSV) is a respiratory RNA virus causing pneumonia and bronchiolitis in infants, the elderly, and immunocompromised patients (Falsey et al., 2005; Nair et al., 2010; Griffiths et al., 2017). It is estimated that RSV infection is responsible for 30 million lower respiratory tract infections annually, primarily among children, which results in 3 million RSV infection-related hospitalizations and 200,000 death (Nair et al., 2010). Although prophylactic monoclonal antibodies (e.g., palivizumab; Romero, 2003) and antiviral agents such as ribavirin show variable clinical outcomes (Diseases, 1993), effective clinical therapeutic options to combat RSV infection are still lacking. Additionally, the RSV vaccine is currently unavailable (Hurwitz, 2011; Graham and Anderson, 2013), RSV-associated diseases like pneumonia and bronchiolitis manifest due to exaggerated inflammation in the airway (Imai et al., 2008; Murawski et al., 2009; Ruuskanen et al., 2011; Foronjy et al., 2016; Russell et al., 2017). Therefore, to develop effective therapeutic and prophylactic interventions, it is imperative to understand virus-host mechanisms during RSV infection.

Human lung epithelial cells play an important role in RSV infection since these cells are the major target of RSV during the early phases of respiratory tract infection (Kong et al., 2004; Kota et al., 2008; Hosakote et al., 2009; Chang et al., 2012; Shirato et al., 2012; Mgbemena et al., 2013; Hillyer et al., 2018; Corsello et al., 2022; Rajan et al., 2022).Productive infection of human lung epithelial cells by RSV results in the production of infectious progeny virion particles (Kong et al., 2004; Kota et al., 2008; Chang et al., 2012; Shirato et al., 2012; Mgbemena et al., 2013; Hillyer et al., 2018; Rajan et al., 2022). Although macrophages are the primary pro-inflammatory response generator during RSV infection, lung epithelial cells are the first innate immune responders in the airway since these cells are infected during the early phase of infection. Therefore, it is important to understand the virus-host mechanisms in human lung epithelial cells following RSV infection.

Canonical Wingless (Wnt)/β-catenin pathway is a well-established signaling cascade regulating the expression of Wnt target genes involved in various biological and physiological functions (Clevers, 2006; Zhan et al., 2017; Ren et al., 2021; Rim et al., 2022). Wnt is a soluble secreted extracellular protein that interacts with the cell surface Frizzled (Fzd) and LDL receptor-related proteins (LRP5 and LRP6) receptor complex to activate downstream events that prevent degradation of β-catenin protein in the cytoplasm. Stabilization of β-catenin protein results in its activation and subsequent translocation to the nucleus to act as a transcriptional activator of Wnt-responsive genes by associating with T-cell factor/lymphoid enhancer factor (TCF/LEF) transcription factors. Although many viruses, including respiratory viruses like influenza A virus, activate β-catenin via the Wnt pathway (More et al., 2018), to date, it is unknown whether RSV induces β-catenin activation and the role of any such activation in regulating host response during RSV infection.

Our study has demonstrated β-catenin activation by RSV in infected human lung epithelial A549 cells. Furthermore, we show β-catenin mediated transcriptional activity promoting pro-inflammatory response in RSV-infected A549 cells. Interestingly, in contrast to canonical Wnt ligand-dependent β-catenin pathway activation by extracellular Wnt ligands, we have uncovered a yet unknown non-canonical Wnt ligand-independent β-catenin pathway activation during RSV infection. We show extracellular human beta defensin-3 (HBD3) released from RSV-infected cells stabilizing β-catenin protein in infected cells. Furthermore, HBD3 interacted with Wnt receptor LRP5 to stabilize β-catenin protein for its activation of the β-catenin pathway in RSV-infected cells. Thus, in our current study, we have identified extracellular HBD3 as an “alarmin” molecule stimulating Wnt-independent β-catenin pathway in RSV-infected cells for triggering a pro-inflammatory response.



Results


Respiratory syncytial virus stabilizes β-catenin protein to activate β-catenin mediated transcriptional activation

Wnt/ β-catenin canonical pathway is activated following the activation of the Fzd/LRP receptor complex by extracellular Wnt ligand (Clevers, 2006; Zhan et al., 2017; Ren et al., 2021; Rim et al., 2022). This event prevents the degradation of β-catenin protein. Accumulation of β-catenin due to its stabilization results in its translocation to the nucleus. In the nucleus, β-catenin interacts with TCF/LEF transcription factors to transactivate Wnt-responsive genes. So far, it is still unknown whether RSV activates the β-catenin pathway. Therefore, we investigated whether RSV stabilizes β-catenin protein leading to activation of TCF/LEF transcription factor-driven transactivation of Wnt-target genes.

First, we investigated whether RSV infection triggers β-catenin protein stabilization since this event results in β-catenin-mediated transcriptional activation of Wnt-responsive genes. To evaluate the status of β-catenin protein, we infected human lung epithelial A549 cells with RSV. At various post-infection time-periods, the level of β-catenin protein was assessed by western blotting with anti-β-catenin antibody. RSV infection triggered β-catenin protein stabilization since enhanced levels of β-catenin protein were detected in RSV infected cells (Figures 1A,B).
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FIGURE 1
 RSV induces β-catenin during infection of lung epithelial cells. (A) Human lung epithelial A549 cells were infected with RSV (MOI = 1) for 0–16 h. β-catenin and actin levels were determined in cell lysates by western blotting using corresponding antibodies. (B) Densitometry analysis of β-catenin protein levels relative to actin protein (β-catenin/Actin) in RSV-infected A549 cells. (C) TOP-Flash luciferase assay of A549 cells co-transfected with firefly-luciferase-TOP-Flash and renilla-luciferase plasmids. Co-transfected cells were infected with RSV (MOI = 1) for 16 h. A dual luciferase reagent was utilized to determine firefly and renilla luciferase activity. The relative TOP-Flash luciferase activity was calculated based on the mean value of firefly/renilla luciferase activity. The value is represented as a fold change in TOP-Flash activity in RSV-infected cells compared to mock infected cells. The densitometric values represent the mean ± SEM from three independent studies (*p ≤ 0.05). Luciferase assay represents mean ± SEM from three independent experiments performed in triplicates [*p ≤ 0.05 (n = 24; technical replicates)].


We next examined whether the accumulation of β-catenin protein in RSV-infected cells resulted in the activation of TCF/LEF transcription factors. For these studies, we transfected A549 cells with TOP-Flash luciferase reporter plasmid. TOP-Flash luciferase reporter contains a promoter for binding (and activation) of activated TCF/LEF transcriptional factors upstream of the luciferase gene (Lin et al., 2016; Lee et al., 2022). Therefore, TOP-Flash luciferase reporter is widely used to study transcriptional activation by β-catenin. A549 cells transfected with TOP-Flash reporter were infected with RSV, followed by luciferase assay analysis of the cell lysate. In accordance with enhanced accumulation of β-catenin protein (Figures 1A,B), RSV also activated β-catenin-dependent transcriptional activity since RSV infection resulted in luciferase gene expression via TCF/LEF transcription factor-dependent promoter activity (Figure 1C). These results suggested RSV mediated enhanced stability and accumulation of β-catenin protein and subsequent activation of β-catenin mediated transcriptional activity in infected lung epithelial cells.



β-Catenin activity is required for an optimal pro-inflammatory response during RSV infection

Compared to macrophages, human lung epithelial cells like A549 cells do not robustly produce pro-inflammatory cytokines like TNF, IL-6, and IL-1β. Instead, RSV-infected A549 cells trigger efficient production of pro-inflammatory chemokine IL-8 (in humans, IL-8 is encoded by the CXCL8 gene; Fiedler et al., 1995; Thomas et al., 2000; Rudd et al., 2005). IL-8 is a major neutrophil chemoattractant (Baggiolini et al., 1989; Bazzoni et al., 1991), and neutrophils are implicated in the development of exaggerated RSV-associated lung disease in children and infants (Everard et al., 1994; McNamara et al., 2003; Emboriadou et al., 2007; Sebina and Phipps, 2020). High levels of IL-8 have been detected in infants with severe RSV-associated bronchiolitis (Biswas et al., 1995). Furthermore, IL-8 serves as a biomarker for RSV-associated lung disease severity (Bont et al., 1999). Therefore, we evaluated the pro-inflammatory response in RSV-infected human lung epithelial A549 cells by analyzing the production of IL-8 following the blocking of β-catenin activity by two widely used β-catenin inhibitors, iCRT3, and iCRT14 (Gonsalves et al., 2011; Trujano-Camacho et al., 2021). These inhibitors block β-catenin-mediated transcriptional activity by inhibiting the interaction of β-catenin with TCF/LEF transcription factors.

To assess the role of β-catenin activity, A549 cells were treated with either DMSO (vehicle control) or β-catenin inhibitors (iCRT3 and iCRT14) during RSV infection. Medium supernatant was collected from infected cells to analyze IL-8 production by ELISA. β-catenin activity is essential for an optimal pro-inflammatory response during RSV infection, since significant loss of IL-8 production was observed in cells treated with β-catenin inhibitors (Figures 2A,B). Approximately 50% loss of pro-inflammatory response in RSV-infected cells was noted following β-catenin activity inhibition (Figures 2A,B). To confirm that diminished pro-inflammatory response is not due to reduced RSV infection, we used recombinant RSV expressing mKate2 protein (mKate2-RSV; Bedient et al., 2020). Treatment of cells with β-catenin inhibitors did not alter RSV replication/infection as deduced by western blot analysis of cell lysate with anti-RFP antibody, which detects mKate2 protein (Figures 2C–F). These results demonstrated an important role of β-catenin activity in supporting optimal pro-inflammatory response during RSV infection of human lung epithelial A549 cells.
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FIGURE 2
 β-catenin activity is required for an optimal pro-inflammatory response during RSV infection. (A) Human lung epithelial A549 cells were infected with RSV (MOI = 3) in the presence of either DMSO (vehicle control) or β-catenin inhibitor iCRT3 (25 μM). Medium supernatant collected from these cells was analyzed for IL-8 production by ELISA. (B) A549 cells were infected with RSV (MOI = 3) in the presence of either DMSO (vehicle control) or β-catenin inhibitor iCRT14 (25 μM). Medium supernatant collected from these cells was analyzed for IL-8 production by ELISA. (C) A549 cells were infected with recombinant RSV expressing mKate2 protein (RSV-mKate2; MOI = 1) in the presence of either DMSO (vehicle control) or β-catenin inhibitor iCRT3 (25 μM). Cell lysate collected from these cells was subjected to western blotting with an anti-RFP antibody to detect the mKate2 protein. (D) A549 cells were infected with RSV-mKate2 (MOI = 1) in the presence of either DMSO (vehicle control) or β-catenin inhibitor iCRT14 (25 μM). Cell lysate collected from these cells was subjected to western blotting with an anti-RFP antibody to detect the mKate2 protein. (E,F) Densitometry analysis of mKate2 protein levels relative to actin protein (mKate2/Actin) in RSV-mKate2 infected A549 cells treated with either DMSO or β-catenin inhibitors (iCRT3 and iCRT14). ELISA data are shown as Mean ± SEM [*p ≤ 0.05 (n = 22; technical replicates; three independent experiments)]. The densitometric values represent the mean ± SEM from three independent studies (*p ≤ 0.05). ns; non-significant.




β-Catenin expression is required for an optimal pro-inflammatory response during RSV infection

Since blocking β-catenin activity resulted in dampened pro-inflammatory response during RSV infection (Figures 2A,B), we further validated these results by using CRISPR-Cas9 genome-editing (Ran et al., 2013; Hsu et al., 2014; Musunuru, 2017; Hillary and Ceasar, 2022; Wang et al., 2022; Zhu, 2022) to obtain stable A549 cells lacking optimal β-catenin activity. We decided to generate a truncated version of β-catenin since previous studies have highlighted the existence of a compensatory mechanism in case of complete loss of β-catenin protein in cells (Liu et al., 2022). Several homologs exist for the Wnt/β-catenin pathway, which gives rise to redundancy to fall back on an alternative cellular pathway (Liu et al., 2022). To avoid this complication, we obtained a cell line with truncated β-catenin protein rather than generating β-catenin null cells.

The typical strategy for employing CRISPR/Cas9 to disrupt a gene has been to target near the 5′ end and isolate a mutation that should lead to a frameshift and premature termination codon and no protein would be expected (Hsu et al., 2014). Instead of such a null cell line, we isolated a clone harboring a 425 bp deletion which removes part of intron 2 extending into exon 3 (Supplementary Figure S1). Western blot analysis showed full-length (FL) 92 kDa β-catenin protein in wild-type (FL-catenin A549cells) control cells expressing control or scrambled guide-RNA (gRNA; Figure 3A). In contrast, a truncated 82 kDa β-catenin protein was detected in A549 cells with the CRISPR induced deletion (Δ-catenin A549 cells; Figure 3A). The truncated β-catenin protein observed on the western blot is the likely result of the 425 bp deletion, with splicing expected from exon 2 to exon 4 (Supplementary Figure S1). This would result in a CTNNB1 (CTNNB1 gene encodes β-catenin protein) isoform of approximately 10 kDa less than the wild-type and lacking the 77 amino acids encoded by exon 3.
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FIGURE 3
 Reduced pro-inflammatory response during RSV infection of lung epithelial cells lacking full-length β-catenin protein. (A) CRISPR-Cas9 technology was used to generate stable human lung epithelial A549 cells lacking full-length β-catenin protein. Cell lysates from A549 cells expressing full-length 92 kDa β-catenin protein (FL-catenin-A549 cells) and A549 cells expressing truncated 82 kDa β-catenin protein (Δ-catenin-A549 cells) were subjected to western blotting with β-catenin antibody. (B) TOP-Flash luciferase assay of A549 cells expressing either FL-catenin or Δ-catenin were co-transfected with firefly-luciferase-TOP-Flash and renilla-luciferase plasmids. Co-transfected cells were treated with Lithium Chloride (LiCl; 25 mM) for 24 h. A dual luciferase reagent was utilized to determine firefly and renilla luciferase activity. The relative TOP-Flash luciferase activity was calculated based on the mean value of firefly/renilla luciferase activity. The value is represented as a fold change in TOP-Flash activity in LiCl-treated cells compared to vehicle (water) treated cells. (C) A549 cells expressing either FL-catenin or Δ-catenin were infected with RSV (MOI = 3). Medium supernatant collected from these cells was analyzed for IL-8 production by ELISA. Luciferase assay represents mean ± SEM from two independent experiments performed in triplicates [*p ≤ 0.05 (n = 16; technical replicates)]. ELISA data are shown as Mean ± SEM [*p ≤ 0.05 (n = 24; technical replicates; three independent experiments)].


To validate the loss of β-catenin activity in Δ-catenin cells, we transfected FL-catenin and Δ-catenin cells with TOP-Flash luciferase reporter plasmid. Transfected cells were then treated with lithium chloride (LiCl), a potent inducer of β-catenin-mediated transcriptional activity (Clément-Lacroix et al., 2005; Lin et al., 2016; Lee et al., 2022). Luciferase assay revealed robust induction of β-catenin mediated transcriptional activity in FL-catenin cells (Figure 3B). In contrast, significant loss of such activity (reduction by 50%) was noted in LiCl treated Δ-catenin cells (Figure 3B). This result demonstrated dampened β-catenin dependent transcriptional activity in Δ-catenin cells.

Next, we investigated whether β-catenin activity is required for a pro-inflammatory response during RSV infection. For these studies, we infected FL-catenin and Δ-catenin cells with RSV. As expected, RSV triggered a pro-inflammatory response in FL-catenin cells since high levels of IL-8 was produced from infected FL-catenin cells (Figure 3C). In contrast, drastic loss (reduction by 75%) of IL-8 production was observed in RSV infected Δ-catenin cells (Figure 3C). These results demonstrated a key requirement of β-catenin activity for a pro-inflammatory response during RSV infection of lung epithelial cells.



Human beta-defensin 3 stabilizes β-catenin protein to activate the β-catenin-mediated transcriptional activation

To identify non-canonical extracellular ligands for activation of the β-catenin pathway via a Wnt-independent mechanism, we focused our attention on human beta-defensins or HBDs. HBDs (primarily HBD1-3) are cationic anti-microbial peptides derived from mucosal epithelial cells (Fruitwala et al., 2019; Xu and Lu, 2020). HBDs are released to the extracellular milieu upon infection, and they constitute an important innate defense factor against invading pathogens, including viruses. We have previously shown that single-stranded non-segmented RNA viruses like RSV (Kota et al., 2008) and VSV (vesicular stomatitis virus; Basu et al., 2010) triggers the release of HBD2 and HBD3, respectively, in the extracellular milieu and these HBDs block viral cellular entry. More importantly, one study reported β-catenin activation by HBD3 in human non-epithelial dental cells (human periodontal ligament cells; Zhou et al., 2018). Based on these previous studies, we next investigated whether extracellular HBD3 is capable of modulating β-catenin protein stability and β-catenin-associated transcriptional activity in lung epithelial cells.

We first evaluated the ability of purified HBD3 to activate the β-catenin pathway by stabilizing cytoplasmic β-catenin protein. For these studies, we treated A549 cells with purified HBD3 (10 μg/ml) for 16 h. Previous studies showed that treating A549 cells with more than 20 μg/ml of purified HBD3 protein triggers cytotoxicity (Su et al., 2018). Therefore, we used 10 μg/ml of HBD3 protein to ensure cell viability. Treated cells were subjected to western blot analysis with anti-β-catenin antibody. HBD3 treatment led to enhanced β-catenin protein levels due to its stabilization (Figures 4A,B). Next, we investigated whether purified HBD3 triggers β-catenin-dependent transcriptional activity in A549 cells. A549 cells transfected with TOP-Flash luciferase reporter plasmid were treated with purified HBD3 for 16 h. Subsequent luciferase assay with cell lysates revealed activation of β-catenin-mediated transcriptional activity by HBD3 (Figure 4C). Thus, we have identified HBD3 as an extracellular ligand involved in Wnt ligand-independent β-catenin activation in lung epithelial cells.
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FIGURE 4
 Human defensin-3 induces β-catenin activity in lung epithelial cells. (A) Human lung epithelial A549 cells were treated with either vehicle (0.1% BSA in PBS) or purified human defensin-3 (HBD3) protein (10 μg/ml) for 16 h. β-catenin and actin levels were determined in cell lysates by western blotting using corresponding antibodies. (B) Densitometry analysis of β-catenin protein levels relative to actin protein (β-catenin/Actin) in the vehicle and HBD3-treated A549 cells. (C) TOP-Flash luciferase assay of A549 cells co-transfected with firefly-luciferase-TOP-Flash and renilla-luciferase plasmids. Co-transfected cells were treated with either vehicle (0.1% BSA in PBS) or HBD3 for 16 h. A dual luciferase reagent was utilized to determine firefly and renilla luciferase activity. The relative TOP-Flash luciferase activity was calculated based on the mean value of firefly/renilla luciferase activity. The value is represented as a fold change in TOP-Flash activity in HBD3-treated cells compared to vehicle-treated cells. The densitometric values represent the mean ± SEM from three independent studies (*p ≤ 0.05). Luciferase assay represents mean ± SEM from two independent experiments performed in triplicates [*p ≤ 0.05 (n = 6; technical replicates)].




HBD3 is induced/released during RSV infection of human lung epithelial cells

Similar to RSV-infected cells (Figure 1), HBD3 also activated β-catenin-mediated transcriptional activity (Figure 4). Therefore, we next investigated the possibility of RSV inducing HBD3 expression and its release from infected cells to stabilize β-catenin protein via autocrine/paracrine action. To examine HBD3 expression during RSV infection, we assessed HBD3 mRNA levels in A549 cells during RSV infection. Although HBD3 is expressed at basal levels in uninfected cells, RSV infection induced HBD3 expression, since PCR analysis revealed enhanced levels of HBD3 transcripts in RSV-infected A549 cells compared to mock-infected cells (Figures 5A,B). The enhanced expression also resulted in HBD3 release into the extracellular milieu following RSV infection as determined by performing ELISA analysis with medium supernatant obtained from RSV-infected A549 cells (Figure 5C). These results demonstrated RSV-mediated induction of HBD3 expression for its release from infected lung epithelial cells.
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FIGURE 5
 RSV induces HBD3 expression and release from lung epithelial cells. (A) Human lung epithelial A549 cells were infected with RSV (MOI = 1) for 16 h. RNA isolated from these cells was subjected to RT-PCR to analyze the expression of HBD3 and GAPDH (loading control). The PCR from three independent experiments (each lane corresponds to each independent experiment) are shown in the mock-infected and RSV-infected panels. (B) Densitometry analysis of HBD3 mRNA levels relative to GAPDH mRNA (HBD3/GAPDH) in mock vs. RSV-infected (16 post-infection) A549 cells. (C) Medium supernatant collected from RSV-infected (MOI = 1; 16 h post-infection) A549 cells were analyzed for HBD3 release by ELISA. The densitometric values represent the mean ± SEM from three independent studies (*p ≤ 0.05). ELISA data are shown as Mean ± SEM [*p ≤ 0.05 (n = 18; technical replicates; three independent experiments)].




HBD3 is involved in β-catenin protein stabilization during RSV infection

Next, we investigated whether HBD3 plays any role in modulating β-catenin protein stability during RSV infection. We focused on β-catenin protein stability since stabilization of β-catenin protein results in activation of β-catenin mediated transcriptional activity, including expression/production of pro-inflammatory mediator IL-8. For these studies, we silenced HBD3 expression in A549 cells by siRNA. Efficient silencing was evident from western blot analysis showing reduced HBD3 protein levels in cells transfected with HBD3-specific siRNA compared to cells transfected with control scrambled siRNA (Figures 6A,B). HBD3 silenced cells were subsequently infected with RSV to evaluate β-catenin protein status during infection. As expected, RSV infection resulted in enhanced β-catenin protein levels due to its stabilization during infection of control siRNA transfected cells (Figure 6C). Interestingly, such stabilization of β-catenin protein was lacking in RSV infected cells silenced for HBD3 expression (Figures 6C,D). These results demonstrated the role of HBD3 in stabilizing β-catenin protein during RSV infection. Thus, HBD3 acts as a non-Wnt ligand to stabilize β-catenin protein for triggering β-catenin-mediated transcriptional activity in RSV-infected lung epithelial cells.
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FIGURE 6
 HBD3 promotes β-catenin protein stabilization during RSV infection of lung epithelial cells. (A) Human lung epithelial A549 cells were transfected with either control scrambled siRNA or siRNA specific for HBD3. HBD3 and actin levels were determined in cell lysates of siRNA-transfected cells by western blotting using corresponding antibodies. (B) Densitometry analysis of HBD3 protein levels relative to actin protein (HBD3/Actin) in control siRNA and HBD3 siRNA transfected A549 cells. (C) Control siRNA and HBD3 siRNA transfected cells were infected with RSV (MOI = 1) for 16 h. β-catenin and actin levels were determined in cell lysates by western blotting using corresponding antibodies. (D) Densitometry analysis of β-catenin protein levels relative to actin protein (β-catenin/Actin) in RSV-infected A549 cells transfected with either control siRNA or HBD3 siRNA. The densitometric values represent the mean ± SEM from three independent studies (*p ≤ 0.05).




Interaction of HBD3 with LRP5

We have identified HBD3 as a ligand involved in β-catenin activation during RSV infection. Therefore, we next investigated the mechanism by which HBD3 may confer its β-catenin activation function. Nineteen different Wnt ligands engage with cell surface receptor complexes comprising of 10 different frizzled receptors (Fzd) and LRP5/6 to activate β-catenin by triggering its stabilization (Clevers, 2006; Zhan et al., 2017; Ren et al., 2021; Rim et al., 2022). In the absence of Wnt signaling, β-catenin associates with the dissociation complex (Axin, GSK-3, APC, CK1) to undergo ubiquitin-proteasome mediated degradation. However, binding of Wnt ligands to the Fzd/LRP receptor complex transduces a signal to disrupt the dissociation complex, and as a result, β-catenin protein is stabilized due to loss of its degradation via the proteasome. Subsequently, β-catenin is targeted to the nucleus for transactivation of Wnt-responsive genes.

To identify whether HBD3 can interact with Wnt receptors, we first evaluated the plausible interaction of HBD3 with LRP5. We chose LRP5 since, unlike human Fzd receptors, which consist of 10 structurally related proteins, Wnt can trigger signaling by interacting with LRP5 in complex with one of the Fzd receptors. We initially examined the possible interaction of extracellular HBD3 with cell surface localized LRP5 by using purified biotinylated-HBD3 protein (biot-HBD3). The interaction of extracellular HBD3 with cell surface localized LRP5 was studied by incubating chilled (to prevent internalization of biot-HBD3 added extracellularly) A549 cells over-expressing FLAG-tagged LRP5 protein with biot-HBD3. After incubation, cell lysate precipitated with avidin-agarose, was subjected to western blotting with anti-FLAG antibody to detect FLAG-LRP5. HBD3 interacted with cell surface LRP5, since immune-blotting of avidin-precipitated lysate with anti-FLAG antibody detected FLAG-LRP5 protein (Figure 7A). In contrast, such interaction was not noted in control cells expressing empty FLAG plasmid (Figure 7A).
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FIGURE 7
 Interaction of HBD3 with LRP5. (A) Human lung epithelial A549 cells were transfected with either empty FLAG plasmid (FLAG-empty) or plasmid encoding FLAG-tagged LRP5 protein (FLAG-LRP5). Chilled FLAG-empty and FLAG-LRP5 A549 cells were incubated with biotinylated purified HBD3 protein (Biotin-HBD3) at 4°C for 4 h. Following incubation, cell lysates were precipitated (PPT) with avidin-agarose and subsequently immuno-blotted (IB) with FLAG antibody to detect LRP5. Whole-cell lysates (WCL) were also blotted with FLAG and actin antibodies. (B) A schematic showing the domain structure of the LRP5 protein. (C) Biot-HBD3 and non-biotinylated HBD3 (control) were precipitated (PPT) with avidin-agarose. The avidin-agarose was then incubated with purified truncated LRP5 protein comprising of the E3 and E4 domains of the extracellular domain of LRP5. Following incubation, the agarose-avidin-bound protein was subjected to immunoblotting with the LRP5 antibody. The immune blots are representative of three independent experiments with similar results.


Since we observed the interaction of HBD3 with cell surface LRP5, we next evaluated whether this interaction constitutes direct binding between two proteins. This study was important since well-established Wnt ligands directly interact with LRP5 protein. LRP5 protein is a large 180 kDa protein comprising several distinct extracellular domains, including four β-propeller domains (P1, P2, P3, P4), four EGF-like domains (E1, E2, E3, E4), and three LDLR type A domains (Figure 7B). Four β-propeller domains (P1, P2, P3, P4) and four EGF-like domains (E1, E2, E3, E4) are tandemly located next to each other and are designated as PE1, PE2, PE3, and PE4 domains (Figure 7B). Wnt1, Wnt2, Wnt2b, Wnt6, Wnt8a, Wnt9a, Wnt9b, Wnt10b interacts with PE1and PE2 domain of LRP5, whereas Wnt3, Wnt3a binds to the P3 domain of LRP5 to activate β-catenin signaling. We first examined whether HBD3 interacts with the PE3 extracellular domain of LRP5. For these studies, we used truncated recombinant purified LRP5 protein (aa769–aa1016, 28 kDa) encompassing majority of the PE3 (major portion of P3 and full portion of E3) domain and partial segment of the PE4 (only the N-terminal portion of P4) domain of LRP5 protein (Figure 7B). For cell-free in vitro interaction assay, we incubated purified non-biotinylated HBD3 (control) and biotinylated-HBD3 proteins with avidin-agarose. Subsequently, avidin-agarose beads were incubated with recombinant purified truncated LRP5 protein. Following incubation, the bound proteins were subjected to western blotting with an anti-LRP5 antibody. Our studies revealed direct interaction of HBD3 with LRP5 since we detected the HBD3-LRP5 complex bound to the agarose beads (Figure 7C). Interestingly, HBD3 interacted with the same region of LRP5 protein involved in binding to the Wnt and Wnt3a ligand. Thus, our studies have identified HBD3 as a new ligand for the LRP5 receptor involved in β-catenin activation. We also show that the PE3 domain of LRP5 is involved in interaction with HBD3.



In silico studies of HBD3-LRP5 interaction

Since HBD3 directly interacted with LRP5, we next performed a series of in silico modeling studies to obtain detailed information about the LRP5-HBD3 interaction.


Modeling the binary (LRP5-HBD3) and ternary (LRP5-HBD3-FZD) complexes

Wnt ligands interact promiscuously with 10 FZD receptors and two LRPs (LRP5 and LRP6), and each Wnt ligand has the potential to activate several pairs of LRP and FZD receptors (Janda et al., 2012; Dijksterhuis et al., 2015). Previous studies have revealed that the Wnt ligands are likely sandwiched between the LRP5 and FZD8 receptors to form the LRP5-Wnt-FZD8 heterotrimer interaction complex (Hirai et al., 2019). As our study reveals that HBD3 activates the β -catenin pathway through interactions with LRP5, we hypothesize that HBD3 acts like a Wnt ligand in a manner similar to other known Wnt ligands. Therefore, we used the LRP5-Wnt-FZD8 ternary interaction model as a template to generate the plausible binary (LRP5-HBD3) and ternary (LRP5-HBD3-FZD8) complexes. To generate such a model, initially, HBD3 was docked to LRP5, and the resulting LRP5-HBD3 complex was subsequently docked to the FZD8 receptor.



Docking of LRP5 and HBD3

LRP5 belongs to a single-pass transmembrane family of proteins. The extracellular portion of LRP5 consists of four β-propeller domains (P1, P2, P3, P4) connected by epidermal growth factor (EGF)-like domains (E1, E2, E3, E4), and three LDLR (low-density lipoprotein receptor) type A (LA) domains preceding the transmembrane helix (Figure 7B; Supplementary Figures S2A,B; Matoba et al., 2017). Each pair of the four β-propeller and EGF-like domains are designated as PE1, PE2, PE3, and PE4 (Figure 7B). As the LRP5 structure is unavailable, LRP6, the nearest homolog with ~70% sequence identity, was used as a template for homology modeling of the PE3-PE4 domains of LRP5. Earlier studies indicate that Wnt and other ligands of LRP5 bind at the PE3 domain of LRP5 (Ahn et al., 2011; Bourhis et al., 2011; Cheng et al., 2011; Zebisch et al., 2016; Hirai et al., 2019). Therefore, the residues from the LRP5-PE3 domain namely, A667, V694, E721, T737, N762, W780, R805, D824, H847, W863, V889, and M890 were chosen as the interaction site for docking of HBD3 (Supplementary Figure S2C; Cheng et al., 2011). Since there were no sequence similarities between HBD3 and other known LRP5 interacting proteins, all residues of HBD3 were considered for docking. As a novel binding partner of LRP5, the docking of HBD3 without predefined residues was expected to predict the potential binding interface between LRP5 and HBD3 in an unbiased manner. The optimal binding conformation of HBD3 with LRP5 with a HADDOCK score of −146.2 showed several non-bonded interactions at the interface. HBD3 residues such as Y5, P19, G20, I24, G23, T27, R31, Y32, and R36 formed prominent interactions with the LRP5 PE3 domain residues R652, E676, S695, Y719, W780, R805, D824, H847, H974 and G1007 to form a stable complex. The resultant HBD3-LRP5 complex was then used for subsequent docking to the FZD8 receptor (Figure 8A).
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FIGURE 8
 The plausible binding modes and critical interactions of the binary (LRP5-HBD3) and ternary (LRP5-HBD3-FZD8) complexes. (A,B) Protein–protein docking and molecular dynamics simulations revealed potential binding modes of the LRP5-HBD3 and LRP5-HBD3-FZD8 interaction complexes, respectively. The residues involved in the formation of the complex are shown in surface representation, and LPR5, HBD3, and FZD8 are colored in steel blue, light pink, and teal, respectively. HBD3 binds between the β-propeller domain-3 of LPR5 and the cysteine-rich domain of the FZD8 receptor. FZD8 receptor interacts with HBD3 as well as with the LRP5 receptor residues. (C) Stable H-bond interactions observed during the MD simulations of the complex are highlighted in boxes. (D) The sidechain carboxylic group of E714 of LRP5 interacts with the backbone amide nitrogen of M1 of HBD3, and the backbone amide nitrogen of H974 of LRP5 interacts with side chain ε nitrogen of H4 of HBD3. (E) The sidechain amino group of K675 of LRP5 interacts with backbone carbonyl oxygens of L13 and L15 of HBD3. (F) The sidechain amino group of K30 of HBD3 interacts with the ε nitrogen of FZD8 H124. Similarly, the backbone amide nitrogen of C40 of HBD3 forms an H-bond with the backbone carbonyl oxygen of FZD8 G20. (G) The sidechain terminal amino group of K953 of LRP5 forms a salt bridge with the sidechain carboxyl group of E50. Similarly, the sidechain amino group of K697 of LRP5 formed an H-bond with the backbone carbonyl oxygen of E50 of the FZD8 receptor.




Docking of FZD8 to the LRP5-HBD3 complex

FZD8 receptors are class F G protein-coupled receptors (GPCRs) and are known to activate the canonical β-catenin pathway (Wright et al., 2019). FZD8 receptors form heterodimeric signaling complexes with LPR5/6 through their conserved extracellular cysteine-rich domain (Tsutsumi et al., 2020). The FZD8-Wnt complex’s crystal structures show that Wnt interacts with FZD8 at two locations to form the complex (Supplementary Figure S3A). Therefore, the LPR5-HBD3 complex was docked independently at the two known sites of the FZD8 receptor, namely site-1 and site-2. Site-1 comprised of residues, such as E68, Q71, F72, Y92, F127, P130, D131, and R132 and site-2 comprised of residues, such as I46, Y48, F86, I95, L97, D99, Y100, K102, L104, L147, M149, D150, and N152 (Supplementary Figures S3B,C). The HBD3 residues, except those interacting with LRP5, were chosen as the potential FZD8-interacting site. Among the two sites of the FZD8 receptor, site 2 exhibited a higher binding affinity towards the LRP5-HBD3 complex. The binding energy, calculated as docking score, of the FZD8 with LRP5-HBD3 complex at site 2 (−95.7) was observed to be higher than that of site 1 (−85.3). In this high-affinity binding mode, FZD8 formed interactions with both HBD3 and the LRP5 receptor. Most notably, in this binding mode, HBD3 was seen sandwiched between FZD8 and LRP5, reminiscent of the LRP5-Wnt-FZD8 complex (Figures 8A,B). Several residues from site 2 of FZD8, including I46, G47, E77, P82, D83, F86, E98, D99, Y125, and Y151, formed non-bonded contacts with the residues of HBD3 (C40, V42, K48, R58, R60, and R65) and LRP5 (K953, R997, and H1197), respectively (Figures 8C–G).



MD simulations of the binary and ternary complexes

To examine the stability of the interactions among the LRP5-HBD3 and LRP5-FZD8-HBD3 complexes, we performed MD simulations of the complexes, each for 500 ns. Overall, the binary and ternary complexes were observed to be stable throughout the simulation time. During the first 50–100 ns of the simulations, the complexes underwent notable conformational changes (reflected by the RMSD value of ~5 Å), finetuning interactions between the interfaces, and then stabilized through the rest of the simulation time (Supplementary Figure S4).



H-bonds at the interfaces

To evaluate the critical H-bonds involved in formation and stabilization of the complexes, all three interface hydrogen bond interactions (LRP5-HBD3, HBD3-FZD, and FZD8-LRP5) were analyzed (Figures 8A,B). Several H-bonds were observed among the interacting proteins. However, only a set of H-bonds were found stable for most of the simulation time and are discussed here (boxes in Figure 8C). Interestingly, there were many H-bonds observed in the LRP5-HBD3 interface, of which the most stable ones formed around 100 ns into the simulation. The N-terminal residues M1 and H4 of HBD3 were found to interact with sidechain carboxylic oxygens of E714 and backbone amide nitrogen of H974 of LRP5, respectively (Figure 8D). During the simulation, M1 and H4 of HBD3 moved closer to E714 and H974 of LRP5 and formed H-bonds. Similarly, the sidechain amino group of K675 forms H-bonds with backbone carbonyl oxygens of L13 and L15 of HBD3 (Figure 8E). These H-bonds with were found to be consistent after 200 ns of the simulation (Figure 9A).
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FIGURE 9
 Critical H-bond interactions and the extent of protein–protein interactions as measured by the buried solvent-accessible surface area (SASA) of individual proteins upon complex formation. (A) Multiple stable H-bond interactions were observed in the LRP5-HBD3-FZD8 ternary complex. H-bond interactions between LRP5-HBD3, HBD3-FZD8, and LRP5-FZD8 are shown. (B) Total solvent-accessible surface area (SASA) of the three proteins in their unbound states and the amount of SASA lost due to complex formation, called buried surface area (BSA) and %, are given. (C) The total BSA and the fraction of the buried surface area for each interacting partner of HBD3, LRP5, and FZD8 receptors were calculated from the MD simulation. The BSA of HBD3 shows that HBD3 shares its interaction surface approximately equally with LRP5 and FZD8 receptors. On the other hand, LRP5 and FZD receptors share a larger fraction of interaction surface with HBD3. The fraction of interaction surface for LRP5 and FZD8 receptors was relatively smaller in comparison to their total SASA.


In the case of the HBD3-FZD8 interaction interface, K30 of HBD3 formed H-bonds with sidechain ε nitrogen of H124 (Figure 8F). Similarly, the C40 backbone amide nitrogen of HBD3 interacted with the backbone carbonyl oxygen of G20 of FZD8. All these H-bonds were observed to be flexible during the initial 80 ns but gradually stabilized for the rest of the simulation time (Figure 9A). In the FZD8-LRP5 interaction interface, two lysine residues, K697 and K953, from PE3 and PE4 β-propeller domains of LPR5, were interacting with E50 of FZD8. The sidechain amino group of K697 from the PE3 β-propeller domain of LRP5 forms an H-bond with the backbone carbonyl oxygen of E50 of FZD8. A salt bridge interaction between the sidechain amino group of K953 (PE4 β-propeller of LRP5) and the carboxyl group of E50 (FZD8) was found to be stable at the FZD8-LRP5 interaction interface (Figure 8G). The FZD8 receptor interacts and forms stable H-bonds with both HBD3 and LRP5 receptors. A comparison of the H-bonds between FZD8-HBD3 and FZD8-LRP5 showed that the polar contacts are becoming stronger after the initial fine-tuning of the interaction surfaces (Figure 9A). Overall, the variation and flexibility in interactions illustrate the adaptability of the interaction surfaces between the receptors.



Hydrophobic interactions quantified as percent contact occupancy

To evaluate the critical interactions involved in stabilizing the complex, residue contacts at all three interfaces of complexes (LRP5-HBD3, HBD3-FZD8, and FZD8-LRP5) were analyzed. We applied a distance-based cutoff (4 Å) to evaluate all non-bonded interactions involved in the interacting surfaces. As several residue interactions were observed among the interacting proteins, only interactions that were observed in more than 80% of the simulation time were discussed here. From the contact analysis of the LRP5-HBD3 interface, the residues G673, K675, E676, H711, E714, F715, W780, R805, H847, F849, W863, F888, M890, P972, L973, H974, G975 and P1010 of LRP5 were observed to be in contact with the HBD3 residues, including M1, R2, H4, Y5, L13, I24, I25, L28, Y31, Y32 and V35. The N-terminal residue M1 of HBD3 forms contact with the PE3 β-propeller domain in the cleft formed in between the PE3 and PE4 β-propeller domains. In addition, the α helix in HBD3, formed by residues 24–36, mainly interacted at the surface of the PE3 domain (Figure 8A; Supplementary Figure S5).

HBD3 was sandwiched between LRP5 and FZD8. HBD3 residues, such as F8, L11, F12, L15, P17, V18, K30, R34, G37, R39, and C40, formed contacts with the FZD8 receptor residues, including G18, G20, Y21, Q22, I51, Q52, C53, S54, P55, P93, L94, Q97, and Y98. Interestingly, HBD3 appears to engage in a significantly greater number of contacts with FDZ8 than with LPR5 (Figure 8C; Supplementary Figure S6). In our molecular docking studies, the interaction of the FZD8 receptor with LRP5 was unexpected and different from the previously described LRP5-Wnt-FZD8 interaction model. Interestingly, in addition to the interactions with HBD3, the FZD8 receptor also had contact with the LRP5 receptor residues throughout the simulation period. Specifically, the residues of FZD8, W46, P47, E50, Q52 and Y98 were in contact with the S695 and K697 of the PE3 β-propeller domain and K953, S954, R977, A1196 and H1197 of the PE4 β-propeller domain of LRP5 (Figure 8G; Supplementary Figure S7).



The extent of protein–protein interactions was quantified as the buried solvent-accessible surface area upon complex formation.

We performed the solvent-accessible surface area calculation (SASA) to estimate the extent to which the proteins’ surfaces were buried (buried surface area, BSA) during the formation of LPR5-HBD3 and LPR5-HBD3-FZD3 complexes. The SASA values represent the average calculated through the entire 500 ns MD simulations. The fraction of BSA for each protein is significantly different, ranging from 5 to 30% (Figure 9B). The PE3-PE4 domains of LPR5 are much larger than HBD3 and the CRD domain of FZD8. Only ~4.8% of the LPR5 PE3-PE4 domain’s surface was buried in the complex formation, of which ~70% of the surface was engaged in interactions with HBD3 and ~ 30% of the surface was involved in interactions with FZD8 (Figure 9C). Similarly, ~32.17% of the surface of HBD3 was buried in the complex, of which ~52% of the surface involved in the interactions with LPR5 and ~48% with FZD8 receptor, which indicates that HBD3 shares the interaction surface almost equally with LRP5 and FZD8 receptors (Figure 9C). In the case of FZD8 receptor CRD, ~18.39% of the surface was buried in the complex, of which ~68% of the surface was engaged in the interactions with HBD3 and ~32% with LRP5 (Figure 9C). In addition, we have calculated the polar and non-polar fractions of the total SASA, which revealed that the ternary complex is stabilized mostly by non-polar interactions (Supplementary Figure S8). From the comparison of the BSA of the LPR5, HBD3, and FZD8, it was clear that HBD3 is sandwiched between LRP5 and FZD8 receptors and interacts through distinct surfaces. Moreover, both LRP5 and FZD receptors share larger fractions of their interaction surfaces with HBD3, indicating stable and favorable interactions.





Discussion

There is an urgent need to develop antiviral therapeutics and vaccines for Respiratory Syncytial Virus (RSV) since it is a leading cause of mortality and morbidity among infants, the elderly, and immunocompromised patients (Diseases, 1993; Falsey et al., 2005; Nair et al., 2010; Hurwitz, 2011; Graham and Anderson, 2013; Griffiths et al., 2017; Romero et al., 2017). To achieve this goal, it is critical to understand RSV-host interactions and mechanisms that trigger the pro-inflammatory response. Pro-inflammatory response plays a critical role in developing severe airway inflammatory diseases such as pneumonia and bronchiolitis during RSV infection (Imai et al., 2008; Murawski et al., 2009; Ruuskanen et al., 2011; Foronjy et al., 2016; Russell et al., 2017). Additionally, inflammatory response constitutes a key cellular immune mechanism dictating vaccine efficacy. In the current study, we have identified a yet unknown pro-inflammatory pathway utilized by the host during RSV infection. We show the essential role of β-catenin dependent signaling pathway in positively regulating pro-inflammatory response in RSV-infected human lung epithelial cells.

The canonical Wnt/β-catenin pathway is a key signal transduction pathway involved in a wide spectrum of biological mechanisms (Clevers, 2006; Zhan et al., 2017; Ren et al., 2021; Rim et al., 2022), including regulating immunity (Ma and Hottiger, 2016). One specific mechanism comprises of expressing pro-inflammatory genes that culminate in inflammation. β-catenin signaling pathway promoted expression and production of pro-inflammatory cytokines/chemokines from macrophages (Zhao et al., 2015; Huang et al., 2018). Towards that end, the β-catenin signaling pathway also contributed to lung inflammation during sepsis (Sharma et al., 2017). Compared to macrophages, the role of β-catenin in epithelial cells during pro-inflammatory response is very limited. Only one study reported the involvement of β-catenin in stimulating pro-inflammatory cytokines in LPS-treated bronchial epithelial cells (Jang et al., 2014). Studies focusing on the role of β-catenin during infection with RNA respiratory viruses are limited. A study showed Wnt/β-catenin signaling pathway regulating influenza A virus (IAV is an orthomyxovirus) replication in epithelial cells (More et al., 2018). Additionally, we have previously demonstrated the trans-activation of the human parainfluenza virus type 3 gene by β-catenin (Bose and Banerjee, 2003). However, the role of β-catenin as a pro-inflammatory mediator during infection with RNA respiratory viruses is limited. Especially, it was unknown whether pneumoviruses like RSV trigger β-catenin activation and the role of such activation during virus-host interaction. In the current study, we demonstrated β-catenin activation by RSV and further showed the role of β-catenin in positively regulating pro-inflammatory response by virtue of inducing the production of key pro-inflammatory chemokine IL-8. In contrast to earlier studies with IAV, β-catenin signaling had no role in RSV replication/infection, but it was involved in the production of pro-inflammatory mediator IL-8.

Lung injury during RSV infection is associated with an influx of inflammatory immune cells into the airway (Imai et al., 2008; Murawski et al., 2009; Ruuskanen et al., 2011; Foronjy et al., 2016; Russell et al., 2017). Neutrophils constitute one of the infiltrating inflammatory cell types contributing to exaggerated lung inflammation and injury during RSV infection (Everard et al., 1994; McNamara et al., 2003; Emboriadou et al., 2007; Sebina and Phipps, 2020). Neutrophil recruitment to the RSV-infected lower respiratory tract is mediated by chemokine IL-8 released from lung epithelial cells and monocytes (Baggiolini et al., 1989; Bazzoni et al., 1991; Biswas et al., 1995; Bont et al., 1999). IL-8 (encoded by the CXCL8 gene in humans) is a chemokine with a C-X-C motif that acts as a potent chemoattractant for neutrophils (Baggiolini et al., 1989; Bazzoni et al., 1991). High levels of IL-8 in respiratory secretions have been detected in RSV-infected infants with severe respiratory disease (Biswas et al., 1995). IL-8 also serves as a biomarker defining lung disease severity in RSV-infected infants (Bont et al., 1999). IL-8 is the major chemokine secreted by RSV-infected lung epithelial cells, including human lung epithelial A549 cells (Fiedler et al., 1995; Thomas et al., 2000; Rudd et al., 2005). Interestingly, in A549 cells, IL-8 constitutes the only pro-inflammatory mediator detected at appreciable levels compared to other pro-inflammatory factors like TNF, IL-6, and IL-1β. IL-8 production during RSV infection is triggered by two transcription factors, NF-kB and NF-IL6 (Jamaluddin et al., 1996; Mastronarde et al., 1996). Interestingly, a study with human hepatocytes has identified the IL-8 gene as a direct target of β-catenin and TCF4 transcription factors (Lévy et al., 2002). A consensus TCF/LEF site was detected in the IL-8 promoter, and that site was essential for the transactivation of the IL-8 gene by β-catenin in association with the p300 co-activator (Lévy et al., 2002). Moreover, the β-catenin pathway was involved in positively regulating the expression and release of IL-8 from macrophages (Masckauchan, 2005) and endothelial cells (Jang et al., 2014) following allergic reactions and angiogenesis, respectively. However, the role of β-catenin, if any, in IL-8 production during virus infection has not been investigated yet. Our current study has highlighted the involvement of β-catenin signaling in triggering IL-8 production during RSV infection. Based on the critical role of IL-8 in conferring exaggerated airway inflammation during RSV infection (Baggiolini et al., 1989; Bazzoni et al., 1991; Everard et al., 1994; Biswas et al., 1995; Bont et al., 1999; McNamara et al., 2003; Emboriadou et al., 2007; Sebina and Phipps, 2020), our results have unfolded a new virus-host mechanism required for the efficient production of potent chemotactic factors like IL-8.

In addition to unfolding the β-catenin pathway as an IL-8 inducer during RSV infection, we have also identified a new mechanism triggering β-catenin activation during viral infection. We have identified human beta-defensin 3 (HBD3) as an extracellular ligand involved in activation β-catenin by virtue of interacting with the well-established Wnt receptor LRP5 which is part of the β-catenin activating Fzd-LRP5/6 receptor complex. Defensins are anti-microbial cationic peptides regulating pathogen burden, immunity, and host defense (Fruitwala et al., 2019; Xu and Lu, 2020). Apart from the anti-microbial property, we and others have demonstrated the additional role of defensins in controlling virus infection. Specifically, beta-defensins are involved in counteracting virus infection by various mechanisms. We have previously identified HBD2 and HBD3 as key epithelial cell-derived beta-defensins involved in controlling RSV and VSV (Vesicular Stomatitis Virus is a non-segmented negative-sense RNA virus like RSV) infections by blocking viral cellular entry (Kota et al., 2008; Basu et al., 2010). However, the role of beta-defensins during cellular signaling of RSV-infected cells has not been reported previously. Particularly, it was unknown whether beta-defensins can modulate pro-inflammatory response in RSV-infected cells. Based on a previous study showing β-catenin activation by HBD3 in human non-epithelial dental cells (human periodontal ligament cells; Zhou et al., 2018), we investigated whether HBD3 can act as a non-canonical ligand (i.e., compared to canonical Wnt ligand) for β-catenin activation in RSV infected lung epithelial cells. Our study demonstrated that HBD3 released from RSV-infected cells is involved in activating β-catenin during RSV infection. Furthermore, our interaction studies showed direct interaction of HBD3 with LRP5, a receptor that is part of the multi-protein receptor complex (Fzd-LRP5/6) involved in Wnt-mediated β-catenin activation.

HBD3 interacts with at least three cell surface receptors, melanocortin receptors, CCR6, and CD98 (Semple et al., 2010; Colavita et al., 2015; Shelley et al., 2020). However, none of these receptors are involved in immune signaling. Our study has identified LRP5 as a new HBD3 receptor involved in pro-inflammatory signaling. Moreover, we show that HBD3-LRP5 interaction may drive activation of the β-catenin pathway leading to a pro-inflammatory response due to the production of potent neutrophilic chemokine IL-8. HBD3 interacted with cell surface localized LRP5, and such interaction was mediated via direct protein–protein interaction. The extracellular domain of LRP5 is comprised of – (a) four β-propeller domains, (b) four EGF-like domains, and (c) one LDLR type A domain (Clevers, 2006; Zhan et al., 2017; Ren et al., 2021; Rim et al., 2022; Figure 7B). The four β-propeller and four EGF-like domains are localized tandemly and designated as PE1, PE2, PE3, and PE4. During canonical Wnt/ β-catenin signaling, the canonical ligand Wnt binds to these domains to activate β-catenin signaling. To date, 10 Wnt ligands exist, and previous studies have shown that Wnt3a is involved in β-catenin activation in IAV-infected lung epithelial cells (More et al., 2018). Wnt3a binds to the PE3 domain of the LRP5 protein. Interestingly, purified HBD3 is also bound to the PE3 domain of LRP5 protein, as deduced from our in vitro interaction studies with purified HBD3 and truncated LRP5 proteins. Our in-silico studies also provided a structural basis for the interactions between LRP5 and HBD3. Importantly, we obtained the potential binding orientations and critical residues at the interacting surfaces of the proteins using protein–protein docking. Subsequently, we evaluated the stability of the complex using 0.5 μs long MD simulations (Figure 8). Our simulations revealed that HBD3 interacts with LRP5 at its PE3 propeller domain, similar to other Wnt ligands reported before. The polar H-bond and nonpolar hydrophobic interactions between the two protein surfaces were assessed qualitatively by monitoring the H-bond distances and contact occupancy (%), respectively. Multiple H-bonds were observed between the LRP5-HBD3 interface. Similarly, the contact occupancy provides the fraction of the simulation time during which residues from the two proteins are within 4 Å distance (Figure 9; Supplementary Figure S5), indicating van der Waal and hydrophobic interactions. Both parameters indicate stable and lasting interactions between the proteins, involving the burial of greater than 30% of the solvent-accessible surface area of HBD3.

Earlier studies have shown that the Wnt ligands act at the cell surface by forming a heterotrimeric ternary complex with LRP5 and frizzled receptors such as FZD8 (Hirai et al., 2019). We modeled such a ternary complex of HBD3 with LRP5 and FZD8 in which HBD3 was sandwiched between the two other proteins (Figure 10). The extracellular cysteine-rich domain of FZD8 was successfully docked to the HBD3 surface distal to its LRP5-binding interface. Surprisingly, the 0.5 μs-long MD simulations of this ternary complex revealed unexpected interactions of FZD8 with both HBD3 and the upper region of the PE4 domain of LRP5. These interactions were quite stable and lasted for the entire simulation time. Similar to the binary LRP5-HBD3 complex, both polar H-bond distances and contact occupancy (%) indicated the stability of the residue interactions of the ternary complex. Based on the observations, we propose this ternary model of LRP5-HBD3-FZD8 as potential mechanism through which HBD3 produces a proinflammatory response via the β-catenin pathway (Figure 10).

[image: Figure 10]

FIGURE 10
 Schematic diagram of the proposed model for LRP5-HBD3-FZD8 ternary complex. Protein–protein docking, and MD simulations predicted the potential interactions of HBD3 with LRP5 and FZD8. HBD3 appears to be sandwiched between LRP5 and FZD8. Specifically, HBD3 binds mostly to the PE3 propeller domain of LRP5 protein.


In summary, our studies have identified the HBD3/β-catenin signaling pathway as a new non-canonical β-catenin activating pathway involved in triggering a pro-inflammatory response in RSV-infected lung epithelial cells. We envision that the HBD3/β-catenin network acts both via paracrine and autocrine loop to amplify the inflammatory response in non-infected and infected cells, respectively.



Materials and methods


Cell culture and viruses

Human lung epithelial cells (A549) were purchased from American Type Culture Collection (ATCC). Cells were cultured in complete Dulbecco’s modified Eagle medium (DMEM; Gibco) containing 10% fetal bovine serum (FBS), 100 IU/ml penicillin, and 100ug/ml streptomycin unless otherwise stated (Kota et al., 2008; Chang et al., 2012; Mgbemena et al., 2012, 2013). Human respiratory syncytial virus (RSV A2 strain) was purified as described previously (Kota et al., 2008; Chang et al., 2012; Mgbemena et al., 2013). Recombinant human RSV expressing mKate2 protein (mKate2-RSV) was propagated from pSynk-A2 as described previously (Hotard et al., 2012; Meng et al., 2014; Bedient et al., 2020). pSynk-A2 and helper plasmids were provided by Dr. Martin Moore (Emory University) and BSRT7/5 cells were provided by Dr. Ursula Buchholz (National Institutes of Health).



Cell treatment and virus infection

Cells were infected with RSV and mKate2-RSV at the multiplicity of infection (MOI) of 1 or 3. Virus adsorption was performed for 1.5 h (at 37°C) in OPTI-MEM medium (Gibco). Following adsorption, cells were washed with Dulbecco’s phosphate-buffered saline (DPBS; Gibco) and infection was continued in the presence or absence of a complete medium. In some experiments, cells were pre-treated with either vehicle (DMSO) or Wnt/β-catenin pathway inhibitors (iCRT3 or iCRT14; 25uM; Sigma) and infected with RSV in the absence and presence of these inhibitors. For human beta-defensins 3 (HBD3) treatment studies, A549 cells were treated with 10ug/ml of purified HBD3 (Peprotech) or vehicle (PBS with 0.1% BSA). Cells were also treated with either lithium chloride (LiCl; Sigma) or vehicle (water) for 24 h. A549 cells were transfected with either empty-FLAG plasmid or FLAG-tagged LRP5 (FLAG-LRP5; 200 ng/ml) by using Lipofectamine 2000 (Life Technologies).



Generation of A549 cells expressing truncated β-catenin protein

A549 cells expressing either full-length β-catenin protein (FL-catenin) or truncated β-catenin protein (Δ-catenin) were generated by Synthego Corporation using CRISPR-Cas9 technology with the sgRNA sequence of GAGTGGTAAAGGCAATCCTG located in exon 3. Individual clones were isolated by limiting dilution from the cell pool provided by Synthego. To identify those that would likely have diminished activity without being a null, the mutation(s) carried by each clone was determined by PCR amplification of the region surrounding the sgRNA target site using F primer 5′ATCCCCCTGCTTTCCTCTCT3′ and R primer 5′ACATAGCAGCTCGTACCCTC3′. Clones that carried deletions were sequenced to determine the mutation.



Luciferase assay

Cells (A549, FL-catenin, and Δ-catenin cells) were co-transfected with M50 Super 8× TOP-Flash firefly luciferase reporter plasmid (Addgene) and a plasmid encoding Renilla luciferase for 16 h. Transfected cells were either infected with RSV or treated with purified HBD3 protein. Luciferase plasmid-transfected FL-catenin and Δ-catenin cells were also treated with LiCl. Following infection/treatment, the Dual-Luciferase® reporter assay system (Promega) was used for luciferase analysis. Luciferase activity was determined using a microplate luminometer (Promega).



siRNA transfection

Scrambled control siRNA and HBD3 siRNA were purchased from Santa Cruz Biotechnology. A549 cells were transfected with these siRNAs (60 pmol) by using Lipofectamine 2000 (Life Technologies). HBD3 silencing was confirmed by western blotting with an HBD3 antibody.



ELISA

Human IL-8 ELISA kit was purchased from Invitrogen. HBD3 ELISA kit was obtained from MyBioSource. IL-8 and HBD3 levels in the medium supernatant were determined following the manufacturer’s instructions. ELISA values of the experimental group (i.e., RSV-infected cells or cells infected with RSV in the presence of iCRT3 or iCRT14) represent values obtained following subtraction of background signal from the control group (i.e., mock cells or cells infected with RSV in the presence of control vehicle).



Western blot

A549 cells were lysed using 1%-Triton X-100 (pH 7.4), EDTA-free protease inhibitor cocktail (Roche Diagnostics) in PBS. Cell lysates were subjected to SDS-PAGE and separated proteins were transferred onto 0.2 μm nitrocellulose membrane (GE Health care) and blotted with specific antibodies. β-catenin and FLAG antibodies were purchased from Sigma-Aldrich. LRP5 antibody was obtained from Cell signaling. β-actin antibody was purchased from Bethyl Laboratories. HBD3-8A antibody was deposited to the DSHB by Starner, T. (DSHB Hybridoma Product hBD-3-8A). An anti-RFP antibody was purchased from Invitrogen. Western blots were quantified using ChemiDoc™ XRS + software Image Lab 5.1 (BioRad).



RNA isolation and reverse transcriptase-PCR (RT-PCR)

Total RNA was extracted using TRIzol reagent (Life Technologies) following supplier’s instructions. Isolated RNA was treated with RNase-free DNase I (Thermoscientific) and cDNA was synthesized using a High-Capacity cDNA Reverse Transcription Kit (Applied Biosystems). RT-PCR was performed using 2X Taq Red master mix (Apex) in a final reaction of 25 μl. The amplification cycle was as follows: an initial denaturing step (95°C for 3 min) was followed by 34 cycles of denaturing (95°C for 30 s), annealing (55.7°C for 30 s–), and extending (72°C for 1 min), followed by 5 min at 72°C for elongation. Following amplification, the PCR products were analyzed on 2% agarose gels and bands were visualized by ChemiDoc XRS (BioRad). The PCR product bands were quantified using ChemiDoc™ XRS + software Image Lab 5.1 (BioRad). Housekeeping gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH) was used as a loading control. The primers used to detect the indicated genes are listed below:

Human GAPDH forward, (5′ GATCATCAGCAATGCCTCCT-3′) and human GAPDH reverse, (5′ TGTGGTCATGAGTCCTTCCA-3′).

Human HBD3 forward, (5′ TCCAGGTCATGGAGGAATCAT-3′) and human HBD3 reverse, (5′ CGAGCACTTGCCGATCTGT-3′).



Interaction of biotinylated HBD3 protein with LRP5 protein

The EZ-link® TFPA-PEG3-Biotin kit (Thermo Fisher Scientific, Massachusetts, USA) was used to biotinylate purified HBD3 protein (Peprotech). Biotinylation was performed in the dark as per the manufacturer’s instructions. For cell surface interaction studies, A549 cells were transfected with either an empty-FLAG vector or LRP5-FLAG for 16 h. After 16 h, cells were cooled to 4°C for 2 h, and the chilled cells were subsequently incubated with biotinylated-HBD3 for 4 h at 4°C. Cells were lysed with PBS containing 1% TritonX-100 and protease inhibitors. Cell lysates were incubated with NeutrAvidin-agarose beads (Thermo Fisher Scientific) for 16 h at 4°C. After washing the agarose beads with wash buffer (10 mM Tris–HCL with protease inhibitor), the proteins bound to avidin–agarose beads were subjected to western blotting with anti-FLAG antibody. For cell-free interaction studies, we biotinylated purified HBD3 protein and purchased purified truncated LRP5 protein with Fc tag (purchased from antibodies online.com). The purified truncated LRP5 protein consisted of E3 and E4 regions (aa769–aa1016) of the LRP5 extracellular domain. For the interaction studies, biotinylated-HBD3 and non-biotinylated HBD3 (control) were incubated (16 h at 4°C) with avidin–agarose beads. Following washing, the agarose beads were further incubated (16 h at 4°C) with purified truncated LRP5 protein. Washed beads were boiled with SDS sample buffer, followed by SDS-PAGE and western blotting with LRP5 antibody.



Statistical analysis

All data were analyzed using GraphPad Prism software (6.0). For ELISA and luciferase assay, a significance test was carried out using Student’s t-test. Western blot densitometric values were quantified by using ChemiDoc™ XRS + software Image Lab 5.1 (BioRad), and Student’s t-test was utilized to determine significance.



Modeling of LRP5-HBD3-FZD complex structure


Structures

To examine the potential interactions of HBD3 with LRP5 and Frizzled-8 receptor (FZD8), we assembled the binary (HBD3-LRP5), and ternary (HBD3-LRP5-FZD8) complexes using protein–protein docking of the three proteins. Multiple experimental structures are available for FZD8, whereas the structures for LRP5 and HBD3 are yet to be resolved. For FZD8, we used the X-ray crystal structure of the protein in complex with a surrogate Wnt agonist (PDB ID: 5UN5, resolution of 2.99 Å; Janda et al., 2017). The structure of LRP5 was modeled using the X-ray crystal structure of its closest homolog, LRP6 (PDB ID: 4DG6, resolution 2.9 Å), using modeler v10.3 (Webb and Sali, 2016). From the generated model structures, the structure with the least energy refinement score was considered the best model (Shen and Sali, 2006). Similarly, for HBD3, only a partial NMR structure is available in the PDB database. Hence the full-length model from the AlphaFold database is used (https://alphafold.ebi.ac.uk/entry/P81534; Varadi et al., 2022). The quality of the generated models (LRP5 homology model and HBD3 Alpha fold model) was further validated by the Ramachandran plot using the SAVES server (https://saves.mbi.ucla.edu/; Bowie et al., 1991; Lüthy et al., 1992; Colovos and Yeates, 1993; Pontius et al., 1996). The details are provided as Supplementary Figures S9, S10. Finally, the modeled structures were further geometry-optimized to remove any bad contacts and energy-minimized using MOE v2015 and used for subsequent protein–protein docking and MD simulations (Ccgi, 2016).



Protein–protein docking

For modeling the binary and ternary complexes of LRP5, FZD8, and HBD3, sequential protein–protein docking simulations were carried out in two steps – (1) docking of HBD3 with LPR5, and (2) docking of the LRP5-HBD3 complex with FZD8. For docking of HBD3 with LRP5, the following residues of the PE3 (β propeller) domain of LRP5 (A667, V694, E721, T737, N762, W780, R805, D824, H847, W863, V889, and M890) were selected as the potential interaction site (Supplementary Figures S2C). For HBD3, all residues were selected to generate all possible binding conformations of HBD3 with LPR5. Furthermore, to generate a ternary FZD8-LRP5-HBD3 complex, the LRP5-HBD3 complex obtained from the previous step was docked to FZD8, using the residues of HBD3 that do not interact with LRP5, as the potential interaction site. In the case of FZD8, two possible binding interfaces were selected and docked individually. All the protein–protein docking simulations were performed using the HADDOCK v2.4 server (https://bianca.science.uu.nl/haddock2.4; Honorato et al., 2021). For each protein–protein docking simulation, at most 30,000 possible binding orientations were generated, amongst which 2000 poses were considered for post-docking minimization, and finally, 1,000 poses were filtered and used for scoring and clustering. Apart from these, other docking parameters were kept at their default values in HADDOCK. Among the resulting clusters with multiple docking poses, a cluster with plausible binding orientations and interactions and the lowest binding energies was considered for subsequent MD simulations.



MD simulations

To examine the stability, binding modes, and residue interactions of the binary and ternary complexes, we performed unbiased MD simulations using GROMACS v2021 (Abraham et al., 2015). The input files for the MD simulations were generated using the Input Generator-Solution Builder module of CHARMM-GUI (Lee et al., 2016) with CHARMM36 forcefield (Huang and MacKerell Jr, 2013). The system was solvated using TIP3P (Jorgensen et al., 1983) water molecules in a cubic box such that the distance between any atom of the protein complex and the box edge was at least 10 Å. Subsequently, the system was neutralized (net charge = 0), and the salt concentration was brought to 0.15 M by adding 182 Na+ and 174 Cl− ions. The simulations were performed under periodic boundary conditions and with the Particle Mesh Ewald (PME) method for calculating the long-range electrostatic interactions (Darden et al., 1993). The van der Waals interactions were smoothly switched off at 12 A°. Further, the solvated system was minimized (1,000 steps) to remove any steric clashes in the system. Following the minimization step, equilibration and production runs were performed with an integration time step of 2 fs, and all the bond lengths involving hydrogen atoms were fixed using the SHAKE algorithm (Andersen, 1983). The system was equilibrated using an NPT ensemble at 1 atm pressure and 310 K temperature with constraints, the production simulations were carried out for 500 ns without any constraints, and the trajectory was saved for every 10 picoseconds.
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The COVID-19 pandemic has rekindled interest in the molecular mechanisms involved in the early steps of infection of cells by viruses. Compared to SARS-CoV-1 which only caused a relatively small albeit deadly outbreak, SARS-CoV-2 has led to fulminant spread and a full-scale pandemic characterized by efficient virus transmission worldwide within a very short time. Moreover, the mutations the virus acquired over the many months of virus transmission, particularly those seen in the Omicron variant, have turned out to result in an even more transmissible virus. Here, we focus on the early events of virus infection of cells. We review evidence that the first decisive step in this process is the electrostatic interaction of the spike protein with heparan sulfate chains present on the surface of target cells: Patches of cationic amino acids located on the surface of the spike protein can interact intimately with the negatively charged heparan sulfate chains, which results in the binding of the virion to the cell surface. In a second step, the specific interaction of the receptor binding domain (RBD) within the spike with the angiotensin-converting enzyme 2 (ACE2) receptor leads to the uptake of bound virions into the cell. We show that these events can be expressed as a semi-quantitative model by calculating the surface potential of different spike proteins using the Adaptive Poison-Boltzmann-Solver (APBS). This software allows visualization of the positive surface potential caused by the cationic patches, which increased markedly from the original Wuhan strain of SARS-CoV-2 to the Omicron variant. The surface potential thus enhanced leads to a much stronger binding of the Omicron variant as compared to the original wild-type virus. At the same time, data taken from the literature demonstrate that the interaction of the RBD of the spike protein with the ACE2 receptor remains constant within the limits of error. Finally, we briefly digress to other viruses and show the usefulness of these electrostatic processes and calculations for cell-virus interactions more generally.
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1. Introduction

Electrostatic interaction of proteins with highly charged natural polyelectrolytes such as DNA is a long-standing problem of biophysics (Record et al., 1976, 1978) and is known to play a major role in many biological processes (Achazi et al., 2021). Glycosaminoglycans (GAGs) present a class of important natural polyelectrolytes that can interact with a great variety of proteins in a well-defined manner (Toledo et al., 2021; Ricard-Blum and Perez, 2022; Vallet et al., 2022). In particular, highly charged GAGs such as heparan sulfate (HS) play a central role in the organization of the extracellular matrix (Karamanos et al., 2021, 2022). Here, heparan sulfate proteoglycans (HSPG) consist of transmembrane, glycosyl-phosphatidyl-inositol-anchored, or secreted proteins onto which the highly negatively charged HS chains are attached (Condomitti and de Wit, 2018). HSPG can bind many different proteins including extracellular matrix proteins, growth factors, morphogens, cytokines and chemokines (Karamanos et al., 2021). Moreover, HSPG act as attachment factors for a number of viruses and bacteria (Chang et al., 2011; Cagno et al., 2019). Interacting with HSPG increases the concentration of virions on the cell surface, thus enhancing their chances for binding their cognate receptor(s) for cell entry. The length and pattern of sulfation are tissue- and cell type-specific (Marques et al., 2021), and, therefore, likely play an important role in pathogen tropism (Lee et al., 2022).

With the advent of the pandemic caused by severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2), virus entry into cells has become a pressing and much-studied topic. The viral homotrimeric spike (S) glycoprotein mediates binding and subsequent steps of the early phase of host cell infection. Recent work has clearly demonstrated that the interaction of SARS-CoV-2 spike with HSPG on the surface of the target cell is the first and critical step in the infection process (Clausen et al., 2020; Kim et al., 2020; Liu et al., 2021; Nie et al., 2021; Kearns et al., 2022). In Figure 1, we show this process schematically: A patch of positive charge on the spike protein interacts closely with the highly negative charges of the HS chains of the HSPG. In a second step, the virion can find and interact with its specific host cell receptor for cell entry. Typically, angiotensin-converting enzyme 2 (ACE2) serves as a cellular receptor, but other cell surface molecules such as neuropilin-1 (Daly et al., 2020) and integrin (Liu J. et al., 2022) have also been shown to serve in that role. Hence, the strong electrostatic interaction of a highly charged GAG with the envelope proteins of SARS-CoV-2 is central for this critical first step of infection. This fact is supported by the observation that highly-charged synthetic polyelectrolytes (Nie et al., 2021) or heparin (Mycroft-West et al., 2020) can inhibit virus infection by competing with HSPG (Hoffmann et al., 2022). The electrostatic interaction between virus and HS may become even more important when considering the mutations of the S protein and the much higher infectivity of SARS-CoV-2 variants. As revealed by molecular modeling (Jawad et al., 2022; Nie et al., 2022; Pascarella et al., 2022; Fantini et al., 2023a) when compared with the authentic Wuhan-type spike, the positive patch on the surface is enlarged in its counterparts of the Delta and the Omicron variants, which suggests a much stronger binding of the virion to HSPG (see below). This finding underscores the central role of electrostatic interaction for virus infection in the early phase of binding to host cells (Cagno et al., 2019).
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FIGURE 1
 Early stages of cellular infection by SARS-CoV-2. (A) Repeating unit of heparan sulfate. (B) In the first step, S interacts closely with heparan sulfate attached to HSPG by strong electrostatic interactions. In a second step, interaction of S with the ACE2 receptor initiates uptake of the virion into the cell by endocytosis and, ultimately, S-mediated fusion of the virus envelope with endosomal membranes. (C) The electrostatic potential map of the receptor binding domain (RBD) of the wild-type (Wuhan) spike glycoprotein is represented. Positively charged amino acids located on the surface of the S homotrimer interact strongly with the highly negatively charged heparan sulfate moieties of the HSPG.


Studies on the interaction of the SARS-CoV-2 virion with HSPG have renewed the general interest in complex formations of GAGs with proteins. It has been posited that the positive patches on the surface of proteins can be rationalized in terms of the Cardin-Weintraub sequences (Cardin and Weintraub, 1989; Cardin et al., 1991; Rudd et al., 2017), where two or three basic amino acids are grouped together with hydrophobic amino acids. Recently, Kim et al. have traced back the enhanced binding of the SARS-CoV-2 virion to HSPG compared to SARS-CoV-1 to additional Cardin-Weintraub sequences on its spike protein (Kim et al., 2020). Moreover, Liu et al. have found that the binding of well-defined HS oligomers to the receptor binding domain (RBD) depends on their length and sequence. Specifically, a minimum length of 6 repeating HS units was found to be necessary for binding (Liu et al., 2021).

As mentioned above, the general theory of the interaction of polyelectrolytes with proteins has been worked out many years ago (Record et al., 1978), and has since been applied to many natural and synthetic polyelectrolytes (Xu et al., 2019; Achazi et al., 2021). The theory is based on Manning’s prediction of counterion condensation (Manning, 1969) of polyelectrolyte chains: A part of the counterions of a highly negatively charged polyelectrolyte will be firmly immobilized or condensed on the chain. Interaction with a patch of positive charge on a protein will liberate a corresponding number of these condensed counterions. The counterion release will then increase the entropy of the system, providing a strong driving force for complex formation of the polyelectrolyte and the protein. Since the condensed counterions are firmly bound to the polyelectrolyte, they will act much in a way of a chemically-bound species during complex formation. Hence, their activity enters directly in the mass action law and the free energy of binding scales logarithmically with the salt concentration in the system (Record et al., 1978). Strong interaction of a polyelectrolyte with a protein has thus two ingredients: (i) a patch of positive amino acids of sufficient size, that is, of typically 3 to 4 cationic amino acids grouped in a Cardin-Weintraub sequence, and (ii) a highly-charged polyelectrolyte chain at which counterion condensation takes place.

This model has met with gratifying success when applied to the binding of DNA to various proteins (Lohman and Mascotti, 1992; Mascotti and Lohman, 1993; Bergqvist et al., 2001, 2003; Achazi et al., 2021) or to the interaction of synthetic polyelectrolytes with proteins (Xu et al., 2019). Also, the interaction of heparin with various proteins can be rationalized in terms of this model (Olson et al., 1991; Thompson et al., 1994; Mascotti and Lohman, 1995; Hileman et al., 1998; Friedrich et al., 2001; Capila and Linhardt, 2002; Schedin-Weiss et al., 2002a,b, 2004; Jairajpuri et al., 2003; Seyrek and Dubin, 2010; Walkowiak et al., 2020; Malicka et al., 2022). Taken together, all the cited studies demonstrate clearly that the counterion release model provides a valid and fully quantitative description of complex formation between polyelectrolytes and proteins.

Here, we review and discuss recent findings on virus attachment to HSPG and cell surfaces and compare our results with the counterion release model of complex formation between highly charged polyelectrolytes and proteins. Special emphasis is put on the results obtained with SARS-CoV-2. We show that the results provide a firm basis for discussing the role of electrostatic interaction for virus infection in general. The paper is organized as follows: Section “Electrostatic interaction of proteins with polyelectrolytes” contains a brief survey of the modeling of electrostatic interaction. In section “Electrostatics in virus infection”, the model will be used for a comparison with experimental results obtained with SARS-CoV-2 and related viruses. The extension of these ideas to less-well studied viruses is given in section “Human Respiratory Syncytial Virus and human Metapneumovirus”, and a brief conclusion will wrap up the discussion.



2. Electrostatic interaction of proteins with polyelectrolytes


2.1. Proteins interact with polyelectrolytes by counterion release even at high ionic strength

As already discussed in previous expositions of the subject, the main driving force for the binding of highly charged polyelectrolytes to proteins is the release of counterions. Figure 2 shows this process in a schematic fashion: A fraction of the counterions is condensed onto the polyelectrolyte. The criterion for counterion condensation is the charge parameter(Manning, 1969) ξ = λb/l, where l is the distance of the charges along the chain. λb is the Bjerrum-length, the distance between two elementary charges at which electrostatic interaction is in the order of the thermal energy kBT. λb is 0.7 nm in water at 25°C. If ξ > 1, a fraction 1–1/ξ of the counterions will be condensed, that is, it will be strongly correlated to the macroion [“Manning condensation” (Manning, 1969)]. As an important consequence, condensed counterions will not contribute to the osmotic pressure of the system. Heparin is among the natural polyelectrolytes with the highest charge and characterized by a charge parameter ξ = 2.84 (Minsky et al., 2013; Walkowiak et al., 2020). If such a highly charged polyelectrolyte forms a complex with a protein, a patch of positively charged amino acids on the surface of the protein becomes a multivalent counterion of the polyelectrolyte, thus releasing a corresponding number of counterions. The increase of entropy effected by this counterion release is a major driving force for complex formation. Counterion condensation can also be characterized by the surface concentration cci, which can be estimated from the number of condensed ions per unit length and a diameter of the cylinder in which the ions are confined (see Figure 2; Manning, 1978; Xu et al., 2017, 2018, 2019). Estimates of this concentration are in the order of 1 M for typical, highly charged polyelectrolytes such as DNA or heparin (Xu et al., 2019). This concentration is much higher than the physiological salt concentration of 0.15 M and a release of condensed ions to the bulk phase will therefore result in a considerable gain of free energy of nearly 2 kBT per ion.
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FIGURE 2
 Counterion release as main driving force for complex formation between a polyelectrolyte and a protein (Achazi et al., 2021). Left-hand side: A part of the counterions of the highly charged macroion is condensed, that is, highly correlated to the macroion and does not contribute to the measured osmotic pressure. This enrichment of ions near the macroion can be characterized by a surface concentration cci which for heparin is of the order of 1 M (Walkowiak and Ballauff, 2021; Malicka et al., 2022). Right-hand side: Complex formation of a protein with such a macroion is due to the close interaction of a patch of positive charge on the surface of the protein with the polyelectrolyte. The positive patch becomes a multivalent counterion of the macroion thus releasing a concomitant number of monovalent counterions into the bulk solution. The free energy of binding hence consists of an entropic term due to this effect and a term due to interaction at direct contact [cf. the discussion of eq. (2) below].


The positive patch on the protein must have a certain size of 2 or 3 cationic amino acids to act in this way. This fact is the background for the finding that Cardin-Weintraub sequences (Cardin and Weintraub, 1989; Cardin et al., 1991) in which cationic amino acids B are grouped together with hydrophobic moieties X as “XBBXBX” and “XBBBXXBX” sequences/motifs. Rudd et al. (2017) have reanalyzed these GAG-binding sites for a large number of systems and concluded that sequences act only through their presence on the protein surface, exactly as shown in Figure 2.

These considerations can be put into a quantitative frame as discussed recently (Xu et al., 2019; Achazi et al., 2021; Walkowiak and Ballauff, 2021; Malicka et al., 2022): the free energy of binding [image: image] follows from the binding constant Kb through

[image: image]

which characterizes the equilibrium between the components and the complex of the polyelectrolyte with the protein. The condensed counterions liberated during complex formation will act in this equilibrium as a chemical component, and the free energy of binding will thus scale with ln cs where cs is the salt concentration in the system (Record et al., 1978). The free energy derived from this model is given in eq. (2) (Achazi et al., 2021).
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The first term is due to the effect of counterion release as described above scaling with the logarithm of the salt concentration in the solution. The term [image: image] is the number of released counterions. The second term addresses the change of hydration during complex formation. Here Δw is the net contribution to the free energy of binding. In many cases studied so far, this term is small and can be disregarded in a first approximation. Finally, the third term [image: image] is the free energy resulting from the interaction at direct contact, mainly by salt bridges and hydrogen bonding (Xu and Ballauff, 2019; Walkowiak and Ballauff, 2021). We note that any distinct pattern of the arrangement of charged groups of polyelectrolytes is not considered by this theoretical approach (see also below “Effects of finite length of the polyelectrolyte: Heparin/HS must exceed a certain length to bind to proteins”).

Eq. (2) has been applied repeatedly to the analysis of heparin interacting with different proteins [cf. the discussion in Achazi et al. (2021)]. In all cases studied so far, it was found that Δw = 0; it follows that plots of ln Kb against ln cs are strictly linear. Extrapolation to a salt concentration of 1 M was used to obtain [image: image], whereas the number of released counterions [image: image] was found to be typically around 3. A more recent analysis of the binding of lysozyme to heparin corroborated the main conclusions of earlier work (Malicka et al., 2022). The second term in eq. (2) describing the effect of hydration was analyzed in detail. It was found that hydration as embodied in Δw hardly contribute to the measured free energy of binding [image: image] for salt ions located approximately in the middle of the Hofmeister series (Malicka et al., 2022). Hence, for a first approximation of the binding constant, it suffices to take into account only the first and the third term of eq. (2).



2.2. Effects of finite length of the polyelectrolyte: heparin/HS must exceed a certain length to bind to proteins

The above theoretical model of counterion condensation assumes a rodlike polyelectrolyte of infinite length. If the macroion has a finite length, however, the fraction of condensed counterions decreases and vanishes at a critical length. This problem has been considered first for DNA by Record et al. (1978) who showed that the extent of counterion on a polyelectrolyte must be corrected by a term that scales with 1/N, where N is the degree of polymerization. Netz (2003) and Kim and Netz (2015) reconsidered the problem for a rod-like polyelectrolyte modeled as a cylinder of finite radius. The average degree of counterion condensation was given in an analytical expression for salt-free solutions, while Manning developed an expression that describes effects at the termini of rod-like polyelectrolytes (Manning, 2008). Minsky et al. (2013) demonstrated the effect of finite length in a careful study of the electrophoretic mobility of heparin oligomers at low ionic strength. By measuring the effective charge of oligomers of different average chain lengths, the authors could show that the average number of condensed counterions increases with increasing chain lengths.

One can conclude from the studies that counterion condensation is greatly diminished for short macroions and that counterion release is no longer effective for the binding of polyelectrolytes to proteins. This fact results in a much weaker interaction of heparin oligomers with various proteins. Thus, Hernaiz and colleagues found the dissociation constant KD of a complex between a synthetic peptide form the human amyloid peptide P with heparin increases by one order of magnitude when going from the polymer heparin to the tetrasaccharide (Hernaiz et al., 2002). Similar findings have since been reported by other groups (Zhang et al., 2015; Nguyen and Rabenstein, 2016; Kohling et al., 2019). Recently, Liu et al. demonstrated this effect in a carefully study assessing the interaction of GAGs of various structures and lengths with the RDB of SARS-CoV-2 (Liu et al., 2021). They have used a library of well-defined HS oligosaccharides to determine the conditions that must be met for a HS oligosaccharide to bind to the S proteins of wt SARS-CoV-2. They found that the binding of HS depends on both the length and the pattern of the arrangement of the sulfate groups. In addition to a minimum length equal to that of hexamers, at least 8 sulfate groups were required for significant binding. Octasaccharides with 9 or 12 sulfate groups showed much stronger binding. Polymers composed of trisulfated repeating units displayed the highest affinity implicating that a high charge density favors binding. These conditions for binding HS were found for both the RBD and the S protein of wt SARS-CoV-2, with the affinity for the S protein being about an order of magnitude higher. The latter was attributed to a further HS binding site at the furin-cleavage site in addition to a binding site at the RBD (Liu et al., 2021).

An important observation by Liu et al. was that a removal of only one sulfate from a hexasaccharide (see comparison of structure 90 or 91 of Liu et al.) caused a significant reduction in HS affinity to the full length S protein and – but to a lower extent – to the isolated RBD. The authors concluded that this result points to specific interactions of sulfates with the protein which would be in line with the HS sulfate code hypothesis. The latter suggests that specific HS epitopes on the cell surface may allow to recruit specific HS-binding proteins (Xu and Esko, 2014). However, Liu et al. did not preclude that electrostatic interactions are of relevance for HS binding to the S protein.

Nie et al. (2021) also found, using linear polyglycerol sulfates (LPGS), that short-chain LPGS with a low number of sulfate groups (6 repeating units) had no inhibitory effect on the infection of Vero E6 cells by wt SARS-CoV-2, but long-chain LPGS with 20 repeating units caused a strong inhibition of infection. Increasing the degree of sulfation led to a greater reduction of infected cells, confirming that a high charge density given by sulfate groups promotes the inhibitory effect of LPGS. An independent support of this conclusion was provided by Hao et al. using a heparan sulfate microarray. They have shown for both the full-length S protein and the RBD of SARS-CoV-2 that the stepwise addition of 6-O-sulfate groups gradually enhanced binding. At this stage of investigation, the authors concluded that the number of sulfate groups is relevant for binding, but not the length of the HS (Hao et al., 2021). These findings are in accord with the theory of electrostatic interaction as described above: Counterion condensation is the necessary condition for electrostatic interaction of sufficient strength and only operative for chains exceeding a minimum chain length. However, so far, the theory does not consider specific arrangements of the ligands for binding (Xu and Esko, 2014). Further studies are warranted if and how such specific arrangements can be integrated into theoretical considerations.




3. Electrostatics in virus infection

The role of virion binding to HSPG as the first step of infection has been the subject of a careful review by Cagno et al. (2019). The authors showed that this first interaction is clearly the decisive step for the efficiency of infection of many viruses. Here, we will analyze in detail the relevance of opposite charges for the initial interaction between virus and target cell focusing on coronaviruses.


3.1. Wildtype SARS-CoV-2

As all coronaviruses, SARS-CoV-2 uses its homotrimeric envelope spike glycoprotein (S) to attach to the host cell. The wild-type (Wuhan) S features 1,273 amino acid residues in total, and 1,208 of them form the ectodomain. Each monomer consists of two subunits, S1 and S2 which are a result of proteolytic cleavage. S2 contains the hydrophobic transmembrane domain anchoring the protein to the envelope. Cleavage of S into the two subunits is performed by host cell enzymes that include furin and TMPRSS2 at distinct sites, and the process is essential for the subsequent conformational change of the protein that exposes the hydrophobic peptides triggering fusion (Hoffmann et al., 2020). Taking advantage of the knowledge of SARS-CoV-1 which caused a small-scale pandemic in 2002/2003, ACE2 was quickly identified as a specific receptor for SARS-CoV-2 (Hoffmann et al., 2020). S1 binds to ACE2 with a specific receptor-binding motive (RBM) localized in the RBD, which covers residues 333 to 527 (residue numbers given correspond to the original Wuhan S sequence).

However, it is not the interaction of the spike protein with ACE2 which is decisive for initial binding but the electrostatic interaction of the spike protein with the HSPG. Evidence for the electrostatic nature of the first step of virus binding to cell surfaces also comes from inhibition studies (Mycroft-West et al., 2020; Nie et al., 2021; Tree et al., 2021; Guimond et al., 2022). Highly charged polyelectrolytes such as heparin or the synthetic linear polyglycerol sulfate (Nie et al., 2021) tightly interact with the RBD electrostatically so that binding of the virion to HSPG is no longer possible. MD simulations provided additional support for this interaction directly and revealed that the more flexible linear polyglycerol sulfates could bind more tightly to the RBD exceeding the entropic costs by far, ultimately leading to a stronger inhibition (Nie et al., 2021).

To gain detailed insight into the interaction between S and anionic ligands based on opposite charges, the analysis of the surface potential of the protein and the possible identification of potential binding sites is extremely helpful. Here, we demonstrate this fact by calculating and visualizing the surface potential of the ectodomain or selected motifs of S using the software “Adaptive Poison-Boltzmann-Solver” (APBS; Jurrus et al., 2018). This program allows us to calculate numerically the surface potential of a given protein and visualize the result.

In Figure 3 (left), the distribution of positively charged amino acids in the top region and the surface potential of the ectodomain of the S protein of the original Wuhan (wt) SARS-CoV-2 are shown. It is obvious that the most distal part of the ectodomain, i.e., the top region, is characterized by a positive surface potential, while the stem region is characterized by domains with a neutral or even negative potential. Thus, the top region provides a potential target for negatively charged ligands.
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FIGURE 3
 (A) Distribution of positively charged amino acids Arg and Lys (blue) in the top domain [RBD orange (arrow)] and (B) surface potential of the (Wuhan, wt) SARS-CoV-2 S ectodomain and various variants of concern (VoC) in the closed state of RBDs at pH 7.0 [pdb: 7QUS (wt); 7SBK (Delta); 7XIX (BA.2); 7YQU (BA.2.75); 7XIY (BA.3); 7XNS (BA.4)]. Note, in the interest of stability the furin cleavage site in the stem region has been removed for the various spike proteins as usually done for 3D structure determination and other experimental setups.


Figure 4A (left) shows the surface potential map of the RBD for the wild type (Nie et al., 2021). Here, a channel of positive charge is seen on the surface of the RBD into which the strongly negative HS chain fits well. The SARS-CoV-2 RBD of the Wuhan strain with the positively charged amino acids (Figure 3A, left) contributes significantly to the positive potential of the distal region of the S ectodomain and is shown from various perspectives in Figure 4. Apart from the RBD binding site for ACE2 (top view), the positive surface potential of the segments shown in the side views is of specific interest. In particular, the extended stretch of a positive surface potential (Figure 4 left, wt, red arrow in “side view 1”) has been implicated as binding site for heparan sulfate by molecular modeling (Clausen et al., 2020; Nie et al., 2022). The analysis of the structure of S has revealed a well-defined RBD binding site for HS (Clausen et al., 2020; Liu et al., 2021). Since S comes as a trimer, three binding sites for the HS chains are leading to a multivalent interaction with remarkable strength. Clausen et al. (2020) stabilized the “open” or “closed” RBD conformation by site-directed mutagenesis of S and found a comparable binding affinity of both states for HS (Clausen et al., 2020). It has been also shown that binding of HS to the RBD does not only support the transition of the RBD to the “open spike” conformation required for binding to ACE2, but also stabilizes this conformation (Clausen et al., 2020; Yin et al., 2022). Using cryo-EM, Clausen et al. found that a sulfated heparin-derived icosasaccharide fragment caused a significant increase in the total amount of bound ACE2 to the S-trimer of wt SARS-CoV-2, due to the increased proportion of S-trimers carrying one or two ACE2 and a concomitant decrease in unbound S-trimers. As Liu et al. (2021) has provided evidence that the binding affinity of ACE2 to the RBD is only marginally reduced in the presence of an RBD binding octasaccharide we surmise that HSPG could increase the probability of ACE2 binding to the RBD of the S protein by favoring the open conformation rather than enhancing the affinity of ACE2 to the RBD per se. Based on the observation that the affinity of ACE2 to the RBD is about 15 to 20 fold higher than that to the S protein (Wrapp et al., 2020) and on their own observations, Shang et al. (2020) suggested that the dynamics between open and closed conformation and a preference for the latter could explain the difference of ACE2 affinity between RBD and the S protein. Thus, enhancing just the fraction of S proteins being in the open conformation could already lead an increase of the amount of bound ACE2 without affecting the affinity of ACE2 to the RBD.
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FIGURE 4
 (A) Surface potential map of the RBD of the Wuhan (wt), the Delta and the Omicron variant at pH 7.0 (Nie et al., 2022). The top view corresponds to the top view of S with the open conformation of the RBD, i.e., the view of the ACE2 binding site. The stretch of positively charged amino acids in the Wuhan RBD (see empty arrow in “side view 1”) has been proposed as heparan sulfate binding site. A second binding site of similar affinity was found for Omicron variants (see filled red arrow in “side view 2”; Nie et al., 2022). (B) Surface potential of the ectodomain of the trimeric S of the Omicron variant (B.1.1.529) with two RBDs being in the closed state and one RBD in the open state (pdb 7TGW). (C) Additional Cardin-Weintraub sites at the furin cleavage site of S Wuhan (wt) SARS-CoV-2 S and SARS-CoV-2 VOCs. For comparison, the corresponding sequences of SARS-CoV-1, MERS and of the endemic coronaviruses HCoV-NL63 and HCoV-OC43/HCoV-OC43* are shown. In contrast to HCoV-OC43, HCoV-OC43* has undergone multiple passages in cultured cells (de Haan et al., 2008).


Based on studies of the role of specific N-linked glycans of S in supporting the conversion in the open conformation of the RBD and its stabilization, Kearns et al. (2022) have hypothesized in their review that HS can support or even replace the action of the specific cellular receptor (Puray-Chavez et al., 2021). For the S protomer, 22 N-linked glycosylation sites were predicted. Experimentally, it could be shown that at least 17 of them are glycosylated (Casalino et al., 2020; Walls et al., 2020; Watanabe et al., 2020). As with the spike proteins of other viruses, the extensive glycosylation of the protein surface masks the antigenic sites and thus provides a protective shield against the immune system which is supported by the high flexibility of the glycan structures. A subsequent study has shown both experimentally and by molecular modeling simulations that certain N-glycans–specifically the one linked to position N343–can facilitate the opening of the RBD and thus its binding to ACE2 (Sztain et al., 2021). Another molecular modeling study had concluded that an open conformation of the RBD can be stabilized by the glycans linked to N165 and N234 (Casalino et al., 2020). The N165 glycan stabilizes the up conformation by moving under the RBD when it has taken the up conformation (Harbison et al., 2022). The fact that the RBD binding site of HS significantly overlaps with the RBD binding site for N165 led Kearns et al. (2022) to hypothesize that HS can take over the function of the N165 glycan and thus promote the binding of RBD to ACE2. Puray-Chavez et al. (2021) has found that a lung adenocarcinoma cell line which did not express ACE2 can be infected by SARS-CoV-2 in the presence of HS. However, other cellular receptors such as neutrophilin-1 and integrin have been shown to mediate cell entry (Daly et al., 2020; Liu J. et al., 2022).

Additional strong support for the importance of electrostatic interaction comes from a comparison of SARS-CoV-1 and SARS-CoV-2. Kim et al. have called attention to a second cationic binding location at the furin cleavage site when comparing SARS-CoV-1 with SARS-CoV-2 S (Figure 4C; Kim et al., 2020). The new binding site which is preserved in the Delta and all currently dominating Omicron variants (BA.1-BA.5, XBB.1.5, XBB.1.16) features a sequence of amino acids that follows the classical Cardin-Weintraub scheme (alternating hydrophobic (X) and positively (B) charged amino acids as XBBXBX or XBBBXXBX; Cardin and Weintraub, 1989; Cardin et al., 1991), and presents an additional binding site for HS [cf. the discussion of this point by Liu et al. (2021)]. This new site should lead to a much stronger binding of SARS-CoV-2 S to HS when compared to that of SARS-CoV-1. Indeed, Kim et al. found that KD for the binding of the SARS-CoV-1 monomer to heparin is 0.5 μM, whereas the KD = 40 pM for the interaction in the case of SARS-CoV-2 S (Kim et al., 2020). This more than 10,000-fold increase of the binding strength can only be explained by the transition from a complex with a single binding site to a complex in which two HS chains are bound to S. A rough estimate can be done from previous work on the basis of eq. (2): [image: image] was found to be 20 kJ/mol or 7.9 kBT for the interaction of lysozyme with heparin where [image: image] is 3 (Malicka et al., 2022). Similar values can be assumed for the interaction of the RBD with HS: Here, the patch on the surface is large enough so that 3 cationic amino acids can interact with HS. As discussed above, Δw can be set to zero in good approximation. Then, using eq. (2), we can estimate for a salt concentration of 0.15 M that ΔGb ≅ 7.9 + 5.7 = 13.6 kBT, which would result in a KD ≅ 1 μM. For SARS-CoV-1, which does not have this additional binding site at the furin cleavage site discussed above, Kim et al. found a value of KD = 0.51 μM, which is in the same order of magnitude (Kim et al., 2020). A second binding site appears at the furin cleavage site as shown for the wild type and the SARS-CoV-2 VOCs (see Figure 4). Now, the HS chains have two patches on the S monomer to which they can bind simultaneously. This means that the free energies of two binding sites increase dramatically, and the KD is predicted to be of the order of 1 pM whereas Kim et al. find a value of 40 pM from their surface plasmon resonance (SPR) experiments. Apart from the large variation of the KD measured by SPR between independent studies (see below), given the various stringent assumptions in this simple calculation of Kim et al. there is at least semi-quantitative agreement. Evidently, the enormous increase of the binding strength of S to heparin from SARS-CoV-1 to SARS-CoV-2 is in full accord with an additional binding site of HSPG to the S trimer (Figures 3, 4).



3.2. Higher cationic S surface charge of SARS-CoV-2 VoCs

Perhaps the most convincing evidence for the central role of electrostatics for the infection with SARS-CoV-2 comes from studies of its mutants. Several VoCs have turned out to be 2- to about 5-fold more infectious than the original Wuhan virus. This increased infectivity is caused by mutations primarily in the S ectodomain, which enhance binding affinity and/or support more efficient fusion with the target membrane (Cao et al., 2022a; Syed et al., 2022; Sun et al., 2023). These variants of increased fitness and/or resistance to vaccine protection/immune responses have displaced the original Wuhan virus, and then one VoC was replaced, sometimes in a matter of weeks, by the next more transmissible variant. The dominant VoCs in 2022 are Omicron strains, especially strains BA.4. and BA.5. The subvariants BA.2.75.2 and the Omicron BA.5 descendant BQ.1.1 are expected to become predominant in Western countries in the winter season 2022/2023 (Planas et al., 2022), while the Omicron variant XBB originated by recombination of two BA.2 descendants has become dominant in South and Southeast Asian countries (Tamura et al., 2022) and began to spread strongly in the U.S. in January 2023. These various Omicron species have more than 60 mutations with respect to the Wuhan virus, more than half of them in the ectodomain of the S monomer.

An important change along the successively evolving VoCs was the increase of positively charged amino acids in the S ectodomain, especially in the top region as shown in Figure 4 including the RBD (Figure 3A, orange). The additional positive amino acids on the surface led to an increased positive surface potential both in the closed and in the open state of the RBD (Figure 4B). The increase of positive charges is seen when analyzing subsequent variants leading to four more positive amino acids for the Delta variant and up to a total of nine more for the Omicron variants (Barroso da Silva et al., 2022; Nie et al., 2022; Pascarella et al., 2022; Fantini et al., 2023a,b). A second binding site for heparan sulfate in the RBD of Omicron variants is directly obvious from Figure 4A indicated by the filled red arrow in side view 2 (Nie et al., 2022). We hypothesize, that the marked increase of positive charges leads to a much stronger binding of HS to the S of Omicron variants.

It is important to note that the interaction of ACE2 with the RBD is of similar strength for the different mutants (Han et al., 2022). A comparison performed by Han et al. recently revealed that the dissociation constant KD of the ACE2-S complex varies between 5 nM for the Alpha and 31 nM for the Omicron variant, whereas KD = 24.6 nM is found for the original Wuhan virus (Han et al., 2022). An overview of KD values of the interaction between ACE2 and the isolated RBD or the RBD of the complete ectodomain of the S-glycoprotein for different SARS-CoV-2 VoCs is shown in Figure 5. Only KD values measured by SPR are shown here, as this method has been most commonly used to characterize the affinity between ACE2 and the RBD. Preliminary data shows that the affinity of the recent variant XBB.1.5 is in the same order of the various Omicron variants (Yue et al., 2023). The KD values are distributed over a wider range and the data are afflicted by a rather large experimental error. No clear trend of decreasing KD values for the Omicron variants is evident within the present limits of error. Moreover, the free energy of the interaction between ACE2 and the RBD in units of kBT is given by the natural logarithm of KD, and differences between KD values as seen in Figure 5 will exert only a small influence on the complex formation between ACE2 and the RBD. Hence, the stability of the ACE2-S complex is comparable for all variants and cannot be responsible for their much higher infectivity as compared to the original strain.
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FIGURE 5
 Affinity KD of the RBD of the spike protein of SARS-CoV-2 variants to ACE2 measured by SPR. KD was measured at 25°C or RT. Values are taken from several studies (open circle). Only studies that performed measurements on at least three SASR-CoV-2 variants were selected. Furthermore, only variants for which at least two, but typically three or more independent measurements were available are presented. Circles correspond to the isolated RBD, KD values of the RBD [open square (Han et al., 2021); open circles (Han et al., 2022); open triangle up (Cameroni et al., 2022); open triangle down (McCallum et al., 2021); plus sign (Nutalai et al., 2022; Tuekprakhon et al., 2022); (Dejnirattisai et al., 2022); × (Cao et al., 2022b); open rhombus (Cao et al., 2022a); star (Li et al., 2022)]. Average KD values are taken from each study. Mean values of these KD values are shown (red circles).


The present analysis suggests that inhibitors designed to prevent binding to the host cell and thus virus infection should also consider negative charged entities that target the top domain of the S protein of SARS-CoV-2 VoCs and block its docking onto the HSPG. Indeed, a recent in vivo study showed the potential of a negatively charged polyacrylic acid-gelatin hydrogel that prevent SARS-CoV2 virus infections in monkeys (Mei et al., 2023). Chonira et al. have shown that a trimeric DARPin (Designed Ankyrin Repeat Protein) fused to a T4 fold-on bound strongly to the top domain of the S protein of SARS-CoV-2 variants (Chonira et al., 2023). The surface of DARPin is essentially of a negative potential as confirmed by an APBS analysis (not shown). The authors found that trimeric DARPin binds best to the Omicron variants (IC50: Wuhan–1834 pM; Delta (B.1.617.2)–183 pM; Omicron (B.1.1.529) – 7.3 pM). While specific residues of the RBM and DARPins are engaged, we deduce that electrostatic interactions are also involved in binding and are even more pronounced in the top domain of the Omicron variants due to the additional positively charged amino acids (Figures 3, 4).



3.3. SARS-CoV-1, MERS-CoV, and endemic human coronaviruses

Despite their homologous S proteins, human coronaviruses recognize different specific cellular receptors. Similar to the case of SARS-CoV-2, ACE2 serves as the host cell receptor for SARS-CoV-1 (Li et al., 2003), while the cognate receptor of MERS-CoV is dipeptidyl-aminopeptidase 4 (DPP4; Raj et al., 2013). Specific cellular receptors also vary among the endemic human coronaviruses HCoV-NL63, HCoV-OC43 and HCoV-229E. While HCoV-NL63 also utilizes ACE2 (Milewska et al., 2014), HCoV-OC43 specifically binds to acetyl neuraminic acid, while HCoV-229E uses aminopeptidase N for cell entry (Yeager et al., 1992). Neither the S protein of MERS-CoV nor those of HCoV-OC43, HCoV-NL63 and HCoV-229E contains a Cardin-Weintraub sequence (see www.uniprot.org entries K9N5Q8, A0A140E065, Q6Q1S2, P15432, respectively). Binding of monomeric S of SARS-CoV-1 but also of MERS-CoV to heparin was demonstrated by SPR, albeit binding is with much lower affinity in comparison to that of SARS-CoV-2 (Kim et al., 2020). However, MERS-CoV was shown to also employ sialic acid as a co-receptor along with its main receptor DPP4 (Li et al., 2017).

Recently, an inhibitory effect of lactoferrin on the infection of cell cultures by HCoV-OC43, HCoV-NL63, and HCoV-229E viruses was found. From the binding of lactoferrin to HS on the cell surface, it was concluded indirectly that HS may also serve as a co-receptor for these viruses (Hu et al., 2021). However, laboratory strains may have gained affinity to heparan sulfate due to mutations in the course of serial passages. For example, the potential furin cleavage site of the S protein of HCoV-OC43 -NRRSRRA- changed to a Cardin-Weintraub-motif -NRRSRGA- in the laboratory strain HCoV-OC43* (Figure 4C; de Haan et al., 2008). But direct evidence that HS acts as co-receptor of HCoV-OC43 and HCoV-229E on permissive host cells is missing. Milewska et al. (2014) have shown for HCoV-NL63 that ACE2 is required for cell entry but HSPG serve as a primary attachment molecule (Milewska et al., 2014). In a subsequent study it was found that the M membrane protein present in the HCoV-NL63 envelope but not S binds to HS (Naskalska et al., 2019). The 3D structure of this protein is unknown.

We have calculated the surface potential of the S protein of SARS-CoV-1, MERS-CoV, HCoV-NL63, HCoV-OC43 and HCoV-229E (Figure 6) as described above. The top domain of the S protein of SARS-CoV-1 was comparable to that of the Wuhan SARS-CoV-2 rationalizing the observation that SARS-CoV-1 employs HS as a co-receptor (Lang et al., 2011). In contrast to the S protein of SARS-CoV-2, we could not identify domains of remarkable positive surface potential in the top domain or the stem region of S of MERS-CoV, HCoV-NL63, or HCoV-OC43. This finding is in accord with the fact that no Cardin-Weintraub sequences are found in the spike protein of these viruses (see above). Since HCoV-OC43 and MERS-CoV use the abundant neuraminic acid as a receptor and co-receptor (see above), respectively, we assume that naturally occurring variants of these viruses had no selective pressure or advantage to adapt to HS as a coreceptor. Based on the positive surface potential of the top domain of the HCoV-229E S protein, this could be a potential binding site for HS. However, up to now there is no evidence for this in the literature.
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FIGURE 6
 Surface potential of the ectodomain of the S protein of human coronaviruses. All structures are in the closed state of RBD except for MERS-CoV S. For the latter, two RBDs are in the open and one RBD in the closed state. A 3D structure with RBDs all in the closed state of RBD is not available [pdb: 5×58 (SARS-CoV); 5X5C (MERS-CoV); 5SZS (HCoV-NL63); 6OHW (pdb only available for HCoV-OC43*); 7CYC (HCoV-229E)].





4. Human respiratory syncytial virus and human metapneumovirus

The relevance of a positive surface potential of the spike protein hemagglutinin of influenza A virus for interaction with the negatively charged host cell receptor sialic acid (Fantini et al., 2023b) and changes of the surface potential of hemagglutinin associated with the evolution and spreading of avian influenza A virus clades (Righetto and Filippini, 2020) have been discussed recently. Influenza A viruses (IAVs) use specific sialic acid residues (Sia) of the host cell glycocalyx as receptors. Thus, human pathogenic IAVs preferentially bind to α2,6-linked sialic acids, whereas avian IAVs preferentially bind to α2,3-linked sialic acids. The specificity might be less dichotomous that assumed before (Childs et al., 2009; Xu et al., 2012; Liu M. et al., 2022). For example, Liu M. et al. (2022) have concluded from studies on the binding behavior of an avian IAV that the binding specificity to sialic acids might be less dichotomous than previously assumed. Using a Sia-deficient HEK293 cell line, they systematically modified the composition of 2,3 and 2,6 sialoglycans on the cell surface by cotransfection with specific sialyltransferases. At the same time, they used sialoglycoproteins secreted by these cells to study binding of the virus by bilayer interferometry. The authors were able to show that binding and entry of the avian virus was significantly promoted by the human 2,6 Sia receptor when the avian 2,3 Sia receptor was only present to a small extent. Byrd-Leotis et al. (2019) found by binding to an N-glycan array that a range of avian, swine and human IAVs bind also to phosphorylated, nonsialylated N-glycans. Previous studies indicated the importance of the IAV hemagglutinin (HA) surface potential for virus binding to sialic acid residues on the host cell surface. Righetto and Filippini (2020) investigated the surface potential of the sialic acid binding domain of low pathogenic H5 IAV strains circulating and spreading among wild birds that could become highly pathogenic strains to poultry birds through genome variation. They found fingerprints of the binding domain surface potential specific for highly and low pathogenic H5 strains. In their review, Fantini et al. (2023a) pointed out that HA of IAV strains share the same arrangement of the cationic and aromatic residues as a canonical binding domain for sialic acids of negatively charged gangliosides (Suzuki, 1994), which is also used by other viruses such as Sendai virus (Markwell et al., 1981) and SV40 (Campanero-Rhodes et al., 2007) viruses [for more details see Fantini et al. (2023a) and references therein]. By analyzing the surface potential of the HA of the avian H5 IAV strain, Fantini et al. (2023a) hypothesized that the high positive surface potential of the HA tip of the ferret-transmissible H5 strain could allow the virus to infect multiple animal species and also become transmissible to humans. However, to our opinion, a more detailed analyses is still necessary to unravel the interplay between the stereo specific binding of HA to sialic acid residues of the host cell surface and the surface potential of the HA ectodomain for strain specific binding to host cells, and how a perturbation of this interaction is prevented by an interaction with HS.

Human respiratory syncytial virus (hRSV) and human metapneumovirus (hMPV) are important pathogens and cause infections in all age groups but predominantly affect infants. They preferentially infect the lower respiratory tract, mostly ciliated airway epithelial cells and type I alveolar pneumocytes (Schildgen et al., 2011; Battles and McLellan, 2019). Both viruses are members of the Pneumovirinae subfamily of the Paramyxoviridae family, and they are genetically closely related (Schildgen et al., 2011; Battles and McLellan, 2019). Two proteins are important for the early phases of virus infection are exposed on their envelope: the attachment protein (G) and the homotrimeric fusion protein (F). The F protein recognizes host cell-specific receptors and, after endocytic uptake of viruses, triggers the fusion of the viral envelope with the endosomal membrane of the host cell.

For both viruses it has been shown that the G protein binds to HS present in GAGs on the host cell surface (Chang et al., 2012; Klimyte et al., 2016) similar to the binding mechanism discussed above, namely, through a stretch of positively charged amino acids of a heparin-binding domain in the G protein. This domain is located between two mucin-like motifs as shown for hRSV (Krusat and Streckert, 1997; Feldman et al., 1999; Escribano-Romero et al., 2004). For both viruses, the G protein was found to be dispensable for virus replication in vitro, while the F protein is essential (Karron et al., 1997; Chang et al., 2012; Klimyte et al., 2016). It was shown that the F protein also mediates the initial binding of both viruses to the host cell through an interaction with cellular HS (Feldman et al., 2000; Chang et al., 2012). Based on the observations that both the G and F proteins of both viruses bind to HS, an analysis of the surface potential of the ectodomains of these proteins is of interest. However, this analysis is not possible for the G proteins because their ectodomains are disordered (Leyrat et al., 2014). One may hypothesize, however, that a flexible ectodomain enables an efficient interaction of positively charged amino acids with high content of negatively charged sialic acid and sulfate groups of mucus (Leal et al., 2017).

In contrast, the 3D structures of the ectodomains of the F proteins of both hRSV and hMPV are available. In Figure 7, we show the surface potential and the distribution of exposed and positively charged amino acids. As is obvious, both ectodomains are characterized by a pronounced positive surface potential that is more pronounced in the case of hRSV. Thus, binding to HS of the F proteins of either virus can be rationalized by the exposure of positively charged amino acids in the F ectodomains, which give rise to a positive surface potential as shown in Figure 7. Evidently, the analysis of the surface potential gives a more intuitive insight into the localization of positively charged patches than the surface distribution of positively charged amino acids. In consequence, this analysis strongly suggests for hRSV and hMPV a binding of the virion to the HSPG of the host cell as discussed above for SARS-CoV-2. The initial binding is mediated by interaction of G and F with HS. Subsequently, the F proteins recognize and interact with specific host cell receptors [for a review (Battles and McLellan, 2019)].
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FIGURE 7
 Surface potential (A,C) and surface distribution of positively charged amino acids Arg and Lys [blue; (B,D)] of human respiratory syncytial virus (hRSV; pdb 5UDE) and human metapneumovirus (hMPV; pdb 5WB0).




5. Conclusion

This survey has explored the relationship between positive surface charge patches on viral surface proteins with host cell binding. For SARS-CoV-2 this connection has clearly been shown: the first step of viral infection is the strong interaction of the positively charged patches on the surface of the spike protein with the negatively charged heparan sulfate chains on the cell surface. In a second step, cell entry is mediated by specific interaction with surface receptors such as ACE2. Surface potential maps generated by the Poisson-Boltzmann solver (APBS) were shown to provide a convenient tool to rationalize the interaction of the ectodomain of the virus with HS. A comparison with results for a number of different viruses underscored the validity of this approach. Hence, from our analysis and from data in literature, we may discern

(i)Viruses that need the interaction with HS for cell entry: SARS-CoV-2, Human respiratory syncytial virus (hRSV) and human metapneumovirus (hMPV)

(ii)Viruses that do not need this interaction: MERS, HCoV-NL63, and HCoV-OC43

The present analysis did not consider a possible change of the interaction by glycosylation of the spike proteins. This modification may affect the interaction considerably. However, the present survey suggests that glycosylation may alter the magnitude of binding constant but will not change the main conclusion presented here.
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Porcine reproductive and respiratory syndrome virus (PRRSV) infection of pigs causes a variety of clinical manifestations, depending on the pathogenicity and virulence of the specific strain. Identification and characterization of potential determinant(s) for the pathogenicity and virulence of these strains would be an essential step to precisely design and develop effective anti-PRRSV intervention. In this study, we report the construction of an infectious clone system based on PRRSV vaccine strain SP by homologous recombination technique, and the rescue of a chimeric rSP-HUB2 strain by replacing the GP5 and M protein-coding region from SP strain with the corresponding region from a highly pathogenic strain PRRSV-HUB2. The two recombinant viruses were shown to be genetically stable and share similar growth kinetics, with rSP-HUB2 exhibiting apparent growth and fitness advantages. Compared to in cells infected with PRRSV-rSP, infection of cells with rSP-HUB2 showed significantly more inhibition of the induction of type I interferon (IFN-β) and interferon stimulator gene 56 (ISG56), and significantly more promotion of the induction of proinflammatory cytokines IL-6, IL-8, ISG15 and ISG20. Further overexpression, deletion and mutagenesis studies demonstrated that amino acid residue F16 in the N-terminal region of the GP5 protein from HUB2 was a determinant for the phenotypic difference between the two recombinant viruses. This study provides evidence that GP5 may function as a potential determinant for the pathogenicity and virulence of highly pathogenic PRRSV.
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Introduction

Porcine reproductive and respiratory syndrome (PRRS) is a highly infectious disease of pigs characterized as ‘blue-ear’ pig disease (Terpstra et al., 1991; Shabir et al., 2016). The etiologic agent, porcine reproductive and respiratory syndrome virus (PRRSV), is an enveloped and positive-stranded RNA virus (Snijder et al., 2013). Its genomic RNA (gRNA) is approximately 15 kb in length and encodes 11 known open reading frames (ORFs). Two large ORFs, 1a and 1b, code for the nonstructural replicase proteins (nsps) that play essential roles in the viral replication cycle, including rearrangement of host membranes to establish viral replication complexes (RC), replication of gRNA and transcription of subgenomic RNAs (sgRNAs) for the efficient expression of viral proteins (Pasternak et al., 2001; Yuan et al., 2004). ORF2a, ORF2b, ORF3-7 and the recently discovered ORF5a encode structural proteins GP2, E, GP3, GP4, GP5, matrix protein (M), nucleocapsid protein (N) and GP5a, respectively, constituting the structural protein components of PRRSV virions. As small envelope proteins and secondary structural proteins, GP2, GP3 and GP4 interact to form heterotrimers, and together with E proteins, assist viral infectivity, bind to cell receptors, and effectively induce neutralizing antibody production and cellular immune response (Tian et al., 2017). N protein interacts with viral RNA to form nucleocapsid and participate in virion assembly. GP5a protein, a newly discovered novel structural protein in arteritis, is a non-glycosylated membrane protein and is also essential for viral activity (Veit et al., 2014), but its function needs further study.

GP5 is a highly glycosylated capsule protein of about 25 kDa, with the highest degree of variation in PRRSV. It consists of a cleavable signal peptide at the N-terminal, an extracellular domain containing multiple N-glycoylation sites, three putative hydrophobic transmembrane domains, and a long hydrophilic cytoplasmic tail region (Veit et al., 2014). GP5 is a key protein in the assembly of viral particles and is involved in the pathogenesis of viruses. It is also a key target protein of neutralizing antibodies and can induce both cellular and humoral immune responses (Veit et al., 2014). M is a non-glycoylated protein of about 18–19 kDa and is one of the most conserved structural proteins of PRRSV. It consists of a short extracellular domain (15–17 aa), three putative hydrophobic transmembrane domains, and a long hydrophilic cytoplasmic tail region (Veit et al., 2014). The transport of GP5 and M from the ER to the Golgi apparatus requires heterodimerization of M with GP5, suggesting that only properly assembled GP5/M complexes can pass through the quality control system of the ER. At the same time, GP5/M heterodimers are also integrated into the virions and play an important role in the adsorption, assembly and budding processes, and essential for the formation of infectious virions.

An atypical PRRSV strain causing high mortality and abortion storms was emerged in the late 1990s initially in the United States, and subsequently in other areas (Mengeling et al., 1998). Since June 2006, the epidemic of “high fever,” caused by PRRSV variants, has caused great losses to the pig industry (Tian et al., 2007). Due to their high pathogenicity and virulence, these variants are also known as highly pathogenic PRRSV (HP-PRRSV; Xiao et al., 2008). Efforts were made to dissect the viral elements attributed to the high pathogenicity and virulence of these variants. Sequence comparison showed that many HP-PRRSV strains had a discontinuous deletion of several amino acids in nsp2, a multifunctional protein involved in viral replication and antiviral innate immune response (Allende et al., 2000; Kwon et al., 2008; Zhou et al., 2009; Faaberg et al., 2010; Morgan et al., 2013). A highly pathogenic PRRSV strain, HUB2, isolated from a pig farm in Hubei province also showed amino acid deletion in nsp2. So far, however, the association of nsp2 and other viral proteins from HP-PRRSV strains with their highly pathogenic phenotypes remains to be firmly established (Tong et al., 2007).

Regulation of the induction of antiviral and proinflammatory/inflammatory cytokines and chemokines is an important mechanism controlling the pathogenicity of many viruses. Indeed, secretion of several important cytokines (interleukin (IL)-8, IL-1β, interferon (IFN)-γ) is correlated with virus level, accounting for approximately 84% of the variations observed (Lunney et al., 2010). PRRSV infection induces the production of a variety of cytokines and inflammatory factors, including IL-1 and tumor necrosis factor-α (TNFα; Shen et al., 2000). PRRSV infection was reported to suppress host immune response by regulating IL-10 expression, resulting in increased mRNA levels of IL-1β, IFNα, IL-10, IL-12, TNFα and IFNγ during the first week of infection (Suradhat et al., 2003; Weesendorp et al., 2014). On the other hand, the quantity of innate cytokines secreted in PRRSV-infected pigs is significantly lower than with other viral infections (van Reeth et al., 1999). PRRSV mainly inhibited the secretion of type 1 IFNs (mainly IFN-a and IFN-β) by macrophages, and further inhibited the expression of antiviral factors induced by type 1 IFNs. It also stimulates Th1 cell-mediated immune responses that promote IFN-y expression by PBMC at 4–8 weeks after PRRSV infection (Meier et al., 2003).

We have previously reported the complete nucleotide sequence of PRRSV-SP, a vaccine strain with low pathogenicity (Shen et al., 2000). In this study, a recombinant PRRSV-SP, PRRSV-rSP, was initially rescued from the full-length cDNA clone of PRRSV-SP. By replacing ORF5 and ORF6, coding for GP5 and M proteins, respectively, with the corresponding regions from the highly pathogenic strain PRRSV-HUB2, a chimeric recombinant virus, rSP-HUB2 was subsequently rescued. The two recombinant viruses were found to be genetically stable and share similar growth kinetics, with rSP-HUB2 showing apparent growth and fitness advantages. Interestingly, the two viruses induced differential expression of a number of antiviral and proinflammatory cytokines and chemokines. Further overexpression, deletion and mutagenesis studies demonstrated that amino acid residue F16 in the N-terminal region of the GP5 protein from HUB2 was a determinant for the phenotypic difference between the two recombinant viruses. This study provides evidence suggesting that GP5 may function as a potential determinant for the pathogenicity and virulence of HP-PRRSV.



Materials and methods


Virus, cell line, antibodies and reagents

PRRSV vaccine strain SP GenBank: (AF184212.1) was originally obtained from the Schering-Plough Animal Health Company and sequences for the GP5 and M from the highly pathogenic strain HUB2 were synthesized based on GenBank: EF112446.1.

PAM cells were prepared from 35-day-old normal weaned piglets (with PRSSV and anti-PRRSV antibodies testing negative) by removing the whole lungs and injecting 50 ~ 100 mL sterilized PBS into the lungs from the trachea. After gently patting the surface of the lungs and gently rubbing repeatedly for 2–3 min, the lavage solution was recovered, filtered and centrifuged. The precipitated cells were re-suspended in RPMI 1640 nutrient medium with 10% FBS and cultured at 37°C, 5% CO2. Marc-145 cell line was purchased from the American Type Culture Collection (ATCC10031), and IPAM cells (HTX2097) was purchased from Otwo Biotech (ShenZhen) Inc.

PRRSV positive serum was provided by Huanong (Zhaoqing) Biological Industry Technology Research Institute, China; HRP conjugated Goat anti-pig IgG was purchased from (Earthox); TIANprep Mini Plasmid Kit, FastKing RT Kit (with gDNase) and SuperReal PreMix Plus (SYBR Green) were purchased from Tiangen Biochemical Science and Technology; Gel Extraction Kit from OMEGA; Reverse Transcriptase M-MLV(RNase H-), 5 × Reverse Transcriptase M-MLV Buffer, RNase Inhibitor and Random primers from TaKaRa; DMEM, FBS, pancreatin, penicillin and streptomycin from Gibco; restriction enzymes and high concentration T4 DNA Ligase from NEB; TransZol, 2 × EasyPfu PCR SuperMix(−dye), 2 × EasyTaq® PCR SuperMix(+dye), pEASY®-Basic Seamless Cloning and Assembly Kit from TransGen Biotech; mMESSAGE mMACHINE™ T7 Transcription Kit from Ambion; AEC(IHC) chromogenic working solution from Thermo.



Plasmids construction

The full-length cDNA clone of pBR322-PRRSV-SP was constructed by inserting the PRRSV-SP full-length cDNA into pBR322 under the control of the T7 promoter, followed by the T7 terminator and HDV sequence to ensure an accurate and productive mRNA synthesis. To distinguish the recombinant virus from WT virus, a T to A mutation at nucleotide position 3,448 was purposely introduced without altering the original amino acid sequence but eliminated a BsmBI site at the position. To construct pBR322-PRRSV-SP/HUB2, one fragment containing GP5 and M genes from HUB2 strain and three DNA fragments covering other regions of PRRSV-SP were joined by homologous recombination with the pEASY®-Basic Seamless Cloning and Assembly Kit.

Plasmids XJ40-GP5(SP), XJ40-M(SP), XJ40-GP5(HUB2) and XJ40-M(HUB2) were constructed by cloning the viral sequences into pXJ40 with the homologous recombination technique. Plasmid XJ40-GP5(HUB2/SP) was constructed by replacing the N-terminal 60 amino acids of GP5 protein from SP strain with the equivalent region from HUB2 strain; pXJ40-GP5(HUB2/SP)-M1, pXJ40-GP5(HUB2/SP)-M2 and pXJ40-GP5(HUB2/SP)-M3 were constructed by introducing F16 to S, Y24 to C and NNN33-35 to YSS mutations, respectively, with the homologous recombination technique.

The templates and primers used for construction of these plasmids were listed in Table 1.



TABLE 1 Templates and primers for plasmids construction.
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Rescue of recombinant PRRSVs

The full-length plasmid BR322-PRRSV-SP and BR322-PRRSV-SP/HUB2 were linearized with NotI, purified with phenol/chloroform/isoamyl alcohol (25,24, 1), and used for in vitro transcription in 20 μL standard reaction volume according to the manufacturer’s instruction. These transcripts were transfected into Marc-145 cells by electroporation. After incubating for 4–5 days until cytopathic lesions appeared, cells were harvested by freeze–thaw method and centrifuged at 5,000 rpm for 10 min at 4°C. The supernatants were harvested as the P0 virus stocks and stored at − 80°C for future usage.



Validation of the rescued PRRSV-rSP and rSP-HUB2 by immunocytochemistry, Weston blot and sequencing

Each 100 μL of 10-time diluted recombinant virus from the viral stocks was inoculated into 96-well plates of MARC-145 monolayer cells. After adsorption at 37°C for 1 h, the medium was replaced with fresh DMEM containing 2% FBS. After incubation for 48 h, cells were washed twice with phosphate buffer and permeabilized with pre-cooled methanol at – 20°C for 30 min, incubated with anti-PRRSV serum and HRP conjugated goat anti-pig IgG with standard method.

Marc-145 cells were infected with the recombinant virus for 48–72 h and harvested. Cells were lysed with 150 μL of RIPA Buffer containing 1 mM PMSF, and analyzed by Western blot with anti-PPRSV serum and HRP conjugated goat anti-pig IgG. The protein expression was visualized with an Azure Biosystems C600 imaging system.

For sequencing confirmation, P0 virus stocks were passaged in MARC145 cells for 5–20 generations, and total RNAs were extracted for RT-PCR amplification and sequencing.



Characterization of the recombinant virus

Plaque assay, TCID50 and one-step growth curves were generally performed with standard methods in Marc-145 cells. Briefly, TCID50 was determined calculation with the Reed-Muench method by immunocytochemistry; for determining the one-step growth curves of PRRSV-rSP and rSP-HUB2, cells were infected with each virus at the multiplicity of infection (MOI) of 0.1, harvested at 0, 12, 24, 36, 48, 60, and 72 h post-infection (hpi), and TCID50 for each sample was determined. The average titers were calculated from triplicates.



RT-qPCR determination of viral and cellular RNAs

Total RNAs from virus-infected or transfected cells were extracted by the Trizol method and used as templates for the RT reaction with the FastKing gDNA dispelling RT superMix system (Tiangen). In a 20 μL standard reaction, 2 μg of template RNA was mixed with 4 μL of 5 × Fastking-RT SuperMix (including FastKing RT enzyme, RNase inhibitor, random primers, oligo-dT primer, dNTP mixture and reaction buffer), supplemented with RNase-free water. The reaction was performed at 42°C for 15 min and 95°C for 3 min, and cDNA products were diluted 20-fold for qPCR analysis following the instructions for Super Real PreMix Plus (SYBR Green; Tiangen). In a 20 μL standard reaction, 8.4 μL of diluted cDNA, 10 μL of 2 × SuperReal PreMix, 0.4 μL of 50 × ROX reference dye, 0.6 μL of 10 μM forward primer (F) and 0.6 μL of 10 μM reverse primer (R) were added. The reaction procedure was set as follows: enzyme activation at 50°C for 2 min, pre-denaturation at 95°C for 3 min, denaturation at 95°C for 3 s, annealing and extension at 60°C for 15 s (40 cycles). The melting curve was analyzed at 95°C for 15 s and 60°C for 60 s, and the results were presented as cyclic threshold (CT) values. The 2–△△CT method was used to calculate the data and analyze the gene expression level with GAPDH as the reference gene.



Statistical analysis

The one-way ANOVA method was used to analyze the significant difference between the indicated sample and the respective control sample. Significance levels were presented by the value of p (ns, non-significant; *p < 0.05; **p < 0.01; ****p < 0.0001).




Result


Recovery of PRRSV-rSP vaccine strain and chimeric rSP-HUB2 strain from full-length cDNA clones

To recover a recombinant virus from the SP vaccine strain of PRRSV, the full-length cDNA was cloned into a pBR322-based plasmid flanked by the T7 promoter and T7 terminator sequences, generating pBR322-PRRSV-rSP (Figure 1A). Transfection of Marc145 cells with full-length in vitro transcripts from pBR322-PRRSV-rSP resulted in the rescue of the recombinant virus PRRSV-rSP. To recover a chimeric virus with GP5 and M genes replaced by equivalent sequences from a highly pathogenic strain, PRRSV-HUB2, pBR322-rSP-HUB2(GP5M) was constructed (Figure 1A). Transfection of Marc145 cells with the full-length in vitro transcripts from this construct led to the rescue of recombinant virus rSP-HUB2. In both cases, obvious pathogenic changes were observed in Marc145 cells from 36 h post-transfection (Figure 1B). The successful rescue of these two recombinant viruses was further confirmed by sequence verification, showing a point mutation (T3448A) and HUB2 strain-specific sequences in rSP-HUB2, and wild type SP sequence in PRRSV-rSP (Figure 1C). It was also noted that cytopathic changes usually appeared a few hours earlier in cells transfected with rSP-HUB2 transcripts than did in cells transfected with PRRSV-rSP transcripts.
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FIGURE 1
 Rescue of recombinant PRRSV-rSP strain and chimeric rSP-HUB2 strain. (A) Diagram showing the genomic organization of PRRSV-rSP and rSP-HUB2. Illustrated include the positions of the T7 promoter, 5′-untranslated region (5′-UTR), different ORFs and protein-coding regions, the T3448A mutation, 3′-UTR, hepatitis delta virus sequence and the T7-terminator. The sequence comparison of GP5 and M proteins between the two recombinant viruses and the five boxed amino acids in GP5 used for mutagenesis in this study are also indicated. (B) Cytopathic effects of Marc145 cells transfected with the full-length in vitro transcribed PRRSV-rSP and rSP-HUB2 RNAs in time course experiments. The in vitro transcribed RNAs were electroporated into Marc145 cells and phase images were taken at 0, 24, 36, 48, 60 and 72 h post-electroporation, respectively. (C) Sequence validation of PRRSV-rSP and rSP-HUB2. The regions covering the T3448A mutation and the junction between GP5 and M were sequenced and shown.




Characterization of the growth properties and stability of PRRSV-rSP and rSP-HUB2

The growth properties of PRRSV-rSP and rSP-HUB2 in Marc145 cells were first characterized by immunocytochemistry and plaque assay. Similar shapes and sizes of the infection foci appeared in cells infected with the two viruses (Figure 2A), but slightly smaller plaques and higher viral titers were observed in rSP-HUB2-infected cells (Figure 2B). Further determination of the growth curves by TCID50 also revealed similar growth kinetics of the two recombinant viruses (Figure 2C). Once again, rSP-HUB2 reached a moderately higher (0.5 log) peak titer at 48 hpi, compared with the peak titer of PRRSV-rSP at the same time point post-infection (Figure 2C). Determination of viral protein expression by Western blot confirmed that earlier and moderately, but significantly higher accumulation of M protein was detected in cells infected with rSP-HUB2, compared with that in cells infected with PRRSV-rSP (Figure 2D). Certain inconsistencies between viral titers and the protein levels at various time points post-infection in these and several other repeated experiments were noted (Figures 2C,D). These inconsistencies might be caused by the relatively low sensitivity and experimental variations of the TCID50 assay.
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FIGURE 2
 Characterization of the growth properties of PRRSV-rSP and rSP-HUB2. (A) Immunocytochemical examination of cells infected with PRRSV-rSP and rSP-HUB2. The recovered viruses were passaged in Marc-145 cells for 5 passages, harvested and 10-serially diluted. 100 μL each well of the diluted viruses were added to 96-well plates of Marc-145 cells with 90% confluency, cultured for 72 h, stained by immunocytochemistry and examined by light microscopy (20 ×). (B) Plaque assay. 200 μL each well of the 10-serially diluted viruses were added to Marc-145 cells in six-well plates. After incubation for 2 h, 2.5 mL of DMEM media mixed with low-melted-agarose were added to each well, continued incubation for 2–3 days, and visualized by staining with crystal violet. (C) Growth kinetics. Monolayers of Marc-145 cells were infected with PRRSV-rSP and rSP-HUB2, respectively, at an MOI of 0.1, and harvested at different time points post-infection. The titers of each virus were determined by TCID50 and plotted. *p < 0.05. (D) Western blot analysis of viral M protein in Marc-145 cells infected with PRRSV-rSP and rSP-HUB2. Marc-145 cells were infected with PRRSV-SP and rSP-HUB2, respectively, at an MOI of 0.1. Protein samples were resolved by SDS-PAGE and analyzed Western blot using a specific polyclonal antibody against M protein. Beta-actin was used as the loading control. Numbers on the left indicate protein sizes in kilodalton.


The genetic stability of the two viruses was determined by nucleotide sequencing after passage in Marc145 cells for 22 passages, confirming that no additional nucleotide mutations occurred in the two recombinant viruses during these passages. Taken together, these results indicate that replacement of GP5 and M in PRRSV-rSP with the equivalent sequences from the highly pathogenic HUB2 strain may render a growth advantage to the vaccine strain in Marc145 cells.



Differential induction of several innate immune and inflammatory genes in Marc145, IPAM and PAM cells infected with PRRSV-rSP and rSP-HUB2

To determine if the differences in the growth kinetics between the two recombinant viruses were dictated by their differential ability to induce cellular innate immune and inflammatory responses, Marc-145 and PMA cells were infected with 0.1 MOI of PRRSV-rSP and rSP-HUB2, and harvested at 0, 4, 12, 24, 36, 48, 60 and 72 hpi, respectively, for total RNA extraction and real-time qPCR analysis. The results demonstrated that the expression levels of IL-6, IL-8, IFN-β, ISG15, ISG20 and ISG56 were indeed differentially upregulated. As shown in Figure 3A, significantly higher induction levels of IL-6, IL-8, ISG15 and ISG20, respectively, were detected in rSP-HUB2-infected cells at 36 and 72 hpi, compared to the induction levels of these factors in cells infected with PRRSV-rSP at the same time points. On the contrary, the induction levels of IFN-β and ISG56 were more dramatically reduced in cells infected with rSP-HUB2 at 36 and 72 hpi, compared to their levels in cells infected with PRRSV-rSP at the same time points (Figure 3A). A similar differential induction pattern of these genes was also observed in these cells infected with the two recombinant viruses at other time points (Supplementary Figure 1). Consistently, the viral genomic RNA (gRNA) level of rSP-HUB2 was significantly higher than PRRSV-rSP (Figure 3A).
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FIGURE 3
 Differential induction of cytokines in Marc-145 and PAM cells infected with PRRSV-rSP and rSP-HUB2, as well as in IPAM cells transfected with the two viral RNAs, respectively. (A) RT-qPCR analysis of viral gRNA and mRNA levels of IL6, IL8, ISG15, ISG20, IFN-β and ISG56 in Marc-145, PAM and IPAM cells infected with PRRSV-rSP and rSP-HUB2, respectively. Cells were separately infected with PRRSV-rSP and rSP-HUB2 at an MOI of 1, harvested at 0, 36 and 72 hpi, respectively. Total RNAs were extracted and the levels of viral gRNA and above cytokines/chemokines were determined by RT-qPCR.*p < 0.05; **p < 0.001; ***p < 0.0001; ****p < 0.00001. (B) Western blot analysis of viral M protein. Cells were infected as described in (A) and viral M protein was analyzed by Western blot.


Western blot analysis of Marc-145 cells infected with the two recombinant viruses confirmed that earlier and generally higher accumulation of M protein was detected in cells infected with rSP-HUB2, compared with that in cells infected with PRRSV-rSP (Figure 3B). Taken together, these results confirm the differential induction of innate immune and proinflammatory responses by the two recombinant viruses, and prompted the subsequent studies to determine the roles played by the replacement region in chimeric rSP-HUB2 in the induction of these cytokines and chemokines.



Identification of GP5 protein from the highly pathogenic HUB2 strain as a main determinant responsible for the differential induction of innate immune and inflammatory responses

In order to identify the viral component(s) responsible for the differential induction of the innate immune and inflammatory genes, overexpression of M and GP5 proteins from PRRSV-rSP and rSP-HUB2, respectively, was carried out. The induction of the expression of these innate immune and inflammatory response-related genes was stimulated by Poly(I:C) instead of PRRSV infection to avoid the effects rendered by the viral proteins produced during viral replication. Marc145 cells were co-transfected with pXJ40-FLAG-M(HUB2), pXJ40-FLAG-M(SP), pXJ40-FLAG-GP5(HUB2), pXJ40-FLAG-GP5(SP) or the empty vector pXJ40-FLAG, respectively with Poly(I:C; Figure 4A). The mRNA levels of IL-6, IL-8, IFN-β, ISG15, ISG20 and ISG56 at 12, 24, 36 and 48 h post-transfection were determined by RT-qPCR. Analysis of the M and GP5 protein levels by Western blot showed the expression of these proteins at very similar levels (Figure 4B). Overexpression of M protein from the two viruses did not render significant differential effects on the induction of these genes (Figure 4C). In cells overexpressing GP5 protein from both SP and HUB2 strains, however, differential expression of these cytokines and chemokines was observed. As shown in Figure 4C, overexpression of GP5(HUB2) induced significantly lower expression levels of IFN-β and ISG56, but significantly higher expression levels of IL-6, IL-8, ISG-15 and ISG-20, respectively, compared to the expression levels of these factors in cells transfected with GP5 from PRRSV-rSP at 36 h post-transfection. A similar pattern of differential induction of these genes in cells overexpressing the two GP5 proteins was also observed at other time points (Supplementary Figure 2). These results demonstrate that the GP5 protein from the highly pathogenic HUB2 strain may be the main determinant for the differential induction of these genes.
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FIGURE 4
 Effects of overexpression of GP5 and M proteins on Poly(I:C)-induced expression of IL-6, IL-8, ISG15, ISG20, IFN-β and ISG56 in MARC-145 cells. (A) Diagram showing three GP5 and two M constructs used in the overexpression experiments. The regions of GP5 and M from two different viruses were shown in different colors. (B) Western blot analysis of the expression of M and GP5 proteins in transfected cells. Marc-145 cells were transfected pXJ40-FLAG-M(HUB2), pXJ40-FLAG-M(SP), pXJ40-FLAG-GP5(HUB2), pXJ40-FLAG-GP5(SP) and empty vector pXJ40-FLAG, respectively, together with Poly(I:C), and harvested at 48 h post-transfection. Protein samples were resolved by SDS-PAGE and analyzed by Western blot using an anti-FLAG antibody. Beta-actin was used as the loading control. Numbers on the left indicate protein sizes in kilodalton. (C) RT-qPCR analysis of mRNA levels of IL-6, IL-8, ISG15, ISG20, IFN-β and ISG56 in transfected Marc-145 cells. Cells were transfected as described in (B) and harvested at 36 h points post-transfection. Total RNAs were extracted and mRNA levels of above cytokines/chemokines were determined by RT-qPCR.*p < 0.05; **p < 0.001; ***p < 0.0001; ****p < 0.00001.


To further confirm and to locate the functional motif in GP5 responsible for this differential induction, the amino acid sequences of the two GP5 genes were compared, revealing that the major sequence differences were in the N-terminal first 60-amino-acid-region between the two GP5 proteins (Figure 1A). Accordingly, the first 60 amino acids in GP5(SP) were replaced with the equivalent region from GP5(HUB2), generating an expression plasmid pXJ40-FLAG-GP5(HUB2/SP) expressing the chimeric GP5 protein GP5(HUB2/SP; Figure 4A). Transfection of Marc145 cells with pXJ40-FLAG-GP5(HUB2/SP), pXJ40-FLAG-GP5(SP), pXJ40-FLAG-GP5(HUB2) and pXJ40-FLAG, respectively, in the presence of Poly(I:C) demonstrated that expression of the chimeric GP5 (GP5(HUB2/SP)) and GP5(HUB2) produced a similar enhancement effect on the induction of IL-6, IL-8, ISG15 and ISG20 and a similar suppressive effect on the expression of IFN-β and ISG56 (Figures 4B,C; Supplementary Figure 2). These results indicate that the sequence differences in the first 60 amino acids between GP5(SP) and GP5(HUB2) may play an essential role in the differential induction of these genes.



Identification of amino acid residues in GP5 protein critical for the differential induction of innate immune and proinflammatory responses

Comparison of the first 60 amino acid sequences between the two proteins showed differences at 10 amino acid positions between GP5(HUB2) and GP5(SP; Figure 1A). Five amino acids (F16S, Y24C, N33Y, N34S, and N35S) with significant changes in the amino acid properties were mutated back to the equivalent sequences in GP5(SP) individually or with three amino acids together (Figures 1A, 5A). Two single-point (F16S and Y24C) and one triple-point (N33Y, N34S and N35S) mutations were introduced into the GP5(HUB2/SP) sequence, generating pXJ40-FLAG-GP5(HUB2/SP)-M1 (contains the F16S mutation), pXJ40-FLAG-GP5(HUB2/SP)-M2(Y24C mutation) and pXJ40-FLAG-GP5(HUB2/SP)-M3 (N33Y, N34S and N35S mutations; Figure 5A). Very similar expression efficiencies of these mutant proteins were detected in both Marc-145 and IPAM cells transfected with these constructs (Figure 5B).
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FIGURE 5
 Effects of GP5-HUB2F16S/SP, GP5-HUB2Y24C/SP and GP5-HUB2NNN33–35YSS/SP on IL-6, IL-8, ISG15, ISG20, IFN-β and ISG56 expressions triggered by poly(I:C) in Marc-145 and IPAM cells. (A) Diagram showing five wild type and mutant GP5 constructs used in the overexpression experiments. The regions of GP5 from two different viruses and point mutations introduced were illustrated. (B) Western blot analysis of the expression of M and GP5 proteins in transfected cells. Marc-145 and IPAM cells were transfected pXJ40-FLAG-GP5-HUB2F16S/SP, pXJ40-FLAG-GP5-HUB2Y24C/SP, pXJ40-FLAG-GP5-HUB2NNN33–35YSS/SP, pXJ40-FLAG-GP5-HUB2, pXJ40-FLAG-GP5(HUB2/SP), pXJ40-FLAG-GP5-SP and empty vector pXJ40-FLAG, respectively, together with Poly(I:C), and harvested at 48 h post-transfection. Protein samples were resolved by SDS-PAGE and analyzed by Western blot using an anti-FLAG antibody. Beta-actin was used as the loading control. Numbers on the left indicate protein sizes in kilodalton. (C) RT-qPCR analysis of mRNA levels of IL-6, IL-8, ISG15, ISG20, IFN-β and ISG56 in transfected Marc-145 and IPAM cells. Cells were transfected as described in (B) and harvested at 36 h post-transfection. Total RNAs were extracted and mRNA levels of above cytokines/chemokines were determined by RT-qPCR. *p < 0.05; **p < 0.001; ***p < 0.0001; ****p < 0.00001.


Transfection of Marc145 and IPAM cells with pXJ40-flagGP5(HUB2/SP)-M3 in the presence of Poly(I:C) showed a similarly differential induction pattern of IL-6, IL-8, ISG15, ISG20, IFN-β and ISG56 as in cells overexpressing GP5(HUB2) and GP5(HUB2/SP), respectively, at 36 h post-transfection (Figure 5C), ruling out the potential involvement of these three residues in the differential induction of these genes (Figure 5C). Transfection of Marc145 and IPAM cells with pXJ40-flagGP5(HUB2/SP)-M1 in the presence of Poly(I:C) showed a similar induction pattern of IL-6, IL-8, ISG15 and ISG20 as in cells overexpressing GP5(SP), but the induction pattern of IFN-β and ISG56 was more similar to that in cells transfected with GP5(HUB2) and GP5(HUB2/SP), respectively, at 36 h post-transfection (Figure 5C). Very similar induction patterns of these genes were also observed in both Marc145 and IPAM cells overexpressing the two mutant constructs at other time points post-transfection (Supplementary Figure 3). These results suggest that amino acid residue Y16 might be involved in the differential induction of these pathogenic factors, but not in the induction of the two IFN genes. For some unknown reasons, however, the expression of flagGP5(HUB2/SP)-M2 in both Marc145 and IPAM cells induced an identical induction profile as in cells transfected with the vector control (Figure 5C; Supplementary Figure 3). Taken together, these results demonstrate that the F16-containing motif would be responsible for the differential induction of these proinflammatory genes by the two GP5 proteins.



The growth and fitness advantage of rSP-HUB2

The growth and fitness advantages of rSP-HUB2 over PRRSV-rSP were then tested by a competition assay in Marc-145 cells in the presence or absence of the type I IFN activation. Cells were treated with or without Poly(I:C), and infected with an MOI of approximately 0.1 of PRRSV-rSP and rSP-HUB2 mixture at the ratio of 9:1, and continuously passaged for 6 passages. Total RNAs were extracted from each passage, the GP5-M regions were amplified by RT-PCR, and the PCR products were sequenced to determine the relative abundances of the GP5M region from the two viruses, by comparing and calculating the average peaks between F16 and S16, Y24 and C24, and N33 and Y33. In the absence of type I IFN activation, the relative abundance of rSP-HUB2 clones were increased from 10 to 90% after 6 passages (Figure 6A). In the presence of Poly (I:C), the relative abundance of rSP-HUB2 clones were also increased, but at a slower pace (Figure 6B). It rose from 10% at passage 1 to 60% at passage 6 (Figure 6B). These results confirm that replacement of the GP5-M region in rSP-HUB2 indeed renders advantages in growth, fitness and evasion of type I IFN action to the recombinant virus, unraveling an important potential virulence determinant in this region.
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FIGURE 6
 The growth and fitness advantages of rSP-HUB2 (A) Competition assays between rSP-HUB2 and PRRSV-rSP in the absence of type I IFN activation. Marc-145 cells were infected with PRRSV-rSP and rSP-HUB2 mixture at the ratio of 9:1 and continuously passaged for 6 passages. The relative abundance of each virus was determined by sequencing the GP5-M regions. (B) Competition assays between rSP-HUB2 and PRRSV-rSP in the presence of type I IFN activation. Marc-145 cells were transfected with Poly(I:C) and infected with PRRSV-rSP and rSP-HUB2 mixture at the ratio of 9:1 4 h post-transfection. After repeating the transfection/infection for 6 passages, the relative abundance of each virus was determined by sequencing the GP5-M regions.





Discussion

The pathogenicity and virulence of different PRRSV strains vary dramatically, but the main virulence determinant(s) is yet to be firmly identified and characterized. In this study, a recombinant virus, rSP-HUB2, was rescued by replacing GP5 and M genes in vaccine strain PRRSV-rSP with equivalent sequences from a highly pathogenic strain HUB2, using a reverse genetics approach. The rescued rSP-HUB2 exhibited growth and fitness advantages in cultured cells and induced differential expression of a number of innate immune and proinflammatory genes. These include a significantly higher induction of IL-6, IL-8, ISG15 and ISG20, and a significantly more suppression of IFN-β and ISG56 induction, compared with its parental strain PRRSV-rSP. Further studies by overexpression, deletion and mutagenesis revealed that F16 at the N-terminal first 60 amino acids of GP5 may play an important regulatory role in the differential induction of these cytokines and chemokines. This region may be a potential virulence factor of a highly pathogenic PRRSV.

Infection of pigs by virulent and highly virulent PRRSV strains may cause increased mortality, abortion-storms or a severe interstitial pneumonia accompanied by a strong inflammatory response and severe suppurative bronchopneumonia (Rossow, 1998; Blaha, 2000; Rosell et al., 2000). Several viral factors, including the ability to get entry into target cells, viral replication rate, damage to host cells and induction of cell death or specific immune response, may determine the pathogenicity and virulence of a specific strain. Since the re-emergence of virulent strains, numerous studies have been carried out to define the virulence determinant(s). The presence of discontinuous 30 amino acid deletions in nsp2-coding region in both virulent PRRSV-1 and virulent PRRSV-2 strains was reported in many studies and was considered as genetic markers for virulent strains (Li et al., 2007; Zhou et al., 2008; do et al., 2016; Canelli et al., 2017). However, as these mutations were also found in some low virulent strains, their biological significance remains to be determined (Zhou et al., 2014). Deletion of specific nsp2 epitopes may play a role in modulating host immunity and viral infectivity (Chen et al., 2010), which was supported by a more recent study showing the loss of infectivity of a mutant JXwn06 strain (with a mutation in nsp2), due to changes in the cell tropism (Song et al., 2019). Furthermore, ORF1b region, specifically nsp9 and nsp10, contributes to the fatal in vivo and in vitro virulence of JXwn06 strain, with residues 586 and 592 of nsp9 being highlighted as critical sites regulating the replication of this virulent PRRSV-2 strain (Xu et al., 2018). In this line, other studies recently identified a role of amino acids 519–544 in nsp9 in the pathogenicity and replication efficiency of the virulent HuN4 PRRSV-2 strain (Zhao et al., 2018). These results were largely in agreement with a previous study using a virulent PRRSV infectious clone (FL12) from the virulent NVSL 97–7,895 PRRSV-2 strain, pointing out that multiple genes, including nsp3-8 and ORF5 regions as the main virulence determinants together with nsp1-3, nsp10-12 (ORF1b) and ORF2, are associated with PRRSV virulence (Kwon et al., 2008). This hypothesis would be also supported by the finding of mutations and deletions in ORF5 as possible viral genetic determinants for virulence in some virulent Asian PRRSV-2 strains, such as HuN4 (Ko Ko et al., 2019). Our observations presented in this study add more supportive evidence that ORF5-encoded GP5 functions as a critical virulence determinant.

The most variable region of PRRSV structural proteins is GP5 protein, and the homology varies greatly between strains of different subtypes. For example, the homology between the American and European strains is generally at the range from only 51 to 55% (Key et al., 2001). Neutralizing activity of PRRSV has been shown to correlate with the level of antibodies against GP5, both in vivo and in vitro (Wissink et al., 2003; Plagemann, 2004). Currently, several sites in GP5 have been demonstrated to be associated with antibody production, including three B cell epitopes, one conserved non-immunoneutralizing epitope and two CD4 + T cell epitopes reported in this protein (de Lima et al., 2006; Vashisht et al., 2008). Neutralization antibody epitopes were also identified in GP4 and M proteins (Díaz et al., 2005). As most PRRSV GP5 protein contains three or more aspartate-linked glycosylation sites (Mardassi et al., 1995), oligosaccharides may also play a key role in the production of infectious PRRSV virus (Ansari et al., 2006). These aspartate glycosylation sites were also found to be adjacent to neutralizing epitopes, suggesting that they may interfere with the binding of antibody to neutralizing epitopes (Jiang et al., 2007). Glycosylation of GP5 inhibits the production of neutralizing antibodies (Ansari et al., 2006). Neutralizing antibodies appeared to be able to completely neutralize homologous viruses of sows and their piglets (Osorio et al., 2002), but unable to neutralize heterogenous virus isolates (Bautista and Molitor, 1999; Kwang et al., 1999; Ostrowski et al., 2002). In these cases, antibody response only provides weak protection, and long-term low levels of antibodies will lead to antibody-dependent enhancement effect, causing greater harm to the animal (Ostrowski et al., 2002). In this study, NNN33-35 residues in GP5 from the highly pathogenic HUB2 strain may create a putative N-linked glycosylation site. However, as overexpression of both wild type and chimeric GP5 proteins carrying these three amino acids did not show migration shift on SDS-PAGE gel, it is unclear if this site would be indeed modified by glycosylation in virus-infected cells.

Innate immunity is the front line in antiviral immune responses and bridges adaptive immunity against viral infections (Wu and Hur, 2015), PRRSV engages several strategies to evade the porcine innate immune responses. A previous study showed that PRRSV infection inhibited IFN-β production primarily by interfering with the MAVS activation in the RIG-I signaling pathway (Luo et al., 2008). PRRSV nsp4, the 3C-like protease (3CLSP), cleaves MAVS at Glu268 and the endoribonuclease activity of nsp11 degrades MAVS and RIG-I mRNA, inhibiting type I IFN signaling (Dong et al., 2015; Sun et al., 2016). PRRSV infection in swine also causes severe interstitial pneumonia (Morgan et al., 2016), indicating that the inflammatory response plays an important role in infection and pathogenesis of PRRSV (van REETH et al., 1999). Previous studies showed that the expressions of IL-1β, IL-8 and TNF-α were significantly elevated in virulent PRRSV-infected swine (Thanawongnuwech et al., 2004). Similarly, HP-PRRSV generates high levels of inflammatory cytokines including IL-1, IL-6 and TNF-α in peripheral blood (Li et al., 2017), indicating that HP-PRRSV may aggravate inflammation and damage tissues and organs. In addition, in pregnant gilts that were challenged on 85 days of gestation and euthanized 21 days post-infection, expression of cytokine genes was significantly upregulated in the thymus and spleen of the fetuses (Alex Pasternak et al., 2020). PRRSV also upregulates cytokine in PAMs and microglia (Qiao et al., 2011; Chen et al., 2014).

PRRSV N and nsp2 proteins have been reported as activators activating NF-kB during infection, whereas nsp1α, 1β, 2, 4 and 11 are known as suppressors (Lee and Kleiboeker, 2005). The contradictory roles of PRRSV proteins in NF-κB regulation further complicates the pathogenesis of this virus. Suppression of NF-κB may lead to the suppression of type I IFN response and activation of NF-κB may result in the production of proinflammatory cytokines. PRRSV infection of PAM cells activates the NLRP3 inflammasomes, inducing IL-1β production dependent on the TLR4/MyD88/NF-κB signaling pathway, and viral RNA can be sensed by cytosolic RNA sensor DDX19A (Bi et al., 2014; Li et al., 2015). PRRSV E protein was able to increase IL-1β release from LPS-primed PAM cells, while nsp11 may inhibit the secretion of IL-1β (Zhang et al., 2013). The endoribonuclease activity of nsp11 is essential for inhibition of IL-1β production (Wang et al., 2015)and NLRP3 inflammasome in microglia (Chen et al., 2018). PRRSV infection also induces IL-10 expression in vivo and in vitro (Suradhat et al., 2003; Singleton et al., 2018), and this induction depends on the NF-κB activation and p38 MAPK signaling (Hou et al., 2012). By screening PRRSV structural and nonstructural proteins, GP5 was identified as an IL-10 inducer, and its overexpression induced the phosphorylation of p38 (Hou et al., 2012; Song et al., 2013). In this study, we demonstrate that the regulatory effects of PRRSV-rSP and rSP-HUB2 on inflammatory factors are closely related to GP5. Infection of cells with the original HUB2 isolate would lend more supports to this conclusion, but, unfortunately, was constrained by the unavailability of this viral isolate. As the two recombinant viruses share the same SP backbone with differences in the GP5/M region only, the phenotypic differences observed in this study would be attributable to this region.

In summary, we report the construction of infectious clone systems for PRRSV-rSP vaccine strain and a chimeric strain rSP-HUB2. The two viruses are genetically stable, with the chimeric strain exhibiting growth and fitness advantages. Infection of cells with the two recombinant viruses showed differential regulation of the induction of a number of innate immune and proinflammatory genes in infected cells, which was partially attributable to amino acid residue F16 in GP5(HUB2). Further studies would be required to unravel other mechanisms underlying the growth and fitness advantage of this chimeric virus, in addition to its ability to differentially induce the expression of these innate immune and proinflammatory genes. Overall, this study has identified a potential PRRSV virulence determinant and would be instrumental in studying the pathogenicity of PRRSV and in precise modification of virulent strains for developing live attenuated vaccines against PRRSV infection.
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Since the outbreak of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) and its resultant pneumonia in December 2019, the cumulative number of infected people worldwide has exceeded 670 million, with over 6.8 million deaths. Despite the marketing of multiple series of vaccines and the implementation of strict prevention and control measures in many countries, the spread and prevalence of SARS-CoV-2 have not been completely and effectively controlled. The latest research shows that in addition to angiotensin converting enzyme II (ACE2), dozens of protein molecules, including AXL, can act as host receptors for SARS-CoV-2 infecting human cells, and virus mutation and immune evasion never seem to stop. To sum up, this review summarizes and organizes the latest relevant literature, comprehensively reviews the genome characteristics of SARS-CoV-2 as well as receptor-based pathogenesis (including ACE2 and other new receptors), mutation and immune evasion, vaccine development and other aspects, and proposes a series of prevention and treatment opinions. It is expected to provide a theoretical basis for an in-depth understanding of the pathogenic mechanism of SARS-CoV-2 along with a research basis and new ideas for the diagnosis and classification, of COVID-19-related disease and for drug and vaccine research and development.
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1. Introduction

Since the outbreak of coronavirus disease 2019 (COVID-19) at the end of 2019, it has rapidly spread to almost all countries and regions in the world and become a major global public health threat (Thakur and Ratho, 2022). SARS-CoV-2 has been evolving and mutating continuously, resulting in more than 1,000 variant strains worldwide (Cosar et al., 2022). Because the mutation of the virus is a decisive factor in future trends of the COVID-19 pandemic, the emergence of mutant strains has aroused widespread concern in society. To strengthen the monitoring and tracking of SARS-CoV-2 variants, the World Health Organization (WHO) classified them into variants of concern (VOCs) and variants of interest (VOIs) according to their transmissibility and pathogenicity. Among them, VOCs are the variant strains with the greatest impact on the global pandemic, including Alpha, Beta, Gamma, Delta, and Omicron (Chen K. et al., 2022; Salehi-Vaziri et al., 2022; Table 1). To date, although the pathogenicity of Omicron variants seems to be gradually decreasing, their virus transmission and susceptibility are gradually increasing. Especially for children, elderly individuals or patients with underlying diseases, SARS-CoV-2 infection is still a major health threat (Mistry et al., 2021; Pellegrino et al., 2022). According to the real-time statistics of Johns Hopkins University in the United States, the number of confirmed cases of COVID-19 in the world has exceeded 670 million, and unfortunately, over 6.8 million people have died (Johns Hopkins University, 2022). It is very important to understand the virological characteristics of SARS-CoV-2 variants for the prevention and control of the COVID-19 pandemic.


TABLE 1    Basic overview and main characteristics of five VOCs.
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Governments and scientists have made many efforts to prevent, control and treat COVID-19 and have found some suitable control methods including mRNA vaccines (Naseri et al., 2022). Previous studies have shown that angiotensin-converting enzyme II (ACE2) is the main membrane receptor for SARS-CoV-2 entry into host cells (Pandey et al., 2021). However, with further follow-up study, dozens of newly discovered protein receptors have been found to mediate or assist SARS-CoV-2 in invading human cells (Ge et al., 2021; Wang J. et al., 2021), indicating SARS-CoV-2 may have many complex pathogenic mechanisms and providing new research directions for finding or developing effective antiviral drugs. In addition, with the continuous observed mutation and immune evasion of viruses, the research and development of related vaccines is also facing great challenges (Jafari et al., 2022; Pellegrino et al., 2022).

In this paper, we comprehensively reviewed the genomic characteristics, pathogenesis and latest research on SARS-CoV-2 attacking human cells through multiple receptors other than ACE2. This article comprehensively introduces the genomic characteristics of SARS-CoV-2, as well as the latest research progress on human cell infection based on ACE2 and various other receptor pathways. In addition, we summarize the virus mutations (especially the Omicron variant) and vaccine development and finally propose some new perspectives on responding to the SARS-CoV-2 pandemic. We hope this review can provide a literature basis for a better understanding of the molecular characteristics and pathogenic mechanism of SARS-CoV-2 and lay a theoretical foundation for precise diagnosis, specific drug development, and vaccine development of related diseases caused by SARS-CoV-2 infection.



2. Genomic organization of SARS-CoV-2

Severe acute respiratory syndrome coronavirus 2 is a single- and positive-strand RNA virus with an envelope. As a highly pathogenic coronavirus, it belongs to Betacoronavirus (Kadam et al., 2021). The genome sequence of SARS-CoV-2 (approximately 29.9 kb in size) has approximately 80 and 50% homology to those of SARS-CoV and MERS-CoV, respectively (Arya et al., 2021). Two-thirds of the genome contains 15 open reading frames (ORFs), which encode 16 non-structural proteins (Nsp1-16) to form replicase-transcriptase complexes (Rahnavard et al., 2021). Studies have shown that Nsp1 can hinder ribosome binding to host mRNA and inhibit protein synthesis in host cells, Nsp2 can promote virus replication by inhibiting the autophagy defense mechanism of host cells and destroying mitochondrial function, and Nsp3 can cleave the N-terminus of the polyprotein to produce independent functional Nsp1 and Nsp2 and reduce the antiviral ability of host cells by changing the protein balance. Nsp4 uses the plasma membrane of the endoplasmic reticulum to mediate the formation of vesicle structures, Nsp5 participates in the cleavage of other Nsps after synthesis, Nsp6 interacts with Nsp3 and Nsp4 to promote the formation of virus replication organelles with double-membrane vesicle structures, Nsp7 and Nsp8 form hexadecameric complexes and act as primer enzymes allowing Nsp12 to stabilize viral RNA, Nsp10 can activate the 2′-O-methyltransferase activity of Nsp16, and Nsp12 is a catalytic subunit with RNA-dependent RNA polymerase activity that can catalyze viral RNA synthesis and assist in viral RNA replication in combination with Nsp7 and Nsp8. Nsp13 can untangle the entangled viral RNA strand and facilitate subsequent viral RNA replication. Nsp14 has a 3′–5′ exonuclease domain, which can enhance the proofreading ability during viral RNA replication. Nsp15 can remove viral RNA fragments to minimize the antiviral defense response of host cells. Nsp16 is a 2′-O-ribose methyltransferase that methylates the 5′ cap of viral RNA and inhibits its degradation by cells (Yadav et al., 2021; Yang and Rao, 2021; Yoshimoto, 2021; Bai et al., 2022). The remaining third of the genome encodes nine accessory proteins (ORF3a, ORF3b, ORF6, ORF7a, ORF7b, ORF8, ORF9b, ORF9c, and ORF10) and four structural proteins [spike (S) protein, envelope (E) protein, membrane (M) protein and nucleocapsid (N) protein] (Rahnavard et al., 2021). Accessory proteins are not necessary for virus replication (Gao X. et al., 2021), but they regulate innate immunity and promote viral infection. The S protein is the most important surface protein of SARS-CoV-2 and is closely related to its transmission ability. The N protein is abundant in SARS-CoV-2, is a highly immunogenic protein and participates in genome replication and cell signaling pathway regulation (Arya et al., 2021; Figure 1).
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FIGURE 1
Structure, RNA genome and encoding protein of SARS-CoV-2. SARS-CoV-2 contains spike (S) protein, envelope (E) protein, membrane (M) protein and nucleocapsid (N) protein. The S, E, and M proteins are embedded in the bilayer phospholipid envelope, and the RNA genome is located in the center, wrapped by N protein. The RNA genome of SARS-CoV-2 consists of 15 open reading frames (ORFs), which can encode 16 non-structural proteins (Nsp1-16), 4 structural proteins (S, E, M, and N) and 9 auxiliary proteins (ORF3a, ORF3b, ORF6, ORF7a, ORF7b, ORF8, ORF9b, ORF9c, and ORF10). As the most important surface protein of SARS CoV-2, S protein is mainly composed of S1 and S2 functional subunits and plays a key role in the process of virus invasion and replication. (S1, receptor-binding subunit; S2, membrane fusion subunit; NTD, N-terminal domain; RBM, receptor binding motif; RBD, receptor binding domain; CDT1&CDT2, C-terminal domain; FP, furin peptide; HR1&HR2, heptad repeats; CH, central helix; CD, connector domain; TM, transmembrane domain; CT, cytoplasmic tail).


The S protein plays an important role in the virus subtype and vaccine response and is responsible for the entry of SARS-CoV-2 into host cells (Seyran et al., 2021). The S protein is mainly composed of the S1 and S2 functional subunits. The S1 subunit is composed of the N-terminal domain (NTD) and receptor-binding domain (RBD), and its function is to recognize receptor proteins of host cells. The S2 subunit mainly consists of a fusion peptide, heptapeptide repeat sequence 1 and central helix, which are responsible for assisting the membrane fusion process between the virus and host cells (Seyran et al., 2021). Therefore, it is very important to understand the receptor recognition mechanism of SARS-CoV-2, which determines its infectivity, host range and pathogenesis.



3. SARS-CoV-2 infection mediated by ACE2

After the structural characteristics of the SARS-CoV-2 membrane fusion protein were determined, ACE2 was identified as its main binding receptor. Hoffmann et al. further found that the S protein of SARS-CoV-2 is the key to viral invasion into cells. In contrast to other coronaviruses (CoVs), the S protein of SARS-CoV-2 has a site composed of multiple arginine residues at the junction of the S1 and S2 subunits, which can be recognized and cleaved by Furin (Xia et al., 2020). In fact, the S protein is cut by Furin in the Golgi apparatus of the host during biosynthesis, which is the premise of SARS-CoV-2 infecting host cells (Walls et al., 2020). Usually, mature S protein exists in a metastable prefusion conformation. To bind to the receptor, the RBD in the S1 subunit undergoes a hinged conformational motion between two states of “up” and “down”. When the RBD is in the “up” state, it can bind to the receptor ACE2; in the “down” state, it cannot (Yan et al., 2020). The three-dimensional structure of the S protein is observed by cryo-electron microscopy. Only one RBD is in the “up” conformation, and the other two are in the “down” conformation without binding activity. The binding of one RBD in the “up” conformation with ACE2 leads to the other two RBDs adopting unstable “up” conformations (Wrapp et al., 2020), which further destroys the stability of the prefusion trimer and promotes the transformation of the S protein from a metastable prefusion conformation to a stable fusion conformation.

Studies have confirmed that SARS-CoV-2 mainly infects host cells through membrane fusion and endosomal fusion. When the RBD successfully recognizes and binds ACE2, it causes the S1 subunit to detach and the S2 subunit to adopt a highly stable postfusion conformation, thus performing its membrane fusion function. If enough cell surface protease transmembrane serine protease 2 (TMPRSS2) can be induced to cleave the S2′ site, FP in the exposed S2 subunit is inserted into the host cell membrane at the same time. Then, heptad repeat 1 (HR1) and HR2 gradually approach, narrowing the distance between the virus outer membrane and host cell membrane. Finally, HR1 and HR2 are induced to form an 6-helix bundle structure in an alternating reverse parallel arrangement so that the virus envelope fuses directly with the cell membrane and releases genetic material. In contrast, if the RBD is not recognized and cleaved by TMPRSS2 on the cell surface after binding with ACE2, the SARS-CoV-2-ACE2 complex enters the cell through the reticulin-mediated endocytosis pathway, and the S2′ site is cleaved by Cathepsin (Cat) B/L in the endosome. Then, the virus envelope fuses with the endosome membrane, and the virus RNA genome is released into the cytoplasm (Frolova et al., 2022; Jackson et al., 2022). In summary, after the S protein binds to the receptor, the effectiveness of proteases such as TMPRRS2, Cat B/L and Furin on target cells largely determines how the virus enters host cells. In the absence of TMPRSS2 expression, Cat B/L is very important for SARS-CoV-2 infection mediated by the S protein. In addition, because SARS-CoV-2 has a unique Furin cleavage site and the proteolytic activation of Cat B/L depends on endosome acidification, while the entry pathway mediated by TMPRSS2 is not affected by pH, SARS-CoV-2 utilizes the TMPRSS2-dependent membrane fusion pathway to infect human cells (Ou et al., 2021; Figure 2).
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FIGURE 2
Invasion and release mechanism of SARS-CoV-2 based on ACE2 receptor. The host cells infected by SARS-CoV-2 mainly include virus adsorption, invasion, genetic material release, genome replication and transcription, assembly, budding and other processes. As a key protein for SARS-CoV-2 to recognize host cells, spike protein has a strong binding force with the cell membrane surface receptor ACE2. There are two fusion pathways for SARS-CoV-2 to invade host cells, one is viral envelope-endosome membrane fusion pathway mediated by endocytosis, and the other is viral envelope-cell membrane fusion pathway. When the viral genome is released into the cytoplasm of the host cells, it will induce the endoplasmic reticulum to form a replication organelle with a double membrane structure, complete genome RNA replication and structural protein synthesis, and assemble and generate new viral particles at the endoplasmic reticulum of the host cells, which will be transported by golgi to the host cell membrane and released to the outside of the cell by exocytosis. The whole process is critical to the survival and pathogenicity of SARS-CoV-2, and requires the participation of host cell proteases such as Furin, TMPRSS2 and Cathepsin L. (ACE2, angiotensin-converting enzyme II; TMPRSS2, transmembrane serine protease 2; ER, endoplasmic reticulum; ERGIC, endoplasmic reticulum- golgi intermediate compartment).


To sum up, SARS-CoV-2 infection mediated by ACE2 is a multimolecular interaction process, and the complexity of this process means that inhibitors developed for a single target do not necessarily have reliable curative effects in clinical treatment and cannot be further popularized. Therefore, it is necessary to further clarify the role of other receptors and proteases of SARS-CoV-2 in of viral infection and to find more virus-host interaction mechanisms specific to SARS-CoV-2 to clarify why the virus has strong infection and transmission ability. This is not only helpful to fully understand the biological characteristics of the virus but also provides a basis for the treatment of COVID-19 and accelerates research on rapid diagnosis and targeted drugs.



4. SARS-CoV-2 infection mediated by other receptors

For the overall concept of SARS-CoV-2 receptors on cell membranes, the prerequisite is whether the relevant receptors can directly interact with S proteins and undergo conformational changes. However, some viruses rely not only on receptors and suitable host cells but also cell surface molecules that may help viruses locate and enter host cells but do not play a decisive role in the infection process and are therefore called attachment factors (coreceptors) (Evans and Liu, 2020). Therefore, virus receptors can be roughly divided into two categories: entry receptors and attachment factors (Mercer et al., 2020). As early as the beginning of the epidemic, researchers found that in the process of SARS-CoV-2 infection, the entry of virus into host cells does not depend on the binding of a single receptor with the S protein but requires the participation of multiple transmembrane proteins in target cells, which also play an important role in the process of virus transmission and can enhance the attachment and invasion ability of SARS-CoV-2 to host cells (Qi et al., 2020). At present, ACE2 is still recognized as the main entry receptor of SARS-CoV-2-infected host cells. However, the expression distribution of ACE2 in human tissues is relatively limited. In virus-positive tissues such as the brain, heart, liver and even lung, ACE2 is expressed in only a small number of cells, and the expression level is low (Scialo et al., 2020), which obviously cannot fully explain the multiorgan tropism of SARS-CoV-2. Therefore, researchers speculate that other receptors may help SARS-CoV-2 enter host cells and have been exploring in this direction. Here, we list a series of important viral receptors and outline their roles in SARS-CoV-2 infection, hoping to further reveal the pathogenesis of SARS-CoV-2 and show the potential value of these protein receptors in the treatment of COVID-19.


4.1. Entry receptors


4.1.1. AXL

Although it has been confirmed that ACE2 is the main receptor for SARS-CoV-2 entering human cells, studies have shown that ACE2 is only expressed in the kidney and digestive system, and its overall expression in human lungs and trachea is low. Therefore, there may be other receptors that promote SARS-CoV-2 entry into respiratory system cells. Wang S. et al. (2021) confirmed this hypothesis, and SARS-CoV-2 can invade the respiratory system by using the tyrosine-protein kinase receptor UFO (AXL) protein in host cells. They found that AXL is highly expressed in H1299 and BEAS-2B cells and can directly combine with the NTD of the virus S protein, enter host cells by the reticulin-mediated endocytosis pathway, and colocalize in early endosomes. Moreover, the experimental results also show that there is no cross-inhibition function between ACE2 and AXL. ACE2 knockout has no effect on SARS-CoV-2 infection of H1299 cells, while AXL knockout significantly weakens the viral infection of host cells. It is clear that AXL is a new receptor of SARS-CoV-2 and can independently mediate viral infection of the human respiratory system without relying on ACE2. In addition, in HEK293T cells with both ACE2 and AXL knockout, overexpression of AXL alone can significantly promote viral infection, while the addition of soluble recombinant AXL protein or recombinant NTD protein can inhibit AXL-mediated viral infection, which further confirms that AXL-mediated SARS-CoV-2 infection cannot depend on ACE2. In a word, AXL is a novel entry receptor of SARS-CoV-2 that can significantly promote viral invasion and reproduction and plays an important role in SARS-CoV-2 infection of the human respiratory system. Moreover, AXL can also be used as a potential target for future COVID-19 targeted therapy.



4.1.2. TfR

In a breakthrough in SARS-CoV-2 research, transferrin receptor (TfR) has been proven to be another receptor that affects the entry of SARS-CoV-2 into the host. Researchers found that the expression of TfR in the lung tissue and trachea of SARS-CoV-2-infected monkeys and humanized ACE2 (hACE2) mice increased significantly (Tang et al., 2020). There is a direct interaction between TfR and SARS-CoV-2, and the colocalization signal can be observed in the membrane and cytoplasm of Vero-E6 cells infected by SARS-CoV-2, which indicates that TfR is a membrane receptor of SARS-CoV-2. More importantly, the colocalization signals of TfR, ACE2 and S proteins were also detected on the membrane of infected cells, but only the TfR-S protein complex was observed in the cytoplasm. In other words, TfR can transport SARS-CoV-2 from the cell membrane to the cytoplasm independently of ACE2. Similarly, in Vero E6 and A549 cells with ACE2 knockout, overexpression of TfR can significantly promote viral infection, while knocking down TfR can inhibit viral infection, which once again indicates that TfR can mediate SARS-CoV-2 entry into host cells independently of ACE2. In addition, adding antibodies or polypeptides designed based on the TfR amino acid sequence showed good protective effects in vitro and in vivo, which could effectively prevent pathological lung injury caused by SARS-CoV-2 infection. These results indicate that TfR is the entry receptor of SARS-CoV-2 infection, and its discovery will further expand our understanding of the SARS-CoV-2 infection mechanism and provide new clues for exploring the therapeutic targets of COVID-19.



4.1.3. ASGR1 and KREMEN1

Systematic analysis of the host cell receptor lineage of SARS-CoV-2 and the search for unknown functional receptors are of great importance for further exploring the complexity of SARS-CoV-2 in tropism and clinical manifestations. Accordingly, Gu et al. (2022) established a genome-wide secretory omics interaction screening system and screened the receptors or ligands of target proteins under physiological conditions. The results turned out that asialoglycoprotein receptor 1 (ASGR1) and kringle containing transmembrane protein 1 (KREMEN1) could interact with multiple domains of the SARS-CoV-2 S protein. ASGR1 can bind to the RBD and NTD, and KREMEN1 can bind to the RBD, NTD and S2 subunits. Further in vitro infection experiments confirmed that overexpression of ASGR1 and KREMEN1 can promote SARS-CoV-2 pseudoviral infection in ACE2 knockout cells, indicating that ASGR1 and KREMEN1 can act as entry receptors in ACE2-independent cell lines and directly mediate SARS-CoV-2 infection independent of ACE2. The difference is that they have no effect on SARS-CoV and MERS-CoV infection, and there is no binding site between ASGR1 and the S protein of the virus, which indicates that ASGR1 and KREMEN1 are specific receptors of SARS-CoV-2. In addition, ACE2, ASGR1 and KREMEN1, which can mediate SARS-CoV-2 invasion, are collectively called ASK entry receptors, and different ACE2/ASGR1/KREMEN1 receptor combinations are used to mediate SARS-CoV-2 entry into different types of cells. The results showed that the ASK receptors together constitute the molecular basis of SARS-CoV-2 cell and tissue tropism. Moreover, the correlation between ASK receptor expression and virus susceptibility is obviously stronger than that of any single entry receptor at both the cellular and tissue levels. Moreover, SARS-CoV-2 can invade different types of cells by using different receptors, among which ASGR1 plays a role in liver cell lines, KREMEN1 plays a role in lung cell lines, and ACE2 plays a wide role in both lung and liver cell lines. In addition, the researchers also developed blocking monoclonal antibodies against ASGR1 and KREMEN1. The research findings suggested that these antibodies could significantly inhibit SARS-CoV-2 infection in human lung organs. More importantly, compared with any single targeting antibody, a “cocktail antibody” targeting ASK receptors can significantly inhibit SARS-CoV-2 infection of lung organs. In conclusion, ASGR1 and KREMEN1, as entry receptors of SARS-CoV-2, play an important role in SARS-CoV-2 infection independent of that of ACE2. This study provides important information and clues for explaining and deeply understanding the tropism and pathogenesis of SARS-CoV-2 and provides new targets and treatment strategies for drug research and development against COVID-19.



4.1.4. Integrin

One of the main pathological symptoms of many severe COVID-19 patients is platelet abnormalities, such as thrombocytopenia, microvascular thrombosis, and abnormal coagulation function. Kuhn et al. (2023) conducted in-depth exploration of the reasons. Their research confirmed that Integrin is the most abundant receptor protein on the surface of platelets (does not express ACE2 receptor). Among them, Integrins α5β1 and αvβ3, as the entry receptors of SARS-CoV-2, can directly recognize and bind to the RGD ligand motif (arginine-glycine-aspartic protein sequence) in the RBD domain of the S protein and do not depend on ACE2-mediated viral infection of platelet cells. In addition, the interaction between the S protein and Integrin αvβ3 can trigger the remodeling of Actin in cells and induce the formation of filamentous pseudopodia on the cell surface. These processes further activate platelets, ultimately leading to extensive microthrombosis and poor prognosis. Similarly, the infection of T cells by SARS-CoV-2 and related immune responses are closely related to the prognosis of COVID-19. Severe patients often exhibit symptoms such as T-cell overactivation, apoptosis, and lymphocyte reduction in the clinic. However, there is almost no expression of ACE2 and other known SARS-CoV-2 receptors on T cells, and how SARS-CoV-2 infects T cells and triggers their functional abnormalities has always been a focus of attention in the field of coronavirus research. The work of Huang et al. (2023) further clarified this problem, and their research results showed that lymphocyte Integrin α4β1, α4β7, α5β1, and αLβ2, as newly identified receptors for SARS-CoV-2, can directly recognize the three binding motifs in the S protein RBD and mediate viral entry into T cells. After integrin activation, the binding ability of RBD to these Integrins is significantly enhanced, which can significantly promote SARS-CoV-2 infection of T cells. In addition, the combination of RBD and Integrin further triggered the phosphorylation of Src and Akt proteins in T cells and upregulated the membrane expression level of the activation molecule CD25, as well as the inflammatory factors interleukin-2, interferon-γ and tumor necrosis factor-α at the transcriptional level, in turn inhibiting T-cell proliferation. In a word, SARS-CoV-2, under the direct effect of lymphocyte Integrin, enters T cells to regulate the T-cell immune response and inhibit cell proliferation, which is one of the important reasons for the high-level inflammatory environment and lymphocyte reduction in the body. As an entry receptor for SARS-CoV-2 on T cells, lymphocyte Integrin may be a potential therapeutic target in COVID-19 treatment.




4.2. Attachment factors


4.2.1. NRP1

Daly et al. (2020) from Bristol University confirmed that SARS-CoV-2 can bind to a cell surface protein called neuropilin-1 (NRP1). This attachment factor is widely expressed in lung cells and olfactory cells and has the highest expression level in endothelial cells. It was further found that in HEK293T cells with almost no endogenous expression of ACE2 and NRP1, overexpression of NRP1 did not affect the infection degree of SARS-CoV-2 pseudovirus, but coexpression of NRP1, ACE2 and TMPRSS2 significantly promoted viral entry and infection. Similarly, in Caco-2 cells with endogenous expression of ACE2, the overexpression of NRP1 significantly increased the degree of pseudoviral infection. These results suggest that NRP1 can promote the key linkage between the SARS-CoV-2 S protein and ACE2 receptor and the infectivity of SARS-CoV-2 in the presence of the ACE2 entry receptor. In addition, immunoprecipitation and other techniques showed that NRP1 could directly bind to the RRAR amino acid sequence on the S1 subunit of the virus. In contrast, SARS-CoV-2 infection can be significantly inhibited by blocking this interaction with RNA interference technology, monoclonal antibodies and selective inhibitors. Cantuti-Castelvetri et al. (2020) also found that SARS-CoV-2 infected NRP1-expressing cells in the nasal cavity in the pathological analysis of olfactory epithelium obtained from autopsies of deceased COVID-19 patients. Importantly, SARS-CoV-2 infection was also detected in oligodendrocyte transcription factor 2 (OLIG2)-positive cells, which are mainly expressed by olfactory neuron progenitor cells, which can reconstruct axons of the nose and brain when we lose our sense of smell (caused by SARS-CoV-2 infection), so the above reconstruction pathway may be used by SARS-CoV-2 to invade the nervous system. These results provide a new perspective for the treatment of COVID-19, and blocking the binding of SARS-CoV-2 to ACE2 and NRP1 will become a valuable treatment strategy.

Bone marrow macrophages (BMMs) are the main source of osteoclasts, as they can differentiate into osteoclasts by cell fusion. In a recent study (Gao et al., 2022), Liu et al. (2022) found that SARS-CoV-2 can efficiently infect BMMs through viral infection experiments in mice and primary BMMs, leading to bone system damage. Further mechanistic studies showed that the expression of ACE2 in BMMs was very low, while the expression of another receptor, NRP1, was positively correlated with SARS-CoV-2 infection. Moreover, TMPRSS2 was minimally expressed in BMMS, but Cat B/L was highly expressed, with a close relationship to NRP1 expression, suggesting that SARS-CoV-2 probably entered BMMS through the Cat B/L-mediated endosomal pathway. Notably, contrary to previous research reports, SARS-CoV-2 infection of BMMs only depends on the NRP1 receptor, without the participation of ACE2. In addition, SARS-CoV-2 infection of BMMS can significantly inhibit their differentiation into osteoclasts, resulting in abnormal bone resorption and destroyed bone homeostasis. Overall, this study provides the first important evidence for SARS-CoV-2 infection mediated by NRP1 in BMMs for the first time and establishes a potential relationship between osteoclast differentiation disorder and skeletal system metabolism disorder in COVID-19 patients.



4.2.2. CD147

CD147, also known as Basigin or EMMPRIN, belongs to the immunoglobulin superfamily. Early as in the study of SARS-CoV and other viruses (Faghihi, 2020), CD147 was proven to promote viral invasion of host cells, and CD147-antagonistic peptide-9 was shown to exert a significant inhibitory effect on SARS-CoV infection. Subsequently, researchers used CD147 as a candidate target and conducted a series of studies on the spread of SARS-CoV-2. In the research of Wang Z. et al. (2020), it was found that CD147, as an attachment factor, can help SARS-CoV-2 enter host cells through endocytosis. In this study, antiviral detection was carried out in vitro. The above research indicated that adding meplazumab (humanized anti-CD147 antibody) could significantly inhibit SARS-CoV-2 infection of host cells and significantly promoted the rehabilitation of infected patients. Afterward, the researchers verified the binding between CD147 and the S protein, and the results of immunoelectron microscopy showed that the two proteins were colocalized in Vero E6 cells infected by SARS-CoV-2. Overall, CD147, as a coreceptor, is a newly identified way for SARS-CoV-2 to infect host cells and provides an important target for the development of specific antiviral drugs. In addition, patients with severe and critical COVID-19 are often likely to have pulmonary fibrosis. Another study by the team showed that CD147 was involved in SARS-CoV-2-induced pulmonary fibrosis in addition to mediating SARS-CoV-2 into the host and initiating the COVID-19 cytokine storm (Wu et al., 2022). CD147 has been identified as the key regulatory factor of SARS-CoV-2- and bleomycin-induced fibroblast activation. Knockdown of CD147 can directly inhibit TGF-β-stimulated lung fibroblast activation and thus reduce susceptibility to bleomycin-induced pulmonary fibrosis. In contrast, the application of meplazumab can significantly inhibit the accumulation of activated fibroblasts and the production of extracellular matrix proteins, thus alleviating the further development of pulmonary fibrosis caused by SARS-CoV-2. In a word, the above studies indicate that CD147 can promote SARS-CoV-2-induced progressive pulmonary fibrosis and provide a theoretical and experimental basis for formulating treatment strategies for fibrosis symptoms.



4.2.3. KIM1

Autopsy and virological studies found many virus inclusion bodies and particles in the kidneys of COVID-19 patients (Wysocki et al., 2020), which indicated that SARS-CoV-2 had renal tissue tropism, and the kidney was another organ susceptible to SARS-CoV-2 in addition to the lung. However, ACE2 inhibitors did not significantly improve the prognosis of COVID-19 patients, and the expression level of ACE2 in the kidney decreased significantly after viral infection, which suggested that there may be other receptors of SARS-CoV-2 in the kidney. In view of the above conjecture, Yang et al. (2021) proposed that kidney injection molecule-1 (KIM1) is an attachment factor of SARS-CoV-2, which can mediate the invasion of the virus into the kidney. Studies have confirmed that KIM1, which is significantly upregulated during kidney injury, can bind with the RBD of SARS-CoV-2, enabling the virus to better attach to the cell membrane and enter cells through reticulin-mediated endocytosis. Moreover, the viral RBD can bind to KIM1 and ACE2 through different binding pockets, suggesting that these two receptors may exert a synergistic effect to mediate SARS-CoV-2 infection. In addition, based on the interaction sequence between KIM1 and SARS-CoV-2, the team designed two polypeptides to block viral infection, among which AP2, a polypeptide consisting of 14 amino acids, can significantly reduce the aggregation of SARS-CoV-2 on the cell surface. Importantly, the team also proposed the theory of “malignant circulation” for SARS-CoV-2 invasion of the kidney; that is, in the early stage of SARS-CoV-2 invasion of the kidney, it mainly binds ACE2 (the expression level is higher than that of KIM1 in the physiological state), and after virus-induced acute kidney injury, the expression level of KIM1 is upregulated, thus promoting secondary viral infection mediated by KIM1 and ACE2, aggravating kidney injury and further upregulating KIM1. In conclusion, the expression level of KIM1 is upregulated only after kidney injury, which indicates that it is relevant and specific to renal function. At the same time, KIM1 was identified as a new target for SARS-CoV-2 to invade cells, providing an important theoretical basis for the development of polypeptide drugs, small molecule drugs and antibody drugs based on this target to treat COVID-19.



4.2.4. SR-B1

Scavenger receptor class B type I (SR-B1), as the core of the lipid delivery system, has been widely recognized in hepatocytes, ovarian cells and testicular interstitial cells. It can mediate the selective absorption of cholesterol esters and play an important role in the metabolism of high-density lipoprotein (HDL) and the “reverse transport” of cholesterol (Powers and Sahoo, 2022). A research result from several cooperative teams confirmed that the S1 subunit of SARS-CoV-2 has specific affinity for HDL, and SR-B1 acts as the cell surface receptor of HDL, making HDL a “bridge” between the virus S protein and SR-B1 receptor (Wei et al., 2020). Therefore, in host cells expressing ACE2, the increase in HDL can significantly promote the adhesion and invasion of SARS-CoV-2 to the cell surface. In contrast, HDL-enhanced SARS-CoV-2 infection can be directly inhibited when cultured cells are treated with a monoclonal antibody (blocking the HDL binding site on the S1 subunit) or SR-B1 antagonist in vitro. In addition, to further explore the relationship between SR-B1 and SARS-CoV-2 infectivity, SR-B1 overexpression and knockdown were shown to increase and decrease virus RNA levels in host cells, respectively. In addition, immunohistochemical analysis showed that SR-B1 and ACE2 could be coexpressed on the cell surface of many susceptible tissues (such as lung, retina, kidney, small intestine, colon, etc.), suggesting that SR-B1 may be a coreceptor of ACE2 and enhance the infectivity of SARS-CoV-2 in various susceptible organs and tissues. In general, this study reveals for the first time that SR-B1 is an attachment factor of SARS-CoV-2, which not only clarifies the relationship between SARS-CoV-2 and lipid metabolism but also helps to improve people’s understanding of the pathogenesis of SARS-CoV-2 and provides a theoretical basis for screening and developing new antiviral drugs.



4.2.5. HSPG

Heparan sulfate (HS) is a kind of linear polysaccharide with electronegativity. It connects with the core protein in vivo to form a heparan sulfate proteoglycan (HSPG) structure, which exists in the cell membrane and extracellular matrix of mammalian tissue. Infection usually begins with the virus attaching to the glycan on the cell surface. Therefore, to further understand the binding of spike protein and sugar molecules, Tang et al. (2020) used glycan microarray and surface plasmon resonance techniques to test the binding differences of S proteins, subunits and domains of SARS-CoV-2 (Hao et al., 2021), SARS-CoV and MERS-CoV to different HS. The research results show that the S protein of these three human coronaviruses can bind to HS, and the position and degree of sulfation of HS are the key factors affecting its binding. The more glucosamine 6-O-sulfate groups and the higher the sulfation degree, the more easily viral protein binds to HS. The main reason for this is that the expression levels of sulfate transferases vary in different tissues or cells of the same tissue at different stages, resulting in diversity in the structure and function of HS linked by the same core protein. HSPG exhibits different sulfation patterns in different tissues, developmental stages, and pathological states, and this binding specificity may contribute to the tropism of SARS-CoV-2 for human cells. In contrast, the chain length and monosaccharide composition of HS have little effect on binding. Overall, HSPG binding is the molecular basis mediating viral attachment to host cells. Similarly, in the research of Clausen et al. (2020), HSPG was confirmed to exist on the surface of lung cells, and SARS-CoV-2 can adhere to host cells with low affinity in advance by combining with HSPG, thus increasing the virus concentration on the surface of the cell membrane. Moreover, the combination of the two can also induce structural changes in the S protein, forming an “open” conformation, further enhancing the interaction between RBD and ACE2 and initiating the viral infection program. Importantly, SARS-CoV-2 entering lung cells must bind HSPG and ACE2 located on the cell surface at the same time. In addition, removing HSPG with an enzyme or using heparin (competitive binding S protein) can prevent SARS-CoV-2 from binding to HSPG on the cell surface, hinder the adsorption of virus to host cells, and thus inhibit viral infection. To sum up, HSPG is a necessary coreceptor in the process of SARS-CoV-2 infection that can help the virus gradually form aggregates on the cell surface. Moreover, HSPG can enhance the openness of RBD and promote its interaction with receptors, thereby triggering the fusion pathway between virus and cell membrane. Therefore, it is very important to a deep understanding of the pathogenic mechanism of SARS-CoV-2 in human cells for the prevention and treatment of COVID-19.



4.2.6. MYH9

Severe acute respiratory syndrome coronavirus 2 is highly contagious because the virus can infect host cells in many ways. To further explore the specific mechanism by which SARS-CoV-2 infects human lung tissue cells, Chen et al. (2021) jointly identified the receptor protein myosin heavy chain 9 (MYH9) interacting with the virus S protein and confirmed that the binding of the two proteins was realized by the direct binding of the C-terminal domain of MYH9 (named PRA) to the NTD of the S2 subunit and S1 subunit of SARS-CoV-2. In addition, researchers have found that knocking out the MYH9 gene in the wild-type human lung cancer cell lines A549 and Calu-3 by CRISPR/Cas9 technology can significantly inhibit SARS-CoV-2 infection. In contrast, overexpression of MYH9 or PRA enhanced viral infection in wild-type A549 and H1299 cells. Notably, endosome or myosin inhibitors can effectively block SARS-CoV-2 from entering lung cells, but TMPRSS2 and Cat B/L inhibitors are ineffective, which indicates that MYH9 promotes the endocytosis of SARS-CoV-2 and bypasses the TMPRSS2 and Cat B/L pathways. Equally importantly, overexpression of MYH9 did not enhance SARS-CoV-2 pseudoviral infection in ACE2 knockout A549 cells but only enhanced viral infection in wild-type A549 cells. Therefore, the presence of ACE2 is necessary for the entry of SARS-CoV-2 mediated by MYH9. MYH9 can act as a coreceptor for SARS-CoV-2 to enter the host and enhance viral infection by promoting the endocytosis of SARS-CoV-2 dependent on ACE2, but this process does not require the participation of TMPRSS2 and the CatB/L pathway. Overall, MYH9 plays a key role in SARS-CoV-2 infection in cells with low expression of ACE2 (lung tissue cells), and it may be another important potential target for future clinical intervention strategies.



4.2.7. C-type lectins and TTYH2

Excessive lung immune inflammation caused by SARS-CoV-2 entering the human body is considered the main driving factor aggravating COVID-19. Therefore, clarifying the immune pathogenesis caused by SARS-CoV-2 is the key to adopting correct intervention strategies for disease treatment. As previously reported (Liao et al., 2020), researchers detected the existence of viral RNA in immune cells (especially myeloid cells) isolated from alveolar lavage fluid of COVID-19 patients. However, the expression level of the ACE2 receptor molecule in immune cells is very low, which suggests that there may be other receptor molecules mediating the interaction between SARS-CoV-2 and immune cells. In response to this question, Xie et al. cooperated to provide a new explanation (Lu et al., 2021). Researchers have identified six myeloid cell membrane proteins that bind to the virus S protein, which can be used as attachment factors of SARS-CoV-2. Among them, c-type lectins (DC-SIGN, L-SIGN, LSECtin, ASGR1 and CLEC10A) mainly bind to the non-RBD (NTD or CTD) domain of the S protein, while tweety family member 2 (TTYH2), similar to ACE2, mainly binds to the RBD domain of the S protein. However, further virus verification experiments found that the interaction between SARS-CoV-2 and these surface receptors could not affect viral infection and replication but could cause myeloid cells to produce large amounts of proinflammatory cytokines (IL1B, IL8, CXCL10, CCL2, etc.) and upregulate the expression of inflammation-related genes (EGR1, THBD, C4A, and SOCS3). Moreover, RNA sequencing analysis of single cells in alveolar lavage fluid of COVID-19 patients showed that these inflammatory factors were not only closely related to the severity of symptoms but also positively related to the expression of receptors on the surface of myeloid cells. In addition, the researchers designed a bispecific nanoantibody (aiming at two blocking modes of myeloid cell receptor and ACE2 receptor), which can not only effectively prevent SARS-CoV-2 infection mediated by ACE2 but also block the excessive inflammatory reaction caused by SARS-CoV-2 through myeloid cell receptor. In total, this study reported for the first time that the interaction between SARS-CoV-2 and immune cell surface receptors can lead to excessive inflammatory reactions and proposed using bispecific nanoantibodies to block the viral infection pathway and immune overactivation at the same time as a potential treatment strategy for severe COVID-19 patients.



4.2.8. GRP78

Glucose regulated protein 78 (GRP78) is a molecular chaperone protein that usually exists in the endoplasmic reticulum of cells. However, new research suggests that GRP78 is also localized on the cell surface, serving as an attachment factor for SARS-CoV-2. On the target cell surface, it can promote the viral endocytosis by directly interacting with the S protein and endogenous ACE2 receptor (Shin et al., 2022). Notably, the soluble form of GRP78 can exist in the systemic circulation, especially in COVID-19 patients, and its protein expression level significantly increases with increasing severity of SARS-CoV-2 infection. Moreover, soluble GRP78 can form complexes with viral particles in the body circulation or plasma membrane, thus enhancing the stability of the virus and further promoting the adhesion and invasion of SARS-CoV-2 to the host cell surface. Moreover, GRP78 plays a key role as on exogenous viral protein. It can act as the host virus chaperone of SARS-CoV-2 proteins (such as S, E, N, NSPs, and ORFs) and participate in processes such as the folding, assembly and degradation of viral proteins through its own chaperone function (Nassar et al., 2021). In addition, the continuous mutation of the virus and its own adaptability have always been key issues that urgently need to be addressed in anti-SARS-CoV-2 treatment. To further explore whether targeting GRP78 can treat COVID-19, researchers tested a new small molecule drug HA15 (GRP78 inhibitor) on infected lung cells (Ha et al., 2022). The results indicate that this drug can specifically bind to GRP78 and inhibit its activity, effectively reducing the number and size of SARS-CoV-2 plaques produced in infected cells. The researchers also carried out similar studies in animal models infected with SARS-CoV-2. The results showed that HA15 significantly reduced the viral load in the lungs, and the safe dose had no harmful effect on normal cells. Surprisingly, the original purpose of this drug development is to combat cancer. This targeted inhibitor will build a bridge between cancer treatment and COVID-19 treatment. It may be possible to treat different diseases together.



4.2.9. DPP4

Dipeptidyl peptidase-4 (DPP4) is a serine protease that exists on the cell surface in the form of dimer. It is widely distributed in human tissues and functions as a multifunctional protein. DPP4 is expressed in the respiratory tract, kidneys, liver, small intestine, and central nervous system. In addition, it is widely expressed on the surface of activated immune cells, including CD4 + T cells, CD8 + T cells, B cells, NK cells, dendritic cells and macrophages. It can regulate the production of cytokines, chemokines and peptide hormones, thus participating in various immune or inflammatory reactions. A bioinformatics study based on the protein crystal structure revealed that DPP4 can serve as a cell surface binding target for the virus S protein RBD (Li et al., 2020) and enhance SARS-CoV-2 infection of otherwise non-susceptible cells by promoting ACE2 receptor-dependent endocytosis, and mutation of E484 and its adjacent residues is an important factor in this binding ability. Notably, camostat mesylate (serine protease inhibitor) has been proven to be effective in inhibiting SARS-CoV-2 infection. Since DPP4 is a serine protease, DPP4 inhibitors may also be developed as therapeutic drugs targeting COVID-19. In addition, another study related to DPP4 inhibitors found that diabetes patients are more likely to be infected with SARS-CoV-2 and develop severe cases of COVID-19; moreover, SARS-CoV-2 can change the expression of DPP4 in diabetes patients through interaction with insulin, leptin and interleukin-6 (IL-6) and trigger uncontrolled glucose metabolism disorder and inflammation, thereby increasing the mortality of COVID-19 (Rakhmat et al., 2021). Due to the important role of DPP4 in glucose metabolism, the application of DPP4 inhibitors can help reduce the severity of the disease through this pathway, preventing lung inflammation and reducing lung injury. In general, the potential use of DPP4 as a binding target (coreceptor) for SARS-CoV-2 may provide new insights into the pathogenesis of the virus and help develop monitoring and treatment strategies to address the challenges of COVID-19.



4.2.10. Other coreceptors

In addition to the attachment factors mentioned above, the following coreceptors have been confirmed to play key roles in SARS-CoV-2 infection. The susceptibility of cells to viruses may be closely related to interaction with these receptor proteins, which can ensure the triggering of SARS-CoV-2 attachment and invasion of the host at appropriate locations. For example, T-cell immunoglobulin and mucin domain 1 (TIM-1) and TIM-4, as important phosphatidylserine (PS) receptors in the TIM and TAM families, can directly interact with PS on the outer leaflet of SARS-CoV-2, enhancing viral infection by promoting ACE2-dependent SARS-CoV-2 endocytosis fusion (Bohan et al., 2021). A disintegrin and metalloprotease 17 (ADAM17), as one of the coreceptors for SARS-CoV-2 entering the host, is mainly triggered by the virus S protein to cleave ACE2, further leading to extracellular detachment of ACE2 and enhancing host protease activity, promoting virus cytoplasmic fusion (Jocher et al., 2022). Similarly, the attachment factor B0AT1 (SLC6A19) can enhance the stability of ACE2 and assemble it into a high-quality and stable heterodimer structure, and the ACE2-B0AT1 complex can simultaneously bind two S proteins, significantly promoting SARS-CoV-2 recognition and infection of host cells (Yan et al., 2020). In addition, the S protein can directly bind to the pattern recognition receptor toll-like receptor 4 (TLR4) to enhance viral attachment on the surface of host cells, increase the virus concentration on the membrane surface, activate the downstream signal of TLR4 and upregulate the related inflammatory factors IL-1B and IL-6, thus inducing the body’s antibacterial-like natural immune response (Zhao et al., 2021). In contrast, there are also some receptors on the host cell that inhibit viral entry. Previous research results have shown that interferon-induced transmembrane protein 3 (IFITM3) is a protein that can prevent SARS-CoV-2 from passing through the cell membrane. Its main mechanism is to prevent the fusion of the viral envelope and cell plasma membrane by regulating the fluidity of the host cell membrane, thus preventing viral invasion (Xu et al., 2022). Lymphocyte antigen-6E (LY6E) is a glycosyl phosphatidylinositol-anchored cell surface receptor that also plays a role in body defense. It inhibits SARS-CoV-2-induced cell infection by interfering with S protein-mediated membrane fusion and cytoskeleton rearrangement (Rajah et al., 2022). The ezrin protein receptor is encoded by the EZR gene, which can inhibit viral infection of the host by reducing the expression of key receptors (ACE2 and TLR) related to SARS-CoV-2. Ezrin peptide has also been proven to be particularly effective in inhibiting viral pneumonia and is a key way to prevent and treat severe COVID-19 (Gadanec et al., 2021). These reports provide new insights into the interaction between SARS-CoV-2 and the host. Further research on this aspect can help us better understand the host tropism and pathogenicity of SARS-CoV-2 and provide a theoretical basis and potential targets for the prevention and treatment of COVID-19.





5. SARS-CoV-2 is mutating


5.1. Alpha

The Alpha variant, numbered B.1.1.7, was first identified in the UK in September 2020 and began spreading rapidly in mid-December (Schuit et al., 2021). In addition to the mutation D614G in the S protein, in the RBD of the S protein of the Alpha mutant, asparagine at position 501 was replaced by tyrosine (N501Y), which increased the affinity between the RBD and ACE2. This resulted in the Alpha variant being able to infect cells with lower ACE2 levels than nasal and bronchial epithelial cells. Although the loss of amino acid 144 on the NTD of the S protein did not cause significant structural rearrangement, it led to drug resistance to most anti-NTD monoclonal antibodies (Domingo and de Benito, 2021; Mohammad et al., 2021). Therefore, compared with the original strain, the main feature of the Alpha variant strain is its ability to combat the immune system, which enhances not only transmissibility but also virulence and can lead to breakthrough of the existing natural immunity of humans and to secondary infection (Peters et al., 2021).



5.2. Beta

The Beta variant, numbered B.1.351, was first discovered in South Africa in May 2020 and soon became the most widespread variant strain in South Africa (Bhattarai et al., 2021). In addition to the N501Y mutation in the S protein, lysine at amino acid position 417 in the RBD is replaced by asparagine (K417N), and glutamate at amino acid position 484 is replaced by lysine (E484K). Among them, the N501Y mutation enhances receptor recognition, and the additional K417N and E484K mutations facilitate immune evasion, which promotes resistance to neutralization by therapeutic monoclonal antibodies against the RBD. In addition, the replacement of leucine at position 18 with phenylalanine (L18F) and the loss of amino acids at positions 242, 244, and 243 causes rearrangement of the NTD epitope, which significantly reduces the antiviral efficacy of monoclonal antibodies against the NTD (Sutton et al., 2022; Yadav et al., 2022). Therefore, the main features of the Beta variant strain are vaccination-induced immunity escape, elevated transmissibility, and evasion of immune cell recognition, thus reducing the protection afforded by COVID-19 vaccines (Bhattarai et al., 2021; Liang et al., 2022).



5.3. Gamma

The Gamma variant, numbered P.1, was first discovered in Brazil in November 2020, and it is the most important SARS-CoV-2 strain in South America (Loconsole et al., 2021). Compared with the sequence of the Beta mutant, in the S protein RBD of the Gamma mutant, lysine at position 417 is replaced with threonine (K417T), while the E484K and N501Y mutations are retained. In addition, there is an L18F mutation in the NTD, and threonine at position 20 is replaced by asparagine (T20N), proline at position 26 is replaced by serine (P26S), etc., (Raman et al., 2021; Yépez et al., 2022). Therefore, for the ACE2 receptor, the Gamma variant has a binding affinity similar to that of the Beta variant, and mutation at these sites significantly reduces the neutralizing efficacy of monoclonal antibodies against the RBD and NTD. The main characteristic of the Gamma variant is that it can evade immunity and transmit more readily. Its transmissibility is twice that of the original strain, and some people can still undergo reinfection after recovering from infection by the Gamma strain (Brinkkemper et al., 2021).



5.4. Delta

The Delta variant, numbered B.1.617.2, was first discovered in India in October 2020, and it spread globally, causing major outbreaks in India, Britain and other countries (Bhattacharya et al., 2022). The Delta mutant also carried the D614G mutation. In addition, in the S protein RBD, leucine at position 452 is replaced by arginine (L452R), threonine at position 478 is replaced by lysine (T478K), threonine at position 19 is replaced by arginine (T19R), glycine at position 142 is replaced by aspartic acid (G142D), the amino acids at positions 156 and 157 are missing, etc. Among them, the L452R mutation is closely related to the increased infectivity of the delta variant and reduction of neutralization by convalescent plasma and specific monoclonal antibodies (Wilhelm et al., 2021; Dhawan et al., 2022). Therefore, the main characteristics of the Delta variant are fast transmission speed, high viral load and strong adaptability to the body. Statistical analysis shows that Delta has the strongest infection ability among all variant strains at present, and its infection rate is twice that of the Alpha strain and 1,260 times that of the original strain (Yi et al., 2022). Even more worrisome is that the condition of patients infected with the Delta variant progresses rapidly, and the average time to the severe stage is only 5 days (Zhan et al., 2022).



5.5. Omicron

The Omicron variant, numbered B.1.1.529, was first discovered in South Africa in November 2021, becoming the fifth VOC, and it has gradually replaced Delta and become prevalent worldwide (Rana et al., 2022). The Omicron variant contains more than 50 mutations, including 37 mutation sites on the S protein alone, representing the most frequent mutation in the S protein among variants at present (Bazargan et al., 2022). Importantly, the Omicron variant incorporates the other four key mutation sites of the S protein of other VOCs, and there are 15 amino acid mutation sites in the RBD region, including K417N, T478K, and N501Y, among which E484A and Q493R are unique to Omicron. Among these mutations, the K417N, N501Y, Q493R, and Y505H mutations can enhance the binding ability of the virus to ACE2 and thus increase its infectivity. Mutations such as S477N, T478K, and E484A may enhance the immune evasion ability of viruses, thus avoiding the surveillance of the immune system (Khandia et al., 2022; Tian et al., 2022). Furin, a highly specific endonuclease, can enhance the pathogenicity of viruses. There are three mutations (H655Y, N679K, and P681H) near the furin cleavage site of the Omicron variant, which may enhance the cleavage of the S protein and its fusion with host cells and further promote the replication and transmission of the virus (Bansal and Kumar, 2022). In addition, the R203K/G204R mutation in the N protein is closely related to an increase in viral RNA expression and viral load, which may enhance viral virulence (Singhal, 2022). Therefore, the main features of the Omicron variant strain are its strong transmissibility and immune evasion ability. Omicron is called a supervariant strain, and the number of cases due to Omicron is rising much faster than that of previous SARS-CoV-2 outbreaks. Fortunately, it has less virulence and causes low mortality, and some infected people have no symptoms (Trunfio et al., 2022).

In the early stages of the Omicron epidemic, three subtypes emerged, namely, BA.1-3, with BA.2 having the strongest epidemic intensity (Tiecco et al., 2022). Compared with the previous subtypes, Omicron subtype BA.4 and BA.5 have stronger cell fusion ability in alveolar epithelial cells, so with the accelerated spread of BA.4/5 in many countries, the world set off the seventh wave of the epidemic surge (Tallei et al., 2022). XBB is a recombinant strain of Omicron BA.2.10.1 and BA.2.75, with stronger transmission and immune escape ability than the early prevalent Omicron variant (Vogel, 2023). It is currently the dominant epidemic strain in multiple countries worldwide. XBB.1.5 was first found in the United States in October 2022 and has been marked as the most infectious SARS-CoV-2 subtype variant thus far, with at least 26 subbranches (XBB.1.5.1∼XBB.1.5.10) (Channabasappa et al., 2023). According to the data released by the US Centers for Disease Control and Prevention (CDC) website, during the week of March 12-18, 2023, cases of XBB.1.5 accounted for 90.2% of the total number of cases of COVID-19, and the virus strain developed from a low-frequency epidemic to an absolute advantage epidemic strain in less than 3 months (Center for Disease Control and Prevention [CDC], 2023). XBB.1.9 was first detected in Indonesia in September 2022 and currently has three sub branches (XBB.1.9.1 to 1.9.3) (Velavan et al., 2023). Notably, although there has been an increase in cases of XBB.1.9 worldwide recently and its transmission potential is higher than that of XBB.1.5, individuals who have been infected with XBB.1.5 will not be infected with XBB.1.9 again in the short term, which greatly suppresses its spread (World Health Organization [WHO], 2022b). Recently, a new strain FU.1 (XBB.1.16.1.1) with stronger infectivity has emerged in multiple regions worldwide. Experts have warned that the danger of FU.1 is very high, with 50% higher infectivity than the current epidemic strain, and it has only just begun to spread globally (Herald Sun, 2023). In short, although the COVID-19 epidemic no longer constitutes a “public health emergency of international concern,” it is still a serious infectious disease, and we need to consider it a serious threat to human health.




6. Effectiveness of the COVID-19 vaccines against the Omicron variants

At present, COVID-19 continues to spread in many places worldwide, and vaccination is one of the most effective strategies for pandemic prevention. According to the data released by the WHO on March 30th, 2023, there are 183 vaccines in clinical trials and 199 vaccines in preclinical trials (World Health Organization [WHO], 2023). These vaccines mainly include subunit vaccines (32%), inactivated vaccines (12%) and attenuated live vaccines (1%), as well as emerging mRNA vaccines (24%), viral vector vaccines (14%), DNA vaccines (9%), and virus-like particle vaccines (4%) (Li G. et al., 2022), among which 11 vaccines are included in the Global Emergency Use List (EUL) (Table 2). However, SARS-CoV-2 variants appear frequently, and whether the existing COVID-19 vaccines can effectively slow the spread of the current pandemic variants has become a global issue of general concern to the public. Here, we focus on the latest research progress of these 11 vaccines from the perspective of the technical route, working mechanisms, advantages and disadvantages of the vaccines and neutralization efficacy against Omicron pandemic strains, hoping to further improve the rationale and accuracy of COVID-19 prevention and control measures (Figure 3).


TABLE 2    Comparison of 11 COVID-19 vaccines included in the WHO emergency use list.
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FIGURE 3
Composition of different types of COVID-19 vaccines and the mechanism of protective immune response induced by them. (A) Different types of COVID-19 vaccines. a. Inactivated virus vaccine: Use physical and chemical methods to inactivate SARS-CoV-2 and add specific adjuvants. The inactivated virus injected into the body has no pathogenicity but only retains immunogenicity. b. mRNA vaccine: Lipid nanoparticles are used as delivery carriers to introduce mRNA expressing spike (S) protein into the body to produce neutralization reaction. c. Virus vector vaccine: Integrate S protein gene into adenovirus genome to construct recombinant adenovirus vaccine, and then inject it into muscle. d. Protein subunit vaccine: The S protein or its subunit fragment prepared in vitro is mixed with a specific adjuvant and injected into the human body to induce the immune response of the body. Then stimulate the immune system to produce specific immune response against SARS-CoV-2. (B) The human immune system will produce immune response against the invading vaccine components. When COVID-19 vaccine is injected into the body, it can be internalized by antigen presenting cells, and S protein or its subunit fragments can be transmitted or synthesized in the cytoplasm. If the target antigen is decomposed into small fragments by the proteasome complex, MHC-I molecules can present the antigen fragments to the cell surface to facilitate the recognition of CD8+cytotoxic T cells. Activated cytotoxic T cells kill infected cells by secreting lymphokines such as perforin and granzyme. If the target antigen secreted is reabsorbed by cells, it will be degraded by lysosomes and presented to CD4+helper T cells through MHC-II molecules on the cell surface. B cells will be activated by the stimulation of antigen, proliferate and differentiate into plasma cells, secrete specific antibodies, and the antibodies can combine with SARS-CoV-2 to make them lose their infectivity. At the same time, they will guide macrophages to phagocytosis and eliminate pathogens. In addition, both memory T cells and memory B cells have the ability to recognize specific antigens. If they encounter the same target antigen invasion again in the future, they can be quickly activated to kill the invading pathogens. (LNP, lipid nanoparticle; APC, antigen-presenting cell; MHC, major histocompatibility complex; BCR, B cell receptor).



6.1. Inactivated virus vaccines

Inactivated vaccine technology is recognized as a mature classic technology worldwide. In its preparation, the virus strain should be first isolated, amplified and cultured in susceptible cells and then inactivated, purified and adsorbed by an adjuvant so that the original virus strain loses pathogenicity and retains antigenicity. Subsequently, helper T cells can be activated by antigen-presenting cells, and then B cells can be induced to produce humoral immunity (Wang Z. et al., 2020). Although inactivated virus particles can no longer infect, they contain the complete structural proteins of the virus, which can simultaneously induce the production of polyclonal antibodies against various SARS-CoV-2 antigens (such as the S protein and N protein). However, due to the complexity of virus culture and inactivation procedures, the development and production of inactivated vaccines requires more time (Khoshnood et al., 2022). Moreover, the immune protection duration is relatively short, and two or even multiple invasive injections are required (Khoshnood et al., 2022).

According to the up-to-date information from the WHO, three inactivated vaccines have been granted emergency use authorization, including BBIBP-CorV produced by the Beijing Institute of Biological Products Co., Ltd. and CoronaVac produced by Beijing Kexing Biological Products Co., Ltd. Covaxin was developed by Bharat Biotech (World Health Organization [WHO], 2022a). BBIBP-CorV is the first COVID-19 vaccine listed by the WHO for emergency use in China. In the early stage of the widespread pandemic of the Omicron variant, Professor Zhang Wenhong and Professor Wang Pengfei of Fudan University jointly evaluated the immune evasion ability of the Omicron variant after two doses of BBIBP-CorV and the third booster vaccination. Studies showed that the antibody titer level of the subjects vaccinated with two inactivated vaccines against the Omicron strain decreased by at least 5.3-fold compared with that against the original strain. However, after the third booster injection, the antibody titer increased significantly, and the antibody-positive rate reached at least 75% (Ai et al., 2022). CoronaVac is the most widely administered COVID-19 vaccine in the world. The latest study comprehensively analyzed the immune response induced by the third booster dose of the CoronaVac injection. The strong immune memory could be quickly recalled by the third injection, and the neutralizing activity of serum against the original strain, Delta variant strain and Omicron variant strain increased by 4.08-fold, 5.0-fold, and 3.6-fold, respectively. Subsequently, Chen R. et al. (2022) also dynamically monitored specific cellular immunity against SARS-CoV-2. It was found that the RBD protein-specific B cells and memory B cells for the original strain induced by the third injection could also cross-recognize the RBD of Delta and Omicron variants. Regarding Covaxin, the WHO recently issued a statement that it would suspend the procurement and supply of Covaxin due to manufacturing practice defects found during inspection and suggested that countries receiving this vaccine “take appropriate actions” (Thiagarajan, 2022).



6.2. mRNA vaccines

As a powerful tool against the COVID-19 pandemic, mRNA vaccines have been widely studied. These vaccines can introduce mRNA expressing antigen targets into the body through a specific delivery system, and then the proteins are translated and expressed, whereupon they effectively stimulate the body to produce specific immune responses (a dual humoral immunity and T-cell immunity mechanism) to achieve efficient immune protection (Fang et al., 2022). The mRNA vaccine uses the gene sequence of SARS-CoV-2, containing viral component and carrying no risk of infection. In addition, mRNA vaccines have short research and development cycles, simple production processes and easy mass production, which can improve the global vaccination rate. More importantly, for the constantly mutating SARS-CoV-2, once a new variant sequence is determined, researchers can develop a new vaccine to deal with the mutant strain in the shortest time by modifying the mRNA sequence of the target. However, mRNA molecules have a short half-life and poor stability and are extremely sensitive to high temperature, which makes vaccine storage and transportation difficult (Jin et al., 2021; Szabó et al., 2022).

Since the emergence of COVID-19, the medical prospects of mRNA vaccines have been fully proven. At present, mRNA vaccines included in the EUL by the WHO include BNT162b2, which was jointly developed by Pfizer/BioNTech, and mRNA-1273, which was produced by Moderna (World Health Organization [WHO], 2022a). Both vaccines were developed with the design strategy of wrapping mRNA encoding the SARS-CoV-2 S spike protein with lipid nanoparticles (LNPs) (Noori et al., 2022), and vaccinees are afforded good protection. A study led by Professor Lu Ligong found that among people who have been vaccinated with two doses of an inactivated virus vaccine, those who choose BNT162b2 for the booster injection will effectively produce more neutralizing antibodies against Omicron (Li G. et al., 2022). Similarly, Muecksch et al.’s (2022) research shows that compared with people who received only 2 shots of an mRNA vaccine, those who received a third shot of mRNA-1273 exhibit enhanced ability of the body to produce broad-spectrum neutralizing antibodies, and more than 50% can neutralize Omicron variants. In addition, as reported Moderna Company, the first mRNA vaccine, mRNA-1273.214 specifically targeting Omicron will be launched soon, covering 32 mutations of the S protein and exhibiting an excellent neutralizing effect on Omicron (BA.4/5). Compared with that before mRNA-1273 booster vaccination, the neutralizing antibody level increased by 8-fold, and the geometric mean titer (GMT) of antibodies increased from 432 to 3,070 1 month after mRNA-1273.214 booster vaccination (Chalkias et al., 2022).



6.3. Viral vector vaccines

Viral vector vaccines use improved and safe viruses (such as adenovirus, HIV, etc.) as vectors to deliver genes encoding viral protective antigens to host cells (Deng S. et al., 2022), thus activating the human body to produce specific neutralizing antibodies and develop immune protection. There are two kinds of viral vector vaccines. One is non-replicative; the virus retains its complete structure and infectivity, but its self-replication function is lost. It needs the help of specific transformed cells or helper viruses to stimulate the human body to produce effective immunity. The other is the replication type, which can also replicate and produce more vector viruses to complete a new round of infection, express more specific antigens, and then trigger a stronger immune response (Jacob-Dolan and Barouch, 2022). The viral vector vaccines approved for SARS-CoV-2 protection are all recombinant vaccines based on adenovirus as the delivery vector and S protein as the target. Its advantage lies in the high transgenic efficiency of the adenovirus vector, which can transduce different types of human tissues and cells, and the vaccine can be inoculated with only one injection, with an average of 14 days to achieve immune protection. Therefore, it is time-saving, convenient, efficient and suitable for rapid large-scale vaccination of populations (Chen L. et al., 2022). However, because adenovirus vectors are generally susceptible, most humans have antibodies to neutralize adenovirus, which leads to the immune system attacking viral vectors, thus reducing the effectiveness of the vaccines (McCann et al., 2022).

Globally, four kinds of adenovirus vaccines have been authorized by the WHO for emergency use. These vaccines are Vaxzevria and Covishield, which were jointly developed by Oxford University/AstraZeneca, Ad26.COV2.S developed by Johnson & Johnson and Ad5-nCoV produced by Consino Biological AG (World Health Organization [WHO], 2022a). Research results have proven that although the preventive effect of the vaccine decreased compared with that against the original strain, individuals initially immunized with 2 doses of Vaxzevria still retained neutralizing activity against Omicron. After the third-dose booster injection, the titer of neutralizing antibody against Omicron increased significantly (Hastert et al., 2022). During the fourth COVID-19 wave in South Africa triggered by the Omicron strain, Gray Glenda’s team conducted mass spectrometry analysis on serum samples from critically ill patients who were vaccinated with 2 doses of Ad26.COV2. The research findings suggested that Ad26.COV2.S booster injection could effectively prevent hospitalization with severe COVID-19, and the effective rate was 55% 14 days after inoculation, 74% 14–28 days after inoculation, and 72% 1–2 months after inoculation. The curative effect of critically ill COVID-19 patients admitted to the ICU is also very significant. The effective rate was 82% 1-2 months after vaccination (Gray et al., 2022). The researchers randomly divided 904 subjects who had been vaccinated with 2 doses of inactivated vaccine 6 months prior into 3 groups, namely, the 1-dose Ad5-nCoV heterologous boosted group, 1-dose ZF2001 heterologous boosted group and 1-dose CoronaVac homologous boosted group. The data showed that 14 days after booster vaccination, the neutralizing antibody GMT against the Omicron strain of the Ad5-nCoV group was 261 and that of the ZF2001 group and the CoronaVac group was 86 and 54, respectively. In addition, the positive rate of IFN-γ production in the Ad5-nCoV heterologous boosted group was 68.8%, and the cellular immune response intensity was significantly better than that in the other two groups (Sapkota et al., 2022). Therefore, Ad5-nCoV was selected as the booster injection for heterologous boosting, which is the best choice for protective immune effects at present.



6.4. Subunit vaccines

A protein subunit vaccine is a new vaccine that can induce immune protection based on the recombination of the protective antigen gene of the virus with a plasmid or viral vector and introducing it into a recipient cell expression system, inducing the production of specific antigen proteins and purifying them (Golob et al., 2021). Subunit vaccines usually employ the S protein or RBD protein of SARS-CoV-2 as candidate vaccine antigens to eliminate epitopes with poor immune effects. This approach can not only improve the utilization efficiency of antigen epitopes but also avoid the production of unrelated antibodies and reduce the side effects of vaccines (Mekonnen et al., 2022). On the other hand, because such a vaccine needs only the recombination and expression of effective antigen fragments in vitro without any live virus, vaccine production can be conducted in an ordinary biosafety laboratory, which significantly reduces the production cost, and the storage and transportation of the vaccine are more convenient, enabling large-scale production capacity (Díaz-Dinamarca et al., 2022; Heidary et al., 2022). However, because this kind of vaccine includes only a part of the virus structure, its immunogenicity is relatively low, so it is necessary to add appropriate adjuvants to enhance the immune effect of the vaccine.

With the ongoing development of vaccines against COVID-19, subunit vaccines have become the largest category of vaccine research and development. NVX-CoV2373 (Covovax and Nuvaxvid) is a protein subunit vaccine jointly developed by Novavax/Serum Institute of India and was listed by the WHO for emergency use on December 17 and 21, 2021, respectively (World Health Organization [WHO], 2022a). Early in the Omicron outbreak, Novavax released raw data on the cross-reaction of NVX-CoV2373 for Omicron. The results showed that NVX-CoV2373 produced an extensive cross-reactive immune response to Omicron and other SARS-CoV-2 variants. Compared with that after the initial immunization with two doses of NVX-CoV2373, the body produced a stronger immune response after the third-dose booster injection, and the anti-S protein IgG antibody and ACE2-binding inhibitory antibody levels increased by 9.3 times and 19.9 times, respectively (Tarke et al., 2022). In addition, recent data have shown that NVX-CoV2373 can produce an effective immune response to many Omicron subtypes, including BA.5, which has the strongest immune evasion ability (Zeng et al., 2022). Overall, NVX-CoV2373 plays an important role in fighting against the new SARS-CoV-2 variants.



6.5. Other types of vaccines

In addition to the abovementioned COVID-19 vaccines, other types of vaccines have been developed, tested and approved for use. For example, the working mechanism of DNA vaccines belonging to the third-generation technical approach is to introduce DNA fragments encoding antigen proteins into host cells, which then continuously express natural antigens in vivo to induce the human body to produce a sustained and effective immune response (Wang X. et al., 2022). Compared with mRNA vaccines, DNA vaccines have higher stability and are easier to produce and store, but they may also integrate DNA into the host chromosome to cause mutations and induce autoimmune diseases (Hadj Hassine, 2022). At present, only ZyCoV-D developed by Zydus Cadila has been authorized for emergency use and approved for vaccination for people over 12 years old. It is not only the first DNA COVID-19 vaccine officially approved for marketing but also the first DNA vaccine applied to humans in the world (Khobragade et al., 2022). In fact, more than a dozen DNA COVID-19 vaccines are undergoing clinical trials, and INO-4800, which was jointly developed by Inovio and Aidi Weixin, has made the fastest progress and attracted the most attention (Kraynyak et al., 2022). Virus-like particles (VLP) vaccines is a kind of nano particles formed by self-assembly of one or more structural proteins of a virus. It has similar spatial structure and composition with natural virus particles, and can effectively induce immune protective response in human body. Because they do not contain viral genetic material, VLP vaccines are not infectious and have relatively high safety. However, their immunogenicity is insufficient. Similar to subunit vaccines, they need adjuvants and multiple immunizations to enhance the immune effect, and their preparation is complex and difficult (Tariq et al., 2021). CoviFenz (VLPs based on plants), a COVID-19 vaccine jointly developed by GSK/Medicago, has been officially approved by the Canadian Ministry of Health for marketing. This vaccine is the first approved plant-derived COVID-19 vaccine (Hemmati et al., 2022).

Attenuated vaccines consist of pathogen variants with weakened or no virulence obtained by attenuating pathogens by specific methods before inoculating them into the human body to induce an immune response (Okamura and Ebina, 2021). In contrast to inactivated virus vaccines, an attenuated vaccine retains the replication ability and immunogenicity of the original strain, so its immune effect is stronger, and its action time is longer. However, there may be potential pathogenic risks in immunocompromised people vaccinated with attenuated vaccines. More importantly, because the attenuation and screening of pathogens in the early stage takes a large amount of time, it is very difficult to complete the research and development of products in a short time, which indicates that attenuated vaccines will not be the first choice for managing outbreaks (Chen, 2022). To date, only two candidate vaccines, COVI-VAC and MV-014-212, have been approved for clinical trials (Wang S. et al., 2021; Tioni et al., 2022). Moreover, some COVID-19 vaccines (synthetic peptide vaccines and circular RNA vaccines) are in an accelerated process of research and development (Qu et al., 2022), with the hope that they can produce remarkable protective effects in the clinic.




7. Establish a mode to cope with the COVID-19 epidemic

To date, the COVID-19 epidemic has gone from the original virus strain to fifth generation VOCs. Obvious changes have taken place in the genomics, biology and epidemiology of Omicron. The extremely strong transmission and immune evasion ability is accompanied by a decline in the pathogenicity of the virus itself. Combined with the population immune barrier established by previous infection and vaccination, compared with the previous variant strains, the related epidemic shows the characteristics of strong transmission and a low severity rate and mortality rate (Trunfio et al., 2022), which opens a new stage of the COVID-19 epidemic. At the same time, faced with a series of problems, such as Omicron’s influence on epidemic prevention policy, livelihoods and social and economic operations, human cognition and response to the COVID-19 epidemic will also enter a new stage. How can humans coexist with viruses at the lowest cost? How can epidemic prevention strategies be optimized to account for epidemic control, livelihood and the economy? These are common problems faced by all countries in the world. Accordingly, we believe that the ultimate control mode of COVID-19 will be the application of COVID-19 vaccines and COVID-19-specific drugs for prevention and treatment to jointly enhance the ability of human beings to cope with the COVID-19 epidemic. In addition, strengthening the monitoring of mutant strains by means of science and technology and adopting appropriate and effective public health protection strategies are also important links to control the spread of the epidemic. In short, we must be soberly aware that relaxing the prevention and control of the epidemic does not mean letting go of the epidemic; we coexist with SARS-CoV-2 but not allow it to spread freely. Because Omicron is still evolving, no one knows the future epidemic trend and the impact of dominant variants on human beings and society.


7.1. Effective promotion of vaccination and innovation

New variants of SARS-CoV-2 frequently appear all over the world, and the Omicron variant shows stronger transmissibility and immune evasion ability than previous strains, which directly leads to a certain degree of decline in the protective efficacy of the early developed vaccines (Zhou et al., 2022). Fortunately, even so, Omicron variants are still within the protection scope of these vaccines, and the protection rate of the vaccines is still higher than the established standard of the WHO (a protection rate of vaccines over 50%) (Fernandes et al., 2022). Many studies have proven that vaccination can reduce the transmission risk of the Omicron variant in the population and effectively reduce the incidence of severe illness and mortality after infection (Fernandes et al., 2022; Guo et al., 2022). Therefore, actively promoting vaccination among social groups and establishing an effective immune barrier are currently the most important means to control the COVID-19 pandemic. However, we must also admit that the current vaccines cannot completely prevent Omicron infection, and we still need to further innovate and develop specific vaccines, expecting the emergence of new vaccines based on Omicron variants that can provide stronger and more lasting protective efficacy.



7.2. Promotion of heterologous booster immunization

In the context of the more “cunning” Omicron variant, vaccination against COVID-19 remains one of the most effective pandemic prevention measures. Studies have shown that the level of neutralizing antibodies in people who have completed basic immunization will obviously decrease over time. To better prevent infection caused by the Omicron variant globally, timely booster immunization can rapidly improve the neutralizing antibody level and immune protection ability of recipients, thus producing a better protective effect on the body (Meng et al., 2022). At present, according to whether the technical routes of the booster vaccine and basic immunization vaccine are consistent, booster immunization can be divided into two methods, namely, homologous booster immunization and heterologous booster immunization. Among them, the preventive effect of the latter is more prominent (Deng J. et al., 2022). A clinical study by Al Kaabi showed that people who had received two doses of BBIBP-CorV inactivated vaccine could produce a strong immune response against the Omicron variant after receiving one dose of NVSI-06-07 protein subunit vaccine by heterologous boosting, and their antibody level was 19.5 times that before boosting. Compared with that of subjects who received homologous boosting with the BBIBP-CorV inactivated vaccine, the neutralizing antibody GMT increased by 7.7 times (Al Kaabi et al., 2022). In addition, ARCoVaX is a new COVID-19 mRNA vaccine jointly developed by Aibo Biology, Academy of Military Medical Sciences and Watson Biological. The results of clinical trials showed that when ARCoVaX booster injection was sequentially inoculated after basic immunization with two inactivated vaccines, it induced a strong neutralizing antibody reaction to Delta and Omicron variants, and the neutralizing reaction remained at a high level until 90 days after inoculation. In addition, compared with homologous vaccination with an inactivated vaccine, heterologous vaccination with ARCoVaX can induce a stronger humoral immune response, which can effectively prevent virus escape and severe illness (Liu et al., 2022). On the whole, clinical research on heterologous booster immunization provides a new idea for vaccination strategies for COVID-19 and provides a more accurate basis for strengthening the optimization of immunization strategies.

At present, many countries and regions worldwide have adopted or recommended heterologous immunization as a booster vaccination strategy for COVID-19 vaccines, especially adenovirus vector vaccines, which can effectively strengthen the protection provided by other vaccines and reduce the incidence of severe diseases (Lv et al., 2022). There are two main advantages of heterologous booster immunization: first, different vaccines can complement each other and increase the neutralizing antibody level of recipients; second, everyone’s constitution is different, which may result in side effects for a certain type of vaccine. Vaccination via different technical routes can circumvent this situation (Nguyen et al., 2022). All in all, heterologous booster immunization is expected to improve the intensity, breadth and persistence of the immune response through the combination of vaccines with different mechanisms, provide more comprehensive and powerful immune protection for the body, and further reduce the risk of breakthrough infection caused by the Omicron strain.



7.3. Accelerating the research and development of small molecule antiviral drugs

Antiviral drugs are the first choice to treat SARS-CoV-2 infection. Only by completely eliminating SARS-CoV-2 can COVID-19 be cured. Macromolecular antibody drugs can neutralize viruses directly, but they are easily degraded in the digestive tract, so they cannot be taken orally. Most of them are injected and mainly used for inpatients, and there are some problems, such as high research and development costs and difficulty dealing with virus variation (Huang et al., 2022). In contrast, the development of small molecule chemical drugs is of great importance in the environment of repeated global epidemics. The preparation process of small molecule chemical drugs is simple and mature, which can quickly realize mass production to meet the surge in the number of infected people caused by the Omicron outbreak (Sargsyan et al., 2023). Moreover, such drugs are stable, and most of them are taken orally, which not only greatly improves the compliance of patients but also facilitates administration to the vast numbers of outpatient and home patients, reducing the strain on medical resources and ensuring timely treatment of critically ill patients (Hemmati et al., 2022). The whole process of viral infection can be divided into adsorption, invasion, shelling, replication, assembly and release (Biskupek et al., 2022), so interfering with viral invasion and replication processes is an effective direction for antiviral drug action. At present, oral small molecule antiviral drugs used clinically can be divided into two categories according to their targets: one category is ACE2 inhibitors and membrane fusion inhibitors that target the S protein to hinder viral invasion, while the other is RNA polymerase inhibitors and 3C-like protease (3CLpro) inhibitors that target RNA polymerase and 3CLpro to prevent virus replication (Kralj et al., 2021). From the perspective of drug marketing speed, it is difficult to develop ACE2 inhibitors and membrane fusion inhibitors. More importantly, the mutation of SARS-CoV-2 mainly occurs on the S protein, while RNA polymerase and 3CLpro are highly conserved in SARS-CoV-2 and thus undergo less mutation. Therefore, inhibitors of these two enzymes will have lower off-target effects and will remain effective for all variant strains (Chen R. et al., 2022), making them an important focus of future research and development of anti-SARS-CoV-2 drugs.

At present, dozens of small molecule antiviral drugs for treating COVID-19 are being intensively developed worldwide, almost all of which are RNA polymerase and 3CLpro inhibitors. Some of these drugs have made remarkable progress in research and have obtained marketing licenses or emergency use authorization in many countries. For example, Molnupiravir represents a new generation of RNA polymerase inhibitors developed by Merck. As the world’s first oral small molecule drug, it is mainly used for the treatment of severe and mild and moderate adult patients with high hospitalization risk. It was first launched in the UK in November 2021 (Flisiak et al., 2022). One study included 775 adults with mild to moderate COVID-19 as subjects, including patients with basic diseases such as obesity, diabetes or heart disease with higher risk. Oral administration of Molnupiravir (400 mg) for 5 days significantly reduced the hospitalization rate and mortality. The hospitalization rate of the treatment group was 7.3% (no deaths), while that of the control group was 14.1% (8 deaths) (Czarnecka et al., 2022). Similarly, Paxlovid, developed by Pfizer, is one of the most effective oral drugs at present, and was approved by the FDA to be marketed in the United States in December 2021 for patients with severe risk and non-hospitalized mild to moderate COVID-19 pneumonia. Paxlovid is a combination package that consists of two drugs: nematvir inhibits the 3CLpro of SARS-CoV-2, and ritonavir inhibits the Cytochrome P450 3A4 (CYP3A4) enzyme of the human body, preventing nematvir from being metabolized by the human body and maintaining its blood concentration for a long time (Marzolini et al., 2022). The results of clinical trials showed that when Paxlovid was taken within 3 days of symptoms, the hospitalization rate was only 0.8%, and there were no deaths. In the placebo group, the hospitalization rate was 7%, and the mortality rate reached 1.8% (Kueh, 2022). In total, it is very important to develop broad-spectrum, convenient and low-cost specific drugs for the effective prevention and control of the COVID-19 epidemic. With the development and marketing of oral small-molecule antiviral drugs and the comprehensive vaccination of vaccines, mankind will eventually win the war without gunpowder, and the impact of the COVID-19 epidemic on world production and life will eventually be eliminated.



7.4. Strengthening the monitoring of mutant strains

Recently, the China CDC reported the opinion that the Omicron variant will not be the last variant (Chinese Center for Disease Control and Prevention, 2022). Therefore, the monitoring of new variants and the possible impacts of transmission, pathogenicity and immune evasion are the focus of current pandemic prevention and control. Real-time fluorescence quantitative PCR nucleic acid detection has high specificity and sensitivity and has become the “gold standard” for diagnosing SARS-CoV-2 infection (Wang H. et al., 2022). However, because SARS-CoV-2 is an RNA virus, variation in the target sequence develops easily, and too low a viral content in the sample to be detected due to weakening of the virus shedding ability and even some inappropriate operations (including sample collection, transportation, storage and processing, etc.) may lead to negative results in qRT-PCR detection (Rai et al., 2021). In fact, there have been patients worldwide who have been tested more than ten times before having a positive result (MacKenzie et al., 2022). Therefore, no one can guarantee that there will be no mutant strain in the future that can avoid the existing nucleic acid detection, and such a variant may be hidden in a remote part of the world.

High-throughput next-generation sequencing (NGS) is a powerful tool to analyze the genetic relationship between viral evolution and disease, track the epidemic situation, develop new therapies and develop vaccines. This technology can obtain the genome sequence information of unknown viruses for the first time, making it possible not only to effectively monitor the mutation of SARS-CoV-2 but also to identify, trace and analyze the virus epidemiology (de Mello Malta et al., 2021), which is of great significance for cutting off transmission route and tracking the transmission situation. In addition, the successful acquisition of the complete sequence of the mutant strain provides the basis for the subsequent establishment of a rapid detection method. For patients with negative nucleic acid detection and highly suspect clinical phenotypes, NGS technology can also be used for further confirmation (Quer et al., 2022). On the other hand, although NGS has obvious advantages of high throughput, high sensitivity and high accuracy, its detection cost is high, the detection process is cumbersome, and professionals are required to analyze sequencing results, which is not suitable for rapid and mass screening and diagnosis, so it is difficult to be widely used (Quer et al., 2022). In summary, SARS-CoV-2 mutations are still uncertain. All countries should enhance their ability to monitor and sequence mutant strains as much as possible and share complete genome sequence data with international public platforms to help each other cope with the evolving COVID-19 epidemic.



7.5. Improve self-immunity and adhere to public health protection measures

“It takes a good blacksmith to make steel” (a metaphor indicating that you need your own strength to do anything) is a familiar traditional Chinese saying. People of all ages are generally susceptible to SARS-CoV-2 because it is a novel pathogen, especially elderly individuals with underlying diseases (diabetes, cardiovascular and cerebrovascular diseases, malignant tumors, etc.) that readily cause complications and critical illness after infection and account for the vast majority of deaths (Gao Y. et al., 2021; Laza et al., 2022). This suggests that there may be a close relationship between immunity and symptoms or manifestations of SARS CoV-2 infection and whether it will develop into severe disease. Therefore, we should scientifically strengthen our physical fitness and enhance our own immunity to resist the invasion of viruses into the our body.

Regarding the current situation and trend of global pandemic development, it can be assumed that SARS-CoV-2 variants will persist. From the perspective of viral transmission, viral replication and mutation complement each other. Effectively controlling the number of infected people in society can directly reduce the chances of viral replication and mutation (Chekol Abebe et al., 2022). Therefore, compliance with public health protection measures is key to controlling the spread of the pandemic, especially in areas where SARS-CoV-2 is spreading intensely. In other words, even after vaccination, we cannot relax our vigilance, and we still need to take preventive measures such as mask wearing, frequent ventilation, frequent disinfection, safe social distancing and reducing unnecessary gatherings.




8. Conclusion

Although the transmission capacity of SARS-CoV-2 has not abated, and at present, the transmission coefficient (Rt) of the new Omicron variant XBB.1.5 has exceeded 1.6, making it spread rapidly in the United States and other countries (Vogel, 2023), it is encouraging that the pathogenicity of the virus is gradually decreasing. In particular, the current mainstream Omicron mutants account for more than 95% of patients with mild or even asymptomatic infections (Rajpal et al., 2022). For SARS-CoV-2 to survive in the long term, variants will continuously reduce their virulence as they search for new hosts. During the “self-evolution” process, although some “radicals” (sudden increases in virulence) are inevitable, the vast majority of viruses will gradually extend the host incubation period and weaken pathogenicity through mutations to better adapt to survival. From this perspective, SARS-CoV-2 is “intelligent.”

To sum up, this article comprehensively reviews the genome characteristics of SARS-CoV-2, the pathogenesis of multiple membrane receptors including the classical route of ACE2-mediated viral infection, viral mutation, vaccine development, and the “new model” for COVID-19 epidemic. However, because the virus has the characteristics of mutation and immune escape, potential new developments in pathogenesis, membrane receptor types, and potential vaccines and treatment targets may not have been discovered in a timely manner. In addition, some traditional antiviral drugs, including azvudine, have been clinically proven to be effective in blocking the replication of SARS-CoV-2, which means that some drugs used for other diseases may also play an effective antiviral role in COVID-19 infection. These are the limitations of the content of this article. Therefore, we need to analyze and explore the mutation laws and immune escape mechanisms of SARS-CoV-2 from the perspective of viral mutation, which will lay an important genetic foundation for the research and development of specific antiviral drugs and vaccines. In addition, actively integrating traditional antiviral drug and accelerating clinical trials of drug safety will play an important role in quickly finding more mature COVID-19-specific drugs.

In 2023, the COVID-19 pandemic in most countries and regions in the world, including China, is showing a tendency to stabilize, which is the result of the joint efforts of medical staff and people worldwide. However, SARS-CoV-2 has not completely disappeared, so timely monitoring of mutant strains will become particularly important. Notably, even if you are infected with SARS-CoV-2, you do not have to be afraid if you respond rationally. The most important thing is that the public should refrain from discrimination against positively infected people, eliminate prejudice as much as possible, and not let positively infected people bear the consequences of “social death.”
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The main protease (Mpro) plays a crucial role in coronavirus, as it cleaves viral polyproteins and host cellular proteins to ensure successful replication. In this review, we discuss the preference in the recognition sequence of Mpro based on sequence-based studies and structural information and highlight the recent advances in computational and experimental approaches that have aided in discovering novel Mpro substrates. In addition, we provide an overview of the current understanding of Mpro host substrates and their implications for viral replication and pathogenesis. As Mpro has emerged as a promising target for the development of antiviral drugs, further insight into its substrate specificity may contribute to the design of specific inhibitors.
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1. Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of the coronavirus disease 2019 (COVID-19) pandemic, is a positive-sense single-stranded RNA virus that utilizes its two cysteine proteases, nsp3/papain-like protease (PLpro), and nsp5/3-chymotrypsin-like protease (3CLpro), to cleave its polyproteins into functional viral proteins required for virus replication (Koudelka et al., 2021; Sabbah et al., 2021). Nsp3 cleaves three distinct sites of nsp1–nsp4, while nsp5 cleaves 11 distinct sites of nsp5–nsp16; thereby nsp5 is also referred to as the main protease (Mpro). Mpro is a conserved protease in the family Coronaviridae (Ullrich and Nitsche, 2020; Xiong et al., 2021). The mature Mpro is a dimeric cysteine protease and its catalytic dyad is formed by His41 and Cys145 (Ullrich and Nitsche, 2020; Hu et al., 2022). Besides viral polyproteins, viral proteases likewise cleave host proteins to hinder host immune responses and promote viral replication (Pablos et al., 2021). In this review, we first address the substrate specificity and further analyze the implication of Mpro cleavage on host substrates in various biological processes.



2. Substrate specificity of SARS-CoV-2 Mpro

The substrate specificity of SARS-CoV Mpro has been previously investigated. The recombinant protein substrates with saturation mutagenesis at each of the P5 to P3’ positions were used to profile the sequence preference of Mpro substrates (Chuck et al., 2010). In addition, the 11 autoproteolytic cleavage site sequences in SARS-CoV-2 pp1ab and host substrates were applied to analyze the sequence logo of the cleavage site. Thus far, the consensus sequence motif of Mpro substrates is recognized as (L/F/M)-Q↓(S/A/G/N), where ↓ is the cleavage site. In brief, this motif is composed of a conserved P1 residue Gln flanked by a hydrophobic (Leu, Phe, or Val) at P2 and a small aliphatic amino acid (Ser, Asn, Gly, or Ala) at P1’ positions (Miczi et al., 2020; Koudelka et al., 2021; Moustaqil et al., 2021; Pablos et al., 2021; Zhang et al., 2021). The P1, P2, and P1’ residues are important to determine substrate specificity, whereas the less conserved P3, P4, and P3’ residues increase the recognition and binding stability of the substrates (Hu et al., 2022). P3 and P3’ positions prefer positively charged residues to negatively charged ones (Chuck et al., 2010). Although Mpro primarily prefers Gln, it has also been found to recognize non-canonical Met or His at the P1 residue (Koudelka et al., 2021; Pablos et al., 2021). The identification of new substrate sequences can aid in the design of specific inhibitors that can target Mpro activity with higher affinity and selectivity.



3. Identification of host substrates

Computational and experimental methods are widely used for substrate identification. For computational methods, NetCorona 1.0, a publicly available web server originally designed to predict putative SARS-CoV Mpro cleavage sites, has been commonly used for identifying SARS-CoV-2 Mpro substrates (with a suggested threshold of 0.5), since the sequence of SARS-CoV-2 Mpro shares 96% identity with that of SARS-CoV Mpro (Miczi et al., 2020; Zhang et al., 2021; Scott et al., 2022). Another approach is to search for short stretches of homologous human-pathogen protein sequences (SSHHPS) using BLAST analysis, which is based on the principle that the cleavage site sequences found in the viral genome are identical to the cleavage sites on host cell substrates (Miczi et al., 2020). As to experimental methods, a commonly used screening procedure is the liquid chromatography–mass spectrometry (LC–MS)-based terminal amine isotopic labeling of substrates (TAILS) that not only identifies substrates but also their corresponding cleavage sites (Koudelka et al., 2021; Meyer et al., 2021; Pablos et al., 2021). Besides, Moustaqil et al. (2021) screened 71 human innate immune pathway proteins (HIIPs) using the cell-free Leishmania tarentolae protein expression system, which allows the direct visualization in SDS-PAGE of the target protein fused to GFP.

Table 1 lists the host proteins that have been identified as potential substrates for SARS-CoV-2 Mpro through computational or experimental methods, and further supported by the detection of cleaved products. Among the identified substrates, five proteins have available structure data in Protein Data Bank (PDB), while the rest were predicted by AlphaFold (Table 1). Through analysis of the structure information, we observed that the cleavage sites are commonly located in loops or loops connected to α-helixes or β-sheets (Figure 1), suggesting that most of the target sequences are accessible to Mpro. This implies that in addition to the prediction of cleavage sequences, structural analysis is also important for evaluation of the accessibility of putative cleavage sites (Miczi et al., 2020; Moustaqil et al., 2021).



TABLE 1 List of SARS-CoV-2 host substrates.
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FIGURE 1
 Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) Mpro cleavage sites in selected target proteins. The proteins are depicted along with the corresponding PDB ID, except for FAF1, which is predicted by AlphaFold. The predicted cleavage sequences (yellow) are shown, with P1 and P5 residues, and an asterisk denoting the P1-Gln residue.




4. Biological functions of substrates

Research on exploring the functional consequences of Mpro cleavage on host proteins is still ongoing. It is important to note that host proteins serve multiple functions, and their dysfunction may have implications for more than one biological process. The implications of Mpro cleavage, according to published information or the known biological function of the substrates, are discussed below.


4.1. Innate immune response

The innate immune system releases inflammatory cytokines and chemokines as an immediate defense against invading pathogens. However, viruses can manipulate the innate immune response to evade the host’s antiviral defenses (Diamond and Kanneganti, 2022). Mpro was discovered to cleave interleukin-1 receptor-associated kinase 1 (IRAK1), a kinase involved in the regulation of the innate immune response (Miczi et al., 2020). Several viruses such as porcine epidemic diarrhea virus and borna disease virus 1 target IRAK1 to block IRAK1/TRAF6/NF-κB signaling pathway activation, consequently reducing the expression of the IFN-III subtypes, IFN-λ1, and -λ3 (Zhang et al., 2019; Zheng et al., 2022). Notably, inhibition of IRAK1 using pacritinib had effectively attenuated the pro-inflammatory cytokine release triggered by the GU-rich ssRNA sequence derived from the SARS-CoV-2 spike protein (Campbell et al., 2023). Similarly, the SARS-CoV-2 Mpro cleavage of the TAK1 binding protein (TAB1) results in decreased TAB1 protein levels in virus-infected cells and is proposed to inhibit cytokine production by disrupting the interaction between TAB1 and the transforming growth factor-β-activated kinase 1 (TAK1), which is necessary for constitutive activation of NF-κB (Jackson-Bernitsas et al., 2007; Moustaqil et al., 2021; Pablos et al., 2021). mRNA-decapping enzyme 1A (DCP1A), one of the interferon-stimulated genes (ISGs), was recently identified as an Mpro substrate (Song et al., 2023). Cleavage of DCP1A by porcine deltacoronavirus Mpro has been demonstrated to decrease antiviral activity (Zhu et al., 2020). It is conceivable that SARS-CoV-2 Mpro cleaves IRAK1, TAB1, and DCP1A to disturb the production of pro-inflammatory cytokines and attenuate the immune defense (Miczi et al., 2020).

On the other hand, hyperinflammation, characterized by cytokine storm, is a significant contributor to severe cases of COVID-19 (Diamond and Kanneganti, 2022). SARS-CoV-2 Mpro specifically cleaved Nod-like receptor protein 12 (NLRP12), as evidenced by significant reductions of NLRP12 protein levels in SARS-CoV-2 infected cells (Moustaqil et al., 2021). Its cleavage is proposed to enhance pro-inflammatory cytokine and chemokine production via NF-κB signaling, and perturb the NLRP3 inflammasome assembly to trigger the cleavage of pro-caspase-1, thereby enhancing the release of IL-1β, all associated with the hyperinflammation observed in severe COVID-19. Another ISG cleaved by Mpro is the solute carrier family 25 member 22 (SLC25A22; Zhang et al., 2021). Knockout of SLC25A22, a mitochondrial glutamate carrier, has been associated with decreased immunosuppressive function in colorectal cancer (Yoo et al., 2020; Zhou et al., 2021), implying its involvement in immune response activation.

Fas-associated factor 1 (FAF1) is a positive regulator of type I interferon (IFN) signaling and is involved in the activation of the Fas-mediated pathway of apoptosis. However, there are contrasting results on the role of FAF1 in regulating the antiviral immune response. FAF1 is suggested to reduce virus-induced type I IFN activation by inhibiting nuclear translocation of the transcription factor IRF3 (Song et al., 2016). In contrast, FAF1 is hypothesized to bind competitively to NLRX1 to free the mitochondrial antiviral signaling protein (MAVS) upon RNA virus infection, which subsequently interacts with the retinoic acid-inducible gene (RIG)-I to initiate type I IFN signaling (Kim et al., 2017). Furthermore, virus infection is postulated to prevent aggregation of FAF1, which inhibits FAF1-dependent suppression of MAVS and then activates antiviral immunity (Dai et al., 2018). More studies are needed to confirm the role of FAF1 cleavage in virus infection.



4.2. Transcription and translation

Viruses can affect host gene expression at the transcriptional level. In addition, since viruses lack functional ribosomes, they attempt to usurp the host’s translational apparatus by competing with cellular mRNA to achieve successful replication. For instance, RNA polymerase II-associated protein 1 (RPAP1), which is crucial to bridging RNA polymerase II with gene-enhancer elements to increase transcription, and the polypyrimidine tract-binding protein (PTBP1), essential for pre-mRNA splicing and mRNA export, are both cleaved by Mpro. Proteolysis of PTBP1 after SARS-CoV-2 infection leads to the redistribution of PTBP1 from the nucleus to the cytoplasm (Pablos et al., 2021). In polioviruses, proteolysis of PTBP1 is speculated to switch viral translation to replication (Back et al., 2002). Thus, Mpro might target RPAP1 and PTBP1 to divert transcription and translation machineries from host to virus.

Pinin (PNN), a multifunctional nuclear phosphoprotein involved in the regulation of transcription and alternative RNA splicing, has also been identified as a substrate of Mpro (Meyer et al., 2021). Depletion of PNN has been demonstrated to result in apoptosis in vitro and early lethality in vivo (Leu et al., 2012). Furthermore, PNN binds to the transcriptional co-repressor C-terminal binding protein 1 (CTBP1). The interaction of PNN and CTBP1 alters CTBP1 silencing function (Alpatov et al., 2004). The overlapping pathways enriched in PNN-KD and CTBP1-KD cells include the TNFα-induced canonical NFκB signaling pathway and the IFN response pathway (Zhang et al., 2016). CTBP1-mutated neuronal cells were more susceptible to West Nile virus than control cells, consistent with the lower expression of IFN-response genes in CTBP1-mutated cells (Vijayalingam et al., 2020). Cleavage of PNN and CTBP1 by Mpro is suggested to alter the transcription of host antiviral response genes and induce apoptosis (Miczi et al., 2020; Meyer et al., 2021). Furthermore, Mpro cleaves Histone deacetylase 2 (HDAC2), which primarily regulates gene transcription by modifying histones and is also required for ISG transcriptional elongation (Chang et al., 2004). In consequence, the cleavage of HDAC2 by Mpro results in the impairment of ISG expression (Song et al., 2023).

Yes-associated protein 1 (YAP1), a transcriptional co-activator, participates in Hippo pathway. Since YAP negatively regulated an antiviral immune response via inhibiting the translocation of IRF3 to the nucleus, cleavage of YAP1 is presumed to enhance innate immunity (Wang et al., 2017). The kinase activity of mitogen-activated kinase-kinase-kinase-kinase 5 (MAP4K5), another Hippo pathway regulator, can be inactivated by Mpro cleavage. cAMP response element binding protein 1 (CREB1) is a transcription factor that dimerizes with ATF1 to regulate the transcription of anti-apoptotic and cell proliferation genes. Besides, CREB1 binds YAP1 and forms a positive feedback loop with each other (Chen et al., 2018). Mpro cleavages of YAP1, MAP4K5, and CREB1 indicate that SARS-CoV-2 can hijack the Hippo-YAP signaling pathway (Pablos et al., 2021) for mediating a variety of cellular processes, including cell proliferation, differentiation, apoptosis, and immune response.



4.3. Apoptosis and autophagy

To maintain homeostasis, cells undergo two types of programmed cell death (PCD)-apoptosis and autophagy (Kennedy, 2015). Inhibition of these PCDs by SARS-CoV-2 aids the virus to avoid elimination in the cells and ensure viable cells for viral replication, while induction may benefit the virus by the regulation of immune response and virus release (Li et al., 2020, 2021, 2022). Moreover, SARS-CoV-2 exploits autophagy to prevent virus degradation (Chen et al., 2020). Several proteins involved in apoptosis and autophagy have been identified to be targeted by Mpro.

Baculoviral IAP repeat-containing protein 6 (BIRC6) functions as an inhibitor of apoptosis and autophagy by ubiquitinating pro-apoptotic factors and LC3B, leading to their proteasomal degradation (Ehrmann et al., 2022). Mpro cleavage of BIRC6 may promote apoptosis and autophagy, in line with the induction of apoptosis and autophagy upon SARS-CoV-2 infection (Li et al., 2020, 2021). Transactive response DNA binding protein 43 kDa (TDP-43) is critical in RNA regulation, including the expression of viral RNA (reviewed in Rahic et al., 2023). Cleavage of TDP-43 by Mpro induced cytotoxicity in neurons, which could contribute to the pathogenicity of SARS-CoV-2 in the nervous system (Yang et al., 2023).

Galectin-8 (LGALS8) is involved in the regulation of immune responses and directly binds to Spike S1 glycans and the autophagy adaptor NDP52 (Pablos et al., 2021). LGALS8 is proposed to sense the glycosylated Spike S1 protein and activate xenophagy, a type of selective autophagy targeting invading pathogens to lysosomes, to reduce SARS-CoV-2 infection (Pablos et al., 2021). Furthermore, the autophagy adaptor protein FYVE and the coiled coil domain containing 1 (FYCO1) has been identified as a candidate COVID-19 susceptibility and severity gene and is believed to be the key mediator that connects double-membrane vesicles (the main site of coronavirus replication) from the endoplasmic reticulum to the microtubule network in host cells (Reggiori et al., 2011; Parkinson et al., 2020; Lee et al., 2021; Jahanafrooz et al., 2022). The elimination of FYCO1 resulted in the accumulation of early autophagosomes (Pankiv et al., 2010). Mpro cleavage of LGALS8 and FYCO1 possibly enables SARS-CoV-2 to escape antiviral xenophagy (Pablos et al., 2021) and induce incomplete autophagy.



4.4. Cell metabolism

SARS-CoV-2 infection alters host cell metabolism (Andrade Silva et al., 2021; Mullen et al., 2021). In fact, proteins that play roles in cell metabolism were found to be substrates of Mpro. Cleavage of Ring finger protein 20 (RNF20) destabilizes the RNF20/RNF40 complex, which is essential for their ubiquitin E3 ligase activity. As a result, this blocks the degradation of the sterol regulatory element binding protein 1 (SREBP1), and subsequently increasing the lipid metabolism for promoting SARS-CoV-2 replication (Zhang et al., 2021).

Phosphoribosylaminoimidazole succinocarboxamide synthetase (PAICS), a de novo purine biosynthetic enzyme was previously identified to be crucial in influenza virus replication (Karlas et al., 2010; Generous et al., 2014). PAICS is proposed to be a candidate for a noncanonical route for SARS-CoV-2 infection in human placentas (Constantino et al., 2021). SARS-CoV-2 infection has been reported to promote de novo purine synthesis through nsp9 (Qin et al., 2022). Silencing of PAICS reduced virus titers (~10-fold), suggesting that cleavage of PAICS by Mpro results in altered function of PAICS (Meyer et al., 2021), which may influence the de novo purine synthesis.

Insulin receptor substrate 2 (IRS2) regulates insulin signaling and the control of glucose homeostasis. Hepatitis C virus infection downregulates IRS2 expression by upregulating the suppressor of cytokine signaling (SOCS) and by activating the mTOR/S6K1 signaling pathway, resulting in insulin resistance (Kawaguchi et al., 2004; Pazienza et al., 2007; Bose et al., 2012). Notably, new-onset hyperglycemia has been associated with SARS-CoV-2 because non-diabetic COVID-19 patients were found to have increased risk of insulin resistance (Chen et al., 2021; Wihandani et al., 2023), which may be associated with Mpro cleavage of IRS2 (Pablos et al., 2021).



4.5. Intracellular transport and cytoskeleton

The intracellular transport system and cytoskeletons are essential for viral infections, particularly for transporting viral components to specific subcellular compartment sites of translation, replication, and secretion. The Golgi apparatus is an integral component of the viral life cycle. SARS-CoV-2 remodels the Golgi structure for viral release, hence, Mpro cleavage of Golgin subfamily A member 3 (GOLGA3), which is involved in the organization of the Golgi apparatus and its associated vesicles (Meyer et al., 2021; Pablos et al., 2021), may also be linked to this modulation (Zhang et al., 2022). Moreover, GOLGA3 has been associated with COVID-19 and has been identified to interact with nsp13 (Gordon et al., 2020; Deng et al., 2021). Mpro cleavage of GOLGA3 may play a role in reconfiguring the endoplasmic reticulum to facilitate Golgi trafficking during virus assembly.

Although RNA viruses replicate in the cytoplasm, they also exploit the nucleocytoplasmic trafficking system to inhibit the host immune response (Sajidah et al., 2021), which may explain why SARS-CoV-2 Mpro cleaves the nuclear pore complex 107 kDa subunit (NUP107) and Importin subunit alpha-4 (IMA4), which are both important members of nuclear pore transport (Pablos et al., 2021). IMA4, also known as karyopherin subunit alpha-3 (KPNA3), has been shown to be targeted by the Japanese encephalitis virus NS5 protein to hinder the nuclear import of its cargo molecules IFN regulatory factor 3 and NF-κB, thereby subsequently inhibiting type 1 IFN production (Ye et al., 2017).

Septin (SEPT) is recognized as a component of the cytoskeleton (Mostowy and Cossart, 2012). Septin polymerizes into filaments at the cell cortex or in association with other cytoskeletal proteins, such as actin or microtubules. Mpro cleaves several septin proteins, including SEPT2, SEPT6, and SEPT9, to affect the septin complex, causing an unstable filament structure and inducing cilia dysfunction (Lee et al., 2023).




5. Discussion

With the help of computational and experimental methods, scientists have gained valuable insights into the substrates of Mpro. NetCorona analysis is widely used for substrate prediction. Intriguingly, some of the identified substrates have low NetCorona scores (Table 1), implying other issues should be considered. Further information, like binding affinity, may improve the original algorithm. The steric effects on substrate specificity also play an important role for the assessment. Notably, the cleavage sites of HDAC2 and PAICS are buried in the structure, warranting further study regarding the mechanism of Mpro cleavage of these two proteins. Deep learning of sequenced-based prediction and structural analysis can likewise improve the accuracy of prediction.

Identification of viral host substrates helps determine specific virus-host interactions, including the cellular pathways involved, and the mechanisms of viral replication and pathogenesis. Consequently, researchers can gain valuable insights into how viruses cause diseases and develop strategies to control or treat viral infections. After COVID-19 infection, certain individuals developed post-acute sequelae of SARS-CoV-2 infection (PASC), known as long COVID. The persistence of viral RNA or proteins for weeks in these patients implies the presence of an impaired immune response. Exploring the potential role of Mpro in this aspect would be valuable. Besides, identifying the specific sequences of host substrates targeted by Mpro can have significant implications in developing peptidomimetic protease inhibitors. Discovering new substrate sequences can enhance the design of effective antiviral strategies. Continued research is essential to improve our understanding of Mpro function and develop potent antiviral therapies against coronaviruses.
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Influenza viruses are one of the major causes of human respiratory infections and the newly emerging and re-emerging strains of influenza virus are the cause of seasonal epidemics and occasional pandemics, resulting in a huge threat to global public health systems. As one of the early immune cells can rapidly recognize and respond to influenza viruses in the respiratory, lung macrophages play an important role in controlling the severity of influenza disease by limiting viral replication, modulating the local inflammatory response, and initiating subsequent adaptive immune responses. However, influenza virus reproduction in macrophages is both strain- and macrophage type-dependent, and ineffective replication of some viral strains in mouse macrophages has been observed. This review discusses the function of lung macrophages in influenza virus infection in order to better understand the pathogenesis of the influenza virus.
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1. Introduction

Influenza viruses include four major types A, B, C, and D, and belong to the family of Orthomyxoviridae family. Influenza A virus (IAV), influenza B virus (IBV), influenza C virus (ICV), and influenza D virus (IDV) can all infect mammals, with IAV, IBV, and ICV infecting humans. No human infections with IDV have been reported to date (Liu et al., 2020). Seasonal influenza viruses are responsible for most human respiratory infections, causing an estimated 290,000–650,000 deaths globally each year. IAVs are further divided into subtypes based on hemagglutinin (HA) and neuraminidase (NA) glycoproteins. There are 18 HA subtypes (H1–H18) and 11 NA subtypes (N1–N11) of IAV (Tong et al., 2013). Effective measures against IAV and IBV infection include the prevention of vaccine, or prophylactic or therapeutic treatment with antiviral drugs. However, the evolution of influenza viruses through antigenic drift and antigenic shift allows them to spread across different species and is responsible for the novel influenza viruses in pandemics (Taubenberger and Morens, 2008).

The innate immune system is the first line of defense against influenza virus infection consisting of physical barriers and innate cellular immune responses. During influenza virus infection, epithelial cells on the mucosa are infected and subsequently macrophages may be the cells that first responded to them immunologically and play a crucial role in virus resistance (Maines et al., 2008). Infection of respiratory epithelial cells with IAV is initiated by the binding of cell surface salivary acids to the viral HA proteins (Wiley and Skehel, 1987; Skehel and Wiley, 2000). Moreover, it is likely that viral entry into epithelial cells can be facilitated by the interaction with other cell surface receptors (Chu and Whittaker, 2004; Rapoport et al., 2006; Thompson et al., 2006; Oshansky et al., 2011). Alveolar macrophages (AMs) are also infected by seasonal IAV strains (H1N1 and H3N2) and replication of seasonal IAV in AMs is not productive (Rodgers and Mims, 1982; van Riel et al., 2011; Yu et al., 2011). However, certain viral strains that can replicate in a productive manner in macrophages are now well known and this has a significant impact on the antiviral functions of macrophages (Cline et al., 2017). Following attachment, virus is internalized by receptor-mediated endocytosis using clathrin- or caveolin-dependent or -independent pathways, and conformational changes of HA in the low pH of the endosomal compartment leads to the fusion of viral and endosomal membranes. The fusion of the viral envelope with the endosomal membrane triggers the release of vRNP to the cytoplasm before entry into the nucleus to initiate viral replication. Inefficient attachment and entry (Londrigan et al., 2015) and a block downstream of virus internalization but upstream of nuclear entry (Cline et al., 2013; Marvin et al., 2017) are two cellular blocks that regulate the productive replication of influenza virus in macrophages. However, the HPAI H5N1 viruses and the H1N1 WSN strains are able to overcome these cellular barriers and further replicate in a productive manner in both mouse and primary human macrophages (Cline et al., 2013; Marvin et al., 2017). Therefore, IAV replication in macrophages is both strain- and macrophage type-dependent. These are described below and are summarized in Figure 1.

[image: Figure 1]

FIGURE 1
 Influenza A virus (IAV) reproduction efficiency in MDMs and AMs. (A) Seasonal H1N1 or 2009 pdm H1N1 infection in MDMs is productively replicated, whereas seasonal H1N1 or 2009 pdm H1N1 infection in AMs is abortive. However, infection with some strains of H5N1 is productively replicated in both MDMs and AMs. (B) IAV replication blocks in AMs infection with seasonal H1N1 or 2009 pdm H1N1.




2. Macrophages heterogeneity following IAV infection


2.1. Macrophages plasticity during IAV infection

Macrophages exist in the body as a heterogeneous population of cells. According to different physiological anatomical locations in the lungs, macrophages are classified as AMs and alveolar interstitial macrophages (IMs; Hume et al., 2020). In mice, AMs are characterized as major histocompatibility complex (MHC) class IImodCD11chighSiglec-Fhigh in contrast to MHC IImodCD11clowSiglec-FnegCD64pos IMs (Misharin et al., 2013; Schneider et al., 2014b), whereas human AMs are MHC IIhighCD11chighCD14low (Desch et al., 2016). Studies in granulocyte-macrophage colony-stimulating factor (GM-CSF)-deficient mice lacking functional Siglec-FhighCD11chigh AMs demonstrate for the first time the requirement for AMs in lung homeostasis (Dranoff et al., 1994). Upon influenza virus infection, AMs are implicated in viral clearance since depletion of AMs leads to a higher viral load, an increase in mortality, and a reduction in the production of type I IFN (IFN-I; Tumpey et al., 2005; Schneider et al., 2014a). Importantly, the depletion of AMs in pigs also increases the mortality and loss of body weight following IAV infection (Kim et al., 2008). In addition, the frequency of IMs is found to be twice as low as that of AMs in mice under steady-state conditions (Bedoret et al., 2009), but IMs expand at a much faster rate when responding to external stimuli than AMs do (Landsman and Jung, 2007). Indeed, the H5N1 infection leads to the rapid depletion of AMs from both bronchoalveolar lavage (BAL) and the lungs and the concurrent recruitment of IMs to the lungs (Corry et al., 2022).

Alveolar macrophages can be further subdivided into resident alveolar macrophages (TR-AMs) and recruited monocyte-derived macrophages (MO-AMs), while IMs can be classified as TR-IMs and MO-IMs. Currently, studies of lung macrophages are focused on AMs, mainly due to technical problems in the extraction of IMs and their similar phenotype to monocytes (Liegeois et al., 2018). Macrophages from the yolk sac and fetal liver precursors enter various tissues during the formation of embryonic organs and differentiate into tissue-resident macrophages by transforming growth factor-β (TGF-β) and GM-CSF in adulthood (Guilliams et al., 2013; Yu et al., 2017; Zhao et al., 2018). In steady-state conditions, TR-AMs are cells with a relatively long life span, which are fully established before birth and are maintained by self-replication without the need for replenishment by blood monocytes (Yona et al., 2013). In contrast, lung MO-AMs have a limited ability of self-maintenance and are replenished by macrophages recruited from circulating inflammatory monocytes in the peripheral blood (Iwasaki, 2016). Hence, location and origin are the two principal determinants of macrophage characteristics in the lungs (Zhou and Moore, 2018). TR-AMs appear to limit their own plasticity due to their prolonged residence in the tissue to facilitate tissue homeostasis, whereas MO-AMs are more plastic to an inflammatory state (Guilliams and Svedberg, 2021). For example, CCR2-deficient mic with fewer circulating monocytes (Serbina and Pamer, 2006) are showing less susceptibility to influenza virus infection and lower morbidity and mortality (Lin et al., 2008). MO-AMs and TR-AMs have similar phenotypes in the early stages of influenza virus infection, but have different transcriptional and epigenetic profiles and show unique functions (MacLean et al., 2022). Within 1 month of influenza infection, MO-AMs are transcriptionally similar to monocytes and produce more interleukin-6 (IL-6) upon stimulation. After 2 months of influenza infection, recruited and resident AMs become similar in transcription and function, whereas MO-AMs lose plasticity and are not providing antimicrobial protection, playing a similar role to TR-AMs in balancing lipolysis to remove surfactant from the alveoli at steady-state conditions (Aegerter et al., 2020; Kulikauskaite and Wack, 2020).



2.2. Variable polarization of macrophages in influenza virus infection

Macrophages can be imprinted with different roles depending on the microenvironment. Upon influenza virus infection, macrophage polarization has occurred in the presence of environmental stimuli, in which activated macrophages can become M1 related to Th1 cytokine responses, or M2 relevant to Th2 cytokines. The phenotype of proinflammatory M1 is referred to as classically activated macrophages. M2 macrophages are referred to as alternatively activated macrophages and exert anti-inflammatory cell functions and boost tissue recovery (Stein et al., 1992). On the basis of the cytokines that induce M2 macrophages and their gene expression profiles, M2 macrophages can be further classified into the categories (M2a, b, c, and d; Mantovani et al., 2004). An overview of the types of polarization, secretory molecules, and major functions of M1 and M2 macrophages is given in Table 1.



TABLE 1 The polarization types, secreted molecules, and main functions of macrophages.
[image: Table1]

During the disease process, timely changes in the polarization status of M1/M2 macrophages are critical to the overall healing process. In early virus invasion, M1 macrophage dominance promotes an inflammatory response to clear pathogens, after which M2 type dominance can facilitate tissue healing (Alvarez et al., 2016). If M1 macrophages persistently survive predominantly, which results in immunopathological damage to the organism and impedes tissue healing (Alvarez et al., 2016). Influenza virus-induced GM-CSF decreases proinflammatory macrophages by re-directing macrophages to a more “M2-like” activation state from a “M1-like” type by altering the ratio of CXCL9 to CCL17 in BAL (Halstead et al., 2018). In A(H1N1), A(H3N2), and A(H9N2) virus infection, macrophages undergo M1 polarization at 4 hpi and M2b polarization at 8 hpi, which is modulated by the PI3K/Akt signaling (Zhao et al., 2014) and by the autophagy and exosome production (Xia et al., 2022). In contrast to H1N1 virus infection, a well-defined set of dysregulated genes and pathways that occurred in the M1 subtype is specific to H5N1 virus-infected macrophages, leading to an exacerbation of pathology of H5N1 infection (Zhang et al., 2018). However, the AMs polarization following influenza virus infection is multifactorial and complex. Influenza virus infection induces M1-polarized AMs in early stages and M2b-polarized AMs in the middle stage (Zhao et al., 2014). M1-polarized AMs have a lower endosomal pH and facilitate viral replication, whereas M2-polarized AMs have a higher endosomal pH but a lower lysosomal pH and restrict SARS-CoV-2 infection (Lv et al., 2021; Wang Z. et al., 2022). The M1 state of AMs toward the M2 state is associated with the increased severity and inflammatory responses to influenza virus infection (Lauzon-Joset et al., 2019). Therefore, characterizing the variations and ratios of M1 and M2 in the lungs with different doses and infection times contributes to regulating lung injury following influenza virus infection (Yao et al., 2022).

Macrophages differ in their differentiation status after influenza virus infection. M1 macrophages produce the proinflammatory TNF-α and iNOS, while M2 macrophages express IL-10 and TGF-β. M2 macrophages express the macrophage mannose receptor CD206, produce high levels of arginase-1 (Arg-1), and enhanced phagocytic capacity, which has a protective role in influenza virus infection (Gordon, 2003; Campbell et al., 2015). It has been demonstrated that M2 macrophages are more susceptible to apoptotic cell death than M1 macrophages following IAV infection (Campbell et al., 2015). Expression of the macrophage mannose receptor is upregulated in M2-polarized macrophages (Jablonski et al., 2015; Roszer, 2015), this may explain why M2 macrophages are more susceptible to IAV infection. Importantly, although IAV-infected M1 macrophages produce the highest expression of proinflammatory cytokines including TNF-α, IAV-infected M2 macrophages can override the anti-inflammatory cytokines profile of these cells and cause them to secret TNF-α and other M1-like cytokines. Interestingly, these findings are only observed during the infection of macrophages with HPAI H5N1 and WSN viruses (Cline et al., 2013; Marvin et al., 2017), which have been shown to replicate productively in macrophages, these findings may explain the hypercytokinemia and enhanced inflammatory response in severe H5N1 infection.




3. Regulating inflammation


3.1. The sentinel role of macrophages

Alveolar macrophages display a state of relative quiescence, produce cytokines at low levels, and inhibit innate and adaptive immunity induction in the absence of infection (Hussell and Bell, 2014). After the influenza virus invades the epithelial barrier, AMs are the innate immune cells that can respond in the early stages of infection to initiate and evoke innate immunity. In addition to their vital phagocytic function, AMs also encode a variety of pattern-recognition receptors (PRRs) essential for the sensing of pathogens and tissue damage (Janeway and Medzhitov, 2002). Toll-like receptor (TLR) 3 is expressed by macrophages and recognizes viral RNA structures in phagocytosed IAV-infected cells (Schulz et al., 2005). TLR3 activation induces the upregulated expression of nuclear factor κB (NF-κB)-regulatory proinflammatory cytokines as well as the expression of IFN-I and IFN-stimulated genes (ISGs) regulated by interferon regulatory factor 3 (IRF3). When IFN-I binds to the IFNα/β receptor (IFNAR), a heterodimer consisting of two subunits, IFNAR1 and IFNAR2, it activates the Janus kinase/signal transducers and activators of transcription (JAK/STAT) pathway to induce the expression of ISGs, thereby inhibiting viral replication (Makris et al., 2017). Meanwhile, macrophages-expressed TLR7 and TLR8 sense IAV ssRNA liberated from engulfed cells (Diebold et al., 2004; Lund et al., 2004; Iwasaki and Pillai, 2014), which engage the viral RNA signal in a manner dependent on myeloid differentiation primary response gene 88 (MyD88) and then activate transcription factors NF-κB and IRF7. Following influenza virus infection, IAV proteins and nucleic acids produced by apoptotic cells are released into the extracellular space. For instance, IAV infection activates TLR4 pathway in lung macrophages by recognizing IAV nucleoprotein (NP), though whether NP triggers IFN-β production via TLR4 is not measured (Kim et al., 2022). Accumulating results suggest that and several host-derived damage-associated molecular patterns (DAMPs) can activate TLR4 pathway and trigger proinflammatory cytokines release, such as high-mobility group box 1 protein (HMGB1) and oxidized phospholipids (Imai et al., 2008; Shirey et al., 2016; Bertheloot and Latz, 2017). Moreover, RNA intermediates of IAV replication can be sensed by retinoic-acid inducible gene I (RIG-I) in the nucleus, resulting in the expression of IFN-I and proinflammatory cytokines (Liu et al., 2018). Viral ribonucleoproteins (vRNPs) are potentially recognized by Z-DNA-binding protein 1 (ZBP1), which triggers the activation of NLRP3 inflammasome to release IL-1β and IL-18 (Kuriakose et al., 2016). An overview of macrophage sensing implicated in IAV infection is provided in Figure 2.
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FIGURE 2
 Macrophage sensing of influenza virus. TLR3, 7, and 8 can sense incoming virions. TLR4 is activated by HMGB1 or IAV nucleoprotein. TLR engagement results in the activation of proinflammatory or antiviral gene expression downstream of NF-κB or IRF3/7 signaling pathways. Additionally, replication products of IAV are recognized by nuclear RIG-I or ZBP1, inducing gene expression.


It has been demonstrated that primary human macrophages can be infected by the avian H5N1 and seasonal H1N1 influenza viruses (Lee et al., 2009) and murine BMDMs can also be infected by the H1N1 and H5N1 viruses efficiently (Chan et al., 2012). Upon influenza virus infection, macrophages produced IFN-I and other cytokines including type III IFNs, IL-12, IL-1β, tumor necrosis factor-alpha (TNF-α), IL-6, and several chemokines are induced through different pathways. Responsiveness of macrophages and induction of IFN-I play a crucial role in protecting the lower respiratory tract, limiting viral spread, and effective immune protection against influenza virus infection. For instance, following influenza virus infection, AMs-produced IFN-I plays a role of immune protection through the promotion of hematopoietic cell proliferation and differentiation (Essers et al., 2009; Sato et al., 2009) and the upregulation of chemokine (C-C motif) ligand 2 (CCL2), which is necessary for CCR2-dependent Ly6Chi monocyte egress from the bone marrow. However, IFNα/β IFNα/β may be exacerbated during virus infection by hindering viral control (Guarda et al., 2011; Teijaro et al., 2013) or by causing inflammation and tissue damage that exacerbate the disease (Hogner et al., 2013; Davidson et al., 2014). Moreover, IFN-γ is a major cytokine associated with M1 activation and is also involved in the M1/M2 paradigm together with LPS. The M1/M2 polarization following influenza virus infection will be discussed in the other section. In addition, IFN-λ is produced earlier and more frequently than IFN-I in influenza infection, which establishes the cellular state of viral resistance and induces a similar ISGs signature. Because of the abundant expression of IFN-λ in the initial stage of infection, IFN-λ signaling in macrophages likely plays a crucial role in combating influenza infection (Mallampalli et al., 2021). During influenza virus infection, IFN-λ is produced mainly by alveolar type II epithelial cells (ATIIs; Wang et al., 2009) and limits virus infection in respiratory and gastrointestinal epithelial cells since the expression of functional interferon λ receptor (IFNLR) complexes in the lungs and intestine is confined to epithelial cells (Mordstein et al., 2010). However, expression of IFNLR1 in macrophages is species-specific since macrophage colony-stimulating factor (M-CSF) or GM-CSF stimulation fails to induce ISGs after IFNL2 or IFNL3 stimulation in mice (Mallampalli et al., 2021). IFN-λ production reduces viral release and suppresses influenza virus-induced secretion of inflammatory cytokines including chemokines and IFN-β (Wang et al., 2009), facilitates the protective immune response of IAV-specific CD8+ T cells (Hemann et al., 2019), and promotes the proliferation and maturation of natural killer cells (Wang et al., 2017), with relatively fewer inflammatory side effects than IFN-α (Davidson et al., 2016).



3.2. The role of macrophages in the induction of excessive inflammatory response

Following influenza virus infection, the severity of the disease depends on the virulence of the influenza virus and host factors (Liu et al., 2016). In the 1918 H1N1 or the H5N1 viruses infection, cytokines and chemokines are excessively induced, causing a hypercytokinemia or “cytokine storm” that results in histopathological changes, systemic sepsis, and multi-organ dysfunction (Tisoncik et al., 2012; Liu et al., 2016; Wei et al., 2022). Recruitment of monocytes and expression of proinflammatory cytokines are upregulated in young mice during IAV infection, with increased secretion of IFN-I, monocyte chemotactic protein 1 (MCP-1), excessive recruitment of inflammatory monocytes, and persistent activation of NLR family pyrin domain containing 3 (NLRP3), resulting in increased mortality in young mice (Coates et al., 2018). Further studies have found that mice lacking NO synthase 2 (NOS2) or TNF have a decreased mortality during influenza virus infection, and that recruited macrophages are the major producers of inducible nitric oxide synthase (iNOS) production and directly responsible for NOS2 and TNF production, maybe the main cell population responsible for immunopathology (Karupiah et al., 1998; Jayasekera et al., 2006; Lin et al., 2008).

Macrophages can cause pathological immunity following influenza virus infection but also secrete cytokines to counteract the over-reactive inflammatory response. IL-10 is a robust anti-inflammatory factor mainly derived from macrophages, which inhibits the overproduction of inflammatory cytokines during infection or tissue injury through negative feedback regulation (Iyer et al., 2010). Inflammatory cytokines comprising IL-1β and TNF are produced in large quantities early in influenza virus infection, and homeostasis-related cytokines including IL-10 emerge later to inhibit the innate immune inflammatory response (Tisoncik et al., 2012; Wang et al., 2012). In addition to IL-10, macrophage-sourced peroxisome proliferator-activated receptor γ (PPAR-γ) suppresses overstated antiviral and inflammatory reactions caused by influenza virus infection (Huang et al., 2019). Level of PPAR-γ is downregulated in macrophages through IFN-dependent signaling during influenza virus infection, whereas expression of genes related to healing injured tissue in late disease such as endothelial and epithelial cell growth factors, is blocked in mice lacking PPAR-γ, suggesting that macrophage-derived PPAR-γ promotes tissue repair (Huang et al., 2019). Transcription factors also play a key role in regulating the inflammatory and reparative effects of AMs after infection, such as β-catenin and HIF-1α, and deletion of these transcription factors in AMs results in accelerated rates of inflammation and lung repair (Zhu et al., 2021). In addition to AMs, IMs also exhibit another activation phenotype and play an immunomodulatory role in controlling excessive lung inflammation following influenza infection (Ural et al., 2020).




4. IAV infection and macrophage phagocytosis

As professional phagocytes, macrophages perform an instrumental role in clearing infectious organisms through the internalization and degradation of pathogens and by phagocytosis of apoptotic cells. Phagocytosis can be mediated through the phagocytic receptors on the surface of macrophages including mannose receptors, scavenger receptors (SRs), complement receptors, macrophage receptors with collagenous structure (MARCO), CD36, and Fc receptors. Phagocytosis by macrophages of apoptotic IAV-infected cells inhibits further transmission of the virus and facilitates disease control (Watanabe et al., 2005). When the IAV-infected epithelial cells undergo apoptosis, they can be effectively phagocytosed by macrophages at an early stage, which leads to the inhibition of virus growth (Fujimoto et al., 2000). Similarly, IAV-infected mice-derived BAL macrophages incorporate phagocytosed apoptotic cells and IAV-infected mice-derived AMs exhibit enhanced engulf capacity than uninfected mice-derived AMs (Watanabe et al., 2005; Hashimoto et al., 2007). The influenza virus-infected mice are treated with phagocytosis inhibitors, resulting in decreased levels of phagocytosis with BAL cells and increased lethality and lung inflammation in those mice (Watanabe et al., 2005). Further studies have demonstrated that phosphatidylserine (PS) and carbohydrate molecules on the macrophage surface mediate the process of phagocytosis of influenza virus-infected cells, and these molecules are modified by influenza NA expressed in virus-infected cells (Shiratsuchi et al., 2000; Watanabe et al., 2002). During virus-infected cell apoptosis, PS located in the inner layer of the plasmatic membrane is exposed on the cell surface and acts as a potent prophagocytic signal to attract phagocytes (Shiratsuchi and Nakanishi, 2006; Birkle and Brown, 2021). In steady-state conditions, “Do not eat me” signal is activated and prevents cells from being phagocytosed, while virus infection causes a profound reduction of surface silicic acid residues on live influenza virus-infected cells (Nita-Lazar et al., 2015), which promotes phagocytosis of the cells (Meesmann et al., 2010). During influenza virus infection, virus-infected alveolar type II cells and epithelial cells can release the find-me signals to direct macrophages toward their positions and facilitate their phagocytoses, such as C-X-C Motif chemokine ligand 10 (CXCL10) and other chemokines including CXCL8/12 (Birkle and Brown, 2021). Furthermore, the complement system and PPRs also play an important role in rapidly mobilizing macrophages to the destination location shortly after the infection with the influenza virus and promote phagocyte recognition (Birkle and Brown, 2021). Therefore, apoptosis of cells infected with the influenza virus causes phagocytosis of such cells, and direct clearance of the virus function as a mechanism for the antiviral immune response.

However, excessive clearance is detrimental to the inflammatory response. Further studies have demonstrated that MARCO plays a deleterious role for in early influenza viral immune responses (Ghosh et al., 2011). The enhanced proinflammatory gene induction in macrophages is observed in MARCO-deficient macrophages, and MARCO-deficient mice infected with IAV show improved survival and earlier relief from weight loss and morbidity symptoms (Ghosh et al., 2011). This is mainly due to the removal of proinflammatory oxidized lipoproteins from cellular debris by MARCO, which inhibits the early inflammatory response (Ghosh et al., 2011). Oxidized phospholipids are recognition signals released by apoptotic cells that promote phagocytosis of apoptotic cells, while inducing several proinflammatory genes such as MCP1 and IL-8 facilitate the resolution of acute inflammation (Kadl et al., 2004). Furthermore, it has been revealed that after sensing pathogens, macrophages can crawl through the pores of Kohn between alveoli and engulf pathogens with high phagocytic efficiency, whereas influenza virus infection impairs macrophages crawling through IFN-γ signaling, causing inappropriate inflammation and injury by excessive induction of neutrophil and increasing secondary bacterial infection (Neupane et al., 2020). Additionally, AMs have higher levels of phagocytic activity and faster phagocytic processes than IMs, while IMs located in interstitial locations with lower phagocytic capacity can engulf pathogens that escape from AMs, thus reducing the spread of pathogens within the organism (Fathi et al., 2001).

The phagocytic capacity of macrophages is also affected following influenza virus infection, and macrophage phagocytic activity against apoptotic cells is increased in vitro when macrophages are incubated with the supernatant from IAV-infected epithelial cells (Hashimoto et al., 2007). And cells infected with the influenza virus undergoing apoptosis can release heat-labile substances that stimulate the phagocytic activity of macrophages (Hashimoto et al., 2007). Environmental pollutants, cigarette smoke, and alcohol also can inhibit the phagocytosis of macrophages (Karavitis and Kovacs, 2011). Moreover, older adults have comparatively lower macrophage numbers and reproductive capacity, and exhibit higher mortality after influenza virus infection due to selective downregulation of the clearance receptor CD204 (Wong et al., 2017). The AMs of offspring of pregnant mice infected with the influenza virus have a reduced ability to clear influenza B virus and MRSA and are more susceptible to influenza virus infection (Jacobsen et al., 2021).



5. IAV-induced secondary bacterial pneumonia involves lung macrophages

Secondary bacterial pneumonia is another dominant cause of fatalities caused by IAV infection (Smith and McCullers, 2014) and is the main cause of human mortality for the 1918 Spanish flu (Morens et al., 2008). Many studies have shown that the progression of secondary bacterial infections is regulated by IAV proteins. For example, non-structural protein 1 (NS1) affects the regulation of the interferon response and its motif acts directly in influenza virus and S. pneumoniae co-infections (Shepardson et al., 2019). NA also facilitates access to receptors and nutrients for S. pneumoniae and thereby promotes the development of bacterial infection (Feng et al., 2013; Siegel et al., 2014), whereas matrix 1 protein (M1; Halder et al., 2011), NP (Tripathi et al., 2013), M2 (Ichinohe et al., 2010), and HA (Klonoski et al., 2018) indirectly help in secondary bacterial infection development. In addition to functional defects, influenza virus infection decreases the number of AMs, resulting in increased susceptibility to bacterial superinfections (Ghoneim et al., 2013).

Multiple pathways of secondary bacterial pneumonia caused by IAV infection in relation to lung macrophages have been reported. As a preliminary point, AMs susceptibility to IAV-induced apoptosis promotes secondary bacterial infection by reducing anti-microbial lung macrophages (Ghoneim et al., 2013). This is also supported by the findings that the risk of secondary pneumococcal pneumonia decreased on the 14th day after infection with IAV, coinciding with a recovery in the number of AMs (Ghoneim et al., 2013). Moreover, inappropriate expression of cytokines can increase the risk of secondary bacterial infections by modulating macrophages. For example, IL-27 regulates the enhancement of S. aureus pneumonia susceptibility after influenza virus infection through the induction of IL-10 and the inhibition of IL-17 (Robinson et al., 2015). IFN-I production induced by IAV infection also enhances the susceptibility to secondary bacterial pneumonia because influenza-infected IFNAR−/− mice show increased survival and an increased capacity to clear secondary S. pneumoniae infection (Shahangian et al., 2009). In another study, IAV-induced IFN-γ inhibits the expression of MARCO by macrophages, thereby further inhibiting the uptake and killing S. pneumoniae during superinfections (Sun and Metzger, 2008). Additionally, influenza virus infection also chronically inhibits the ability of AMs to respond to TLR ligands. TLR9 expression on the surface of macrophages is upregulated after IAV infection (Martinez-Colon et al., 2019). It has been reported that TLR9-deficient mice show an increased expression of scavenger receptor A and iNOS on macrophages and an increased phagocytosis and killing of bacteria after influenza virus infection (Martinez-Colon et al., 2019). Anyway, these studies are mainly based on the findings that did not consider the lung microbiota, so it is imperative to include the role of the respiratory microbiome in influenza and secondary bacterial superinfections.



6. Involved in adaptive immune responses

Adaptive response, including CD4+ Th cells, CD8+ cytotoxic T lymphocytes (CTLs), B cells, and antigen-specific antibodies. Antigen-presenting cells (APCs) take up foreign substances and further degraded and presented them to T cells via MHC I or II molecules, or to T cells via other APCs. Endogenously processed viral peptides are presented by MHC I molecules on virus-infected cells surface and recognized by naive CD8+ T cells, which induces naive CD8+ T cells to differentiate into cytotoxic T cells that can recognize and kill virus-infected cells, whereas naive CD4+ T cells recognize exogenously processed peptides presented by MHC II molecules and differentiate through different pathways to generate effector subpopulations with different immune functions such as Th1 cells, Th2 cells, T follicular helper (Tfh), Th17 cells, and regulatory T cells (Tregs), which regulate the activation of target cells (Jin et al., 2012; Roche and Furuta, 2015). Th1 cells in the respiratory tract are activated following influenza virus infection, resulting in the production of TNF-α, IL-2, and IFN-γ (Zhu et al., 2010). Although T cell-mediated immune responses have a limited role in preventing initial viral replication, IFN-γ-producing Th1 cells are necessary for CD8+ T-cell activation and clearance of influenza virus and in preparation for recurrent infection. After influenza virus infection, Th2 cell-mediated immune responses aggravate lung tissue injury and postpone viral elimination (Graham et al., 1994). Highly specific and memorized humoral responses require the involvement of Tfh cells, whereas Th17 cells are involved in viral pathogenicity because influenza antigens-induced Th17 cells increase lung inflammation and morbidity after influenza virus challenging (Maroof et al., 2014; Miyauchi, 2017). However, other studies have suggested that the adoptive transfer of Th17 cells protects naive mice from a deadly flu challenge and defense against bacterial infections following influenza virus infection (McKinstry et al., 2009; Kudva et al., 2011). Furthermore, IAV stimulates the migration of Tregs into the lungs, this leads to a reduction in the cell number of Th17 cells and infiltrated neutrophils as well as diminished lung inflammation (Egarnes and Gosselin, 2018). Collectively, the viral sensing system detects influenza virus infection and releases chemokines to facilitate the migration of naive T cells, induce cytokines signaling, and convert APCs to effector T cells.

Antigen-presenting cells are important mediators that bridge the innate immune responses and adaptive immune system. The major APCs in activated naive T cells are DCs, which are the main initiating APCs and are induced to move toward local lymphatic tissues to present antigens and activate naive T cells under infection and inflammation conditions (Itano and Jenkins, 2003). Unlike DCs, tissue-resident macrophages are usually non-migratory and virus invasion does not cause them to migrate to lymphoid tissue, and therefore AMs have a limited role in antigen presentation and mostly maintain homeostasis of the lungs (Itano and Jenkins, 2003; Hou et al., 2021). Macrophages may be more important for the local amplification of T-cell responses already initiated by DCs. Macrophages rely on phagocytosis for antigen uptake, phagocytose and degrade them into peptides for presentation, while intracellular signaling is triggered by recognition of influenza virus by TLRs (Roche and Furuta, 2015; Koutsakos et al., 2019). Importantly, IMs are found to be more competent than AMs in driving T cell responses (Zaynagetdinov et al., 2013).

Efficacious humoral responses in the period of influenza virus infection encompass the induction of virus-specific neutralizing antibodies against viral HA and NA in an attempt to block infection, which is predominantly strain-specific (Waffarn and Baumgarth, 2011). It has been demonstrated that macrophages also promote humoral immunity. Recent studies have revealed that influenza virus rechallenge induces resident memory B (RMB) cell mobility and fast relocation to infected sites, subsequently differentiates into plasma cells and therefore leads to increased local antibody concentrations, this process is mediated by AMs, partly due to the induction of CXCL9 and CXCL10 expression (MacLean et al., 2022). These findings suggest that it will be useful to integrate strategies for inducing the concentration of cross-reactive antibodies at or near the location of viral entry (Iwasaki, 2016). Antigenic exposure at mucosal sites directly induces innate immune memory in tissue-resident macrophages populations, which are a new vaccine target for the development a novel type of adjuvants and of respiratory mucosal vaccine against influenza virus (Xing et al., 2020; Wang X. et al., 2022).



7. Conclusions and future perspective

The uncontrolled spread of influenza viruses places a burden on the public health of society and creates a serious threat to human life and health. The most seasonal and low pathogenic strains of the influenza virus cause an abortive infection in macrophages and therefore contribute to effective host defense, whereas some highly pathogenic strains of IAV infect macrophages productively. Given the diversity and plasticity of macrophages, elucidating the complicated interactions between macrophage phenotype and influenza virus infection will be helpful for deciphering the mechanisms implicating severe influenza disease. The development of single cell omics has led to new information regarding lung macrophages subtypes (Aegerter et al., 2022). Moreover, the advent of newer technologies of lineage tracing have improved our understanding of the plasticity of macrophages during and after infection, particularly in relation to AM subsets that originate from yolk sac macrophages versus MDMs. In the future, we can identify host restriction factors that determine abortive versus productive infection in macrophage types and distinguish different macrophages, and define biological agents that regulate the migration and differentiation of lung macrophages following influenza virus infection, these studies are also likely to provide new solutions for treatment and therapy options.
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Nitric oxide (NO), as an important gaseous medium, plays a pivotal role in the human body, such as maintaining vascular homeostasis, regulating immune-inflammatory responses, inhibiting platelet aggregation, and inhibiting leukocyte adhesion. In recent years, the rapid prevalence of coronavirus disease 2019 (COVID-19) has greatly affected the daily lives and physical and mental health of people all over the world, and the therapeutic efficacy and resuscitation strategies for critically ill patients need to be further improved and perfected. Inhaled nitric oxide (iNO) is a selective pulmonary vasodilator, and some studies have demonstrated its potential therapeutic use for COVID-19, severe respiratory distress syndrome, pulmonary infections, and pulmonary hypertension. In this article, we describe the biochemistry and basic characteristics of NO and discuss whether iNO can act as a “savior” for COVID-19 and related respiratory and cardiovascular disorders to exert a potent clinical protective effect.
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1. Introduction

Nitric oxide (NO) is an important pleiotropic regulator that is enzymatically synthesized in vivo from L-arginine by nitric oxide synthase (NOS), which precisely regulates cardiovascular, respiratory, neurological, and other multi-systems as well as a wide range of life activities by sending signals to specific targets. NOS has three different subtypes, namely endothelial nitric oxide synthase (eNOS), neuronal nitric oxide synthase (nNOS), and inducible nitric oxide synthase (iNOS), and the resulting NO can perform a variety of biological functions in vivo, such as vasodilatation, metabolic regulation, host defense, neurotransmitters, and so on (Mac Micking et al., 1997; Kashiwagi et al., 2023; Soundararajan et al., 2023). The coronavirus disease 2019 (COVID-19) has swept over the globe in recent years, with far-reaching consequences for people’s physical and mental health as well as the global social economy. When the human body is infected with severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), several clinical symptoms and pathologic features might arise, and some patients may continue to have some chronic sequelae after recovery (Chen et al., 2021; Yong, 2021). Inhaled nitric oxide (iNO), a therapeutic agent that delivers NO, has been approved for the treatment of neonatal pulmonary hypertension, and its role as an unconventional treatment with improved oxygenation and selective pulmonary vasodilatation appears to offer a promising therapeutic option for critically ill patients with COVID-19 (Kamenshchikov et al., 2022; Shei and Baranauskas, 2022). In addition to this, encouraging clinical benefits have been shown for cardiopulmonary diseases such as acute respiratory distress syndrome, lung infections, and pulmonary hypertension in adults (Sokol et al., 2016; Lisi et al., 2021). In this review, we present the sources and biological functions of NO, describe whether iNO can provide safe and effective therapeutic effects in the context of COVID-19, and discuss clinical applications in COVID-19-related cardiovascular and respiratory diseases.



2. The biosynthesis, biological functions, and therapeutic uses of NO

Because of its uncharged lipophilic feature, NO, as a key gas molecule in the living system, can freely travel between cells through the cell membrane and assist in the regulation of numerous physiological functions in the human body (Cinelli et al., 2020). Endogenous nitric oxide is created by macrophages, neurons, vascular smooth muscle, and cardiomyocytes via nitric oxide synthase’s conversion of L-arginine to L-citrulline (Nasyrova et al., 2020; Burov et al., 2022). Nitric oxide synthase has three isoforms. eNOS is normally expressed in vascular endothelial cells, and its mediated production of NO can diffuse into smooth muscle cells, activate soluble guanylate cyclase (sGC) to produce cyclic guanosine monophosphate (cGMP), and activate protein kinase G (PKG), which phosphorylates myosin light chain kinase (MLCK), thereby relaxing the smooth muscle and leading to vasodilation (Arnold et al., 1977; Ataei Ataabadi et al., 2020; Ma et al., 2023). In addition, NO produced by eNOS has physiological functions such as inhibition of platelet aggregation and adhesion, inhibition of leukocyte adhesion and vascular inflammation, inhibition of smooth muscle cell proliferation, anti-atherosclerosis, etc., which are important for maintaining the normal function of the cardiovascular system (Förstermann and Sessa, 2012; Li et al., 2014; Russo et al., 2023). nNOS regulates neurotransmitter release via the NO-NOsCG-cGMP signaling pathway and is also involved in the regulation of sympathetic nerves. When numerous pathologic causes cause a decrease in NO generation by nNOS, illnesses such as heart failure, hypertension, and renal insufficiency proceed (Sharma and Patel, 2017; Lundberg and Weitzberg, 2022). Cytokines, bacterial products, and other substances act as inducers to induce the release of large amounts of NO, i.e., inducible NOS (iNOS), from nitric oxide synthase in cells. iNOS is not often found in cells but is expressed in endothelial cells and immune cells after stimulation by certain inducers and exerts cytostatic or cytotoxic effects on tumor cells, microorganisms, or parasites. It is important to note that when NO is overexpressed, it can also have deleterious effects on normal tissues, such as infectious shock, pain, cancer, diabetes, etc. (Förstermann and Sessa, 2012; Cinelli et al., 2020; Lundberg and Weitzberg, 2022).

With the NO-NOsCG-cGMP signaling pathway playing a significant role, NO is a key signaling molecule for the control of vascular function, neurotransmission, the immune-inflammatory response, and other physiological activities. Through this signaling system, scientists are attempting to investigate treatment approaches for respiratory and cardiovascular illnesses. In addition to nitroglycerin and nitroprusside, which are known to be important NO donors for the treatment of angina pectoris and hypertensive crises (Miller and Megson, 2007), measurement of exhaled NO in a single breath can be used to monitor the treatment of allergic asthma (Rupani and Kent, 2022), and sGC activators (e.g., Riociguat, Vericiguat) and PDF5 inhibitors (e.g., sildenafil), which can synergize with endogenous NO, have shown promising therapeutic effects in the treatment of pulmonary hypertension (Lundberg and Weitzberg, 2022; Grześk et al., 2023). Since NO is highly reactive and easily passes through biological membranes, researchers have attempted to explore strategies to enhance NO release and exogenous NO supplementation. Roberts et al. discovered that iNO not only diffuses through the lungs but at the same time selectively dilates the pulmonary vasculature, innovatively applying NO to clinical practice (Roberts et al., 1992). Since 1993, iNO has been extensively studied as one of the potential treatments for acute respiratory distress syndrome (ARDS) and was approved by the FDA in 1999 for the treatment of persistent pulmonary hypertension in neonates (American Academy of Pediatrics, 2000; Redaelli et al., 2023). iNO is potentially beneficial in reducing right heart load and reducing hypoxemia due to ARDS when used in the low dose range (10–80 ppm). Systemic vasodilatory effects were not demonstrated at inhalation concentrations up to 160 ppm. At high doses (>160 ppm), iNO kills a wide range of pathogens, including bacteria, fungi, and viruses, and its antimicrobial activity is enhanced when used in combination with antibiotics (Barnes and Brisbois, 2020; Sorbo et al., 2022). Additionally, iNO is advantageous for myocardial damage, cardiac arrest, neuroprotection, recovering organ function following organ transplantation, and patient survival (Barnes and Brisbois, 2020; Redaelli et al., 2022). In this article, we focus on the possible therapeutic potential of iNO in COVID-19, focusing on its clinical applications and therapeutic perspectives in the respiratory and cardiovascular systems (Figure 1).
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FIGURE 1
 The biosynthesis and biological functions of NO. eNOS, nNOS, and iNOS catalyze the production of NO through L-arginine and perform different biological functions in the human body. eNOS mediates vasodilatation and inhibits platelet aggregation, leukocyte adhesion, smooth muscle cell proliferation, and atherosclerosis. nNOS, in addition to regulating the release of neurotransmitters, increases the development of cardiac and renal insufficiency and hypertension when NO production decreases. iNOS can produce large amounts of NO when stimulated, which on the one hand helps to enhance the ability of antibacterial and inflammatory responses and on the other hand can have adverse effects on normal tissues. (By Figdraw).




3. Clinical application of iNO in COVID-19


3.1. The role of NO in COVID-19

SARS-CoV-2 is the pathogen responsible for COVID-19. When it infects a person, it can cause structural and functional damage to a number of organs, with the respiratory system being the primary manifestation. Affected individuals may experience no symptoms, mild symptoms, severe illness, or even death (Guimarães et al., 2021; Stratton et al., 2021). Infection with SARS-CoV-2 can lead to decreased NO production and utilization by a number of mechanisms, including direct infection of endothelial cells, amplification of the detrimental effects of the angiotensin-converting enzyme (ACE)/angiotensin II (AngII)/angiotensin II type 1 (AT1) axis following down-regulation of angiotensin-converting enzyme 2 (ACE2) expression, and further development of the hyperinflammatory state as a cytokine storm (Dominic et al., 2021; Fang et al., 2021; Ferrari and Protti, 2022; Montiel et al., 2022). On the other hand, studies have demonstrated that NO has direct or indirect antiviral effects (Lisi et al., 2021). The inflammatory response caused by viral infection activates macrophages with increased expression of iNOS and the release of large amounts of NO, which plays a role in regulating host immune function against pathogens (Guimarães et al., 2021). SARS-CoV-2 can infect the nervous system and damage the blood–brain barrier via binding to ACE2 in vascular smooth muscle cells and brain capillary endothelial cells. Large levels of NO are consequently created to prevent viral replication after iNOS is triggered. It is important to keep in mind, though, that excessive NO-related free radical generation might harm the brain, leaving some patients with neurological deficiencies like sleep difficulties (Cespuglio et al., 2021). In addition, NO inhibits or impairs SARS-CoV-2 by acting on the viral spiking protein and the cysteine protease encoded by SARS-CoV-2 Orf1a (Stefano et al., 2020). The antiviral effect of NO was similarly demonstrated in a study by Akaberi et al. The viral inhibition following release of NO from the NO-donor nitroso-N-acetylpenicillamine (SNAP) was dose-dependent, with a delayed or blocking effect on the occurrence of cytopathic effects (CPE) in virus-infected cells. The reduction in viral replication may be related to the nitrosylation of the SARS-CoV-2 3CL cysteine protease, although this has to be further validated (Akaberi et al., 2020). The antiviral capacity of NO was further explored in a clinical study. The patients with mild COVID-19 infection were randomly assigned to a nitric oxide nasal spray (NONS) treatment group and a placebo group, and the results demonstrated that NONS can play a clinically beneficial role by effectively and safely reducing the RNA load of SARS-CoV-2 and decreasing further virus transmission (Winchester et al., 2021). However, an in vitro experiment conducted by Rousseaud’s team negated the antiviral properties of gaseous NO. No effect on viral load was observed after exposing SARS-CoV-2-infected cells to high doses of gaseous NO (Rousseaud et al., 2023). In addition to this, the massive production of NO can cause tissue and cell death, and the cytotoxic effects of reactive oxygen and nitrogen species can be damaging to the body (Lisi et al., 2021). Therefore, further investigation and refinement are needed regarding the antiviral treatment and clinical safety of NO.

SARS-CoV-2 is a respiratory pathogen that can damage the respiratory system, resulting in severe hypoxemia and dyspnea; however, some patients present with silent hypoxia, i.e., severe hypoxemia without significant dyspnea (Yuki et al., 2020; Mandal, 2023). Mortaz et al. found that the NO content of erythrocytes in COVID-19 patients was higher than that in non-COVID-19 patients. When tissue hypoxia and oxidative stress occur in vivo, erythrocytes produce NO through S-nitrosoprotein (SNO-Hb) transfer and erythrocyte nitric oxide synthase, which diastole the small blood vessels, regulate the local blood flow, and promote the release of oxygen into hypoxic tissues, thereby playing a role in the protection of COVID-19 patients suffering from silent hypoxia (Mortaz et al., 2020; Mandal, 2023). It has been shown that patients with severe COVID-19 have reduced HbNO compared to non-COVID-19 patients with similar cardiovascular risk, which correlates with reduced NO bioavailability and is a potential specific biomarker of endothelial dysfunction (Ferrari and Protti, 2022). The results, however, were disputed. Nogueira et al. came to the conclusion that endogenous nitrite is influenced by outside factors such as diet, lifestyle, and oral flora and that treatment of the blood with N-acetylcysteine and ascorbic acid artificially increases HbNO when endogenous nitrite is present. This means that HbNO does not reflect endothelial function at an early stage and that further assay method optimization is required (Nogueira et al., 2022).

The COVID-19 pandemic has placed a significant burden on healthcare systems around the world, and the rational allocation and utilization of healthcare resources and the economy in response to the severity of the disease is an urgent issue, so researchers are looking for a convenient, safe, and non-invasive biomarker to stratify the risk level of the disease. Fraction of exhaled nitric oxide (FeNO) is a simple, reproducible, non-invasive biomarker with diagnostic value for nonspecific respiratory symptoms and airway inflammation and is used as an adjunctive assessment for the diagnosis of asthma, predicting the response to inhaled corticosteroids, and guiding clinical treatment (Guida et al., 2023; Murugesan et al., 2023). FeNO levels in COVID-19 patients and the clinical value of FeNO in COVID-19 are controversial. On the one hand, SARS-CoV-2 infection induces an inflammatory response with a cytokine storm that induces NO production by iNOS (Karki et al., 2021), and on the other hand, it was shown that the severity of SARS-CoV-2 infection was negatively correlated with FeNO production, which was related to the fact that ACE2 attenuated the production of NO by iNOS in airway epithelial cells, whereas high expression of ACE2 had a stronger susceptibility to SARS-CoV-2 (Betancor et al., 2022a). It has been suggested that FeNO levels are elevated in COVID-19 patients compared to healthy individuals. Kerget et al. concluded that FeNO levels can be used to assess lung parenchymal involvement in COVID-19 patients and that patients with cytokine storms have higher levels of FeNO (Kerget et al., 2022). Whereas the results of a single-center prospective study showed that the more severe the disease, the lower the FeNO levels in those with COVID-19, with patients with measurements ≤ 11.8 PPB having worse clinical outcomes (Lior et al., 2022). It has been questioned whether FeNO levels in COVID-19 patients can be used to predict the severity and prognosis of the disease. Betancor et al. demonstrated that FeNO levels were normal during the acute phase of SARS-CoV-2 infection and increased slightly during the recovery phase, independently of disease severity (Betancor et al., 2022a,b). Even in the group with post-COVID-19 syndrome, FeNO does not have a clear clinical value (Maniscalco et al., 2022). Age, gender, smoking, concurrent respiratory conditions, and whether or not the patient has had corticosteroid therapy are some of the variables that can affect FeNO levels. The sample size and the FeNO instruments also have an impact on the study’s outcome (Betancor et al., 2022a). Therefore, it is unknown whether FeNO truly has potential therapeutic value for COVID-19 disease risk categorization and treatment regimen advice. Multicenter, large-sample trials are still required to make this determination.



3.2. Clinical application of iNO in COVID-19

Numerous studies have investigated and talked about the clinical use of iNO in COVID-19. The idea that iNO can improve oxygenation to varying degrees in this subset of patients and lessen the use of invasive respiratory support techniques is supported by a number of pieces of evidence, despite the fact that iNO cannot be used as a conventional treatment for refractory hypoxemia and ARDS brought on by COVID-19 and does not significantly improve mortality or prognosis (Parikh et al., 2020; Garfield et al., 2021; Lotz et al., 2021; Safaee Fakhr et al., 2021; Al Sulaiman et al., 2022). It has been suggested that appropriate iNO therapy given in the early stages of COVID-19 infection may delay disease progression, especially in patients who are older or have multiple comorbidities that result in decreased endogenous nitric oxide production (Adusumilli et al., 2020). There is even proof that pregnant individuals with severe or critical COVID-19 benefit from high-dose iNO therapy (Safaee Fakhr et al., 2020).

Smoking puts human health in danger, raises the prevalence of respiratory and cardiovascular disorders, and lowers life expectancy rates (Ambrose and Barua, 2004; Lugg et al., 2022). However, according to other research, smoking appears to protect against COVID-19 and reduce SARS-CoV-2 infection, which is known as the smoker’s paradox (Usman et al., 2021; Papadopoulos et al., 2023). Epidemiologic studies have found that only a small proportion of patients in the smoking population, which makes up a relatively large proportion of the smoking population in several countries around the world, have COVID-19 (Berlin et al., 2020; Hedenstierna et al., 2020; Usman et al., 2021). Although the idea that smoking has a protective effect may seem naive, a partially plausible explanation exists from a pathophysiological point of view:1. It has been suggested that the large elevation of NO in the lower respiratory tract after smoking, present in the epithelial lining fluid, leads to an increase in the reactivity of a bioequivalent form with a similar bioactivity to that of NO, thus protecting against SARS-CoV-2 infection (Chambers et al., 1998; Zhao et al., 2015). 2. Tobacco smoke may enhance the uncoupling of eNOS and promote transcription, leading to increased NO production (Papadopoulos et al., 2023). 3. CYP450 in the liver mediates NO release from nitrate when the typical eNOS pathway is impaired (Papadopoulos et al., 2023). 4. The anti-inflammatory effects of nicotine and the suppression of systemic cytokines in smokers help to attenuate the cytokine storm of COVID-19 (Wang et al., 2003; Garufi et al., 2020; Usman et al., 2021). 5. Smoking may upregulate ACE2 expression and thus reduce disease severity (Usman et al., 2021). Hedenstierna et al. suggested that short, high doses of iNO have a preventive effect on COVID-19. This is because cigarettes contain a high amount of NO, and a high concentration of NO during a single inhalation can quickly reach the virus by diffusion. As a result, COVID-19 prophylaxis may be possible with high-dose, intermittent delivery of iNO over a short period of time. But smoking is undeniably a risk factor for COVID-19, and continuing to smoke over time raises the likelihood of contracting the virus (Hedenstierna et al., 2020).

Regarding the clinical effectiveness and safety of iNO, there is still some disagreement. Because COVID-19-induced ARDS has more significant vascular endothelial damage and microthrombosis than non-COVID-19-induced ARDS, in addition to diffuse loss of pulmonary vasoconstriction and peri-alveolar solidity, which may affect iNO’s ability to improve oxygenation (Longobardo et al., 2021; Bonizzoli et al., 2022). In terms of safety, Lotz et al. found that iNO appears to be associated with an increase in acute kidney injury with hospital-acquired pneumonia (Al Sulaiman et al., 2022). iNO therapy is an innovative tool in COVID-19, but due to the complexity of the pathogenesis of COVID-19 and the variety of clinical symptoms, the patient population, timing, dosage, and mode of administration of iNO therapy are still unknown, and these are the difficulties that need to be overcome in future studies (Frostell and Hedenstierna, 2021; Shei and Baranauskas, 2022).




4. Application of iNO in respiratory and cardiovascular diseases


4.1. Acute respiratory distress syndrome

Acute respiratory distress syndrome (ARDS) is caused by various pathogenic factors that damage alveolar epithelial cells and capillary endothelial cells, resulting in pulmonary edema and severe hypoxemia, thus causing acute respiratory distress (Meyer et al., 2021; Bos and Ware, 2022). Previous research has concluded that iNO is a valuable therapeutic option for severe hypoxemia caused by ARDS because of its ability to selectively dilate the pulmonary vasculature and improve the ventilation-to-blood flow ratio, and that iNO’s therapeutic efficacy can be improved when used in combination with other therapeutic means (Kaisers et al., 2003). Several studies, however, have indicated that iNO only increases the oxygenation index temporarily, does not improve long-term patient survival appreciably, and may even increase the risk of mortality and renal impairment (Adhikari et al., 2007; Afshari et al., 2011; Gebistorf et al., 2016). As a result, iNO is not indicated as a first-line treatment for ARDS (Gebistorf et al., 2016).

However, it is worth noting that iNO seems to have a wider use in patients with COVID-19-associated acute respiratory distress syndrome (C-ARDS; Mekontso Dessap et al., 2023). For persistent refractory hypoxemia due to COVID-19, inhaled 5–20 ppm NO appears to be beneficial in improving oxygenation in addition to neuromuscular blockade and optimizing positive end-expiratory pressure therapy (Matthay et al., 2020). The results of a multicenter retrospective study also confirmed the clinical value of iNO, with nearly half of the patients having a better oxygenation response after iNO, and about half of the patients who met the indications for ECMO no longer needed to be dependent on ECMO after iNO (51.6%), and this group of patients who responded well to iNO had a better prognosis than those who still met the indications for ECMO after iNO (Mekontso Dessap et al., 2023). However, as mentioned earlier, the role of iNO in improving hypoxemia remains controversial, which is related to the complex pathogenesis of severe hypoxemia in patients with C-ARDS (Archer et al., 2020; Bonizzoli et al., 2022; Mekontso Dessap et al., 2023). In addition to this, the safety of iNO and whether it is synergistic with other therapeutic measures are not yet known; therefore, further research and exploration are needed.



4.2. Lung infections

Antibiotic misuse can result in the growth of bacteria that are multidrug resistant, which can prolong hospital stays, necessitate the use of stronger drugs, raise their dosage, and cause complications from various infections that increase the likelihood of negative clinical outcomes (Santacroce et al., 2023; Yao et al., 2023). Contrary to conventional treatments, iNO is not linked to drug resistance, and because it diffuses quickly across biological fluids and membranes, NO can get into places where intravenous medications cannot. Because it may efficiently suppress or kill germs, iNO has great therapeutic potential in the field of anti-infective therapy (Sorbo et al., 2022).

In vitro studies have demonstrated that the antimicrobial capacity of iNO is dose-dependent. Low doses of iNO less than 160 ppm have only an inhibitory effect on bacteria, but doses greater than 160 ppm can kill bacterial colonies of Escherichia coli, Pseudomonas aeruginosa, and Staphylococcus aureus, and when applied at higher doses (200 ppm), it has a significant bactericidal effect on multidrug-resistant cocci (Ghaffari et al., 2006; Sorbo et al., 2022). It is unavoidable that NO can bind to hemoglobin and generate methemoglobin when it is injected into the body in large concentrations, interfering with normal oxygen transport even if in vitro studies have strongly supported the antibacterial impact of iNO (Signori et al., 2022). High-dose, intermittent dosing therefore seems to be an effective solution. With such a solution in mind, researchers have conducted numerous in vivo studies. Several animal studies have shown that iNO has good antimicrobial activity and no side effects when the dose is well balanced with the duration of exposure, and even Michaelsen et al. have demonstrated the safety of high doses of continuous iNO in healthy animals (Miller et al., 2013; Michaelsen et al., 2021; Wiegand et al., 2021; Sorbo et al., 2022). Also, this regimen showed better clinical efficacy in clinical studies. The researchers showed no significant adverse events and a good safety profile after giving high doses of intermittent iNO to healthy individuals and patients with pulmonary infections (Miller et al., 2012; Sorbo et al., 2022). Flume et al. administered iNO to nine patients with nontuberculous mycobacterial lung disease (NTM-PD), four of whom tested negative on sputum culture after 3 weeks and had no safety concerns with the treatment. Although three of the patients were found to have positive sputum cultures after retesting 3 months after stopping treatment, the NTM load was lower than before (Flume et al., 2023). In a prospective double-blind randomized controlled study, infants with acute bronchiolitis were randomly assigned to a standard treatment group and to different iNO concentrations in combination with standard treatment. The results showed that high-dose intermittent injections of 150 ppm iNO were clinically more effective and well tolerated than the other groups (Goldbart et al., 2023). However, iNO has not shown bactericidal efficacy in clinical studies or in vitro experiments, and further exploration is needed to increase the dosage and prolong the exposure time to achieve complete eradication of pathogenic microorganisms while ensuring human safety (Deppisch et al., 2016; Sorbo et al., 2022).



4.3. Pulmonary arterial hypertension

Pulmonary hypertension (PH) is a life-threatening vascular disease in which persistent vasoconstriction, increased vessel wall stiffness, pulmonary vascular remodeling, and in situ thrombus can cause increased pulmonary vascular resistance (PVR), leading to increased pulmonary artery pressures, which can lead to progressive right heart insufficiency and heart failure (Keshavarz et al., 2020; Zolty, 2020). The disease has diverse etiologies, an insidious onset, and complex pathophysiologic mechanisms and is usually diagnosed when the patient presents with dyspnea, fatigue, and cyanosis of the lips and mouth (Keshavarz et al., 2020). Based on the pathogenesis of PH, a number of specific therapeutic options have been developed, including prostacyclin analogs (Montani et al., 2014), endothelin receptor antagonists (Goldberg et al., 2017), soluble guanylate cyclase agonists (Stasch et al., 2011), and phosphodiesterase inhibitors (Triposkiadis et al., 2022).

The NO-sCG-cGMP signaling pathway plays an important role in the pathogenesis of PH, and several targeted therapies have been developed based on this signaling pathway (Keshavarz et al., 2020). Studies have shown that NOS expression is reduced and NO bioavailability is decreased in patients with PH (Giaid and Saleh, 1995; Demoncheaux et al., 2005). iNO selectively lowers pulmonary arterial pressure without systemic hypotensive effects and improves mean pulmonary arterial pressure, pulmonary vascular resistance, and oxygenation in adult PH patients with severe hypoxemia and respiratory failure as a “rescue” therapy (Keshavarz et al., 2020). Feng et al. found that iNO improved oxygenation status while reducing the risk of right heart failure in COVID-19 patients with preexisting pulmonary hypertension (Feng et al., 2021). A clinical trial has shown that pulsed iNO improves daily physical activity in patients with pulmonary hypertension due to pulmonary fibrosis and is beneficial and safe in the clinical management of the disease (Nathan et al., 2020). In addition, for pulmonary hypertension after cardiac surgery, iNO not only improves hemodynamics, but also has a protective effect on systemic organ function (Nakane et al., 2021). However, iNO is currently only approved for the treatment of persistent pulmonary hypertension in neonates, and there is much controversy over adult pulmonary hypertension. For example, iNO has a short half-life, can produce toxic metabolites, has low outpatient penetration, is costly, and appears to have no clinical benefit in terms of prognosis for some patients (Sardo et al., 2018; Keshavarz et al., 2020; Redaelli et al., 2022). Therefore, although iNO is being considered as a therapeutic option for patients with severely impaired respiratory function, large randomized controlled trials are needed to further judge its clinical benefits and safety.

In addition to its therapeutic applications, the vascular reactivity test for iNO is used to identify patients with pulmonary hypertension in whom elevated pulmonary vascular resistance is not accompanied by severe vascular remodeling. The test is only used to determine whether calcium channel blockers are necessary for treatment in patients with idiopathic, hereditary, or drug-induced pulmonary hypertension, and there is a chance that giving iNO to patients with other types of pulmonary hypertension could cause pulmonary edema (Redaelli et al., 2022). iNO can be used to determine the response to calcium channel blockers in patients with pulmonary hypertension, and whether this test of vascular reactivity is indicative of patient prognosis was studied by Malhotra et al. The results of the study showed that a decrease in PVR and mPAP after iNO implies better long-term survival, is an independent predictor of survival, and facilitates risk stratification of patients with pulmonary hypertension, even in patients who are not suitable for treatment with calcium channel blockers (Malhotra et al., 2011). The clinical value of repeated iNO vascular reactivity testing in patients with pulmonary hypertension was first investigated by Tooba et al. The results showed that the reactivity of the pulmonary vasculature to iNO decreased over time, which may be related to disease progression leading to vasoconstrictive hypoplasia and to the impact of vasodilatory reserve by specific treatments for pulmonary arterial hypertension (Tooba et al., 2020). Ishii et al. confirmed Tooba’s findings on altered pulmonary vascular reactivity but differed from them by suggesting that the results of vascular reactivity testing after treatment of pulmonary hypertension could suggest prognostic information. Patients with reduced vascular reactivity had worse clinical outcomes than those with preserved vascular reactivity, which facilitates earlier identification of high-risk individuals in the follow-up of pulmonary hypertension and facilitates early intervention and treatment (Ishii et al., 2023; Figure 2).

[image: Figure 2]

FIGURE 2
 Potential clinical applications of iNO in respiratory and cardiovascular diseases. iNO can be used as a “rescue” or “innovative” therapy for COVID-19-related respiratory and cardiovascular diseases, with potential clinical benefits in hypoxemia, pulmonary infections, dilated pulmonary vessels, myocardial injury, cardiac arrest, and pulmonary hypertension. The potential clinical benefits of these therapies in hypoxemia However, high-quality evidence for these clinical applications is still lacking and needs to be explored and refined. (By Figdraw).





5. Summary and outlook

NO, as a free radical gas, is involved in numerous life activities through direct interaction with target cells or the formation of multiple nitrogen oxides. The biochemistry and mediated signaling pathways of NO are complex and diverse, and therapeutic agents and treatments derived from them are widely used in clinical practice. iNO is a method of delivering nitric oxide as a selective pulmonary vasodilator with excellent therapeutic potential for COVID-19 and other related respiratory and cardiovascular diseases. It has also recently inspired the creation of portable NO generators, an area of research that is currently quite active. Even though iNO appears to be a rescue therapy for seriously ill patients, there are toxicity concerns that must be carefully considered, as they are driven by pathophysiological signals in vivo. Clinical studies on iNO have been somewhat successful, but there is still a long way to go before it becomes a mature and safe therapy.
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As part of the genus Enteropathogenic Coronaviruses, Porcine Epidemic Diarrhea Virus (PEDV) is an important cause of early diarrhea and death in piglets, and one of the most difficult swine diseases to prevent and control in the pig industry. Previously, we found that PEDV can block Na+ absorption and induce diarrhea in piglets by inhibiting the activity of the sodium-hydrogen ion transporter NHE3 in pig intestinal epithelial cells, but the mechanism needs to be further explored. The epidermal growth factor receptor (EGFR) has been proved to be one of the co-receptors involved in many viral infections and a key protein involved in the regulation of NHE3 activity in response to various pathological stimuli. Based on this, our study used porcine intestinal epithelial cells (IPEC-J2) as an infection model to investigate the role of EGFR in regulating NHE3 activity after PEDV infection. The results showed that EGFR mediated viral invasion by interacting with PEDV S1, and activated EGFR regulated the downstream EGFR/ERK signaling pathway, resulting in decreased expression of NHE3 and reduced NHE3 mobility at the plasma membrane, which ultimately led to decreased NHE3 activity. The low level of NHE3 expression in intestinal epithelial cells may be a key factor leading to PEDV-induced diarrhea in newborn piglets. This study reveals the importance of EGFR in the regulation of NHE3 activity by PEDV and provides new targets and clues for the prevention and treatment of PEDV-induced diarrhea in piglets.
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1. Introduction

PEDV is one of the main pathogens that cause diarrhea in piglets, it is a gastrointestinal infection with high mortality, manifested by jet diarrhea, rapid dehydration and severe vomiting (No et al., 2015; Chen et al., 2019; Niu et al., 2021). Indeed, 80–100% of piglets die within a few days after infection (Alvarez et al., 2015; Lee, 2015). In recent years, because of the continuous emergence of new epidemic strains of PEDV, traditional vaccination has not achieved the expected prevention and control effect, and large-scale outbreaks continue to occur, bringing serious economic losses to the pig industry (Wang et al., 2020). The target organ of PEDV infection in the host is the pig’s small intestine, which can cause intestinal cell dysfunction and abnormal expression of channel proteins related to water and salt metabolism, resulting in disruption of the balance between absorption and secretion of intestinal substances and loss of water and electrolytes, ultimately leading to vomiting, reduced appetite, and impaired absorption diarrhea (Song et al., 2015). Therefore, determining the etiology and pathogenic mechanism of PEDV-induced diarrhea could provide a more effective method to its prevention and control.

Severe dehydration due to acute diarrhea is the key factor leading to death in newborn piglets. Diarrhea is associated with impaired Na+ absorption by IPEC-J2 cells (Field, 2003); but the mechanism of sodium imbalance diarrhea due to PEDV needs to be further investigated. Na+/H+ exchanger 3 is one of the transmembrane transporter proteins that are essential for mediating Na+/H+ homeostasis in the gut, playing a major role in regulating cellular pH and the homeostasis of the intestinal microenvironment (No et al., 2015). Changes in its activity and the amount of expression are closely related to the onset of diarrhea. When the activity of NHE3 is inhibited for a long time, it can lead to the occurrence of disease, and even death in severe cases (Anbazhagan et al., 2018). NHE3 is transported in the plasma membrane and the intracellular circulation of small intestinal villous epithelial cells, and the sodium-hydrogen exchange activity is mainly influenced by the amount of NHE3 transferred to the plasma membrane. Therefore, regulation of the functional activity of NHE3 is closely related to its mobility at the plasma membrane.

Signaling pathways activated by the epidermal growth factor receptor (EGFR) play an important role in cell proliferation, apoptosis and viral infection. EGFR is the transmembrane receptor for most viruses, including TGEV, which helps the virus invade the host and activates related signaling pathways (Hu et al., 2018). A recent study found that activation of EGFR occurs at an early stage of PEDV infection and might interact directly with viral S proteins to mediate PEDV invasion (Yang L. et al., 2018), the mechanism of action of which is unclear.

Further studies in our laboratory have shown that specific inhibition of NHE3 activity in IPEC-J2 cells leads to watery diarrhea and severe dehydration in piglets (Niu et al., 2021). Furthermore, PEDV infection inhibited the expression of NHE3 in IPEC-J2 cells and reduced extracellular Na+ uptake by the cells. Thus, the aim of this study was to explore the role of EGFR in the regulation of NHE3 activity by PEDV infection is an important reference for finding the targets of action against PEDV diarrhea.



2. Materials and methods


2.1. Cells, viruses, and reagents

IPEC-J2 and African green monkey kidney cells (Vero) were both cultured in DMEM medium containing 10% fetal bovine serum, 1% double antibody in a 37°C, 5% CO2 cell culture incubator. The cells mentioned above were all pre-preserved in the laboratory. The PEDV-LJX variant was kindly presented by Guangliang Liu, a researcher from Lanzhou Veterinary Research Institute. Recombinant human EGF from Gibco (Grand Island, NY, USA) at 10 ng/mL. The tyrosinase inhibitor AG1478 was purchased from Apexbio (Houston, TX, USA) and used at a dose of 30 μM.



2.2. Total cellular proteins and membrane protein extraction

IPEC-J2 cells were seeded in 60 mm dishes. An experimental group and a control group were set up, and each group was replicated three times independently. When cells grew to 90%, PEDV virus fluid (MOI = 0.1), or an optimal dose of EGFR modulator, was inoculated at 2 h and 72 h, respectively. The proteins were extracted using Beyotime’s cell membrane and plasma protein extraction kits, added with 6 × Loading Buffer (TransGen Biotech, China), denatured at 100°C for 10 min, cooled, and stored at −20°C before use.



2.3. Western blotting

Equal amounts of protein samples were separated by SDS-PAGE gel electro-phoresis and transferred to polyvinylidene fluoride membranes. The membranes was blocked with 5% skimmed milk powder diluted by TBST. After incubation overnight at 4°C with the appropriate primary antibody, the membrane was washed three times with 1 × TBST for 10 min/time and then incubated with goat anti-rabbit secondary antibody or goat anti-mouse secondary antibody (Proteintech, Rosemont, IL, USA) for 90 min on a shaker at room temperature. Images of the immunoreactive proteins on the membrane were chromogenic using the FX5 imaging system (VILBER, Marne-la-Vallée cedex 3, France). The grayscale values were analyzed. The phospho-EGFR (Tyr1068) antibody was purchased from Cell Signaling Technology (Danvers, MA, USA). Antibodies recognizing EGFR, SLC9A3 (NHE3), β-Actin, β-Tubulin (Rabbit Antibody), 6 × His (His-Tag), and FLAG® tag were purchased from Proteintech. The phospho-extracellular kinase (ERK)1/2 (Thr202 + Tyr204) antibody was purchased from Beijing BoaoSen Biotechnology Co. (Beijing, China).



2.4. Half of the tissue culture infected dose (TCID50)

After IPEC-J2 cells had grown to spread all over the cell bottles, pre-treatment of cells with 10 ng/mL of EGF or 30 μM of AG1478 in 2 mL, and then inoculated with 105 TCID50/mL PEDV-LJX strain, and both virus-infected and blank control groups were established. After incubation with the virus for 1.5 h, the cells were freeze-thawed three times and then centrifuged at 12000 × g for 10 min. The supernatant was collected into centrifuge tubes, and the TCID50 of each group of PEDV was determined in Vero cells according to the Reed-Muench method.



2.5. Co-immunoprecipitation (Co-IP)

Sequences of the coding regions of the PEDV S and EGFR genes registered in GenBank according to the NCBI, PEDV S1 (637–2,127 bp) was selected and constructed into vector pTT5 as a Flag tag fusion. The fragment of EGFR encoding the extracellular region (139–1,473 bp) was constructed into vector pTT5 as a His tag fusion. The above gene fragments were synthesized, and the recombinant plasmids were constructed, and sequenced by Wuhan GeneCreate Biological Engineering Co., Ltd. (Wuhan, China). Splicing HEK-293 T cells into 60 mm dishes, and when the cells grew to about 80% confluence, they were transfected with the constructed eukaryotic expression vector plasmids of PEDV S1 and EGFR extracellular region. At 48 h after transfection, samples were prepared for immunoprecipitation and the target bands were detected using western blotting.



2.6. Fluorescence recovery after photobleaching (FRAP)

IPEC-J2 cells were inoculated with 1 × 104 cells per well in a confocal dish (medium without antibiotics), and when the cells reached 80% growth, the cells were washed 3 times with PBS. After 6 h of plasmid transfection, the AG1478 treatment solution was slowly added from the edge of the confocal dish, mixed well and incubated at 37°C with 5% CO2 for 24 h. The pEGFP-NHE3 DMSO treatment group was treated with the same dose of DMSO for 24 h. The pEGFP-NHE3 EGF treatment group was replaced with serum-free phenol red-free DMEM after 6 h of plasmid transfection. After the above groups had reached the treatment time point, they were washed twice with PBS and replaced with phenol red-free maintenance medium for FRAP assay. A Zeiss LSM 800 laser confocal microscope with a 63 × oil objective (numerical aperture of 1.4) was used to observe and photograph the cell samples, and the ROI was used to observe the real-time fluorescence intensity of the three areas. Finally, the ZEN (blue) software was used to export the data and to compare the fluorescence intensity of the bleached areas throughout the process. When the test is completed for all groups, use ZEN (blue) software to export the data and analyze the fluorescence intensity of the bleached area throughout the process (Yang Z. et al., 2018).



2.7. Animal experiments

Nine 3-day-old lactating Rongchang piglets were randomly divided into Control, PEDV-infected and Tenapanor groups, with three piglets in each group. 10 mL of saline was administered to the Mock group, 10 mL of 1 × 106 TCID50/mL of PEDV LJX strain was administered orally to the PEDV-infected group, and 10 mL of Tenapanor was administered to the Tenapanor group. After inoculation, clinical signs, such as diarrhea, were assessed daily. After significant diarrhea developed in the PEDV group, piglets from both groups were uniformly dissected to observe intestinal lesions.

All animal experiments were approved by the Southwestern University Institutional Animal Care and Use Committee (animal protocol approval number: CQLA-2021-0122). The National Institutes of Health guidelines for the performance of animal experiments were followed.



2.8. Data analysis

All statistical analyses were performed using GraphPad Prism 8.0 (GraphPad Inc., La Jolla, CA, USA). All data are expressed as the mean ± SD or standard error of the mean (SEM) of three separate repetitions. ANOVA and t-tests were used to analyze significant differences in p values (p * < 0.05; p ** < 0.01; p *** < 0.001).




3. Results


3.1. NHE3 inhibitor induces diarrhea in piglets

To determine whether NHE3 is associated with piglet diarrhea, piglets in the control group received 10 mL of saline orally, PEDV-infected groups were orally infected with the PEDV-LJX strain, and the NHE3 inhibitor-fed piglets received Tenapanor at a concentration of 15 mg/kg. The anatomical results showed that control piglets had normal, dry, and formed stools (Figure 1A). However, the PEDV-infected piglets and the NHE3 inhibitor-fed piglets showed dilute watery diarrhea and their gastrointestinal tracts were thinning with transparency, and swollen (Figures 1B,C). These studies demonstrate that reducing the activity of the transporter protein NHE3 in piglet small intestinal epithelial cells leads to severe diarrhea and rapid dehydration in piglets.
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FIGURE 1
 Clinical autopsy diagram of piglets with diarrhea. (A) Anatomy of a normal piglet; (B) Anatomy of a PEDV-infected piglet; (C) Anatomy of a NHE3 inhibitor-fed piglet.




3.2. The protein expression level of NHE3 protein was dose-dependent with PEDV titers

To further investigate the relationship between PEDV and NHE3, we detected the NHE3 protein expression levels at different titers of PEDV by Western blot. The results showed that when PEDV was infected at MOI = 1.0 or 0.5 for 2 h, the level of NHE3 decreased significantly at MOI = 0.1 (Figures 2A,C). 72 h after PEDV infection, the level of NHE3 decreased significantly at MOI = 0.1, 0.5 and 1 (Figures 2B,C). These results indicated that NHE3 levels decreased in a dose-dependent manner according to PEDV titers. The higher of PEDV titer, the more pronounced of the decrease in NHE3 levels.
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FIGURE 2
 NHE3 protein levels at different titres of PEDV infection. (A) Western blotting results for surface NHE3 at 2 h after PEDV infection; (B) Western blotting results for surface NHE3 at 72 h after PEDV infection; (C) Grayscale analysis results for surface NHE3 protein at 2 and 72 h post PEDV infection.




3.3. PEDV infection induces EGFR phosphorylation on IPEC-J2 cells

To verify that PEDV infection activates EGFR, activation of the EGFR was evaluated by detecting the level of phosphorylated EGFR (p-EGFR) at different time points after PEDV infection of IPEC-J2 cells. The Western-blot results (Figure 3) indicated that the level of p-EGFR increased significantly during the pre-PEDV infection stage (10, 30, and 60 min) compared with the control group. In the advanced stages of PEDV infection (24, 48 h), p-EGFR levels remained upregulated but not significantly, then significantly higher at 72 h (0.01 < p < 0.05). These findings showed that PEDV infection rapidly activates EGFR, contributing to its phosphorylation and increased its expression.
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FIGURE 3
 Levels of p-EGFR/EGFR at different points of time after PEDV infection of IPEC-J2 cells. (A) Graph of p-EGFR/EGFR at different points of time after PEDV infection with IPEC-J2 cells according to the western blotting results; (B) Grayscale analysis of p-EGFR/EGFR levels.




3.4. PEDV interacts with the EGFR extracellular region through the S1 protein

The S protein of PEDV is a type I transmembrane glycoprotein consisting of two structural domains, S1 and S2, responsible for binding and fusion with the host cell. EGFR exists as a dimer on the cell membrane surface and the functional region is divided into an extracellular receptor binding region, a transmembrane region and an intracellular kinase structural domain (Figure 4B). To investigate the interaction between the S protein and EGFR, the PEDV S gene (637 bp-2127 bp) (Figure 4A) and the EGFR gene (139-1473 bp) were ligated onto the ptt5 vector (Figure 4B) with different tags (flag and his) to identify the size by PCR through Wuhan GeneCreat (Figures 4C,D). Immunoprecipitation was used to test whether the PEDV S1 structural domain could directly interact with the extracellular region of EGFR. Lysates from HEK 293 T cells co-transfected with pTT5-PEDV S1 and pTT5-EGFR plasmids were subjected to western-blot after Co-IP to detect the results. The results confirmed the interaction of the PEDV S1 structural domain with the extracellular region of EGFR (Figure 4E), indicating that EGFR mediates PEDV invasion through binding of the extracellular receptor binding region to the PEDV S1 structural domain.
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FIGURE 4
 Vector construction of PEDV S1 and EGFR. (A) Construction of PEDV S1 eukaryotic expression vector (red); (B) Construction of EGFR extracellular structural domain and eukaryotic expression vector (orange); (C) Double digestion identification of the PEDV S1 eukaryotic expression vector (M: DL5000 Marker; 1: pTT5-PEDV S1 digestion product; 2: pTT5-PEDV S1 plasmid); (D) Double digestion identification of the EGFR eukaryotic expression vector (M:DL5000 Marker; 1: pTT5-EGFR digestion product; 2: pTT5-EGFR plasmid); (E) Co-IP of PEDV S1 and the EGFR extracellular region.




3.5. EGFR is involved in PEDV invasion of IPEC-J2 cells

Based on the fact that PEDV infection activates EGFR, we investigated whether altering the phosphorylation level of EGFR would affect PEDV invasion. In this experiment, EGFR phosphorylation was regulated by EGF (a specific activator of EGFR) and AG1478 (a specific inhibitor of EGFR). It has been shown that EGFR phosphorylation can be induced by treating cells with 10 ng/mL of EGF, and previous studies in our laboratory have shown that 30 μM of AG1478 has the best inhibitory effect on EGFR phosphorylation and it is not toxic to IPEC-J2 cells (Yang Z. et al., 2018). The effect of EGFR modulators on phosphorylated EGFR levels was examined using western blotting, which showed that the optimal duration of action was 15 min for EGF (Figures 5A,B) and 24 h for AG1478 (Figures 5C,D). IPEC-J2 cells were pretreated with the optimal dose and duration of the EGFR modulators determined above, the expression of PEDV N protein was detected by western blotting and the viral titer was determined by TCID50 after 1 h and 2 h of PEDV incubation. The results indicated that PEDV infection increased and EGFR phosphorylation levels were elevated after EGF pretreatment (Figures 5E–G,K), and was significantly higher at 1 h of PEDV infection (0.01 < p < 0.05), indicating that activation of EGFR promotes PEDV infection. In contrast, PEDV infection as well as EGFR phosphorylation levels was significantly reduced after 24 h of AG1478 pretreatment (0.01 < p < 0.05), indicating that inhibition of EGFR activity reduced PEDV infection (Figures 5H–J,L).
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FIGURE 5
 EGFR regulates PEDV invasion into IPEC-J2 cells. (A) Western blotting results for p-EGFR/EGFR after EGF treatment; (B) Grayscale analysis results for p-EGFR/EGFR after EGF treatment; (C) Results of western-blot for p-EGFR/EGFR after AG1478 treatment; (D) Grayscale analysis results for p-EGFR/EGFR after AG1478 treatment; (E) Results of western-blot for PEDV N, p-EGFR, EGFR protein after EGF treatment; (F) Grayscale analysis results of PEDV N protein after EGF treatment; (G) Grayscale analysis results for p-EGFR/EGFR after EGF treatment; (H) Western blotting results for PEDV N, p-EGFR, EGFR protein after AG1478 treatment; (I) Grayscale analysis results for PEDV N protein after AG1478 treatment; (J) Grayscale analysis results for p-EGFR/EGFR after AG1478 treatment; (K) Virus titer detected by TCID50 after EGF treatment; (L) Virus titer detected by TCID50 after AG1478 treatment.




3.6. Regulation of EGFR activity affects the level of NHE3 protein

To investigate whether there is a direct correlation between EGFR and changes in NHE3, the level of NHE3 was detected after modulating EGFR activity. Western blotting showed that total NHE3 protein levels remained essentially unchanged for the first 60 min after EGFR activation using EGF, and surface NHE3 levels were slightly upregulated in the first 30 min, but decreased at both 24 h and 72 h, in which the decrease at 72 h was significant (Figures 6A–D). Total NHE3 levels and surface NHE3 levels were upregulated for 48 h after EGFR inhibition using AG1478, but were slightly downregulated at 72 h (Figures 6E–H). The above results proved that there is a correlation between EGFR activity and NHE3 levels, and when EGFR activity is inhibited, NHE3 protein levels are upregulated.
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FIGURE 6
 Levels of NHE3 at different time points after regulation of EGFR activity. (A) Western blotting results for total NHE3 after EGF treatment; (B) Grayscale analysis results for total NHE3 after EGF treatment; (C) Western blotting results for membrane-bound NHE3 after EGF treatment; (D) Grayscale analysis results for membrane-bound NHE3 after EGF treatment; (E) Western blotting results for total NHE3 after AG1478 treatment; (F) Grayscale analysis results for total NHE3 after AG1478 treatment; (G) Western blotting results for membrane-bound NHE after AG1478 treatment; (H) Grayscale analysis results for membrane-bound NHE3 after AG1478 treatment.




3.7. PEDV infection regulates NHE3 levels through the EGFR/ERK signaling pathway

To investigate whether PEDV can regulate the level of NHE3 through the EGFR/ERK signaling pathways, PEDV was used to infect IPEC-J2 cells after activation of EGFR, and the levels of key signaling factors in the EGFR/ERK signaling pathway, and the level of NHE3 was examined. The results showed that EGFR was activated after PEDV infected cells for 2 h and 72 h, there was a significant increase in the level of p-EGFR (Figures 7A,B), and the change in level of p-ERK was basically consistent with that of p-EGFR (Figures 7A,C). However, the NHE3 level was downregulated at both 2 h and 72 h of PEDV infection after activation of EGFR activity (0.01 < p < 0.05), and the level was lower than that of the PEDV infection alone group (Figures 7A,D). PEDV infection at 2 h and 72 h after inhibition of EGFR activity continued to elevate p-EGFR levels. However, the elevated levels of p-EGFR were significantly higher in the PEDV-infected group than in the group with inhibition of EGFR activity (Figures 7E,F). Changes in the levels of p-ERK were largely consistent with those of p-EGFR and were also elevated (Figures 7E,G). NHE3 was downregulated after PEDV infection at both 2 h and 72 h compared with that of control group after inhibition of EGFR activity (Figures 7E,H), which was significant at 72 h (0.01 < p < 0.05). However, its level of downregulation was less significant than that in the PEDV-infected group, with a significant difference at 72 h (0.01 < p < 0.05). The above results suggest that PEDV infection leads to notable upregulation of p-EGFR and p-ERK following activation of EGFR activity in IPEC-J2 cells, and that ERK is regulated by EGFR following PEDV infection. This demonstrates that the effect of PEDV infection on NHE3 is regulated by the EGFR/ERK signaling pathway. Activation of EGFR downregulated NHE3 levels more significantly, while inhibition of EGFR activity somewhat attenuated the downregulation of NHE3 in IPEC-J2 induced by PEDV infection.

[image: Figure 7]

FIGURE 7
 Level of EGFR, ERK, and NHE3 proteins at different times of PEDV infection after regulation of EGFR. (A) Western blotting results for p-EGFR, EGFR, p-ERK, ERK, and NHE3 after activation of EGFR; (B) Grayscale analysis results for p-EGFR/EGFR; (C) Grayscale analysis results for p-ERK/ERK; (D) Grayscale analysis results for NHE3; (E) Western blotting results of p-EGFR, EGFR, p-ERK, ERK, and NHE3 after inhibition of EGFR; (F) Grayscale analysis results for p-EGFR/EGFR; (G) Grayscale analysis results for p-ERK/ERK; (H) Grayscale analysis results for the NHE3.




3.8. PEDV infection regulates the mobility of plasma membrane NHE3 through EGFR

To better observe the dynamic changes in NHE3 induced by PEDV processing, the impacts of modulating EGFR activity on the mobility of NHE3 across the plasma membrane of IPEC-J2 cells after PEDV infection was examined using FRAP. The fluorescence intensity of the bleached areas in all groups decreased significantly after bleaching and started to recover again with time, indicating that the NHE3 fluorescent molecules remained mobile after PEDV infection (Figures 8A, 9A). The pEGFP-NHE3 group (Control) showed stronger recovery of fluorescence intensity than all PEDV-infected groups, while the pEGFP-NHE3 EGF + PEDV group had the weakest recovery of bleached areas post-bleaching. The fluorescence intensity of the anchored bleached area before and during recovery was analyzed for each group using ZEN (blue) software, which was used to detect the fluorescence recovery rates and dynamic fraction (Mobile fraction, Mf) of each group.

[image: Figure 8]

FIGURE 8
 Rate of recovery of NHE3 fluorescence and dynamics at the plasma membrane following modulation of EGFR. (A) Dynamics of fluorescent molecules in the bleaching region during FRAP (63×/1.4NA); (B) Fluorescence bleaching recovery of NHE3 on cell membranes; (C) Dynamic analysis of NHE3 on membranes.
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FIGURE 9
 PEDV infection regulates the mobility of plasma surface NHE3 through EGFR. (A) Dynamics of fluorescent molecules in the bleaching region during FRAP (63×/1.4NA); (B) Fluorescence recovery rate of NHE3 on the cell membrane 2 h after PEDV invasion; (C) Fluorescence recovery rate of NHE3 on the cell membrane 72 h after PEDV invasion; (D) Analysis of the dynamic fraction of NHE3 on the cell membrane after PEDV invasion.


The results showed that the NHE3 fluorescence recovery rate was significantly lower in the EGF-treated group compared with that in the pEGFP-NHE3 group. The fluorescence recovery rate in the AG1478-treated group was higher than that in the DMSO group in the first 6 min and lower than that in the DMSO group after 6 min (Figures 8A,B). However, the NHE3 fluorescence recovery rate in all three groups was lower than the pEGFP-NHE3 group (Figure 8C). This indicated that NHE3 fluorescent bleaching recovery rate was relatively reduced after activation of EGFR, and inhibition of EGFR activity upregulated the fluorescence recovery rate of NHE3. Compared with that in the control group, NHE3 fluorescent bleaching recovery rate in all PEDV-infected groups was weaker at each time point (Figures 9A–C). After activating EGFR, infection with PEDV induced a more noticeable decline in the NHE3 fluorescence recovery rate at 72 h, while inhibiting EGFR activity followed by infection with PEDV relatively upregulated the fluorescence recovery rate of NHE3, and the effect was better at 2 h (Figure 9D). The above results show that compared with the control group, PEDV infection of IPEC-J2 cells reduced the fluidity of NHE3 on the plasma membrane. When EGFR was activated, PEDV infection further reduced the fluidity of NHE3, whereas infection with PEDV after inhibition of EGFR activity could enhance the fluidity of NHE3, indicating that during PEDV infection, the stronger the activity of EGFR on the IPEC-J2 cell membrane, the weaker the fluidity of NHE3, i.e., negative feedback by EGFR regulates the fluidity of NHE3 on the plasma membrane.




4. Discussion

It has been well documented that EGFR can act as one of the co-receptors involved in viral infection. Previous studies in our laboratory have found that EGFR promotes the intracellular proliferation of TGEV (Yang Z. et al., 2018), and it is unknown whether EGFR plays an equivalent role in the process of PEDV infection. Therefore, we first verified that PEDV infection could cause EGFR phosphorylation, and the results showed that EGFR phosphorylation levels increased significantly at 10 min of PEDV infection and peaked at 30 min, indicating that viral infection could rapidly induce intracellular EGFR activation, resulting in enhanced EGFR activity (Figure 3). However, in contrast to the results of the identified studies, we found that EGFR phosphorylation levels were again elevated at later stages of PEDV infection (48 h, 72 h), but not as significantly as at earlier stages. It is possible that this is caused by the massive replication of PEDV after cell invasion and in the subsequent release of new viral particles that infect the surrounding host cells.

Viral invasion is the initial step of viral infection. PEDV invasion into host cells is mediated by S glycoproteins attached to specific host receptors, and S proteins can be subdivided into two subunits, S1, which mediates the binding of viruses to surface-specific receptors on host cells, and S2, which is involved in the fusion process of viral and host cell membranes (Kirchdoerfer et al., 2021). In Hu W’s study, p-APN and EGFR were found to be synergistically involved in TGEV invasion, and EGFR can be activated early in PEDV infection to promote adsorption of virus invasion, suggesting that EGFR is most likely one of the invasion receptors of PEDV (Hu et al., 2018). Therefore, this experiment confirmed the direct interaction between the PEDV S1 structural domain and the EGFR extracellular region by constructing eukaryotic expression vectors for PEDV S1 and EGFR extracellular region and immunoprecipitating them after co-transfection with HEK 293 T cells (Figure 4). It indicates that EGFR activation induced by PEDV infection may be mediated by a direct interaction between the EGFR extracellular receptor binding region and PEDV S1 protein.

Since the invasion process of PEDV occurs early in the infection, it has been shown that viral infection can competitively exploit the endocytosis of EGFR and activate EGFR downstream signaling pathways to counteract the host’s antiviral response (Zheng et al., 2014; Perez Verdaguer et al., 2021). Therefore, this experiment next investigated the relationship between EGFR and PEDV invasion. After modulating EGFR activity by EGFR-specific regulators epidermal growth factor (EGF) and tyrosinase inhibitor (AG1478), we examined the viral titer and N protein expression in PEDV-infected IPEC-J2 cells at 1 h and 2 h. We found that activation of EGFR promoted PEDV infection and inhibition of EGFR activity reduced PEDV infection (Figure 5). This validates our conjecture that EGFR can be involved in PEDV invasion of IPEC-J2 cells and that EGFR activation induced by PEDV infection enhances the ability of PEDV to infiltrate.

Epidermal growth factor (EGF) is the most primitive member of the EGF ligand family. In normal physiological regulation, EGF binds specifically to EGFR, promotes EGFR and ERK phosphorylation, and activates its downstream signaling pathway molecules to exert regulatory functions (Singh et al., 2016; Abud et al., 2021). By the results we found that the total protein level of NHE3 remained basically unchanged for a short time after activation of EGFR with EGF, while the level of surface NHE3 protein was slightly up-regulated, but prolonged EGF treatment caused a slight decrease in the protein level of NHE3. The slight upregulation of NHE3 expression on the membrane in the short term after EGF stimulation may be an acute regulation occurring within a short period of time after cell activation, and the acute regulation is rapid and reversible, so the level of surface NHE3 protein returned to normal after 60 min of EGF treatment. However, continuous EGF stimulation leads to rapid cell growth and differentiation, causing cell growth inhibition in the presence of limited space and nutrient supply, which may explain the relative decrease in NHE3 expression and mobility after continuous activation of EGFR instead. Tyrphostin AG-1478 is a selective EGFR tyrosine kinase inhibitor with clinically proven antiviral activity against HCV and encephalomyocarditis virus (EMCV) (Dorobantu et al., 2016). After using AG1478 to inhibit EGFR activity, the phosphorylation levels of EGFR and ERK were significantly down-regulated and the relative expression of NHE3 was significantly up-regulated after EGFR inhibition. The above results indicate that PEDV infection is regulated by the EGFR/ERK signaling pathway to regulate NHE3 expression, and a certain negative phase between EGFR and NHE3 (Figure 6). When EGFR activity was inhibited, the phosphorylation level of ERK was also inhibited, while the activity of NHE3 was increased. Our laboratory studies demonstrated that NHE3 activity was regulated through the EGFR/ERK pathway. Importantly, NHE3 mobility on the plasma membrane of TGEV infected cells was significantly weaker than that in normal cells, and EGFR inhibition and knockdown recovered this mobility (Yang Z. et al., 2018). Therefore, we speculate that the activity and mobility of NHE3, regulated through the EGFR/ERK pathway on the brush border membrane of small intestinal epithelial cells, decreased after PEDV infection.

In order to further study the mechanism of PEDV regulating NHE3, the expression of key signaling factors in NHE3 and EGFR pathways was detected by regulating the activity of EGFR after infection with PEDV. EGFR promotes PEDV infection to downregulate NHE3 expression and mobility (Figure 7). This result indicated that after EGFR was activated by PEDV infection, the invasion and proliferation of PEDV could be affected by EGFR, and the expression and mobility of NHE3 could be regulated. The following regulatory mechanisms exist for EGFR and NHE3 in porcine transmissible gastroenteritis virus (TGEV), which is also an alphacoronavirus: infection with TGEV enhances intestinal glucose uptake and increases the expression of EGFR, SGLT1, and GLUT2 in intestinal epithelial cells, and there is a positive regulatory relationship between EGFR and SGLT1 (Ren et al., 2013; Dai et al., 2016). In the case of TGEV infection, down-regulation of SGLT1 expression promotes the translocation of NHE3, which increases the expression of NHE3 on the plasma membrane (Yang et al., 2020). Inhibition of EGFR activity can promote the fluidity of NHE3 on the plasma membrane and promote the absorption of Na+ (Yang Z. et al., 2018). Combined with the results of this experiment, we preliminarily speculate that PEDV can activate EGFR, causing the decrease of NHE3 activity in small intestinal epithelial cells, and the Na+/H+ exchange barrier, which can promote the occurrence of diarrhea (Gekle et al., 2001; Dominguez et al., 2016).

In conclusion, EGFR may be one of the receptors involved in PEDV invasion of intestinal epithelial cells, and PEDV infection activates EGFR, which then phosphorylates ERK and thereby regulates the expression and mobility of NHE3 on the plasma membrane, ultimately leading to reduced NHE3 activity. Decreased NHE3 activity and impaired Na+/H+ exchange may be key factors in the development of diarrhea induced by PEDV infection in newborn piglets (Figure 10).
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FIGURE 10
 Mechanistic model of PEDV infection regulating NHE3 activity by activating EGFR.
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The global COVID-19 pandemic has presented a significant, ongoing challenge since its emergence in late 2019. Today, the Omicron strain, which is less lethal but more contagious than the original outbreak strain, continues to pose substantial health risks. In this background, the management of psoriatic comorbidities has become even more complex, particularly for patients with underlying inflammatory, metabolic, or cardiovascular diseases. This review aims to summarize current research on comorbid COVID-19 and psoriasis, and provide insights into the development of evidence-based management strategies. By providing appropriate patient instruction, implementing protective measures, and re-evaluating medication prescriptions based on each patient’s unique situation, healthcare professionals can effectively address the challenges faced by patients with comorbid psoriasis in the COVID-19 era.
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1. Introduction

The COVID-19 outbreak caused by Severe Acute Respiratory Syndrome Coronavirus type-2 (SARS-CoV-2) has been spreading worldwide. Because of the frequent genetic mutation and recombination of SARS-CoV-2, many new variants of this coronavirus have emerged. Although less lethal than previous strains, these prevalent, mildly virulent variants (e.g. BQ and XBB subvariants of Omicron) are capable of spreading much more efficiently, and harbor an advantage in antibody evasion (Wang et al., 2023), causing less urgent, but long-lasting health problems. Patients with immunosuppressed and impaired organ functions are the most susceptible to SARS-CoV-2 infection in this post-COVID era.

Psoriasis is a common chronic inflammatory skin problem worldwide. Complete cure of this disease is considered impossible due to the complex underlying pathogenic mechanisms, which include genetic, epigenetic, environmental, and autoimmune factors (mainly induced by IL-17 and TNF-α). Long-lasting or recurrent lesions may cause discomfort that consequently lowers the quality of life of patients. Traditionally, management of psoriasis has been relatively challenging due to the lack of a single effective treatment. Approaches that include both customized combined therapy and patient education are necessary. Recently, biologics (including TNF-α inhibitors, IL-17, and IL-12/23 inhibitors) have become a revolutionary modality in the management of psoriasis based on randomized controlled trial evidence and large sample size real-world research. TNF-α inhibitors have been used to treat autoimmune disease for many years before they are introduced to psoriasis. Major adverse effects are serious infections like tuberculosis and hepatitis, along with increased risk of tumors. IL-17 and IL-23, IL-12/23 inhibitors are new biotics with a better safe profile. Overall, biotics are quick-acting, highly effective, and safe; Other small molecular agents like Janus kinase (JAK) inhibitors also have satisfactory therapeutic effect and safety, however, a maintenance treatment with biotics or JAK inhibitors is still necessary for a long-lasting relief.

Comorbidity management is another challenge for psoriasis patients, especially those with a very long course of disease, high Psoriasis Area and Severity Index (PASI) score, or resistance to treatments. Patients with psoriasis clearly have higher risks of developing cardiovascular, metabolic, and autoimmune diseases. These comorbidities can further damage the patient’s health, and bring complexity to the management of their psoriasis. Today as COVID has become a new global health challenge, it has brought greater difficulties for psoriasis patients with comorbidities. Because underlying diseases, such as inflammatory, metabolic, and cardiovascular diseases are risk factors for COVID infection and more severe disease courses.

This review summarizes the research on the comorbidity of COVID-19 and psoriasis, and aims to shed light on the current thinking around management strategies based on existing evidence.


1.1. Psoriasis and its comorbidities

Patients with psoriasis are more likely to develop systemic disorders, such as eye complications (sclerotitis, uveitis), gastrointestinal diseases (colitis gravis, Crohn’s disease), metabolic syndrome (hypertension, obesity, cardiovascular disease, diabetes, hyperlipidemia, hyperuricemia/gout), psoriatic arthritis (PsA), and other autoimmune diseases (vitiligo, alopecia areata). These comorbidities are collectively known as “psoriatic disease” (Aggarwal et al., 2018). Although the underlying mechanisms of these disorders in psoriasis have not been completely elucidated, they share similar triggers with psoriasis (Gisondi et al., 2020), such as genetic, environmental, and psychological factors. Additionally, the release of inflammatory cytokines, such as tumor necrosis factor TNF- α and interleukin (IL)-17 by psoriasis patients (Brembilla et al., 2018), leads to a systemically high inflammation burden that contributes to the development and exacerbation of psoriatic diseases. Research has shown that inflammation exists in many organs (e.g., aorta, liver, joints) other than skin, even in patients with mild lesions (Youn et al., 2015). In addition to the direct harm to different organs, a chain of events drives the development of psoriasis comorbidities (Figure 1). Chronic inflammation increases risks of obesity and insulin resistance (Boehncke et al., 2007), and injury to the blood vessel endothelium accelerates atherosclerotic plaque formation and lowers blood vessel elasticity. Together with conditions such as diabetes and dyslipidemia, atherosclerosis develops gradually and may eventually lead to severe cardiovascular diseases.
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FIGURE 1
 Immunological correlation among psoriasis, its comorbidities and COVID-19.


Conversely, these diseases can also worsen the autoimmune disorder in psoriasis, making it challenging to control lesions and prevent recurrence. Psoriatic diseases also have negative impacts on the treatment options in patients with certain comorbidities as they may be contraindications of some drugs. Considering the significant influence of comorbidity on psoriasis, guidelines, and expert consensuses recommend monitoring of psoriatic disease as an important part of psoriasis management (Elmets et al., 2019).



1.2. Psoriasis comorbidity and the risk of COVID-19 infection and severity

Today, although the risk to healthy people is greatly reduced, SARS-CoV-2 remains an imposing menace to people with underlying health conditions and older age (Espinosa et al., 2020; Gallo Marin et al., 2021).

There are controversies regarding susceptibility to COVID-19 infection of patients with cutaneous psoriasis. A large amount of research has lifted the veil of the immune response and pathogenic mechanisms of COVID-19 (Hosseini et al., 2020). The T-cell disorders of psoriasis may interfere with the anti-coronavirus immune response, which relies on CD4+ and CD8+ T-cell function (Sette and Crotty, 2021). The inflammatory status can also facilitate invasion of SARS-CoV-2 through an environmental elastase pathway. Comparative analysis of gene expression revealed that ACE2 and FURIN, which are genes significantly associated with SARS-CoV-2 infection, are upregulated in psoriasis patients, and 48 of 161 genes that are upregulated in the lungs of COVID-19 patients are also positively regulated in psoriasis (Singh et al., 2021). Surprisingly, however, some clinical studies reported that in psoriasis patients with skin involvement only, the chances of getting infected or developing a severe case were not higher than those in healthy populations. Although the underlying reasons for these contrary findings have not been well investigated, two hypotheses have been proposed: (1) genetic background may impact the development of the COVID-19-induced cytokine storm; and (2) anti-inflammation therapy to treat psoriasis may help to control the cytokine storm and/or lung fibrosis. Basic research and additional clinical studies of larger samples are needed to elucidate this issue.

Unlike the confusion in determining the role of cutaneous psoriasis in coronavirus infection, comorbidities like obesity, diabetes, and cardiovascular diseases, surely put patients at a higher risk of COVID-19 infection. Obesity, which is common among psoriasis patients suffering from metabolic syndrome, contributes to immune disorders and leads to an inhibited immune response against SARS-CoV-2 (Magdy Beshbishy et al., 2020). Obesity also damages lung function (Dixon and Peters, 2018), increasing the vulnerability to respiratory viral diseases (Green and Beck, 2017; Llamas-Velasco et al., 2021). Indeed, the increased risk of pulmonary fibrosis in patients with obesity raises the likelihood that they will develop a more severe course of COVID-19 (Steenblock et al., 2022).

Diabetes, like cutaneous psoriasis, does not appear to increase the risk of SARS-CoV-2 infection (Albulescu et al., 2020); however, it is a risk factor for severe COVID-19 disease and death. ACE2 is also upregulated in patients with type 2 diabetes (Gutta et al., 2018), which may exacerbate the damage to alveolar epithelial cells (Albulescu et al., 2020) and lead to a rapidly progressing course of COVID-19. Furthermore, the increased risk of acquiring bacterial infections among patients with high blood sugar levels, and the chronic inflammation status and high platelet reactivity of patients with diabetes (Demirtunc et al., 2009; Maiocchi et al., 2018), put these individuals at higher risks of developing severe COVID-19 disease or death.

Pre-existing cardiovascular diseases are associated with higher rates of severity and morbimortality from COVID-19 and, among patients requiring hospitalization, hypertension is the most common concomitant cardiovascular condition (Richardson et al., 2020; Zheng et al., 2020). Acute myocardial infarction and heart failure are also correlated with SARS-CoV-2 infection. The cellular damage to blood vessel epithelium by the chronic inflammatory status in psoriasis patients leads to a higher rate of hypertension and accelerated atherosclerotic plaque formation (Lowes et al., 2014; Boehncke, 2018). The hypercoagulative state of psoriasis patients especially after COVID-19 infection also raises the possibility of thrombogenesis, which may have life-threatening consequences in patients with cytokine storm or impaired lung function.

Another possible explanation for why patients with these comorbidities are at high risk during COVID-19 is that the damaged immune system leads to vaccine breakthrough (Hanckova and Betakova, 2021; Juthani et al., 2021).



1.3. Interference of SARS-CoV-2 in psoriasis patients with comorbidity

After the acute phase of COVID-19, some patients develop long-term health problems, which are also called “long COVID” (Lai et al., 2023), and include fatigue, chest tightness, anxiety, and other specific presentations if other organs are involved (Desai et al., 2022). Psoriasis patients are also vulnerable.

A common feature of the complex relationships encompassing psoriasis, its related comorbidities, and coronavirus infection, is inflammation. As stated above, psoriasis patients with comorbidities usually exhibit a more severe inflammatory status driven by IL-17 and TNF-α. SARS-CoV-2 infection can trigger an adaptive immune response in which fluctuations in immune function may cause onset, worsening, or recurrence of psoriasis (Zahedi Niaki et al., 2020; Silva Andrade et al., 2021). The COVID-19 induced IL-17 immune response (Queiroz et al., 2022) and TNF-α release (Vianello et al., 2022; Davis et al., 2023) can worsen psoriasis and its comorbidities. Therefore, patients with psoriasis comorbidities are more likely to be negatively impacted by post-COVID-19 effects.

Besides COVID-19 infection, dermatologists, and patients alike should be made aware that the COVID-19 vaccination itself may also induce or exacerbate psoriasis (Potestio et al., 2023).



1.4. Management of the COVID-19 and psoriasis comorbidity

Seasonal reinfection of SARS-CoV-2 variants has become a health problem that seems to be unavoidable. Proper patient education is necessary to help psoriasis patients with comorbidities experience increased quality of life, lower the frequency of recurrence, and control systemic complications. Patients should avoid factors that may further suppress immune function and adopt protective measures, such as mask-wearing. Upon noticing signs of COVID-19 infection, patients should quickly seek a diagnosis and early active treatment because prolonged infection may increase inflammatory damage. Prescriptions for patients with comorbidities should also be re-evaluated during the COVID-19 era. Below, we highlight treatment recommendations in specific patient comorbidity groups in the COVID era (Table 1).



TABLE 1 Common comorbidities of psoriasis and the recommended treatment options in the COVID era.
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2. PsA

For patients with moderate-to-severe PsA, early use of MTX is recommended to prevent disease progression and joint destruction (Michelsen et al., 2023). Despite the suggestion by some studies that MTX administered within 2 weeks after vaccination may affect the vaccine response (Arnold et al., 2021), there is no evidence of an increased risk of COVID-19 in patients receiving MTX therapy. It is recommended to continue this medication during COVID-19 (Sadeghinia and Daneshpazhooh, 2021). For active unilateral or oligo-arthritis and enthesitis, local injection of corticosteroid is an option.

When peripheral joint disease cannot be controlled, or when the axial joints are involved, biologic treatment is recommended. The US Food and Drug Administration has approved five TNF-α inhibitors (etanercept, adalimumab, infliximab, pexelizumab, golimumab), two IL-17A inhibitors (secukinumab, ixekizumab), and one IL-12/23 inhibitor (ustekinumab) for the treatment of PsA. Previous guidelines prioritized TNF-α inhibitors, but recent studies suggest that the adoption of a TNF-α inhibitor should no longer be mandatory because ustekinumab and IL-17A antibodies may be equally effective (Sadeghinia and Daneshpazhooh, 2021). The risk of COVID-19 infection in psoriasis patients receiving TNF-α, IL-17, IL-12, and IL-23 inhibitors was also investigated in different cohort studies, systematic evaluations, and meta-analyses. The effects of TNF-α inhibitors on COVID-19 infection remain controversial. Some studies showed a higher risk of infection with TNF-α inhibitor therapy, whereas others showed no significant differences (Dommasch et al., 2019; Jin et al., 2022; Schneeweiss et al., 2023). For instance, In a study on psoriasis patients, the use of TNF-α inhibitors increased overall infection and upper respiratory tract infection by up to 7% compared with placebo, higher than the rates with IL-17 and IL-12/23 inhibitors (Lebwohl et al., 2020).

In studies of JAK inhibitors, ruxolitinib, and baricitinib were found to contribute to a hyperinflammatory state in critical COVID-19 patients, but simultaneously inhibited the receptor-mediated endocytosis of SARS-CoV-2 viral particles, thereby exhibiting antiviral potential (Zahedi Niaki et al., 2020). Currently, there is insufficient evidence of harm or benefit of JAK inhibition therapy in patients with SARS-CoV-2 infection.

For PsA patients with skin involvement, IL-17A, IL-23, or IL-12/23 inhibitors are recommended. For patients with inflammatory bowel disease (IBD), TNF-α, IL-12/23, IL-23, or JAK inhibitors are recommended (Michelsen et al., 2023). For patients with PsA infected with COVID-19, the initial biologic treatment should be one of the safer agents, such as an IL-17, IL-23, or IL-12/23 inhibitor. Among patients already under TNF-α or JAK inhibitor therapy, the treatment can be continued during COVID-19 infection (Sadeghinia and Daneshpazhooh, 2021).



3. IBD

Approved targeted therapies are preferred for patients with psoriasis and active IBD or history of IBD. Infliximab, adalimumab, pexelizumab, and ustekinumab were approved for the treatment of Crohn’s disease, and infliximab, adalimumab, and upadacitinibi for the treatment of ulcerative colitis. Notably, etanercept failed in clinical trials in patients with Crohn’s disease. There is a warning in the prescribing information for IL-17A antibodies for patients with IBD, and active Crohn’s disease is a contraindication to the use of the IL-17 antibody brodalumab (Whitlock et al., 2018). The IL-23 inhibitors guselkumab and risankizumab and the JAK inhibitor upadacitinib have shown good efficacy in Crohn’s disease and ulcerative colitis, with prolonged efficacy and safety (Barberio et al., 2023; Friedberg et al., 2023). Studies also showed efficacy of guselkumab in controlling intestinal inflammation (Higashiyama and Hokaria, 2023).

One study reported an increase of up to 9% in the overall infection rate and a slight increase in the upper respiratory tract infection rate in users of IL-23 blockers (Lebwohl et al., 2020). However, other research did not detect a difference in infection risk among users of TNF-α, IL-17, or IL-12/23 inhibitors in psoriasis or PsA (Li et al., 2020). Additional randomized controlled trials showed that the risk of upper respiratory tract infection in users of IL-23 inhibitors was similar to that with placebo (Brownstone et al., 2020). Today, in the post-pandemic era, IL-12/23 inhibitors are associated with a lower risk of infection, enabling a favorable outcome after COVID-19; thus, it is recommended to initiate or continue their application in psoriasis patients with IBD (Machado et al., 2023).



4. Metabolic syndrome

MTX should be used with caution in patients with diabetes, obesity, and non-alcoholic fatty liver disease because the risk of liver fibrosis increases when the cumulative dose exceeds 1.5 g (Singh et al., 2019). Cyclosporine can increase insulin resistance, and interfere with fatty acid metabolism, thereby leading to dyslipidemia and elevated serum uric acid (Gisondi et al., 2013). Furthermore, a Danish cohort study found that patients receiving cyclosporin had a significantly increased risk of hospitalization for COVID-19 (Galvez-Romero et al., 2021), suggesting caution when administering cyclosporin in patients with metabolic syndrome.

About obesity and biologics, Studies have shown that weight gain may occur in patients treated with TNF-α inhibitors. In contrast, ustekinumab and IL-17 inhibitors generally do not increase body weight (Onsun et al., 2022).

Regarding diabetes and biotics, studies of patients receiving TNF-α antagonists had a lower risk of new diabetes compared with those receiving other drugs, with an adjusted diabetes risk ratio of 0.62 (95%CI: 0.42–0.91) (Solomon et al., 2011). Other studies have found that patients with underlying diabetes or metabolic syndrome receiving anti-TNF-α therapy exhibit improved insulin resistance (Dal Bello et al., 2020). A phase III randomized controlled trial of secukinumab showed that patients on the drug had a trend of lower fasting glucose level compared with placebo during the first 12 weeks (Gerdes et al., 2020).

For COVID-19 patients with psoriasis, IL-17 inhibitors have demonstrated good efficacy and safety. In psoriasis, the incidences of upper respiratory tract infections were comparable in patients treated with IL-17 inhibitors and placebo (Langley et al., 2019). IL-17 may have a pathogenic role in the acute respiratory distress syndrome and lung inflammation associated with severe COVID-19. COVID-19 patients with pulmonary complications have increased populations and activation of Th17 cells. Th17 pathway blockers can downregulate the abnormal immune response of COVID-19 and reduce mortality (Bashyam and Feldman, 2020; Machado et al., 2023).



5. Cardiovascular disease


5.1. Ischemic heart disease and atherosclerosis

Systemic retinoids increase the levels of serum triglycerides and cholesterol by transforming high-density lipoprotein to low-density lipoprotein, which contributes to elevated risk of coronary heart disease (Balak et al., 2020). Similarly, cyclosporin can induce or aggravate arterial hypertension (in a dose-dependent manner), aggravate dyslipidemia, and raise blood glucose levels. Cyclosporine may interfere with drugs used in patients with ischemic heart disease, such as beta-blockers, calcium antagonists, fibrates and most statins (Berth-Jones et al., 2019). By contrast, MTX improved arteriosclerosis and reduced the carotid intima-media thickness in patients with moderate-to-severe psoriasis (Martinez-Lopez et al., 2018). MTX was also found to reduce risks of cardiovascular morbidity and mortality compared with cyclosporine and retinoids (Roubille et al., 2015; Tsai et al., 2021).

Treatment with TNF-α monoclonal antibodies and ustekinumab has been shown to reduce aortic vascular inflammation and systemic inflammatory biomarkers (Eder et al., 2018; Gelfand et al., 2020). Furthermore, TNF-α treatment reduces intima-media thickness and arterial stiffness and consequently lower the risk of myocardial infarction (Terui and Asano, 2023) and myocardial damage (Atzeni et al., 2020). Secukinumab may exert beneficial effects on the cardiovascular system in psoriasis patients by improving endothelial function (von Stebut et al., 2019). Anti IL-23 therapy is also beneficial as IL-23 is a proatherogenic cytokine.

Overall, considering efficacy, safety, and impact on COVID infection, MTX is recommended as the preferred conventional medication for patients with psoriasis and ischemic heart disease. Anti-TNF-α antibodies, ustekinumab, and IL-17 inhibitors are suggested as preferred targeted therapies in these patients (without heart failure) in the COVID-19 era.



5.2. Congestive heart failure

Cyclosporine is not recommended in patients with psoriasis and advanced congestive heart failure (CHF) because it may increase blood pressure and decrease renal function (Berth-Jones et al., 2019).

A study of patients with heart failure showed a trend of increased mortality and hospital admission rates among patients who received etanercept compared with those who received placebo (Deswal et al., 1999). Infliximab was evaluated in a randomized, double-blind, placebo-controlled phase II pilot study that showed an association between high-dose infliximab (10 mg/kg) and increased mortality and hospitalization rates in patients with heart failure (Chung et al., 2003). TNF is usually considered as a cardiotoxic factor (Kotyla, 2018), the reason why anti-TNF therapy may increase heart failure risk is still unclear.

In the COVID-19 era, expert opinion on the treatment of patients with psoriasis and heart failure with MTX, retinoids, and ustekinumab, IL-17, and IL-23 inhibitors is neutral, depending on the underlying cause of heart failure. MTX and retinoids can be recommended as treatment options for patients with psoriasis and advanced congestive heart failure. Ustekinumab, IL-17, and IL-23 inhibitors are also considered. TNF-α inhibitors, especially adalimumab and infliximab, are contraindicated in patients with congestive heart failure III/IV and should be cautioned in patients with mild congestive heart failure (New York Heart Association I/II). The use of etanercept in patients with CHF should be closely monitored (Campanati et al., 2020). In patients already infected with SARS-Cov-2, concomitant heart failure may deteriorate rapidly, it is reasonable to avoid anti-TNF therapy in all heart failure level patients who are suffering from COVID-19.




6. Hepatitis

TNF-α has been associated with the risk of hepatitis B virus (HBV) reactivation and drug-induced liver injury. A multicenter study in psoriasis patients with hepatitis B or C reported the occurrence of viral reactivation, showing a higher risk with TNF-α inhibitors than with IL-17 inhibitors (Chiu et al., 2021). Three phase III randomized controlled trials (n = 3,736) confirmed the clinical efficacy of ixekizumab in treating patients with psoriasis, and reported no cases of hepatitis B reactivation as of Week 60 (Gordon et al., 2016). A study of 30 patients with chronic inactive HBV infection who were treated with secukinumab indicated that this drug did not increase the risk of hepatitis during treatment (Qin et al., 2022). In a prospective cohort study of ustekinumab in patients with psoriasis (n = 93), the reactivation rate among HBV carriers was 17.4% without prophylaxis (Ting et al., 2018). IL-17 and IL-23 inhibitors, as well as ustekinumab were recommended as preferred systemic treatments for this patient group (Nast et al., 2021).



7. Latent tuberculosis

There are few data on the risk of TB reactivation with retinoids, cyclosporine, and MTX. To date, most published guidelines do not recommend TB screening for these drugs. However, the World Health Organization has issued black box warnings about the risk of TB and other serious infections with TNF-α inhibitors. Furthermore, a review suggested that patients with latent TB who received TNF-α had an approximately two to four-fold increased risk of active TB (Baddley et al., 2018). The mechanism maybe related to the effects of anti-TNF-α therapy on cellular interactions in a latent TB granuloma (Robert and Miossec, 2021). Patients receiving IL-17 as well as IL23 inhibitors had the lowest risk of activating latent TB than other previously approved drugs including TNF-α inhibitors and IL12/23 inhibitors (Nogueira et al., 2021).



8. Conclusion

The interplay between comorbid COVID-19 and psoriasis presents a compounding challenge for the management of both conditions. Despite the decreased virulence of the prevalent SARS-CoV-2 strains, small seasonal waves of infection continue to cause severe illness, especially among vulnerable populations. Psoriasis patients with comorbidities are particularly at risk. To effectively manage comorbidities in psoriasis patients during the COVID-19 era, it is essential to provide patients with properly individualized therapeutic modalities that improve their quality of life, reduce recurrence rates, and control systemic complications.
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Introduction: The COVID-19 pandemic was caused by the zoonotic betacoronavirus SARS-CoV-2. SARS-CoV-2 variants have emerged due to adaptation in humans, shifting SARS-CoV-2 towards an endemic seasonal virus. We have termed this process ‘virus domestication’.

Methods: We analyzed aggregate COVID-19 data from a publicly funded healthcare system in Canada from March 7, 2020 to November 21, 2022. We graphed surrogate calculations of COVID-19 disease severity and SARS-CoV-2 variant plaque sizes in tissue culture.

Results and Discussion: Mutations in SARS-CoV-2 adapt the virus to better infect humans and evade the host immune response, resulting in the emergence of variants with altered pathogenicity. We observed a decrease in COVID-19 disease severity surrogates after the arrival of the Delta variant, coinciding with significantly smaller plaque sizes. Overall, we suggest that SARS-CoV-2 has become more infectious and less virulent through viral domestication. Our findings highlight the importance of SARS-CoV-2 vaccination and help inform public policy on the highest probability outcomes during viral pandemics.
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Introduction

Domestication refers to the act of gradual adaptation and taming towards humans such that the organism is genetically distinct from its wild counterparts. There are many accepted definitions of domestication and many whose wording applies to the description of our evolving relationship with the SARS-CoV-2 virus. Like many domesticated animal species, the term “domestication” does not equate to safety; both domesticated animals and seasonal viruses like influenza and respiratory syncytial virus are significant burdens to global mortality each year (Forrester et al., 2018; Paget et al., 2019; Du et al., 2023).

The spillover of the SARS-CoV-2 virus from bats through an unknown intermediate species into the human population precipitated the COVID-19 pandemic (Worobey et al., 2022). Prior to COVID-19, coronavirus outbreaks of SARS-CoV and MERS-CoV occurred in 2003 and 2012, respectively. The 2003 SARS-CoV is no longer circulating in humans and human MERS-CoV cases occur sporadically. The propensity of SARS-CoV-2 to rapidly spread within the human population is linked to its ability to be transmitted by infected persons before symptoms develop and by those who are asymptomatic.

We expect the eventual domestication of SARS-CoV-2 to occur akin to seasonal human coronaviruses (HCoV) such as HKU1, OC43 and NL63. These seasonal coronaviruses share distinct similarities in genome sequence, receptor usage and biology of infection. Indeed, HCoV-OC43 likely originated as a zoonotic bovine coronavirus that became seasonal in humans due to a pandemic that occurred in 1890 (Vijgen et al., 2005). We believe that immune processes such as vaccination and immune memory will continue to drive the emergence of SARS-CoV-2 variants. This serves as an indication that domestication of SARS-CoV-2 is underway and will eventually become another endemic seasonal infection like HCoV-OC43.

In this study, we provide support that SARS-CoV-2 emerged into humans as a more virulent infection that has reduced in pathogenesis with an increase in infectiousness over time, coinciding with the emergence and dominance of SARS-CoV-2 variants of concern (VOCs). We warn that this process could make long-COVID more difficult to diagnose as infection becomes insidious and there is an increased risk of misdiagnosis. We have called this process of “virus domestication.”



Methods


Data sources

This was a population-based longitudinal study using publicly available data on COVID-19 case statistics and vaccination rates in Alberta retrieved from the Government of Alberta website. The Canadian Province of Alberta has a publicly funded and publicly accessible health care system. Throughout the pandemic the Government of Alberta has recorded case, hospitalization, ICU admission and deaths due to SARS-CoV-2 infection and made the data publicly available. In this data set, there was 618,030 cumulative COVID-19 cases and 5,177 cumulative deaths attributed to COVID-19 in Alberta. The number of new hospitalizations and ICU admissions were recorded daily.



Calculation of surrogate markers of COVID-19 disease severity

The daily ICU admissions and deaths from aggregate data on COVID-19 cases in Alberta were divided by the hospitalizations at each respective day and tabulated.



Culture and plaque assay of SARS-CoV-2 variants

Culture of SARS-CoV-2 variants has been described previously with the following modifications: Vero E6/TMPRSS2 was used instead of Vero CCL-81 cells (Lin et al., 2022). Results are the product of one experiment but are representative of at least three independent replicate experiments per strain. Plaque sizes were measured using ImageJ (NIH) and reported as plaque area (mm2).



Statistical analysis

Plaque diameters were measured and reported as plaque area (mm2). Statistical significance between plaque areas was by one-way ANOVA with Tukey’s test of significance using Graphpad Prism 10.




Results

We charted cases, hospitalizations, ICU admissions and deaths due to COVID-19 in the Canadian province of Alberta (Figure 1). Aggregate data show the detection of SARS-CoV-2 cases in the general population after March 7th, 2020 when Alberta Clinical Laboratories began testing for SARS-CoV-2 by PCR (Pabbaraju et al., 2022; Stokes et al., 2022). The World Health Organization declared a pandemic on March 11th, 2020. Figure 1 shows that there was an initial rise in daily infections, hospitalizations, and deaths, that then decreased with the enactment of COVID-19 health protection laws (Figure 1; i to x). In the weeks following the reopening of schools for in-class instruction after week 28 (day 200; health measure xiii) of the pandemic there was a wave of cases, hospitalizations, and deaths that occurred.

[image: Figure 1]

FIGURE 1
 (A) Case numbers, (B) hospitalizations, and (C) deaths compared to public health measures and variants of interest introduced in Alberta, Canada. (i) school closures province-wide, (ii) public health emergency declared in Alberta, (iii) non-emergency health care procedure cancellations, (iv) care home lockdown, (v) US-Canada border closed, (vi) quarantine measures for international travelers introduced, (vii) restaurant and retail closures, (viii) test all who are symptomatic, (ix) mask wearing advised in Alberta and (x) Canada-wide, (xi) 2 m social distancing in public places, (xii) masks mandatory in public settings across Canada, (xiii) in-class grades kindergarten to 12 resume with masking, hand hygiene, and social distancing protocols. Hosp = hospitalizations, *days after the COVID-19 pandemic was declared by the World Health Organization on March 7th, 2020.



The arrival of variants coincided with a decrease in surrogate indicators of COVID-19 severity

Consistent with the domestication model, we observed a decrease in daily deaths (Figure 1C) whereas daily cases increased to their highest levels with the peak of Omicron BA1 prevalence (Figure 1A). We postulated that this was an indicator of mean reduced pathogenesis in the population, so we defined surrogates of COVID-19 disease severity. Here we chose hospitalization as the denominator because ICU cases and deaths would often be recorded as hospitalization initially, prior to ICU admission or death. We divided the daily number of intensive care unit (ICU) admissions or deaths (Figures 2A–D) by the number of hospitalized cases, so the calculation serves as an approximation of COVID-19 severity within a one-week to one-month time frame of hospital admission. There was a considerable reduction in ICU admissions versus hospitalizations coinciding with the arrival of variants Delta and Omicron, in particular.

[image: Figure 2]

FIGURE 2
 Ratios of daily hospitalizations to ICU admissions and daily hospitalizations to deaths as surrogate markers of COVID-19 disease severity and in vitro plaque sizes of variants. (A,B) Daily ICU admissions or deaths due to SARS-CoV-2 were divided by daily hospitalizations due to SARS-CoV-2 to illustrate the association of the death surrogate with variants Alpha, Gamma, Delta and Omicron introduction in Alberta, Canada and (C–E) association with vaccination rate with one, two, and three doses of SARS-CoV-2 vaccine. (F) SARS-CoV-2 isolates of each variant were plated on cells simultaneously with methylcellulose overlay, stained and imaged 3 days later. Diameters of the plaques were measured and reported as plaque area (mm²). Significance was determined by one-way ANOVA with Tukey’s test of significance. *p < 0.0001.




Surrogate pathogenicity coincided with VOC plaque sizes

Viral escape from immune pressure and increased infectivity are the result of mutations in the VOCs, but these mutations come at a cost to viral replication. In a cell monolayer, the size of the virus plaques are related to the replicative fitness of the virus (Mandary et al., 2020). Consistently, we previously reported that respiratory syncytial virus (RSV) plaque sizes were associated with RSV viral load in patient samples (Elawar et al., 2017). Since SARS-CoV-2 viral loads are related to disease severity (Fajnzylber et al., 2020), we asked if SARS-CoV-2 plaque size was associated with disease surrogates of COVID-19. In a cell monolayer of Vero E6/TMPRSS2 cells, VOC plaque sizes were measured using ImageJ and reported as plaque area (mm2) (Figure 2F). As we move from wild type to Delta, plaque size increased, relating to increased viral production and therefore improved replicative fitness. This coincided with the increased infectivity seen at the population level (Hui et al., 2022). This was paired with evidence of stronger spike protein affinity leading to higher viral loads, potentially explaining its greater infectivity in the population (Kissler et al., 2021; Mannar et al., 2022). The spike proteins of Delta and Omicron variants have similar binding affinities for ACE2 (Mannar et al., 2022). However, we found that Omicron plaque sizes were significantly smaller than Delta plaque sizes (Figure 2F). This suggests that a process distinct from attachment is impacting viral fitness and leading to less viral replication in VOCs (Mannar et al., 2022). As the COVID-19 pandemic progressed and mutations arose from immune escape, we observed a coincident change in behavior in cell culture, including a reduction in variant plaque sizes as variants emerged over time. We noted that the ICU: hospitalization surrogates and plaque sizes decreased by about 10-fold and 17-fold with Omicron as compared to Delta variants, respectively (Figures 2A,B,F).



Vaccination efficacy, variants, and COVID-19 severity surrogates

COVID-19 vaccinations have prevented considerable morbidity and mortality worldwide. Having antibodies at the ready, whether through vaccination or natural infection has clear advantages at the individual level to clear the infection more readily. Average viral loads between vaccinated and unvaccinated individuals have not been shown to be significantly different in acute infections (Kissler et al., 2021). Studies on Omicron have suggested that it can evade most pre-existing neutralizing antibodies though some indicate that broadly neutralizing antibodies maintain their efficacy (Cameroni et al., 2022). Though the mutations of SARS-CoV-2 that affect receptor affinity and antibody sensitivity have been accurately and exhaustively studied, many of these mutations are compensatory so it is very difficult to ascribe these traits to any one mutation (Moulana et al., 2022).

We suggest that our COVID-19 disease severity surrogates can serve as indicators of population immunity. To determine whether the emergence of the variants affected disease severity we graphed Alberta vaccination rates (for the purpose of completeness) with ICU and death surrogate ratios (Figures 2C,D). From these data, we noted that the emergence of Delta and other SARS-CoV-2 variants in Alberta coincided with one and two dose vaccination rates of 60% and 57.3%, respectively (Figure 2E).

The Delta variant arrived after en-masse vaccination on day 501 and the first Omicron BA1 strain arrived on day 648 with BA2 and BA5 arriving on days 713 and 835, respectively. Vaccination coverage with 1 and 2 doses were 82% and 77.6% of the population, respectively, by August 29th 2022 (day 907). If we were to incorporate immunity from the natural infection itself, these numbers would be even higher.

Consistent with our observation, others observed a 91% decrease in mortality with Omicron infections compared to the Delta variant (Lewnard et al., 2022). Though our data does not consider immunity at the individual level, if there was immune escape by a mutation or set of mutations, we expect that ICU admissions and death surrogates would have increased after arrival of Delta and Omicron (Andrews et al., 2022).




Discussion

The emergence of seasonal coronaviruses from their pandemic predecessors suggests that a virus domestication process occurs. That is, mutations adapt the virus to infect humans and evade the host immune response at the cost of replicative fitness and pathogenicity. This adaptation process is evident in the emergence of SARS-CoV-2 VOCs. Mutations in SARS-CoV-2 have resulted in increased human ACE2 receptor affinity at the cost of the rate of replication (Moulana et al., 2022) and higher tropism for the upper respiratory tract (Hui et al., 2022) that may represent the domestication process toward a less severe but more common seasonal infection. Importantly, the reduced pathogenicity of SARS-CoV-2 could make long-term COVID-19 sequelae more insidious, harder to diagnose and therefore highlights the increased importance of vaccination.

As we report here, mutation and outgrowth of variants is a normal part of virus domestication and overall leads to less pathogenic outcomes in the population over time. At this point we do not know if SARS-CoV-2 has become completely domesticated into a seasonal virus. However, we predict that this will likely be the point at which hospitalized cases occur primarily during Winter months, coinciding with other seasonal respiratory viruses. We outline these principles to help inform on highest probability outcomes during viral pandemics. In the face of virus mutation, these principles may help inform public policy.
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Canine parainfluenza virus (CPIV) is a zoonotic virus that is widely distributed and is the main pathogen causing canine infectious respiratory disease (CIRD), also known as “kennel cough,” in dogs. The CPIV-V protein is the only nonstructural protein of the virus and plays an important role in multiple stages of the virus life cycle by inhibiting apoptosis, altering the host cell cycle and interfering with the interferon response. In addition, studies have shown that the V protein has potential applications in the field of immunotherapy in oncolytic virus therapy or self-amplifying RNA vaccines. In this review, the biosynthesis, structural characteristics and functions of the CPIV-V protein are reviewed with an emphasis on how it facilitates viral immune escape and its potential applications in the field of immunotherapy. Therefore, this review provides a scientific basis for research into the CPIV-V protein and its potential applications.
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1 Introduction

Canine parainfluenza virus (CPIV) is a single-stranded negative RNA virus with non-segmented segments that belongs to the Paramyxoviridae family and Rubulavirus genus (Yang, 2022). When the virus was first isolated from rhesus monkey and cynomolgus monkey kidney cells, it was named as simian virus 5 (SV5) (Hull et al., 1956). However, because it is a canine pathogen that causes infectious tracheobronchitis and even secondary pneumonia and other diseases of the respiratory tract, resulting in ‘kennel cough’, it is also called CPIV (Yang, 2022). Notably, CPIV infection has been reported in cats, hamsters, guinea pigs, pigs and humans, but most of these infections do not lead to disease (Charoenkul et al., 2021; Ibrahim et al., 2022; Wang et al., 2023). In recent years, arthropod ticks have been mechanical carriers of CPIV (Yang et al., 2022). Since CPIV has been isolated from multiple species and because all its natural hosts have not been identified, CPIV was named parainfluenza virus 5 (PIV5) by the International Committee on Virus Classification in 2009 (Chen, 2018). In 2016, the virus was renamed mammalian orthorubulavirus 5 (Yang, 2022). Since CPIV is commonly used to represent the virus causing kennel cough in veterinary medicine, it is referred to as CPIV in this paper.

The CPIV genome is 15,246 bp long, which is the smallest paramyxovirus genome (Wang et al., 2023), and follows the “rule of six”, which means that efficient replication of most paramyxoviruses occurs only when the length of the viral genome is a multiple of six (Kolakofsky et al., 1998). From the 3′ end to the −5′ end, the CPIV genome sequentially encodes a nucleocapsid protein (NP), a phosphoprotein (P), a matrix protein (M), a small hydrophobic protein (SH), a hemagglutinin neuraminidase (HN) and a large polymerase protein (L). The V protein is a viral nonstructural protein produced by RNA editing of the P gene (Chen, 2018). Many studies have shown that the V protein not only controls viral RNA synthesis and promotes viral replication but is also extensively involved in the interaction between the virus and host, preventing apoptosis and inhibiting the interferon (IFN) response, immune-related cytokine expression, and other processes.



2 Molecular mechanism underlying CPIV-V protein effects

Overlapping genes, also known as overprinting genes, are defined as two or more genes that share a single DNA sequence. Due to the limits on viral genome length, overprinting is widespread in the viral genome (Wright et al., 2022), and differentiation between genes can occur in gene transcription or mRNA translation. At the transcriptional level, viruses typically employ a cotranscriptional RNA editing strategy by adding several nontemplated nucleotides into nascent RNA during the process of transcription (Rao et al., 2020). At the translation level, viruses undergo overprinting through noncanonical translation initiation and extension (Sorokin et al., 2021). The process mainly involves non-AUG codon initiation, ribosome frameshifting and other mechanisms (Douglas et al., 2021).

CPIV belongs to the paramyxovirus family, and many studies have shown that RNA editing occurs in the transcription of the paramyxovirus P gene, which produces V, W and other proteins that antagonize the host innate immune response (Kolakofsky, 2016). Currently, two models have been established for this editing process: the P and V models (Douglas et al., 2021). The former involves the P protein encoded by the original gene sequence, while V, W and other proteins are translated after the insertion of one or two guanylate acids (G) into the conserved region of the transcribed mRNA of the P gene. In the V model, the V protein is encoded by the original gene sequence, the mRNA encoding the W protein acquires a G that is inserted during transcription, and P carries two G inserted at the same location. CPIV is a V model virus. During V gene transcription, two unpaired G are added at the 551th nucleotide of its mRNA sequence, and thus, the open read frame (ORF) is changed to generate P mRNA (Figure 1B), and the number of V gene transcripts is slightly higher than that of the P gene (Thomas et al., 1988; Wang et al., 2023). Other viruses in the same genus, such as human parainfluenza virus type 2 (HPIV2) (Ohta et al., 2021), belong to the V model. However, the well-characterized Newcastle disease virus (NDV) (Jadhav et al., 2020) and measles virus (MeV) (Nagano et al., 2020) are P model viruses. Although the mechanism underlying V protein biosynthesis varies among paramyxoviruses, all V proteins share an N-terminal domain (NTD) with the P protein, and the C-terminal domain (CTD) is highly conserved among paramyxoviruses. Notably, it was originally found that the V protein is not necessary for viral replication and was naturally called an accessory protein (Peluso et al., 1977); however, in 1995, Paterson confirmed that the V protein is also a structural viral protein and a component of the nucleocapsid core through polypeptide analysis and immunoelectron microscopy (Paterson et al., 1995), revealing the potential functions of the V protein in the viral cycle.
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FIGURE 1
 Biosynthesis process and structural characteristics of the CPIV-V protein. (A) Genomic characteristics of the V/P gene. U2336 is the conserved editing site in the viral genome. (B) V/P mRNA is produced by different modes of transcription. (C) Sphere model, cartoon representation and C-terminal zinc finger domain of the CPIV-V protein. All protein structures were created on UCSF Chimera. bp, base pairs; aa, amino acid; vRNA, viral RNA; GS, gene start; GE, gene end; NTD, N-terminal domain; CTD, C-terminal domain.




3 Structure of the V protein

The V protein of CPIV contains 222 amino acids, including the NTD, which shares 164 amino acid residues with the P protein, and a unique cysteine-rich CTD (Figure 1A) (Wang et al., 2023). The CTD has a conserved motif containing seven cysteines, which can bind two zinc atoms to form a zinc finger structure (Figure 1C) (Paterson et al., 1995). Many studies have shown that the C-terminal zinc finger domain of the V protein is crucial for its normal function. Initial studies found that it can inhibit the transcription of viral RNA (Yang et al., 2015). Moreover, it can inhibit the apoptosis of host cells (Sun et al., 2004) and contributes to the regulation of viral replication (He et al., 2002). In addition, the zinc finger structure can interact with damage-specific DNA binding protein 1 (DDB1), causing a conformational change in DDB1, which enables binding to the signal transducer and activator of transcription 2 (STAT2) and ultimately promotes the ubiquitination of the signal transducer and activator of transcription 1 (STAT1) (Precious et al., 2005), thereby negatively regulating the IFN signaling pathway. Notably, a conserved Trp motif (W-X3-W-X9-W) lies upstream of the zinc finger domain, and it is also involved in the degradation of the STAT1 and inhibition of the IFN signaling pathway (Nishio et al., 2005). In addition, some studies have revealed that the CTD of the V protein is an oligomerization domain that can mediate the oligomerization of homologous or heterologous V proteins, forming V protein-dependent degradation complexes (VDC) and then rapidly degrading the STAT1 (Ulane et al., 2005).

The NTD of the V protein is not specific; it is similar to that of the P protein, which did not initially attract attention from scientists. However, with the deepening of research into the V protein, scientists have found that its NTD plays an indispensable role in its function. Studies have revealed that there are several key amino acids in the NTD of the V protein that are involved in the binding of the V protein to RNA (K74, K76, K77, R79, K81) (Lin et al., 1997), regulation of viral RNA transcription (L16, I17) (Yang et al., 2015), degradation of STAT1 (Y26, L50, L102) (Chatziandreou et al., 2002) (Table 1).



TABLE 1 Contributions of key amino acid residues in NTD to the functions of V protein.
[image: Table1]



4 Current progress on the regulation of viral growth and replication by the V protein


4.1 The role of the V protein in the viral life cycle

Studies have shown that in CPIV-infected cells, the V protein is distributed in both the cytoplasm and nucleus (Precious et al., 1995), indicating that the V protein may be a multifunctional viral protein and participate in multiple processes of the viral life cycle. Lin et al. used the SV5 minigenome system to show that the V protein inhibited CPIV-RNA replication and transcription (Lin et al., 2005). Sun et al. found that the V protein interacted with the Akt kinase in host cells and promoted virus replication by phosphorylating the P protein (Sun et al., 2008). In addition, the recombinant SV5 virus in which the V protein does not harbor a CTD replicated slowly in infection-susceptible cells and became a pseudovirus after multiple passages, indicating the importance of the V protein for CPIV replication (He et al., 2002).



4.2 Interactions between the V protein and other CPIV viral proteins

Generally, the structural and nonstructural proteins of a virus cooperate to facilitate viral replication and spread throughout the viral life cycle. Studies have shown that the V protein interacts with the NP protein to ensure the solubility of the NP protein before it binds to the viral genome, but the P protein inhibits the binding of the V protein to the NP protein, indicating that the binding site may lie in the NTD shared with the P protein (Precious et al., 1995). It was also revealed that the mutation of three amino acids in the N-terminus of the V protein led to the aggregation of the NP protein and formation of inclusion bodies and reduced the expression of the HN protein (Chatziandreou et al., 2002). In addition, the NTD of the V protein regulates viral RNA transcription by regulating the NP-P interaction, and amino acid residue V120 in the V protein is a key site in this interaction (Yang et al., 2015). In addition, the V protein binds to the L protein and contributes to viral genome replication regulation (Nishio et al., 2008).




5 Research progress into the interaction between the V protein and a host


5.1 The V protein promotes viral replication and growth by delaying host cell division, inhibiting cell apoptosis, promoting actin synthesis, and antagonizing tetherin

After infecting cells, viruses generally hijack host cells and drive preferential replication of the virus. In CPIV-infected cells, the V protein delays the cell cycle by interfering with the phosphorylation and dephosphorylation of retinoblastoma protein (RB), promotes the transport of virus envelope glycoproteins HN and F to the cell membrane, and then promotes the assembly and budding of the virus (Lin and Lamb, 2000). In addition, the V protein elevates the induction of endoplasmic reticulum (ER) stress and inhibits the activation of cysteine aspartate-specific protease 12 (caspase 12) activity, thereby blocking cell apoptosis (Sun et al., 2004). Wansley et al. found that the recombinant SV5 virus with a mutation in the amino terminus of the P/V gene (rSV5-P/V-CPI−) caused the apoptosis of infected cells and activated the host IFN signaling pathway. The V protein in a coinfected wild-type virus (rSV5-WT) functions as a trans-acting factor to block the apoptosis and IFN signaling pathways induced by rSV5-P/V-CPI− (Wansley et al., 2003). In addition to affecting the cell cycle and inhibiting apoptosis, the V protein regulates the actin-binding protein Profilin2 by binding to Rhoa (Ras homolog gene family member A) and promotes the elongation of F-actin, thereby promoting the growth and replication of the virus (Figure 2 left) (Ohta et al., 2020).
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FIGURE 2
 Host antiviral response and multiple antagonistic effects of V protein after CPIV infection. V protein inhibits type I IFN (IFN I) production by antagonizing TRIM25, MDA5, LGP2, TBK1/IKKε, and NFκB and promotes viral replication, budding, and spread by reducing the production of dsRNA, inhibiting tetherin, and binding Rhoa (left). V protein inhibits the IFN response by forming VDC to degrade STAT1 (right).


Tetherin, also known as bone marrow stromal cell antigen 2 (BST2) or CD317, is a Type II transmembrane glycoprotein (Berry et al., 2018). Studies have shown that Tetherin is an antiviral factor that is activated and anchored to the cell membrane by type I interferon (IFN-I) and type II interferon (IFN-II) (Foster et al., 2017). When the virus buds, the glycol phosphatidyl-inositol (GPI) anchor at the C-terminus of Tetherin binds to the virus, anchoring it to the cell membrane and initiating endocytosis, promoting the transport of the virus to lysosomes for degradation. Then, pattern recognition receptors (PRRs) recognize the virus in the inner compartment and activate downstream signaling pathways to induce IFN-I responses (Zhao et al., 2022). The V protein of CPIV binds to and antagonizes tetherin, thereby promoting viral budding and spread (Figure 2 left) (Ohta et al., 2017).



5.2 V protein maintains efficient viral protein synthesis by inhibiting PKR activation

During viral infection, most host cells recognize and bind the double-stranded RNA produced during viral replication through protein kinase R (PKR), which is then activated through homodimerization and autophosphorylation. Ultimately, it phosphorylates eIF-2α and inhibits protein translation (Chukwurah et al., 2021). For CPIV, the V protein limits the activation of PKR by reducing the production of aberrant viral mRNA and double-stranded viral RNA (Figure 2 left), thereby maintaining the protein translation process of the virus and host cells (Gainey et al., 2008a).



5.3 Interactions between the V protein and host immune system


5.3.1 The V protein facilitates CPIV escape from the host innate immune response

The host innate immune response refers to the first line of defense against the invasion of pathogenic microorganisms in hosts, including humans and animals. They mainly recognize the pathogen-associated molecular patterns (PAMPs) of invading pathogens through PRRs, produce IFNs and a series of cytokines to resist invasive viruses, and ultimately initiate and participate in the adaptive immune response (Kikkert, 2020). Many studies have shown that the CPIV-V protein inhibits the host innate immune response mainly by inhibiting the production of IFN and blocking the IFN antiviral signaling pathway (Figure 2) (He et al., 2002; Young and Parks, 2003; Sun et al., 2004; Precious et al., 2005; Douglas et al., 2021).

After viral infection, the PRRs melanoma differentiation-associated gene 5 (MDA5), retinoic acid-inducible gene-1 (RIG-1) and laboratory of genetics and physiology 2 (LGP2) are activated in cells and identify viral dsRNA or double 5′ capped-pppRNA structures (Negishi et al., 2018). They then activate the downstream virus-induced signaling adaptor (VISA)/mitochondrial antiviral signaling protein (MAVS)/interferon β (IFN-β) promoter stimulator 1 (IPS-1) complex, which mediates two distinct signaling pathways to defend against viral infection (Figure 2 left) (Vignuzzi and López, 2019; Iuliano et al., 2021; Zheng et al., 2023). One pathway recruits the IKK-related TANK-binding kinase 1 (TBK1) by interacting with tumor necrosis factor receptor-associated factor 3 (TRAF3) and inhibitor of nuclear factor κB kinase-ε (IKKε); these factors form a complex on the mitochondria, which activates the IFN regulatory factor 3 (IRF3) by phosphorylating it. The second pathway recruits the tumor necrosis factor receptor-associated factor 6 (TRAF6) and nuclear factor-κb (NF-κB) inhibitor IKK complex to phosphorylate the inhibitor of κB (IκB), after which phosphorylated IκB is recognized by the β-Transducin repeats-containing protein (β-TrCP), the substrate recognition subunit of the SCF (SKP1, CUL1, and F-box protein)-type E3 ubiquitin ligase complex and is then cleaved by the proteasome to release NF-κB. Finally, activated IRF3 and NF-κB are transported to the nucleus to promote the expression of IFNs and proinflammatory cytokines (Hou, 2021; Ke, 2023). After secretion, IFN binds to specific receptors on the cell surface to activate the intracellular Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling pathway, which ultimately leads to the expression of hundreds of interferon-stimulated genes (ISGs), activating host immune responses and inflammation (Figure 2 right) (Ke, 2023).

However, in CPIV-infected cells, V proteins can inhibit upstream signaling pathways in several ways to antagonize the host antiviral response and promote viral replication. First, the CTD of the V protein can bind to the minimal V protein binding region (MVBR) of MDA5 and inhibit its ATP hydrolysis activity, thereby inhibiting the normal folding and aggregation of MDA5 to form a filamentous structure, which makes it unable to activate the downstream VISA/MAVS/IPS-1 complex (Motz et al., 2013; Mandhana et al., 2018). In addition, the V protein interacts with LGP2 in the same manner, inhibiting the potentiating effect of LGP2 on MDA5 signaling (Rodriguez and Horvath, 2014). Second, the V protein can be phosphorylated as an alternative substrate for IKKε/TBK1, thereby inhibiting IKKε/TBK1 activation of IRF3 (Lu et al., 2008). These two effects eventually lead to a decrease in the synthesis of IFN-I. Notably, an article published in 2018 reported that the V protein interacts with RIG-1 and its regulatory protein tripartite motif-containing 25 (TRIM25) and inhibits RIG-1 downstream signaling pathways by inhibiting TRIM25 ubiquitination of RIG-1 (Sánchez-Aparicio et al., 2018). However, previous studies have suggested that the V protein does not interact with RIG-1 (Childs et al., 2007); these differences may have been due to the different research methods used in the two studies. The interaction between the V protein and RIG-1 needs to be confirmed by further studies. In addition, the V protein interacts with the DDB1 (Lin et al., 1998) and STAT2 (Parisien et al., 2002; Omagari et al., 2021) and then forms a globular VDC through its C-terminal oligomerization domain; DDB1 then interacts with Rbx1 (a small RING finger protein) and Cullin 4a (Cul4a) in the E3 ubiquitin ligase complex to ubiquitinate the STAT2 and ultimately inhibit JAK–STAT signaling (Ulane et al., 2005). Notably, the conserved cysteine-rich domain in the C-terminus of the V protein plays a decisive role in these processes. The loss of this domain leads to a large amount of IFN-β production and recovery of the IFN signaling pathway, resulting in extensive cytopathic effects (CPEs) (He et al., 2002).

In addition to inhibiting the synthesis of IFN-β and blocking the IFN signaling pathway, the V protein also inhibits the activation of the NF-κB family p50 protein in a virus-specific manner (Figure 2 left), thereby inhibiting its transcriptional activation of interleukin-6 (IL-6) (Lin et al., 2007). In contrast to HPIV2, the CPIV-V protein inhibits the secretion of the proinflammatory cytokines interleukin-8 (IL-8) and macrophage chemoattractant protein-1 (MCP-1) (Young and Parks, 2003) in an NF-κB-independent manner. However, CPIV-V exerted no significant effect on the secretion of the CC chemokine RANTES (Young et al., 2006). The V protein is involved in regulating the secretion of proinflammatory cytokines, chemokines and other cytokines.

Recent studies have shown that virus-mediated autophagy activation negatively regulates the host innate immune response mediated by PRRs such as RIG-1 and MDA5, thereby promoting virus replication (Wu et al., 2021; Ke, 2023). In addition, in a study of Sendai virus (SeV), autophagy-related receptor coiled-coil domain containing protein 50 (CCDC50) inhibited the recruitment of downstream MAVS proteins by RIG-1/MDA5 and targeted them for autophagic degradation. Moreover, CCDC50 inhibited the IFR3/7-mediated IFN response and NF-KB-mediated inflammatory response (Hou et al., 2021). It can be concluded from these studies that autophagy plays an important role in the virus-induced host innate immune response, similar to the role of V protein. However, there is no report on the interaction between the V protein and autophagy, and further exploration and research are needed.



5.3.2 The V protein assists CPIV in escaping the host adaptive immune response

Dendritic cells (DCs) are key hub cells connecting host innate immunity and adaptive immunity. Immature DCs sense a virus through PRRs, including RIG-1 and MDA5, and then initiate the innate immune response, which promotes the expression of IFN-I, costimulatory molecules CD80 and CD86 and cytokines on the surface of DC cells and contributes to DC maturation. Mature DCs then migrate to lymph nodes, promote the maturation of naive T cells, and eventually activate the host adaptive immune response (Jr and Dl, 2021). Previous research results showed that recombinant CPIV (rCPIV) generated by V gene mutation promoted DC maturation, but wild-type CPIV did not. Only high-MOI (50 pfu/cell) rCPIV-infected DCs underwent DC maturation (CD80, CD86 expression), and infection at a low MOI (10 pfu/cell) caused only high expression of CD86 and partial maturation of DCs (Pejawar et al., 2005; Parks and Alexander-Miller, 2013). Therefore, the V protein plays an important role in promoting the maturation of DCs and further inhibiting host adaptive immunity.

In addition, CPIV (CPI−) generated by three amino acid mutations in the N-terminus of the V protein was less susceptible to killing by killer T cells or antibody-mediated killing than wild-type virus (CPI+), which allowed CPI− to establish long-lasting infection in a host. This study proposed a model of virus persistence: during the interaction between CPIV and the host, the virus selectively evolved into a CPI+/CPI− virus via V gene mutation on the basis of the host adaptive immunity status to establish persistent infection (Chatziandreou et al., 2002). The V gene clearly plays an important role in virus evolution and persistent infection.



5.3.3 Could V protein antagonize the production of viral DVG?

Virus-defective genomes (DVGs) are products of the viral genome caused by mutation, modification and truncation during replication. In the absence of standard virus coinfection, DVGS cannot replicate normally in cells (Vignuzzi and López, 2019). There are two main forms of DVGs in RNA viruses: deletion DVGs and snapback or copyback DVGs (Manzoni and López, 2018). The former refers to a mutation in which the middle sequence of a virus is deleted but the two ends of the viral genome are retained, and the latter refers to a mutation in which the viral genome carries a viral 5′ structure and a loop. Snapback or copy-back DVGs are more common in RNA viruses than in DNA viruses (Genoyer and López, 2019). In infected cells, DVGs promote the establishment of persistent viral infection, induce the production of defective virions, and activate the host innate immune response (Manzoni and López, 2018; Ziegler and Botten, 2020). In paramyxoviruses, the C protein of MeV, Sendai virus (SeV) and human parainfluenza virus type 1 (HPIV1) limit the production of DVGs, but the accumulation of DVGs in cells can inhibit the expression of C protein (Genoyer and López, 2019), suggesting that there may be multiple modes of mutual regulation between paramyxovirus C protein and viral DVGs. As mentioned above, the V protein of CPIV inhibits host innate immune responses through multiple pathways; however, consistent with the paramyxovirus described above, CPIV generates snapback DVGs during replication and induces host innate immune responses during replication (Wignall-Fleming et al., 2020). However, similar to the C protein, the V protein is a product of RNA editing of the P gene (Siering et al., 2022). Whether the V protein inhibits the production of viral DVGs is unclear, and this possibility and the intrinsic mechanism need to be further studied.





6 V protein application to tumor immunotherapy


6.1 Application of P/V-CPI- to oncolytic virotherapy

Oncolytic viruses (OVs) are new types of tumor immunotherapies that replicate and lyse tumor cells through different regulatory mechanisms without affecting normal cell growth (Lin et al., 2023). Most oncolytic viruses being studied (adenoviruses, poxviruses, herpesviruses, reovirus and coxsackieviruses) are genetically edited to increase their tropism and reduce their virulence in non-tumorigenic host cells (Raja et al., 2018; Huang et al., 2023; Jiang et al., 2023). In recent years, oncolytic viruses among paramyxoviruses have been extensively studied. Through attachment protein on the surface of the virus, a virus specifically infects and kills tumor cells. For example, the recombinant measles virus that specifically binds to Nectin4 but not to the original receptor SLAM (rMV-SLAMblind). rMV-SLAMblind specifically infects and lyses tumor cells that express high levels of Nectin4 (Matveeva and Shabalina, 2020; Moritoh et al., 2023).


6.1.1 Advantages of P/V-CPI- as an OV

Many studies have focused on the application of CPIV to oncolytic therapy. Initially, Wansley and Parks discovered that naturally occurring mutations in the P/V overlapping gene region could convert CPIV into a cytopathic virus (P/V-CPI-), which induced IFN production and apoptosis (Wansley and Parks, 2002). Thus, the oncolytic CPIV virus used in subsequent studies was P/V-CPI-. P/V-CPI- also induced proinflammatory cytokines and caused severe CPE in infected cells, which eventually underwent apoptosis (Wansley and Parks, 2002; Dillon et al., 2006). Currently, numerous studies have shown that P/V-CPI- increases the killing effect on tumor cells by promoting the production of double-stranded RNA, activating caspase-dependent death pathways, interfering with the DNA damage repair response in tumor cells, abrogating PKR-mediated protein synthesis, and forming extensive syncytia, etc., (Wansley et al., 2003, 2005; Dillon et al., 2006; Gainey et al., 2008a; Kedarinath and Parks, 2022).

A concerning danger of oncolytic viruses for cancer therapy is the specificity of the virus in targeting tumor cells. Surprisingly, P/V-CPI- could induce apoptosis in most human tumor cell lines currently studied in the laboratory but did not affect the growth of normal cells (Wansley et al., 2005). Meanwhile, P/V-CPI-has two major advantages as an OV. First, P/V-CPI- could induce the production of IFNs but maintain normal IFN signaling pathways, suggesting that IFN responses within normal cells limited viral growth and spread on normal cells rather than tumor cells, in which case IFN responses are dysfunctional (Capraro et al., 2008). Second is an advantage of the genome itself: CPIV is a cytoplasmic-replicating negative sense RNA virus, whose life cycles lack a DNA stage, thus posing a minimal risk of recombining the host genome (Wang et al., 2023). Moreover, there is no pathogenic gene in the CPIV genome, making it safe for infection and treatment. Correspondingly, in vivo experiments showed that the virus-infected mice did not have obvious pathological characteristics and could significantly reduce the tumor burden of mice (Capraro et al., 2008; Gainey et al., 2008b), indicating that the recombinant virus has high safety for mammals and has potential for clinical transformation.



6.1.2 Preclinical study of P/V-CPI- as an OV

Researchers from Griffith D. Park’s team have investigated the viability and mechanisms of rCPIV as an oncolytic virus (Table 2). Preliminary studies found that P/V-CPI- was oncolytic and reduced tumor burden in mice. Further research disclosed that P/V-CPI- activated the caspase apoptosis pathway and formed syncytia to kill tumors; surprisingly, it is safe for normal or benign human cells (Capraro et al., 2008; Gainey et al., 2008b; Kedarinath and Parks, 2022). To improve its killing ability, a mutation (G3A) was introduced at the third position of the F protein fusion peptide, resulting in increased fusogenicity and tumor killing through necrosis and inflammatory responses. Notably, G3A mutation did not affect viral susceptibility to IFNs. However, F protein-induced cell death may lead to a strong immune response, which could affect the growth and dissemination of lysogenic viruses (Gainey et al., 2008b).



TABLE 2 The application of P/V-CPI- in the treatment of different tumors.
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DNA-damaging drugs, such as cisplatin, are general chemotherapeutic drugs for tumor treatment. However, some tumors develop strong drug resistance during clinical treatment, which is mostly related to the gradual enhancement of the DNA repair ability in tumor cells, leading to tumor recurrence in patients (Agarwal and Kaye, 2003; Eskander et al., 2023). It is crucial to address this drug resistance to improve the efficacy of chemotherapy. Therapies combining P/V-CPI- with DNA-damaging drugs showed that virus infection inhibited DDB1 nuclear translocation, altered DNA repair pathways, and increased apoptosis, thus inducing the death of tumor cells (Fox and Parks, 2018). This finding is a promising new strategy for treating drug-resistant tumors. The combination of P/V-CPI- with histone deacetylase (HDAC) inhibitors and DNA methyltransferase inhibitors (DNMTi) also improved its killing efficacy and expanded its applicability (Fox and Parks, 2019; Kedarinath et al., 2023).

It has been established that utilizing 3D spheroid cultured tumor cells is a more effective research model for investigating cancer therapies when compared to conventional 2D cultured cells (Jensen and Teng, 2020). In one study using 3D spheroid lung cancer cells, researchers discovered that combining P/V-CPI- with PM21-NK adoptive therapies effectively killed cells of 3D spheroid tumors through activated NK cells. Notably, NK cells killed cells within spheroids that were not infected by oncolytic viruses. This was achieved through IFN-I/IFN-III released by surface cells infected with P/V-CPI- (Varudkar et al., 2021). Additionally, delivering a novel membrane-anchored Fc chimera (NA-Fc) to P/V-CPI-infected tumor cells enhanced the killing effect of adoptive NK cell killing through antibody-dependent cellular cytotoxicity (ADCC) (Varudkar et al., 2023). In conclusion, the oncolytic effect and killing mechanism of P/V-CPI- have been investigated in various tumor cells, such as lung and prostate cancers. Nevertheless, additional experiments must be carried out to verify the safety and half-life period of the treatment for future clinical studies.



6.1.3 Existing problems and prospects of P/V-CPI- as an OV

As studies on CPIV have progressed, researchers have identified potential risks and problems with P/V-CPI- as an OV. While acute infection can cause apoptosis in tumor cells, some cells survive and transition to persistent infection (PI) cells over time (Gainey et al., 2008b). This poses a risk of tumor escape and recurrence. Additionally, PI tumor cells become resistant to the killing effects of adoptive NK cells, reducing the efficacy of adoptive NK cell therapy (Varudkar et al., 2023). To address these risks, it is suggested to combine chemotherapeutic drugs targeting DNA damage or delivery of NA-Fc to P/V-CPI-infected tumor cells with oncolytic viruses to enhance their efficiency (Fox and Parks, 2018; Varudkar et al., 2023). Further research is needed to understand the mechanisms by which viruses establish PI, monitor the occurrence of PI cells in real time, and optimize viral vectors to reduce the likelihood of PI cells appearing. Adoptive cell transfer (ACT) therapies are procedures that transfer qualified and active antitumor lymphocytes (T/NK cells), which are cultured in vitro, to patients for tumor regression. These therapies include chimeric antigen receptor T/NK cell (CAR-T/NK) therapy, T-cell receptor-engineered T-cell (TCR-T) therapy, and tumor-infiltrating lymphocyte (TIL) therapy (Lin et al., 2023). Saul J. Priceman discovered that recombinant oncolytic poxviruses containing truncated CD19 (CD19t), a tumor-specific antigen, can promote the labeling of tumor cells by viral infection, leading to improved targeting of CAR-T cells. Furthermore, the clearance of targeted tumor cells by CAR-T cells contributes to virus release, leading to the establishment of PI in these cells, which increases the duration of OV (Park et al., 2020). It is evident that the viral vector composition can be optimized, leading to lysis and death of PI tumor cells. Meanwhile, in combination with ACT therapies, PI can also become a good weapon for tumor killing.

Safety is an important consideration for all new therapies. As previously discussed, P/V-CPI- was first employed as an OV because viral growth and spread in normal cells were considerably hindered by the IFN response. It is important to test the integrity of IFN synthesis and downstream signaling pathways in tumor cells before deploying P/V-CPI- for tumor therapy. Gainey et al. improved the oncolytic effect of P/V-CPI- by introducing a hyperfusogenic F Protein to P/V-CPI- through G3A mutation. Additionally, her findings show that the mutation did not affect viral IFN sensitivity (Gainey et al., 2008b). This also implies that, during the optimization of OV vectors, it is important to test their IFN sensitivity. Even though P/V-CPI- does not have a oncolytic effect on normal or benign human cells, however, due to its extensive host tropism, highly mutable RNA viral genome, and capacity for recombination with wild-type strains make it necessary to implement several safety measures for its enhancement. These measures encompass strict strain screening, virus mutant detection, and genetic recombination detection, etc.

In conclusion, while numerous studies have shown the potential of P/V-CPI as an OV, they have only been conducted in vitro at the cell level. Therefore, more comprehensive research is needed to determine the oncolytic impact of P/V-CPI on various types of tumors in vivo and the immune response changes initiated by P/V-CPI, as well as the organism’s long-term well-being. In addition, oncolytic paramyxoviruses (Measles virus, Newcastle disease virus) currently being tested in clinical trials have implemented multiple strategies to enhance their efficacy and safety, such as fusing single-chain antibodies targeting tumor-specific antigens to enhance viral targeting (Yaiw et al., 2011), inserting exogenous cytokine genes to trigger immunogenic cell death (ICD) in tumor cells (Huang et al., 2020), and constructing viral vectors expressing bispecific T-cell engagers (BiTE) or trispecific T cells (TriTE) that activate T-cell immunity directly, which bypass the antigen-presenting cells (APCs) antigen presentation process and improve the killing ability (Freedman et al., 2017; Lin et al., 2023), and combination therapy with immune checkpoint inhibitors (ICIs) (Zamarin et al., 2014). Together, continuously optimizing the composition of P/V-CPI viral vectors, along with attempting to combine them with different therapies, will enhance the targeting selectivity, application prospects, and oncolytic ability of P/V-CPI-. Meanwhile, experiments are needed to confirm its safe dosage and duration for the next step of possible clinical studies.




6.2 Application of the V protein in the self-amplifying RNA vaccine

The development of messenger RNA (mRNA) vaccines, or mRNA technology, has advanced dramatically with the advent of the coronavirus disease 2019 (COVID-19) pandemic. Notably, Karikó et al. were awarded this year’s Nobel Prize in Physiology or Medicine for their discoveries concerning nucleoside base modifications (Karikó et al., 2005), which made possible the development of an effective mRNA vaccine against COVID-19. The self-amplifying RNA (saRNA) vaccine, an emerging mRNA vaccine derived from the genome of α virus that comprises an mRNA sequence of α virus replicase and antigen protein, is able to self-amplify the gene of interest (GOI) sequence in vivo (Figure 3A) (Schmidt and Schnierle, 2023). In recent years, saRNA vaccines have received widespread attention in the field of infectious diseases and tumor treatment (Ballesteros-Briones et al., 2020; Lundstrom, 2020; Karam and Daoud, 2022). The main advantage of saRNA is that a lower dose of vaccine can obtain the same protective efficiency as a conventional mRNA vaccine(Papukashvili et al., 2022). With further study of saRNA vaccines, it has been shown that saRNA induces side effects. Since saRNA replicates itself in vivo, it produces a large amount of RNA, particularly double-stranded RNA in the cytoplasm, which is recognized by multiple PRRs, including RIG-I, MDA5, Toll-like receptor3 (TLR3), TLR7, PKR, and 2′-5′oligoadenylate synthetase (OAS), and then induces remarkable IFN responses and pro-inflammatory cytokine release (Figure 3B), which inhibits the translation of saRNA (Linares-Fernández et al., 2020; Comes et al., 2023).
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FIGURE 3
 The expression of saRNA is enhanced by the V protein. (A) Composition of conventional saRNAs and V-protein-encoding saRNAs. (B) V protein antagonizes the innate immune response by inhibiting NF-κB and IFR3 activation, which in turn enhances saRNA expression.


To date, strategies to resolve these issues have been described in detail, the most promising of which is to introduce the mRNA sequences of innate inhibiting proteins (IIPs) to saRNAs, which enable their escape from host immune recognition and the IFN response(Devasthanam, 2014). Studies have revealed that the V protein of CPIV promotes the expression of a saRNA protein by inhibiting the activation of NF-κB and IRF3 (Figure 3B), thereby increasing the expression of saRNA vaccines (Blakney et al., 2021). However, there is no evidence indicating that the V protein could enhance the immunogenicity of tested animals. Encouragingly, V protein was found to increase the proportion of saRNA-expressing cells in human skin explants(Blakney et al., 2021), suggesting that it may enhance the immunogenicity of saRNA in human cells, but more experiments are needed to confirm this.

Overall, from the present point of view, the introduction of V protein into the saRNA vector backbone indeed helps to suppress the level of innate immunity in vivo, which in turn enhances the expression level of the target antigen. However, because RNA viral genomes are highly mutated and prone to recombination, more experiments should be designed to verify their safety, especially their sensitivity to different types of human cells, before clinical application.




7 Interaction of the V protein with other viruses

As mentioned above, the V protein can promote the replication and spread of CPIV by inhibiting apoptosis, hijacking the host PKB kinase, and interfering with the host immune response and other processes. Some studies have shown that in primary human fetal liver cells (HFLC), the V protein promotes the expression of the hepatitis C virus (HCV) protein by inhibiting the IFN pathway and antagonizing the induction of type III IFN, IL-29, ultimately promoting the replication and spread of HCV (Figure 4) (Andrus et al., 2011). This finding indicates that the V protein is beneficial for elucidating the mechanism of other viral infections, particularly viral replication, spread and other processes.
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FIGURE 4
 V protein promotes HCV replication and spread. (A) Conventionally, in HCV-Infected HFLC, PAMPs recognize dsRNAs derived from HCV replication, activate the HFLC innate immune response, and inhibit HCV replication and spread. (B) When the V protein is introduced into HFLC by a lentiviral vector, the V protein promotes the replication and spread of HCV by antagonizing IFN-I and IFN-III (IL-29) induced by the HFLC innate immune response.




8 Conclusion and future perspectives

With in-depth research on the paramyxovirus V protein, research into the CPIV-V protein has gradually become a research hotspot. Based on the above studies, it can be seen that the V protein may not only be a nonstructural protein of the virus but also function as a structural protein that participates in multiple processes of the virus life cycle and facilitates viral escape from the host immune response by delaying the cell cycle, inhibiting cell apoptosis, resisting the IFN response, inhibiting dendritic cell maturation, etc. Although the structure and function of the V protein CTD have been extensively studied, the function of the NTD of the V protein and its functional difference from the NTD of the P protein have been less intensively studied. In addition, NVGs and autophagy show a very strong correlation with the host innate immune response, and whether the V protein interacts with these components and the potential mechanism underlying this interaction and its importance need to be further studied.

Oncolytic virus and saRNA vaccines are two emerging tumor immunotherapies, and the application of the V protein shows that research into the V protein has great reference value and importance for the development of new diagnostic and treatment methods. However, V-Protein research in those fields has focused mainly on in vitro experiments, and many scientific experiments will be needed in the future to verify the safety, dosage and half-life in vivo.
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Nidovirales is one order of RNA virus, with the largest single-stranded positive sense RNA genome enwrapped with membrane envelope. It comprises four families (Arterividae, Mesoniviridae, Roniviridae, and Coronaviridae) and has been circulating in humans and animals for almost one century, posing great threat to livestock and poultry，as well as to public health. Nidovirales shares similar life cycle: attachment to cell surface, entry, primary translation of replicases, viral RNA replication in cytoplasm, translation of viral proteins, virion assembly, budding, and release. The viral RNA synthesis is the critical step during infection, including genomic RNA (gRNA) replication and subgenomic mRNAs (sg mRNAs) transcription. gRNA replication requires the synthesis of a negative sense full-length RNA intermediate, while the sg mRNAs transcription involves the synthesis of a nested set of negative sense subgenomic intermediates by a discontinuous strategy. This RNA synthesis process is mediated by the viral replication/transcription complex (RTC), which consists of several enzymatic replicases derived from the polyprotein 1a and polyprotein 1ab and several cellular proteins. These replicases and host factors represent the optimal potential therapeutic targets. Hereby, we summarize the Nidovirales classification, associated diseases, “replication organelle,” replication and transcription mechanisms, as well as related regulatory factors.
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1 Introduction

Named after the Latin word “nidus” (meaning nest), Nidovirales refers to an order of viruses which produce a 3′ co-terminal nested set of sg mRNAs during infection (Cavanagh, 1997). They are enveloped virus with a single-stranded, positive-sense RNA genome inside, which consists of a 5′ cap and a 3′ poly (A) tail (de Vries et al., 1997; King et al., 2012). They also contains the longest and the most complex RNA genome, which can be distinguished from other RNA viruses by their molecular genetics (Gorbalenya et al., 2006). So far, our knowledge about their molecular biology have mainly originated from the research progress on Arterividae and Coronaviridae.

Nidovirus infection is initiated by the process of binding between a virus and its receptors, fusing with membranes, and releasing of the virus into the cytoplasm, in which the nucleocapsid protein is degraded to un-coat the viral genome and subsequently the uncoated gRNA is translated into polyproteins 1a and 1ab (Brian and Baric, 2005). Both polyproteins (pp1a and pp1ab) undergo auto-proteolysis by intrinsic cysteine proteases to yield 13 to 17 non-structural proteins (NSPs) (Ziebuhr et al., 2000; Fang and Snijder, 2010; Snijder et al., 2013). These NSPs are encoded by gene 1, including two proteases and three transmembrane domains (TM) containing proteins, primer synthetases, RNA-dependent RNA polymerase (RdRp), RNA helicase, and endoribonuclease. To be specific, RdRp serves as a key component in the formation of the replication-transcription complex (RTC) and plays a crucial role in the viral RNA synthesis (Hagemeijer et al., 2010; Yan et al., 2021). The RTC interacts with the modified membrane structures such as double-membrane vesicles (DMVs), tiny open double-membrane spherules (DMSs), and convoluted membranes (CMs) to carry out its functions of replication and transcription (Hagemeijer et al., 2010). The DMVs, DMSs, and CMs are derived from the endoplasmic reticulum (ER) membranes by the help of several TM containing viral NSPs (Posthuma et al., 2008; Angelini et al., 2013; van der Hoeven et al., 2016; Oudshoorn et al., 2017). They provide a protective environment for the RTC to efficiently process and synthesize RNA molecules (Roingeard et al., 2022). With the help of RTC, the negative-stranded full-length genomic RNA (-gRNA) and subgenomic RNAs (-sgRNAs) are synthesized, serving as templates to generate gRNA and sg mRNAs, which are further involved in the synthesis of replicases (pp1a and pp1ab), structural proteins, and the accessory proteins. The transmembrane structural proteins are synthesized by ER-associated ribosomes and inserted into the ER membranes, while the nucleocapsid protein (N protein) is synthesized by ribosomes in the cytoplasm. N protein binds to the viral RNA to form a stable structure called RNA-N complex, which enhances the efficiency of replication or translation (Chang et al., 2014; McBride et al., 2014). The assembly process of virion takes place in the membranes located between the ER) and Golgi apparatus (ERGIC), within which specialized compartments are formed when the membrane folds inward to create a small vesicle-like structure (Venkatagopalan et al., 2015; Boson et al., 2021). This assembly process is triggered by the interaction among the viral structural proteins and membranes (Klumperman et al., 1994; Nguyen and Hogue, 1997; de Haan et al., 1998; Wissink et al., 2005; Neuman et al., 2011; Zhang Z. et al., 2022), and the structural proteins subsequently bind to N protein and recruit the gRNA-N complex, during which the structural proteins and membranes form the outer envelope while the gRNA-N nucleocapsid is wrapped inside (Lim and Liu, 2001; Hsieh et al., 2008; Wang et al., 2009; Tseng et al., 2010; Zhang et al., 2015; Rüdiger et al., 2016; Lu et al., 2021). Once the virion assembly is completed within the ERGIC, the mature virus particles are transported out of the cell through a process called exocytosis (Figure 1).
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FIGURE 1
 Nidovirales life cycle. (1) Virus particles attach to specific receptors on the surface of host cell, which enables the virus to enter into cells through direct fusion with cellular or endosomal membranes; (2–3) The incoming viral genome, a single-stranded RNA molecule, after being released and uncoated serves as template for the synthesis of two polyproteins (pp1a and pp1ab), which are afterwards cleaved by internal papain-like proteases (PLPs) and main protease (Mpro) to generate mature NSPs, including replicases; (4) The formation of viral replication/transcription organelle. The three NSPs containing TM (TM1-3) insert into the intracellular membrane to induce the formation of various membrane structures such as DMVs, CMs, and DMSs, which provide a protective microenvironment for replication and transcription. The NSPs including RdRp, primer synthetases, RNA helicase, endoribonuclease, interact with each other to form the RTC. (5–6) The gRNA and sg mRNAs are synthesized by RTC in the DMVs or DMSs and then transported outside of the DMVs or DMSs; (7) The gRNA and sg mRNAs serve as templates for synthesis of viral proteins by ribosomes; (8) Viral structural proteins are first transported into the ER membrane and then reach the ER-to-Golgi intermediate compartment (ERGIC). Once reaching at the ERGIC, the structural proteins interact with the membranes to curve it and then wrap around the N-gRNA nucleocapsid, resulting in the virion budding into secretory vesicular compartments. (9–10) Mature virus particles are transported out of the cell by exocytosis.




2 Classification and associated diseases of Nidovirales

Officially defined by the International Committee on Taxonomy of Viruses (ICTV) at the Xth International Congress of Virology (ICV) held in Jerusalem (Pringle, 1996), Nidovirales was classified into four families: Arterividae, Mesoniviridae, Roniviridae, and Coronaviridae, with the Coronaviridae further divided into two sub-families: Coronavirinae and Torovirinae (Figure 2). However, as a result of the development of virus detection technologies and viral metagenomics, an increasing number of previously unknown viruses have been discovered (Shi et al., 2018). According to the changes to virus taxonomy approved by the ICTV in 2019, currently the order Nidovirales is composed of eight suborders: Abnidovirineae, Arnidovirineae, Coronadovirineae, Mesnidovirineae, Monidovirineae, Nanidovirineae, Ronidovirineae, and Tornidovirineae (Van Regenmortel, 2000; Walker et al., 2019; Parrish et al., 2021). These eight suborders contain 14 families, 25 subfamilies, 39 genera, 65 subgenera, and 109 species. Because the newly emerged viruses have not yet been comprehensively studied yet, the following introduction on the Nidovirales is still based on the original taxonomy (Pringle, 1996).
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FIGURE 2
 The classification of Nidovirales. Nidovirales consists of 4 families, 2 sub-families, 9 genera and a total of 36 lineages. PEDV, Porcine epidemic diarrhea virus; TGEV, Transmissible gastroenteritis coronavirus; CCoV, Canine coronavirus; FCoV, Feline coronavirus; HCoV-229E, Human coronavirus 229E; HCoV-NL63, Human coronavirus NL63; CCoV-HuPn-2018, Canine coronavirus-human pneumonia-2018; BCoV, Bovine coronavirus; ECoV, Equine coronavirus; CRCoV, Canine respiratory coronavirus; MHV, Mouse hepatitis virus; HCoV-OC43, Human coronavirus OC43; HCoV-HKU1, Human coronavirus HKU1; SARS-CoV-1, Severe acute respiratory syndrome coronavirus-1; SARS-CoV-2, Severe acute respiratory syndrome coronavirus-2; MERS-CoV, Middle east respiratory syndrome coronavirus; IBV, Infectious bronchitis virus; BWCoV-SW1, Beluga whale coronavirus SW1; PDCoV, Porcine delta-coronavirus; CMCoV, Common-moorhen coronavirus; ALCCoV, Asian leopard cat coronavirus; WBV, white bream virus; EToV, Equine torovirus; BToV, Bovine torovirus; PToV, Porcine torovirus; HToV, human torovirus; PRRSV, porcine reproductive and respiratory syndrome virus; EAV, Equine arteritis virus; LDV, Lactate dehydrogenase elevating virus; SHFV, Simian hemorrhagic fever virus; YHV, Yellow head virus; GAV, Gill-associated virus; DKNV, Dak nong virus; CavV, Cavally virus; NDiV, Nam Dinh virus.


Nidovirales can infect both vertebrates (Coronaviridae, Arteriviridae, and Roniviridae) and invertebrates (Mesoniviridae) (Table 1), with a wide range of host organisms, from mammal to bird, fish, crustacean, and insect (Cavanagh et al., 1994; Snijder and Meulenberg, 1998; Masters, 2006; Snijder et al., 2013; Hartenian et al., 2020; Ujike and Taguchi, 2021). Classification of viruses within the Nidovirales order is primarily based on several factors, including the organization of the viral genome, the homology of the genome sequence, the antigenic characteristics of the viral proteins, the replication strategy, the structure and physicochemical properties of the virus particle, the natural host range. Based on these factors, scientists and researchers are able to understand the characteristics and relationship of such viruses (Masters, 2006; King et al., 2012; Lavi et al., 2012). Compared to DNA viruses, RNA viruses lack proofreading capacity in their RdRp and thus come across more frequent errors or mutations during replication of their genetic materials, which results in their faster genetic drift and their ability to cross species barriers.



TABLE 1 The classification of Nidovirales.
[image: Table1]


2.1 Coronaviridae

Coronaviridae is a family of viruses with a single-stranded RNA genome in the size of 25–32 kb. The 5′-proximal two-thirds region encodes two large polyproteins (pp1a and pp1ab) to generate NSPs which are crucial for viral replication, while the 3′-proximal genome encodes 4 structural proteins which are responsible for viral entry and assembly (Brian and Baric, 2005). As well, the virus species specific accessory proteins, which play an important role in modulating the host immune response, are interspersed among the structural protein genes in the 3′-proximal region (Figure 3B).

[image: Figure 3]

FIGURE 3
 Prototype virus particle and genome structure of Nidovirales. (A) The prototype virus in each family is represented in the diagram, including SARS-CoV-2 from Coronaviridae, BToV from Torovirus, porcine reproductive and respiratory syndrome virus (PRRSV) from Arterividae, YHV from Roniviridae, and CavV from Mesoniviridae. (B) Genome organization of the prototype virus (SARS-CoV-2, BToV, PRRSV, YHV, CavV) in each family: the replicase ORF1a and ORF1b are followed by the genes encoding structural and accessory proteins. Red circles represent ribosomal frameshifting sites, and the rectangles represent the open reading frames (ORFs). Colored patterns represent domains common to all nidovirus.


According to the original classification, the virus family of Coronaviridae is further divided into two subfamilies: Coronavirinae and Torovirinae (Lai and Cavanagh, 1997). The subfamily Coronavirinae is named after its crown-like appearance under electron microscopy and characterized by its spherical particle structure with a diameter ranging from 80 nm to 120 nm and its surface adorned with spike (S), membrane (M), and envelope (E) protein. Inside the envelope, there is nucleocapsid which is composed of the viral genomic RNA and N protein (Figure 3A). In contrast, the subfamily Torovirinae is named after the Latin word “torus” which means “cushion” or “protuberance” and appears like pleomorphic, elongated particles with a characteristic “cushion-like” or “torus-like” shape, with the particle morphology including rod-shaped, kidney-shaped, and spherical particles (Ujike and Taguchi, 2021).

The subfamily Coronavirnae can be further divided into four genera: α-Coronavirus, β-Coronavirus, γ-Coronavirus, and δ-Coronavirus. These genera encompass a wide range of coronaviruses that infect human, mammalian animals, and avian species (Lai and Cavanagh, 1997; Masters, 2006; McCluskey et al., 2016). This subfamily of viruses mainly causes diseases characterized by symptoms in the respiratory tract, intestinal tract, liver, and central nervous system and poses severe threat not only to human health but also to livestock breeding (Drosten et al., 2003; Woo et al., 2009; Myrrha et al., 2011; Hemida et al., 2014; Zhu et al., 2020). The subfamily can be transmitted from animals to human and differ in terms of their pathogenicity, symptoms and fatality rates. Before the highly pathogenic severe acute respiratory syndrome coronavirus-1 (SARS-CoV-1), middle east respiratory syndrome coronavirus (MERS-CoV), and SARS-CoV-2 emergence, the human coronaviruses usually cause mild or moderate upper respiratory tract diseases, which include HCoV-229E (Hamre and Procknow, 1966), HCoV-OC43 (Hamre and Procknow, 1966; Vabret et al., 2003), HCoV-NL63 (van der Hoek et al., 2004), and HCoV-HKU1 (Woo et al., 2005). These viruses are generally not considered to be highly dangerous or life-threatening (El-Sahly et al., 2000; Falsey et al., 2002; Gagneur et al., 2002). Whereas, MERS-CoV, SARS-CoV-1, and SARS-CoV-2 cause severe symptoms in low respiratory tract, with the typical syndromes of fever and pneumonia (Drosten et al., 2003; Zaki et al., 2012; Salzberger et al., 2021). Among them, MERS-CoV infection is characterized by such symptoms as fever, cough, shortness of breath, and pneumonia, with a fatality rate of 34.4%; SARS-CoV infection is characterized by such symptoms as fever, chills, and body pain, and pneumonia, with a fatality rate of 9.5%; and SARS-CoV-2 infection is characterized by a wide ranges of symptoms, including fever, cough, fatigue, loss of taste or smell, pneumonia and acute respiratory distress syndrome (Petrosillo et al., 2020; Sharma et al., 2020). Since the outbreak of SARS-CoV-2 in December 2019, it has spread globally at an alarming rate, causing more than 771.5 million infections and 6.97 million deaths, with an average mortality rate of 0.9%, as reported to WHO by 25 October 2023 (Cheng et al., 2020; Petrosillo et al., 2020; Zhu et al., 2020; Salzberger et al., 2021). In fact, the real infections and deaths number are severely underestimated. As the omicron variant has become the predominant strain and the herd immunity has been established, the mortality rate of SARS-CoV-2 is continuing to decline.

Additionally, Coronavirinae turns out an important concern for veterinary. It is currently known that six coronaviruses infect pigs, including transmissible gastroenteritis virus (TEGV), porcine respiratory coronavirus (PRCV), swine acute diarrhea syndrome coronavirus (SADS-CoV), porcine hemagglutinating encephalomyelitis virus (PHEV), porcine epidemic diarrhea virus (PEDV), and porcine δ-coronavirus (PDCoV) (Mora-Díaz et al., 2019; Liu and Wang, 2021; Turlewicz-Podbielska and Pomorska-Mol, 2021). Specifically, TGEV，PRCV, and PHEV have been commonly found in pig herds worldwide for decades, whereas PEDV, SADS-CoV, and PDCoV have been identified more recently and cause clinically indistinguishable acute gastroenteritis, especially lethal to newborn piglets, posing significant challenges to the porcine breeding industry. As the first discovered coronavirus in the 1930’s, infectious bronchitis virus (IBV) belongs to the genus of γ-Coronavirus and is a highly contagious respiratory virus that causes significant economic loss in the poultry farm. It primarily infects chickens, causing respiratory signs such as depression, coughing, sneezing, nasal discharge, and even death (Najimudeen et al., 2020). Despite routine efforts in its vaccination, this virus is becoming increasingly difficult to prevent and control as a result of its high mutation rate and unpredictable emergence of diverse types throughout the world (Cavanagh, 2007; Khataby et al., 2016; Bande et al., 2017).

With a size of approximately 25–30 kb, the subfamily Torovirinae shares similar genome organization with Coronavirnae and has two genera: Torovirus and Bafinivirus (Snijder and Horzinek, 1993; Cavanagh et al., 1994; Koopmans and Horzinek, 1994; de Vries et al., 1997). Four virus species under this genus have been identified to date: equine torovirus (EToV), bovine torovirus (BToV), porcine torovirus (PToV), and human torovirus (HToV), with genetic divergence of 20–40% (Ujike and Taguchi, 2021). Infections of torovirus have been reported worldwide, with cases documented in Europe, America, Asia, New Zealand, and South Africa (Durham et al., 1989; Penrith and Gerdes, 1992; Koopmans and Horzinek, 1994; Cavanagh, 1997; Ujike and Taguchi, 2021). These viruses can cause various gastrointestinal and respiratory symptoms in their respective host species: EToV is known to cause gastrointestinal and respiratory infections in horses and is the only torovirus which has been successfully cultured in vitro (Kuwabara et al., 2007); BToV primarily infects cattle and cows with diarrhea and respiratory symptoms (Ito et al., 2009; Aita et al., 2012; Lojkic et al., 2015); PToV mainly brings about gastrointestinal infection in pigs，with its coinfections with other pathogens usually exacerbating the symptoms (Hu et al., 2019); HToV associates with gastroenteritis and diarrhea in children as well as necrotizing enterocolitis in infants (Durham et al., 1989). The genus of Bafinivirus that infects fish was discovered in 2006 (Schütze et al., 2006).



2.2 Arteriviridae

The Arteriviridae was established as a distinct family in 1996; later on, it was grouped into the order Nidovirales because it shares similarities with the family Coronaviridae (Cavanagh, 1997; Snijder and Meulenberg, 1998; Gorbalenya et al., 2006; King et al., 2012). Arterivirus particles are spherical and enveloped, with a core housing the RNA genome of approximately 12.7–15.7 kb (Plagemann and Moennig, 1992). Unlike coronaviruses, arteriviruses do not have an obvious spike protein on their surface. Instead, they have relatively small protrusions. The envelope consists of several proteins, including two major envelope proteins GP5-M heterodimer, three minor proteins GP2-GP3-GP4 heterotrimer and GP2-GP4 heterodimer, and two minor protein E and 5a (Snijder et al., 2013). All envelope proteins are critical for producing infectious progeny (Dea et al., 2000; Wissink et al., 2005; Music and Gagnon, 2010). Inside the envelope, there is RNA genome wrapped with N protein, which form a pleomorphic core with a mean diameter of 39 nm (Spilman et al., 2009; Dokland, 2010) (Figure 3A). The diame1ter of the virus particles, observed under the cryo-electron microscopy, was approximately 50–60 nm, significantly smaller than coronaviruses (Spilman et al., 2009).

The Arteriviridae primarily infect mammals, including equid, swine, opossum, non-human primate, and rodent (Plagemann and Moennig, 1992). One notable member of this family is the prototype equine arteritis virus (EAV), which was firstly discovered in 1957 and is known to infect horses (Bryans et al., 1957; Del Piero, 2000; Balasuriya et al., 2013). Another two species of lactate dehydrogenase-elevating virus (LDV) and simian hemorrhagic fever virus (SHFV), were firstly isolated more than 50 years ago. SHFV is known to cause a highly lethal fever in African non-human primates while LDV infects mice (Riley et al., 1960; Notkins and Shochat, 1963; Plagemann et al., 1995; Snijder and Meulenberg, 1998; Brinton et al., 2015). The porcine reproductive and respiratory syndrome virus (PRRSV) is a highly contagious virus that infect pigs, and its emergence causes significant economic losses to the global swine industry (Neumann et al., 2005; Tian et al., 2007; Lunney et al., 2016; Guo et al., 2018; Zhang H. et al., 2022). Arteriviruses are transmitted through respiratory routes or body fluids; in most cases, they affect macrophages. They can cause a range of symptoms, including persistent or acute asymptomatic infections, miscarriage, respiratory disease, arthritis, fatal hemorrhagic fever, and polio (Snijder et al., 2013). For example, EAV and PRRSV are known to cause mild-to-severe respiratory disease and lead to abortion in pregnant animals (Balasuriya and Carossino, 2017). Due to their veterinary importance, EAV and PRRSV have been characterized extensively, severing as the basis for our current understanding of arterivirus.



2.3 Roniviridae

The family Roniviridae include a single genus called Okavirus which infect crustacean, mostly shrimp (Cowley et al., 2000; Walker et al., 2021). The virus particles are enveloped with bacilliform geometries and helical symmetry, with a diameter of around 40–60 nm and a genome of 26–27 kb inside (Dhar et al., 2004; Figure 3A). The genus Okavirus includes gill-associated virus (GAV) and yellow head virus (YHV), which have been found to associate with mortality in cultured black tiger prawns (Penaeus monodon) and white Pacific prawns (Penaeus vannamei). It has been reported that these viruses caused economic loss in shrimp farm in Eastern Australia, Thailand, and China (Cowley et al., 2001; Munro and Owens, 2007; Munro et al., 2011; Dong et al., 2017). They have been listed as notifiable pathogens by the World Organization for Animal Health.



2.4 Mesoniviridae

Found in 2011, the Mesoniviridae has only one genus called α-Mesonivirus, which are mosquito-specific virus with a wide geographic distribution (Nga et al., 2011; Zirkel et al., 2011; Lauber et al., 2012; Vasilakis et al., 2014). Belonging to the genus α-Mesonivirus, Cavally virus (CavV) and Nam Dinh virus (NDiV) have been the first two characterized mesoniviruses (Nga et al., 2011; Zirkel et al., 2011). These two viruses are closely related and belong to the same species, α-Mesonivirus 1. Other phylogenetically diverse mesoniviruses are isolated from a range of mosquito species and geographic locations (Kuwata et al., 2013; Thuy et al., 2013; Zirkel et al., 2013). The mesonivirus particles are about 120 nm in diameter, with rod-shaped spike protein (77 kDa) and differentially glycosylated membrane proteins (17, 18, 19, 20 kDa) on the surface, and a nucleocapsid (25 kDa-N protein and 20 kb-RNA genome) inside (Figure 3A).




3 RNA genome

The Nidovirales genome have been studied extensively in recent decades (de Vries et al., 1997; Gorbalenya et al., 2006). Despite variations in genome size and virus particle morphology, Nidovirales have been classified primarily based on their common genetic organization, a set of conserved domains and enzyme functions within the polyproteins, and their unique transcription strategy (King et al., 2012). The 5′-proximal genome contains two ORFs (ORF1a and ORF1b), which encompass two-thirds of the genome and encode two giant polyproteins pp1a and pp1ab. These two ORFs possess a conserved domain backbone, including their domains in the sequential order as follows: 5′-TM1-TM2-Mpro-TM3-NiRAN-RdRp-ZBD-HEL-NendoU-3′ (the first four in ORF1a while the remaining in ORF1b) (King et al., 2012). The 3′-proximal genome contains smaller ORFs, which encode structural proteins and accessory proteins, as translated from co-terminal sg mRNAs. These ORFs are different in number, size, and length in different families, and some accessory genes are unique to certain virus species, especially in coronaviruses (de Vries et al., 1997; Figure 3B). In addition, at the 5′- and 3′-termini, there are untranslated regions (UTR) which can regulate the viral RNA replication and transcription.

After virus entry and uncoating, the gRNA is released into the cytosol, and directly serves as a template for transcription, enabling cap-dependent translation of ORF1a to produce pp1a. In addition, an RNA pseudoknot structure is located near the end of ORF1a together with a slippery sequence of “UUUAAC,” enabling −1 or −2 ribosomal frameshift and translation on ORF1b to produce a longer pp1ab (Brierley et al., 1989; Plant et al., 2005; Patel et al., 2020). Pp1a and pp1ab are cleaved by intrinsic proteases, either co-translationally or post-translationally, to generate mature NSPs, including papain-like proteases (PLPs), NSPs with TM (TM1, TM2, TM3), 3C-like main protease (Mpro), nucleotidyltransferase (NiRAN), RdRp, superfamily 1 helicase (ZBD-HEL), and endoribonuclease (NendoU) (Gorbalenya et al., 1989; Ziebuhr et al., 2000; Li et al., 2015). The proteins encoded by ORF1a play a significant role in modulation of host gene expression, cleavage and maturation of pp1a and pp1ab (PLP and Mpro) (Ziebuhr et al., 2000), and modification of host membranes so as to create an environment suitable for viral genome synthesis (NSPs with TM1, TM2, or TM3) (van der Hoeven et al., 2016), while the proteins encoded by ORF1b play an important role in RNA replication and transcription, including NiRAN, RdRp, HEL, and NendoU, referred to as replicases (Liu et al., 1994; Thiel et al., 2001; Fang and Snijder, 2010; Lehmann et al., 2015c; Hu et al., 2021). Next, we focus on reviewing these replicases.



4 Replicases


4.1 PLP and 3CLpro (Mpro)

Nidoviruses encode multiple PLPs and a 3CLpro (also called Mpro) (Ziebuhr et al., 2000; Snijder et al., 2013). The PLPs are located in the upstream of TM1 and are present in NSP2 for arteriviruses and in NSP3 for coronaviruses (Snijder et al., 1995; Kanjanahaluethai and Baker, 2000; Ziebuhr et al., 2001; Harcourt et al., 2004). The number of active PLP domains can vary from one virus species to another (Vatter et al., 2014). Structural and enzymatic studies reveal that the PLPs not only cleave peptide bonds (NSP1/NSP2/NSP3 junctions in arteriviruses and NSP1/NSP2/NSP3/NSP4 junctions in coronaviruses) but also act as a deubiquitinating (DUB) enzyme to remove Lys63-linked ubiquitin chains or ubiquitin-like modifiers (ISG15) from host substrates, antagonizing the innate immune response (Frias-Staheli et al., 2007; van Kasteren et al., 2012). Mpro, a chymotrypsin-like protease that plays the main role in the polyprotein processing, is located in NSP4 for arteriviruses and NSP5 for coronaviruses, respectively (Tian et al., 2009). Mpro cleaves all sites downstream of NSP3 for arteriviruses and downstream of NSP4 for coronaviruses (Ziebuhr et al., 2000; Tian et al., 2009). As these proteases facilitate the cleavage of pp1a/pp1ab and maturation of the replicases, the conserved functional enzymatic structures are becoming the optimal therapeutic targets (Dai et al., 2020; Khare et al., 2020; Zhang L. et al., 2020; Banerjee et al., 2021; Capasso et al., 2021). For example, the FDA authorized Paxlovid (nirmatrelvir/ritonavir) specifically targets at the Mpro of SARS-CoV-2 to block the enzymatic function, thereby effectively reducing virus replication and resulting in a great decrease of hospitalization and death among the COVID-19 patients (Graham, 2021; Cokley et al., 2022; Marzolini et al., 2022; Amani and Amani, 2023; Harris, 2023).



4.2 Transmembrane proteins

ORF1a encodes three TM proteins (TM1, TM2, and TM3), namely NSP2, NSP3, NSP5 in arteriviruses and NSP3, NSP4, NSP6 in coronaviruses. TM1 and TM2 reside upstream of the Mpro, while TM3 is located at its downstream (Figure 3B). All of the TM proteins span across the membrane more than once. These TM proteins play a crucial role in modifying intracellular membranes to form DMV, DMS, or CM, which accommodate the RTC and associate with viral RNA synthesis (Bost et al., 2000; Snijder et al., 2006; Posthuma et al., 2008; Angelini et al., 2013; Hagemeijer et al., 2014; van der Hoeven et al., 2016; Oudshoorn et al., 2017). However, their biological significance needs to be further studied.



4.3 RNA-dependent RNA polymerase (RdRp)

RdRp is encoded by the N-terminal region of ORF1b (the enzymatic domain is present in NSP9 for arteriviruses and NSP12 for coronaviruses). It is the critical component of RTC to catalyze the synthesis of RNA with the help of helicase, NendoU, and ribose-2’-O-methyltransferase (O-MTase), and thus plays a crucial role in the replication and transcription (Subissi et al., 2014; Lehmann et al., 2016). Our current knowledge of the structural and enzymatic characteristics of RdRp primarily comes from studies conducted on SARS-CoV and SARS-CoV-2 (Kirchdoerfer and Ward, 2019; Gao et al., 2020). RdRp consists of three domains: a canonical RdRp core domain at C-terminus (occupying two-thirds of the protein), a NiRAN domain at N-terminus, and an interface domain (Figure 4C) (Lehmann et al., 2015a; Posthuma et al., 2017).
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FIGURE 4
 Diagram of replication/transcription organelle and RTC. (A) Diagram of CMs/DMVs/DMSs. Nidovirus infection leads to the rearrangement of ER membranes and the envelopment of RTC. During this process, the NSPs containing TM are cleaved from pp1a and pp1ab, and then embedded in the ER membrane to form a membrane fold and luminal loops. These interactions yield a complex array of CMs, DMSs or DMVs, which are contiguous with ER membranes. The replicases cleaved from pp1a and pp1ab interact each other and form RTC in DMV. (B) Model of RTC. The core RTC is composed of the RdRp (coronavirus: NSP12; arterivirus: NSP9), processivity factors (coronavirus: NSP7-9; arterivirus: NSP12), ExoN complex (coronavirus: NSP10 and NSP14), NendoU (coronavirus: NSP15; arterivirus: NSP11), and helicase (coronavirus: NSP13; arterivirus: NSP10). As shown, for coronavirus, the NendoU is the center of the RTC complex, capped on the two sides by NSP14/NSP16/(NSP10)2, which afterwards recruits NSP12/NSP7/(NSP8)2 to the complex. Helicase is around the ExoN complex. The model is based on the known structure and interactions between the proteins (243). (C) The functional domains of RdRp of coronavirus and arterivirus are shown.


The RdRp core domain can be further divided into three subdomains: fingers, palm, and thumb subdomains. In the active site there are multiple functional motifs (6 in arteriviruses and 7 in coronaviruses), named A-G respectively, which are responsible for recognizing the RNA template and substrate, as well as catalyzing the condensation of nucleotides (Poch et al., 1989; Lehmann et al., 2016; Kirchdoerfer and Ward, 2019; Gao et al., 2020). The motif A contains the divalent-cation-binding residues D (D619 and D623 in SARS-CoV-1 NSP12, D618 in and D623 in SARS-CoV-2 NSP12, and D445 and D450 in EAV NSP9), while motif C contains the conserved catalytic residues SDD sequence (residues 759–761 in SARS-CoV-1 and SARS-CoV-2 NSP12, and residues 559–561 in EAV NSP9). The RNA template is supposed to enter the active site in motifs A and C, and the NTP entry channel is within motif F, as determined by the cryo-electron microscopy structure of SARS-CoV-2 NSP12 (Gao et al., 2020). With its key role in viral RNA replication and transcription, RdRp is considered as a primary target for antiviral inhibitors that are designed to mimic nucleotides and inhibit viral RNA replication and transcription. For example, remdesivir is nucleotide analogs which can interfere with the action of RdRp and arrest the RNA synthesis process by delaying the elongation (Gordon et al., 2020a,b). It is the first drugs authorized by FDA for treatment of COVID-19.

As a unique and essential enzymatic domain of Nidovirales (Lehmann et al., 2015a), the N-terminal NiRAN domain possesses a self-nucleotidylating activity, which is important for viral RNA replication. It is speculated that the NiRAN might perform multiple functions, for example, it may act as an RNA ligase in mRNA capping (Yan et al., 2021), or serve in protein-primed initiation of RNA synthesis by transferring a NMP to another viral protein NSP9 (Wang B. et al., 2021). These hypotheses have been extensively discussed in a study by Lehmann et al. (2015a).



4.4 Helicase

Based on structural and functional characteristics, helicases can be classified into two subfamilies-SF1 (ZmHEL1) and SF2. The 5′-to-3′ helicase (NSP10 for arteriviruses and NSP13 for coronaviruses) belong to SF1 (ZmHEL1). This helicase domain is exceptionally located downstream of the RdRp in Nidovirales (Gorbalenya et al., 1989), while in other families of positive sense single-stranded RNA viruses, it is located upstream of RdRp. As a helicase, ZmHEL1 possesses a conserved N-terminal zinc-binding domain that is commonly found in nidoviruses and is involved in unwinding activity (Seybert et al., 2005; Shi et al., 2020; Tang et al., 2020; Maio et al., 2023). The helicase activity combined with NTP-binding activity plays the vital role in unwinding RNA molecules in the 5′-3′ direction (Seybert et al., 2000a; Ivanov et al., 2004b; Shu et al., 2020; Ren et al., 2021; Fang et al., 2023).



4.5 Endoribonuclease (NendoU)

NendoU is a protein that is specific to Nidovirales, including NSP11 for arteriviruses and NSP15 for coronaviruses, a conserved protein that does not have counterparts in other RNA viruses, thus serving as a diagnostic molecular marker for nidovirus (Ivanov et al., 2004a; Gorbalenya et al., 2006; Deng and Baker, 2018). One of its functions of is to cleave the poly (U) sequence which are produced during genome replication/transcription and are found in viral −RNA intermediates, thereby regulating the ratio of −RNA to +RNA and reducing the accumulation of dsRNA. In this way, this protein facilitates the genome replication and synthesis of sg mRNA and also contributes to the evasion of IFN response by reducing the accumulation of dsRNA accumulation (Hackbart et al., 2020; Gao et al., 2021).



4.6 Other replicases

In addition to above conserved replicases, several other conserved replicases that perform RNA synthesis and processing have been identified in some but not all nidoviruses (Posthuma et al., 2017). There are two clades of nidoviruses: one with a large genome size ranging from 25 to 31.7 kb (Coronaviridae, Torovirinae, and Roniviridae), and the other with a small genome size ranging from 12.7 to 15.7 kb (Arterividae) (Gorbalenya et al., 2006). As a result, the replicase polyproteins of large nidoviruses contain two specific activities that are not found in Arterividae, namely 3′-5′exoribonuclease (ExoN) encoded by NSP14 (Chen Y. et al., 2009; Tahir, 2021) and O-MTase encoded by NSP16 (Decroly et al., 2011). ExoN is essential for the high fidelity of long RNA synthesis, while O-MTase helps to add the cap structure at the 5′-terminus of viral RNA (Posthuma et al., 2017). The mimicking of host mRNA cap helps the virus to escape the host detection, thereby evading the innate immune responses (Chen and Guo, 2016). The importance of NSP16 for coronavirus infection and pathogenesis makes it becoming an attractive target for antiviral therapeutic treatment (Menachery et al., 2014; Chang and Chen, 2021; Tahir, 2021).

The other two RNA-processing domains conserved in Coronavidae and Torovirinae are ADP-ribose-1′-phosphatase (ADRP) and nucleotide cyclic phosphodiesterase (CPD) respectively (Snijder et al., 2003; Draker et al., 2006). The ADRP domain encoded by ORF1a plays a role in the cellular RNA processing pathway by removing the phosphate from the adenosine diphosphate ribose 1′-phosphate substrate (Michalska et al., 2020). However, the highly specific phosphatase activity is not essential for viral replication, which has been demonstrated by substitutions of active-site residues or complete deletion of the ADRP domain (Putics et al., 2005; Hurst-Hess et al., 2015). The ADRP domain is found in the similar position NSP3 of both families Coronavidae and Torovirinae, indicating that this region is inherited from a common ancestor. Whereas, the CPD domain is only present in the family Torovirinae and Coronavidae MHV. In MHV, the CPD domain is expressed by ORF2 though deletion of the CPD-encoding ORF2 does not affect the replication of MHV in vivo (Schwarz et al., 1990); however, the other study shows that the mutation of MHV ORF2 causes a attenuated form of the virus in its natural host (Sperry et al., 2005). Thus, the CPD domain of MHV may be one of the determinants of virus pathogenicity. In Torovirinae, this enzyme is encoded by the 3′ end of replicase of ORF1a and located immediately upstream of the ORF1a/ORF1b junction, which is involved in the processing of viral RNA (Snijder et al., 1991).




5 RNA synthesis


5.1 Formation of DMVs

Nidovirales replicates its genome in the ER membrane-associated structures known as “replication organelles,” which include a complex vesculo-tubular network of CMs, DMVs, and DMSs, partly interconnected through their outer membranes. The SARS-CoV dsRNA is mainly found inside the DMVs (Knoops et al., 2008), while the newly synthesized MHV RNA is located in close proximity to both DMVs and CMs (Gosert et al., 2002); furthermore, the viral RNA positively correlates with the number of DMVs (Ulasli et al., 2010). Above observations suggest that both DMVs and CMs serve as sites for the synthesis of viral RNA.

The rearrangement of the host membranes is important to create a micro-environment appropriate for the synthesis of viral RNA and the recruitment of host factors. The association of viral RNA synthesis with membrane structures exhibits several advantages: (1) An appropriate environment is created by anchoring the viral replicases necessary for replication and transcription; (2) By anchoring viral replication complex to membrane structures, the environment is created for the diffusion of metabolites and macromolecules, so as to facilitate the synthesis process; (3) Compartmentalization helps to separate and organize the process of replication/transcription, translation, and packaging, which ensures that these processes occur in a coordinated manner. It also creates a protected environment for viral RNA replication by eluding recognition and degradation of RNA in the cytosol; (4) The insulation of the RNA replication/transcription intermediates, such as dsRNA, could hinder or delay the host’s innate immune response (Neufeldt et al., 2016; van der Hoeven et al., 2016).

The DMVs (about 100 nm) of arterivirus was firstly observed in the perinuclear region of the cell with the electron microscopy since 1970s (Wood et al., 1970), as so observed in other members of this family later on (Stueckemann et al., 1982; Wada et al., 1995; Weiland et al., 1995; Pol et al., 1997; Pedersen et al., 1999). These DMVs are connected to reticular regions of CMs between them, and contiguous with the membrane donor ER. Additionally, the ribosomes are close to the outer membrane of the DMVs (Wood et al., 1970; Stueckemann et al., 1982; van der Hoeven et al., 2016).

The expression of EAV NSP2 and NSP3 (contain TM1 and TM2) is sufficient to induce the DMVs formation and NSP3 plays a key role in the remodeling of membranes (Posthuma et al., 2008); however, the presence of additional NSP5 results in the production of DMVs whose size is more homogenous and closer to those formed in EAV-infected cells (83 + −21 nm, n = 145) (Figure 4A), indicating a regulatory role for NSP5 in regulating the membranes curvatures and formation of DMVs (van der Hoeven et al., 2016). The NSP2, NSP3 and NSP5 of arterivirus are believed to serve as DMVs scaffolding proteins to recruit other components of RTC to the replicase site (Pedersen et al., 1999; Posthuma et al., 2008; van der Hoeven et al., 2016).

Diverse coronaviruses induce similar membrane structures, including DMVs and DMSs (Snijder et al., 2020; Zhang J. et al., 2020). The DMVs are around twice in the diameter and 8-fold in the volume of those arterivirus-induced DMVs. The SARS-CoV induced DMVs connect with other DMVs and also connect to the ER through their outer membranes (Knoops et al., 2008). 3D electron microscopy reconstructions and living cell imaging also show that SARS-CoV-2 induced DMVs are tethered to the ER, with alteration of the mitochondrial network, remodeling of cytoskeleton elements, and recruitment of peroxisomes to DMVs (Cortese et al., 2020). The γ-Coronavirus IBV-induced DMVs are either tethered to the zippered ER with channel connecting the interior of the DMVs with the cytoplasm, or exists as isolated vesicles without DMV-DMV or DMV-ER connections (Maier et al., 2013; Doyle et al., 2018). The use of H3-uridine to metabolically label the newly synthesized molecules enables researcher to reaffirm that DMVs provide an optimal environment for virus RNA synthesis (Snijder et al., 2020), which is further supported by the use of specific antibodies to bind to the target molecules, such as dsRNA and DMVs (Knoops et al., 2008). Recent findings from cryotomography reveal the presence of membrane-spanning hexameric, crown-shaped pore complex in MHV induced DMVs, which makes the viral RNA exporting from DMVs possible. The observation of nucleocapsid structure on the cytosolic side of the DMVs demonstrates that the RNA is exported from DMVs for encapsidation (Wolff et al., 2020).

For coronavirus, the formation of DMVs can be induced by co-expression of NSP3, NSP4, and NSP6 (Angelini et al., 2013; Oudshoorn et al., 2017), which contain three conserved TMs respectively, and are functionally analogous to arterivirus NSP2, NSP3, and NSP5 (Gorbalenya et al., 2006; Figure 4A). The co-expression of three SARS-CoV NSPs (namely NSP3, NSP4, and NSP6) forms both DMVs and other structures resembling the CMs and DMSs presented in SARS-CoV infection (Angelini et al., 2013). Report also shows that MERS-CoV NSP3 and NSP4 can rearrange the cellular membranes to generate DMVs where the RTC is assembled and anchored (Oudshoorn et al., 2017). Co-expression of SARS-CoV-2 NSP3 and NSP4 also generate DMVs, whereas NSP6 zippers ER membrane and forms the connectors. NSP6 may act as filter in communication between the DMVs and the ER, organizer of DMV cluster, or may mediate contact with lipid droplets (Ricciardi et al., 2022). The co-expression of IBV NSP3, NSP4, NSP6 generates DMVs, and NSP4 alone is sufficient to induce membrane pairing, but not fully resembles DMVs (Doyle et al., 2018).

In both arteriviruses and coronaviruses, it is likely that the proteins containing TM1 and TM2 can induce the formation of DMVs, while the protein comprising TM3 may only modulate the formation of DMVs. Recently, it has been found that ER proteins VMP1 and TMEM41B contribute to DMV formation by facilitating NSP3-NSP4 interaction and ER zipping or subsequent closing of DMVs; the phosphatidylserine (PA) levels is also important for DMV formation (Ji et al., 2023). More and more evidences show that autophagy machinery and ER-associated degradation machinery are hijacked by coronavirus for the DMV formation (Prentice et al., 2004; Twu et al., 2021; Liang et al., 2022; Tan et al., 2023). It should be further investigated whether more host factors are involved in the formation of DMV.



5.2 Formation of RTC

For efficient replication, multiple replicases interact each other to form RTC and then the RTC attaches to modified intracellular membranes, resulting in the formation of a membrane-bound complex which is responsible for RNA synthesis (Sawicki et al., 2005). The association of RTC with modified intracellular membranes is a feature commonly observed in the positive-stranded RNA viruses that infect animals. As for coronavirus, a set of replicases (NSP7, NSP8, NSP9, NSP10, NSP12, NSP13, NSP14, NSP15, and NSP16) assemble into the RTC which is responsible for synthesizing the negative-stranded intermediates, gRNA, and sg mRNAs (Hagemeijer et al., 2010; Subissi et al., 2012; Kirchdoerfer and Ward, 2019; Chen et al., 2020; Hillen et al., 2020; Peng et al., 2020; Wang et al., 2020; Yan et al., 2020, 2021; Mishchenko and Ivanisenko, 2022). The NSP7-NSP8-NSP12 complex plays a central role in the replication/transcription process of coronavirus. NSP12 contains the RdRp domain in its C-terminal region, and serves as the key enzyme for catalyzing the incorporation of NTPs into the growing RNA chain. In collaboration with NSP7 and NSP8, NSP12 forms a holoenzyme RdRp (holo-RdRp) to drive the RNA synthesis in primer-dependent manner (te Velthuis et al., 2010; Ahn et al., 2012; Kirchdoerfer and Ward, 2019; Peng et al., 2020). The primers for the RNA replication/transcription are synthesized by NSP8, which bears a noncanonical RdRp activity and acts as an RNA primase (Imbert et al., 2006; te Velthuis et al., 2012; Biswal et al., 2021). Other subunits have supporting roles in the RTC. When this complex is working, two subunits of NSP13 are positioned above the RTC in which one subunit binds to the 5′ end of the RNA template downstream at the NSP12 RdRp active site for 5′-3′ nucleic acid unwinding (Perry et al., 2021). As a unique ExoN encoded by coronavirus, NSP14 forms an RNA proof reading complex together with NSP10 (Denison et al., 2011; Tahir, 2021). The mismatched base is directed into the shallow active site of the ExoN domain in which it interacts with conserved catalytic residues. Meanwhile, a portion of the dsRNA molecule interacts with both the N-terminus of NSP10 and the residues which are located outside the catalytic site of NSP14-ExoN (Ferron et al., 2018). Associated with RTC, the NSP15 is responsible for cleaving the −RNA intermediates to adjust the ratio of +RNA to −RNA, and reduce the level of dsRNA so as to help the virus escape the host innate immune response (Athmer et al., 2017; Deng and Baker, 2018; Gao et al., 2021; Perry et al., 2021). NSP16 is located in the RTC and responsible for the RNA capping together with NSP10 (Snijder et al., 2016; Benoni et al., 2021). NSP9 inhibits and controls the catalytic activity by inserting into the catalytic center of NSP12 (Slanina et al., 2021; Yan et al., 2021) (Figure 4B).

Similar to coronavirus, the assembly of RTC in arterivirus also requires multiple NSPs to work together. By examining location of PRRSV NSPs during infection, Song et al. found that NSP2, NSP4, NSP7, NSP8, NSP9, NSP10, NSP11, and NSP12 were colocalized well with dsRNA which reveals the virus replication sites, indicating all these NSPs are located to viral RTC (Song et al., 2018). Although NSP3, NSP5, and NSP6 were not examined due to lack of antibodies, the interaction among NSP2, NSP3 and NSP5 suggests that NSP3 and NSP5 are associated with RTC. The core components of arterivirus RTC are possibly composed of all NSPs encoded by ORF1b, including NSP9, NSP10, NSP11, and NSP12 (Snijder et al., 2013). The NSP2, NSP3, NSP5 are responsible for the formation of DMVs and interact with other NSPs to recruit the RTC core components (Nan et al., 2018). The C-terminus of NSP9 involves the function of RdRp, while the N-terminal of NSP9 has been discovered to contain a domain called RdRp-associated NiRAN (Lehmann et al., 2015a, 2016) (Figure 4C). NSP10 is the RNA helicase which can unwind the secondary structure of RNA (Seybert et al., 2000b; Bautista et al., 2002; Lehmann et al., 2015c). Sharing the same/with their own homologs across diverse families of nidoviruses, both NSP9 and NSP10 serve as the key virulence determinants of PRRSV (Li et al., 2014). NSP11 is a protein belonging to the NendoU family and its catalytic sites are highly conserved in Nidovirales, although its function remains poorly defined in the arterivirus life cycle (Nedialkova et al., 2009; Zhang et al., 2017). NSP12, a protein that is specific to arterivirus and plays an unexpected key interaction role, can interact with NSP1β, NSP2, NSP9, NSP10, and NSP11, and colocalize well with the DMVs (Lehmann et al., 2015b; Song et al., 2018). During infection, the NSP7 and NSP8 associate with the RTC, and the NSP7 interacts with NSP9; however, their functions in virus replication are poorly understood (Li et al., 2012; Chen et al., 2017). NSP6 has been shown to interact with NSP12; however, due to the unavailability of antibodies and the small size (16 aa), whether NSP6 is involved in RTC has not been determined yet (Kappes and Faaberg, 2015; Song et al., 2018). In all, NSP2, NSP3, and NSP5 form the scaffold of DMVs for supporting the RTC core components in binding to the DMVs, while NSP9 and NSP12 combine together to form a central hub (like a substrate pocket) which is connected to other replicases, including NSP7, NSP8, NSP10, NSP11(Figures 4A,B) (Song et al., 2018).



5.3 Synthesis of RNA

The RNA-dependent RNA synthesis takes place within the cytoplasm of the infected cells and is facilitated by a complex called RTC that consists of viral replicases and host factors (Lai and Cavanagh, 1997; Enjuanes et al., 2006). During the synthesis process, the viral genome is replicated to produce a full-length gRNA which can play multiple functions: acting as a template for translation of viral replicases (pp1a and pp1ab); serving as a template for synthesis of −RNA intermediates; and working as the genome that will be packaged into new viral particles. Additionally, RTC is also involved in the transcription to yield a nested set of sg mRNAs which are responsible for expressing the viral structural and accessory proteins.


5.3.1 Replication of viral genome

Similar to other +RNA viruses, the replication of nidovirus genome is a continuous process mediated by synthesizing a full-length −RNA (Sola et al., 2015). Firstly, the viral genome acts as a template to translate the viral replicases (pp1a and pp1ab) which are further processed into more than 10 NSPs by internal enzymatic cleavage. The newly synthesized hydrophobic NSPs with TM trigger the formation of DMVs or DMSs, and further recruit other NSPs to form functional RTC. Secondly, the synthesis of −RNA intermetiates begins at the 3′-terminus of the viral genome and is facilitated by the RTC, under the help of the 3′-terminal RNA sequence and the secondary RNA structures. Thirdly, under the help of the catalytic RTC enzyme, the full-length complementary −RNA is synthesized and in turn serves as the template for producing gRNA (Snijder et al., 2016).



5.3.2 Transcription of sg mRNAs

The synthesis of sg mRNAs by discontinuous transcription mechanism and the consequent 5′-3′ co-terminal nested sg mRNAs are distinctive characteristics of the coronavirus and arterivirus (Makino et al., 1988; Jeong and Makino, 1994; van Marle et al., 1999; Miller and Koev, 2000; van Vliet et al., 2002; Mateos-Gomez et al., 2013; Sola et al., 2015). Similar to genome replication, the sg mRNAs synthesis also proceeds within the DMVs. However, this process is more complex, conserved only in some members of Nidovirales (coronavirus, bafinivirus, and arterivirus), but not in others (okavirus). The discovery of multiple −sgRNA intermediates in cells infected with TGEV or MHV suggests that the process of negative-strand synthesis is discontinuous (Sawicki and Sawicki, 1990) (Figure 5B). Increasing evidences support the discontinuous transcription mechanism during the synthesis of −sgRNA intermediates plays a role in the generation of sg mRNAs within coronavirus and arterivirus (Sawicki and Sawicki, 1995; Sawicki et al., 2007). This model includes two central principles: (1) discontinuous transcription of −sgRNA intermediates; (2) the process of discontinuous transcription is similar to the mechanism of similarity-assisted or high-frequency copy-choice RNA recombination. The particular mechanical process can be viewed as an event that occurs continuously: (1) the synthesis of −RNA intermediates is facilitated by RTC at the 3′ end of the genome; (2) the extension of newly synthesized −RNA continues until the first functional transcription regulatory sequence (TRS-B) motif is encountered; RTC has two choices: (3) ignore the existence of TRS-B and continue to synthesize until encountering the next TRS-B, or continue to synthesize full-length −RNA intermediates; or (4) stop synthesizing and switch the template to 5′-leader sequence, with homologous leader transcription regulation sequence (TRS-L) to continue the synthesis. The mechanism of template switching is initiated by the complementarity between the 3′-end TRS-B on the newly synthesized −RNA and the TRS-L motif on the gRNA (Figure 5). The new −sgRNA intermediates would act as a template for synthesis of sg mRNAs (Sawicki and Sawicki, 2005; Pasternak et al., 2006). Transfection of in vitro synthesized sg mRNAs into cells suggests that long sg mRNAs containing multiple TRSs can also function as templates for synthesizing −sgRNA intermediates (Wu and Brian, 2010).
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FIGURE 5
 Working model of discontinuous transcription for Nidovirales. (A) TRS contains a conserved 6–7 nt core sequence (CS) flanked by 5′ and 3′ flanking sequences. TRS-B precedes each body gene, containing the core sequence (CS-B) and variable 5′ and 3′ flanking sequence. TRS-L is present at the 5′ end of the genome in an exposed location, with the leader core sequence (CS-L). (B) Three-step working model: (1) The components of a functional RTC including the viral NSPs and host proteins are recruited, and the synthesis of −RNA begins at the 3′ end of gRNA; (2) The extension of new synthesis −RNA continues until the first functional TRS motif is encountered. Till now, there are two choices: (3) Ignore the existence of TRS and continue to synthesize full-length −RNA; or (4) Stop synthesizing and switch the template to TRS-L to complete −sgRNAs synthesis. The template is switched by the complementary binding between the 3′ end of the new synthesis −RNA and the TRS-L motif in the 5′ gRNA and the new −sgRNAs in turn acts as a template for the synthesis of sg mRNAs.


However, research findings on torovirus EToV and GAV have indicated that not all nidoviruses produces sg mRNAs with a common 5′ leader sequence and 3′ co-terminus (Pasternak et al., 2006). The EToV produces 4 sg mRNAs with 3′ co-terminus. Among these sg mRNAs, only the longest sg mRNA 2 (S gene) carries an 18-nt leader sequence derived from 5′ end of the virus genome via discontinuous RNA synthesis (Smits et al., 2005). In this case, a TRS is absent; fusion of non-continuous sequences appears to be regulated by a specific sequence element, which consists of a hairpin structure and 23-nt 3′ flanking stretches with sequence similar to a region located at the 5′ end of the genome. During the synthesis of −RNA intermediates, it is believed that the presence of hairpin structure can cause the transcriptase complex to detach, and then trigger a template switching mechanism similar to what occurs in arterivirus and coronavirus. The mRNA 3 (M), 4 (HE) and 5 (N) do not process a common 5′ leader sequence, but are fully colinear with the viral genome at 3′ end. They are proceeded by short noncoding regions called “intergenic,” which contain the conserved motif with a sequence pattern of 5′-ACN3-4CUUUAGA-3′. Representing the torovirus TRS equivalent, the motif does not act as sites for homology-assisted template-switching. Instead, it acts as terminators of transcription during the synthesis of −sgRNAs, and also play as promoters during the synthesis of sg mRNAs (van Vliet et al., 2002; Smits et al., 2005; Stewart et al., 2018). These findings suggest that EToV utilizes both discontinuous and non-discontinuous RNA synthesis mechanisms to generate its sg mRNAs.

The okavirus (GAV and YHV) produces three mRNA: gRNA1, sg mRNA2, and sg mRNA3. These RNAs are all co-terminal at 3′ end, and each possesses a 5′ cap structure and poly (A) tail (Sittidilokratna et al., 2008; Wijegoonawardane et al., 2008). mRNA2 and mRNA3 do not possess a common 5′-leader sequence. Similar to toronavirus mRNA 3 to 5, the okavirus mRNA2 and mRNA3, containing a 5′-GGUCAAUAVAAGGUA-3′ in the intergenic regions (IGRs) preceding gene 2 and gene 3, are produced by a “continuous” transcription strategy (Cowley et al., 2012). In this process, the IGRs serve as a dual function in the genome: whereas, they act as terminators during the synthesis of −RNA intermediates and as the transcriptional promotors during the production of sg mRNAs.

The presence of the common 5′ leader sequence in the −sgRNA intermediates may provide a conserved starting sequence for gRNA and all sg mRNAs synthesis; meanwhile, it may act as a recognition signal for the viral mRNA capping machinery, though no detailed study has been done so far; furthermore, it may enable viral mRNA to escape from virus-induced translation shut off, leading to the translation of viral mRNA as well as the impairment of host gene expression (Banerjee et al., 2020).





6 Regulation of RNA synthesis

Due to the intricate nature of the nidovirus RNA replication and transcription, the study on factors regulating RNA synthesis is still on the early stage compared to knowledge available for some other +RNA viruses. Here, we will provide a summary of the current knowledge regarding the viral and host factors involved in regulating viral RNA synthesis.


6.1 Regulation of RNA synthesis by RNA sequence

Synthesis of nidovirus RNA involves replication of full-length RNA and transcription of sg mRNAs. Many factors are involved in regulating RNA synthesis, with the first being the RNA sequence within the virus genome. These sequences are mainly located at the 5’-UTR and 3’-UTR of the genome or near the upstream of the encoding gene. The minimal sequences essential for TGEV, MHV, and IBV replication have been defined，which include a range of nucleotides located at the 5′ end (466 to 649 nt), at the 3′ end (388 to 493 nt), and at a poly (A) tail. These regions contain secondary and higher-order structures, known as cis-acting RNA elements which interacts with RNA motifs or replicases to initiate the RNA synthesis (Mukhopadhyay et al., 2009; Chen and Olsthoorn, 2010; Madhugiri et al., 2014).

In coronavirus, the cis-acting RNA elements have a relatively conserved stem-loop (SL) structures (Raman et al., 2003; Kang et al., 2006; Li et al., 2008; Chen and Olsthoorn, 2010; Madhugiri et al., 2014; Figure 6A). Previous studies have demonstrated that SL structures plays a crucial role in the RNA synthesis through either long-distance RNA–RNA or RNA-protein interactions (Li et al., 2008; Yang et al., 2015). The SL structures at the 5′ end were first identified in BCoV, denoted from SL1 to SL6, respectively (Brown et al., 2007; Yang et al., 2015); however, there are seven SLs (SL1–SL7) in MHV (Guan et al., 2011). Among them, the SL1-SL4 are mapped within the 5′-UTR, while the rest SL structures are mapped into an ORF1a coding sequence. For BCoV, the SL5 and SL6 are located at the 5′-terminal 186 nt of NSP1 coding region (Brown et al., 2007). Compared to the two coronaviruses mentioned above, SARS-CoV-2 has one additional SL8 located at the 5′-end of the genome (Alhatlani, 2020). The number of SLs may vary with different coronaviruses, but SL1 to SL2 are conserved among all coronaviruses (Chen and Olsthoorn, 2010; Madhugiri et al., 2014). The SL1 is divided into two parts: the upper and the lower part, with the upper part participating in the coronavirus replication through base pairing. There is a dynamic model proposed for SL1 to mediate the interaction between 5′-UTR and 3′-UTR, thereby promoting the synthesis of −sgRNA intermediates (Li et al., 2008). SL2 is the most conserved 5’-UTR cis-acting RNA element that adopts a YNMG-type or CUYG-type tetraloop conformation (Liu et al., 2009; Lee et al., 2011), and mutation analysis has shown that it is essential for the sgRNAs synthesis (Liu et al., 2007). The leader core sequence (CS-L) and TRS-L, located within the SL3 or SL2, act as receptors for the nascent −RNA during discontinuous transcription (Sola et al., 2011). The conserved TRS-L plays a crucial role in regulating sg mRNAs transcription, which will be detailed in the subsequent TRS section. SL4, located downstream of SL3, is a long hairpin structure that probably functions as a spacer element in controlling the orientation of upstream SLs and TRS, and plays a role in directing sg mRNAs transcription (Yang et al., 2011; Vögele et al., 2021). In α-Coronavirus, SL5 is a higher-order structure with three hairpins (SL5a, SL5b, and SL5c) that extends into ORF1a (Chen and Olsthoorn, 2010) and it is also partially conserved in β-Coronavirus. Whereas, in IBV, SL5 is predicted to adopt a rod-like structure (Dalton et al., 2001). The structure phylogenetic analysis indicates that SL5 may help RNA interact with N protein and participates in genome packaging, as evidenced by study on TGEV (Morales et al., 2013). SL6 and SL7 are not necessary for coronavirus replication, and their role in RNA synthesis need to be further investigated (Yang et al., 2015).
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FIGURE 6
 Cis-acting RNA element in MHV and EAV. (A) There are seven SL structures located in the 5′-UTR and three SL structures of BSL, PK, HVR located in the 3′-UTR within the coronavirus prototype MHV genome. (B) There are 10 SL structures located in the 5′-UTR and two SL structures located in the 3′-UTR within the arterivirus prototype EAV genome.


There are three higher-order structures identified at the 3′-UTR as cis-acting RNA elements, which have been extensively studied in the MHV and BCoV. There are two specific RNA structures downstream of the N gene stop codon, the structurally and functionally conserved bulged stem-loop (BSL) of 68 nt and the hairpin RNA pseudoknot (PK) that consists of 54 nt and overlaps with the BSL of 5 nt. It has been reported that MHV PK loop1 directly interact with the 3′-end of the genome，and also with NSP8 and NSP9 (Zust et al., 2008). In most β-Coronavirus, BSL and PK are conserved and play crucial roles in viral RNA synthesis (Stammler et al., 2011; Zhao et al., 2020); however, in SARS-CoV-2 and γ-coronavirus IBV, PK is not observed (Dalton et al., 2001; Zhao et al., 2020). Downstream of the PK, there is a hypervariable region (HVR) that is highly divergent in sequence and structure among coronaviruses, but contains a conserved octa-nucleotide sequence 5′-GGAAGAGG-3′ (Goebel et al., 2007). In MHV, the HVR forms multiple SL structures in the last 160 nt of the viral genome, which is not essential in genome replication but affects pathogenicity in vivo (Goebel et al., 2007; Zust et al., 2008). Finally, the poly(A) tail functions as a cis-replication signal via interaction with PABPC1, which has been demonstrated in BCoV and MHV (Spagnolo and Hogue, 2000). BCoV and MHV-A59 defective interfering (DI) RNAs with truncated poly (A) tail consisting of 5A or 10 A residues were replicated at delayed kinetics, as compared to (DI) RNAs with wild-type poly (A) tail (>50 A residues; Spagnolo and Hogue, 2000, 2001).

In arterivirus, the cis-acting RNA elements at 5′-UTR and 3′-UTR also play essential roles in the replication and transcription of viral RNA. In EAV and PRRSV, the 5’-UTR cis-acting RNA elements include SLA, SLB, SLC, SLD, SLE, SLF, SLG, SLH, SLI, and SLJ (Figure 6B). SLG contains a conserved TRS-L, which is capable of base-pairing with TRS-B, and this interaction is essential for the −sgRNA intermediates synthesis (Pasternak et al., 2003; van den Born et al., 2005). Mutation analysis in SLB has indicated that the stem of SLB is essential for the synthesis of sg mRNAs during PRRSV infection (Lu et al., 2011); The 3′-UTR cis-acting RNA elements mainly include two putative hairpin structures (SLIV and SLV) and the base-pairing interaction between these two structures plays a role in the synthesis of viral genome and sg mRNAs (Verheije et al., 2001, 2002; Figure 6B). Mutation analysis in SLB has indicated that the stem of SLB is essential for the synthesis of sg mRNAs during PRRSV infection (Lu et al., 2011).



6.2 Transcription regulation sequence (TRS)

The TRS is an important cis-acting RNA element that plays a role in the transcription of nidovirus RNA. Hereby, the role of TRS in regulating RNA synthesis is summarized as following. Previous studies have found that the sg mRNAs of coronavirus, arterivirus, and bafinivirus carry a short 5′ leader sequence of 55–92 nt, 170–210 nt, and 42 nt, respectively (King et al., 2012), which is present at the 5′ end of the genome. This suggests that the sg mRNAs are synthesized by fusing non-contiguous sequence: the leader sequence at the 5′ end of the genome and the 5′ end of each gene coding sequence. Base-pairing is a key step during this non-contiguous fusion transcription process, which has been primarily demonstrated in arterivirus (van Marle et al., 1999; Pasternak et al., 2001) and coronavirus (Zúñiga et al., 2004).

Typically, two specific sequences called TRS-L and TRS-B, located at the 5′ end and proceeding upstream of each gene respectively, are responsible for the base pairing during sg RNA synthesis (Sola et al., 2005; Madhugiri et al., 2016). The TRS in coronavirus and arterivirus sg mRNAs were initially identified by sequencing the junction regions between the leader and body sequences of the sg mRNAs. The conserved sequence of the coronavirus TRS-L and TRS-B is about 7–18 nt, while the corresponding arterivirus TRS is usually about 5–8 nt (Gorbalenya et al., 2006), which is AU-rich. In toronavirus, there is a conserved 12 nt sequence element located upstream of ORF3, ORF4, and ORF5 (Di et al., 2018).

The TRS contains a conserved core sequence (CS) that is typically 6–7 nt in length and several flanking sequences. TRS-L includes the CS-L, while TRS-B includes the CS-B (Sola et al., 2011) (Figure 5A). Since the CS-L downstream of the 5′ leader sequence and all CS-B upstream of each body gene are identical in sequence, the CS-L can be paired with the complementary CS-B base of the newly synthesized −RNA, thus achieving the leader-body connection (Alonso et al., 2002; Sola et al., 2005). The CS-L and CS-B of the Coronaviridae and Arterviridae are list in Table 2.



TABLE 2 The CS-L and CS-B of the Coronaviridae and Arterviridae.
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The discontinuous RNA transcription occurs during the synthesis of −sg RNA intermediates. Template switching is an important process during the transcription of sg RNA by RdRp, which needs the base-paring of TRS-L and TRS-B (Posthuma et al., 2017). When encountering the first TRS-B, RdRp stops the synthesis along with the original template and switches to the 5′-leader sequence with homologous TRS-L to complete its synthesis (Sola et al., 2015). This long-distance RNA–RNA interaction promotes the synthesis of −sgRNA intermediates, which in turn serves as a template for sg mRNAs synthesis (Mateos-Gomez et al., 2013).



6.3 Regulation of RNA synthesis by cellular proteins and viral proteins

The factors involved in viral RNA synthesis were identified by studying their binding to viral genome or replicase proteins (Sawicki et al., 2005; Shi and Lai, 2005). Several cellular and viral proteins have been identified to be involved in regulation of nidovirus RNA replication and transcription (van Vliet et al., 2002; Pasternak et al., 2006; Ulferts and Ziebuhr, 2011; Posthuma et al., 2017; de Wilde et al., 2018; Yan et al., 2020). These factors mainly regulate the formation of RTC and the binding of RTC to cis-acting RNA elements through protein-RNA and protein–protein interactions. These host and viral proteins are as well as their interaction proteins are summarized in Table 3.



TABLE 3 Summary of host and viral proteins regulating RNA synthesis.
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6.3.1 Protein-RNA interaction

The protein-RNA interaction regulates the RNA synthesis process (Sola et al., 2011). It has been identified that the viral and cellular factors bind to RNA genome or replicases so as to drive the RNA synthesis (Sawicki et al., 2005; Shi and Lai, 2005; Galan et al., 2009; Xu et al., 2010). The common strategies employed to identify the replicase components are: genome wide two-hybrid screening, proteomic analysis, high-throughput functional assay using host cell mutants or siRNA, in vitro translation or transcription systems.

Most of the NSPs encoded by ORF1a and ORF1ab, together with N protein and cellular proteins, form the membrane-associated RTC. This complex interacts with viral RNA, and plays a crucial role in mediating the synthesis of viral genome and sg mRNAs. For coronavirus, the enzymes involved in RNA synthesis are the NSP7-NSP8 primase complex, NSP9 dimers, potential molecular switch (NSP10), RdRp (NSP12), helicase (NSP13), ExoN (NSP14), EndoU (NSP15), MTase (NSP16), and some unidentified cellular proteins. Among them, RdRp, helicase, and N protein are essential components for RTC；other NSPs and cellular proteins also contribute to the formation of RTC and regulation of RNA synthesis. The role of the replicases encoded by ORF1a and ORF1b in the formation of RTC has been reviewed in section 4 and 5. Hereby, we will focus on how N protein and cellular proteins interact with viral RNA and play a role in the synthesis of viral RNA.


6.3.1.1 N protein

The N protein serves as structural protein within the virion and plays a crucial role in viral transcription and replication. It forms oligomers and binds to gRNA, resulting the formation of helical ribonucleoprotein complexes by wrapping gRNA (Chang et al., 2006; Chen et al., 2007; Lo et al., 2013; Cong et al., 2017; Gui et al., 2017). These complexes are then incorporated into viral particles by interaction with the C-terminus of M proteins (Kuo et al., 2016). In addition to protecting gRNA, N protein regulates the replication and transcription of viral RNA, acting as a chaperone to promote gRNA replication (Almazán et al., 2004; Schelle et al., 2005; Zúñiga et al., 2010). The interaction with NSP3 enables N protein to be recruited to DMVs and associated with RTC (Hurst et al., 2010, 2013; Keane and Giedroc, 2013; Tatar and Tok, 2016; Cong et al., 2020). N protein might be involved in the discontinuous transcription of sg mRNAs, as depletion of N from the replicon reduces the production of sg mRNAs rather than gRNA (Zúñiga et al., 2010). In SARS-CoV-1, the N-terminal domain of N protein binds specifically to TRS-L sequence and enhances the unwinding of TRS duplexes (Grossoehme et al., 2009). In addition, N protein possesses RNA chaperone activity to facilitate the template switching, which is essential for efficient transcription of −sgRNA intermediates (Almazán et al., 2004; Zúñiga et al., 2010). The serine and arginine (SR) rich region, which links N-terminus and C-terminus of N protein, is modified by phosphorylation (Peng et al., 2008; Wu et al., 2009), which results in the differentiation between the binding of viral RNA and cellular mRNA (Chen et al., 2005; Spencer et al., 2008). In IBV, phosphorylation of N protein by GSK-3 also enables the recruitment of cellular RNA helicase DDX1 to RTC, which in turn enables the continuous synthesis of longer sg mRNAs and gRNA by promoting template read-through and transition from discontinuous transcription (Wu et al., 2009, 2014). This mechanism guarantees a proper balance among the synthesis of gRNA, long sg mRNAs, and short sg mRNAs. GSK-3 has been proved to be essential for the phosphorylation of SARS-CoV-2 N protein and the synthesis of viral RNA, serving as a promising target for developing pharmaceuticals to treat COVID-19 (Wu et al., 2014; Liu et al., 2021). A non-redundant dataset containing 495 compounds for GSK3α and 3,070 compounds for GSK3β has been applied to virtual high-throughput screening and two drugs (selinexor and ruboxistaurin) have been selected for further investigation (Pirzada et al., 2023). Therefore, interference with the phosphorylation of N protein by targeting GSK-3 is a feasible strategy to combat against the coronavirus associated diseases.



6.3.1.2 Cellular proteins

Cellular proteins perform their function in viral RNA synthesis via binding to 5′-UTR, internal TRS-B, 3′-UTR, or RTC. The proteins binding to 5′-UTR or 3′-UTR probably participate in viral RNA replication, transcription, translation and stability, while the proteins binding to TRS-B might help the discontinuous transcription.

There are two cellular heterogeneous nuclear ribonucleoproteins, polypyrimidine-tract binding protein (PTB) and hnRNPA1, which participate in the RNA transcription. PTB protein, also known as hnRNP I, plays an important role in regulating the alternative splicing of pre-mRNAs and translating the mRNA (Kaminski et al., 1995; Svitkin et al., 1996; Valcarcel and Gebauer, 1997). During MHV infection, PTB binds to the TRS-L (with UCUAA pentanucleotide repeats) which is located in the 5′-UTR (56–112 nt; Li et al., 1999). Deletion of these leader sequences in DI RNAs results in the reduced RNA transcription, indicating that the binding of PTB to TRS-L might regulate the transcription process. Another study has also demonstrated that PTB binds to the TRS-L sequence of TGEV genome, as identified by the RNA-protein pull-down assay and proteomic analysis (Galan et al., 2009). These findings suggest this protein might play a general role in coronavirus RNA transcription. Interestingly, PTB also interacts with the complementary strand of the 3′-UTR (c3′-UTR), with a strong binding site between 53 and 149 nt and a weak binding site between 270 and 307 nt on the c3′-UTR (Huang and Lai, 1999). The binding of PTB to 53–149 nt leads to a conformational change in the neighboring RNA region. When partial deletion occurs within the PTB-binding sequence, it completely abolishes the conformational change induced by PTB, and impairs the ability of the −RNA to transcribe mRNAs (Huang and Lai, 1999). Thus, the binding of PTB to c3’-UTR may play a crucial role in mRNA transcription by changing the c3′-UTR conformation. PTB has been found to stimulate the internal ribosome entry site (IRES) mediated translation, by interacting with picornavirus IRES elements (Kaminski et al., 1995; Niepmann, 1996; Niepmann et al., 1997). It may exert influence on the IRES-mediated translation of MHV 5b, and IBV 3c, which are ORFs that encode the envelope protein (Thiel and Siddell, 1994; Lai and Cavanagh, 1997; Jendrach et al., 1999). Meanwhile, the interaction between PTB with N protein suggests a potential contribution to the formation of RNP complex (Choi et al., 2002). In summary, according to research findings, the interaction between PTB and MHV RNA leader sequence or sequence complementary to the 3’-UTR is involved in RNA transcription, and the interaction between N protein and PTB also modulates transcription.

As is widely known, another cellular heterogeneous nuclear ribonucleoprotein, hnRNPA1 facilitates the pre-mRNA splicing and transport of cellular RNAs in the nucleus (Dreyfuss et al., 1993), as well as modulates the mRNA translation and turnover in the cytoplasm (Hamilton et al., 1993, 1997; Svitkin et al., 1996). HnRNPA1 was initially found to specifically bind to MHV cTRS-L and cTRS-B present in the −RNA (Furuya and Lai, 1993; Li et al., 1997), which suggests that HnRNPA1 is important for the discontinuous viral RNA transcription. It has been found that mutagenesis of the TRS-B in the DI RNA system will lead to reduced transcription, which was correlated with relative binding affinity of the cTRS-B sequence to hnRNPA1 (Furuya and Lai, 1993; Li et al., 1997; Huang and Lai, 2001). According to another study, a vital hnRNPA1-binding site has been identified within the HRV domain, which is located between 90 and 170 nt from the 3′ end of MHV RNA, while a weak binding site has been identified between 260 and 350 nt (overlapping with the BSL) from the 3′ end (Huang and Lai, 2001). Overexpression of hnRNPA1 results in an acceleration of MHV RNA synthesis, and the expression of dominant-negative hnRNPA1 mutant leads to a global inhibition of viral RNA (Dalton et al., 2001). Additionally, hnRNPA1 interacts with N protein of MHV and forms a component of the RTC (Wang and Zhang, 1999). It also plays a role in facilitating the formation of the RNP complex via binding to the negative-stranded cTRS-L and cTRS-B (Zhang et al., 1999). The extent of hnRNPA1 binding to the cTRS is directly related to the transcription efficiency in the MHV model (Zhang and Lai, 1995). Meanwhile, it has been observed that the hnRNPA1 interacts with the 3′ end of the genome in the TGEV (Luo et al., 2005). In another study, it has been found that hnRNPA1 interacts with N protein of PEDV, and the silenced expression of hnRNPA1 impairs viral replication. The interaction between hnRNPA1 and N protein has also been found in SARS-CoV (Luo et al., 2005), SARS-CoV-2 (Perdikari et al., 2020), IBV (Emmott et al., 2013). Whereas, in the hnRNPA1 defective mouse erythroleukemia cell line CB3 (Ben-David et al., 1992), it has been observed that efficient MHV replication still occurs (Shen and Masters, 2001). The interaction of hnRNP A/B, hnRNP A2/B1, and hnRNP A3 with the MHV negative-stranded leader RNA potentially substitutes for hnRNPA1 in regulating MHV RNA replication (Shi et al., 2003).

It is interesting to note that the hnRNPA1 binding sites on 3′ end of MHV genome are complementary to the sites on the −RNA intermediates that bind to PTB (Huang and Lai, 1999; Li et al., 1999; Huang and Lai, 2001). Mutations that affect PTB binding to the negative strand of the 3’-UTR also hinder hnRNPA1 binding on the positive strand, demonstrating that hnRNPA1 and PTB work together to mediate potential 5′-3′ cross talks in MHV RNA, which plays an important role in RNA replication and transcription.

HnRNP Q, also known as SYNCRIP, is capable of binding to the 5′-UTR or to the complementary sequence c5′-UTR of MHV (Choi et al., 2004). Meanwhile, it has been shown that hnRNP Q bind to TEGV 3′-end genome and positively regulates the synthesis of viral RNA (Galan et al., 2009). As elaborated in a recent study, another hnRNP family member, hnRNP C, is involved in promoting the replication of MERS-CoV and SARS-CoV-2 by regulating the expression of a specific subset of circRNAs and cognitive mRNAs (Zhang X. et al., 2022). The positive role of hnRNPs in viral RNA replication/transcription renders these proteins as broad-spectrum antiviral targets. A hnRNPA2B1 agonist has been demonstrated to effectively inhibit HBV and SARS-CoV-2 omicron in vivo (Zuo et al., 2023).

Poly (A)-binding protein (PABP) is a protein that binds to the 3′ poly (A) tail on eukaryotic mRNAs, with its main function being to promote both mRNA translation initiation and mRNA stability. For BCoV, MHV, and TGEV, PABP has been identified as binds to the 3’ UTR and poly (A) tail (Lin et al., 1994; Spagnolo and Hogue, 2000; Galan et al., 2009). It has been found that the binding of PABP to 3’-UTR of DI RNA replicons is associated with the replication of DI RNA (Yu and Leibowitz, 1995a,b; Liu et al., 1997; Huang and Lai, 2001). The interaction between PABP and poly (A) tail may have a direct role in coronavirus replication and transcription, which can mediate the interaction between the 5′ and 3′ ends of coronavirus RNA (Kim et al., 1993; Lin et al., 1994, 1996; Lai, 1998), or indirectly modulate the synthesis of viral RNA by affecting the translation process. Wang et al. have illustrated that PABPC1 interacts with the N protein of arterivirus PRRSV and involves in viral replication (Wang et al., 2012); whereas, Tsai et al. have found that the interplay among PABP, N protein and poly(A) tail mainly regulates coronavirus mRNA translation (Tsai et al., 2018).

Other cellular proteins associated with coronavirus RTC include the cellular DEAD box helicase family. This multifunctional protein family is involved in various steps of RNA life cycle, such as transcription, mRNA splicing, RNA transport, translation, RNA decay. The specific interaction between DDX5 and SARS-CoV NSP13 (helicase) is involved in viral RNA synthesis (Chen J.-Y. et al., 2009); and the interaction between DDX1 with IBV and SARS-CoV NSP14 also enhances virus replication (Xu et al., 2010). Interestingly, when the N protein is phosphorylated, it recruits the RNA helicase DDX1 to the phosphorylated-N-containing complex, which in turn facilitates the process of template readthrough and enables the synthesis of longer sg mRNAs; afterwards, the transition from discontinuous to continuous transcription guarantees the balance between sg mRNAs and full-length gRNA (Wu et al., 2014). The N protein of SARS-CoV-2 has been found to interact with several RNA helicases, including DDX1, DDX3, DDX5, DDX6, DDX21, and DDX10; among them, DDX1, DDX5, and DDX6 are essential for virus replication, while DDX21 and DDX10 restrict the viral infection (Ariumi, 2022). All the above studies reveal that the hijacking of host cellular DDX helicases for viral replication and transcription is a general strategy among coronaviruses.

During PRRSV infection, DDX18 redistributes from nucleus to cytoplasm and interacts with NSP2 and NSP10, to promote virus replication (Jin et al., 2017). DDX21 is also translocated from nucleus to cytoplasm and then positively regulates the PRRSV replication by stabilizing the expression of PRRSV NSP1α, NSP1β, and N protein (Li et al., 2022). It has been found that DDX21 interacts with NSP1β, which enhances the expression of DDX21. Another DDX family member, DDX5, has been found to interact with NSP9, the RdRp, thereby positively regulating the replication of PRRSV (Zhao et al., 2015). Moreover, PRRSV infection promotes the DDX10 to translocate from the nucleus to the cytoplasm for macroautophagic/autophagic degradation. Additionally, the viral E protein interacts with and promotes the selective autophagic degradation of DDX10, to antagonize the antiviral effect of this protein (Li et al., 2023).




6.3.2 Protein–protein interaction

The NSP12 (RdRp), NSP13 (helicase), and N protein are crucial for the replication and transcription of coronavirus RNA. In addition, other viral proteins also contribute to the regulation of RNA synthesis. For example, NSP3, NSP4, and NSP6 are responsible for the formation of DMVs, while NSP3 and NSP5 have the activity to process pp1a and pp1ab so as to produce mature replicases. In MHV, NSP12 (RdRp) has been shown to interact with 3CLpro, NSP8, and NSP9 to perform the RNA synthesis (Brockway et al., 2003). It has been shown that NSP9 forms dimers and binds to single-stranded RNA in a non-sequence-specific manner (Egloff et al., 2004; Sutton et al., 2004; Ponnusamy et al., 2008). Recently, it has been shown that the N terminus of NSP9 inserts into the catalytic center of NiRAN domain of NSP12, which in turn inhibits the activity of NSP12 (Snijder et al., 2016; Yan et al., 2021).

In arterivirus, NSP9 (RdRp), NSP10 (helicase), and N protein play crucial roles in the processes of replication and transcription. NSP2, NSP3, and NSP5 contain TM responsible for remodeling intracellular membranes and recruiting other viral replicases to RTC (Snijder et al., 1994; van der Meer et al., 1998; Snijder et al., 2001; Posthuma et al., 2008). The ability of arterivirus RTC to synthesize RNA in vitro is dependent on a host factor (van Hemert et al., 2008).

As a multifunctional protein during EAV infection that contains two papain-like cysteine protease (PCPα and PCPβ) and a zinc-finger motif, NSP1 plays an important role in regulating the viral RNA synthesis and virion biogenesis, as well as in controlling the balance between genome replication and sg mRNAs synthesis (Molenkamp et al., 2000; Tijms et al., 2001, 2007; Nedialkova et al., 2010). In addition, the Zinc-finger motif, located in the N-terminal region of PRRSV NSP1, was involved in regulating sg RNA synthesis (Sun et al., 2009). Therefore, NSP1 protein in arterivirus is a multifunctional protein involved in proteolytic maturation of the replicase and the regulation of RNA transcription.

Paraoxonase-1(PON1), an esterase with specifical paraoxonase activity, interacts with PRRSV RdRp (NSP9) and plays a role in facilitating the NSP9 function in PRRSV replication; moreover, it has been proved to reduce the type I IFN signaling during PRRSV infection (Zhang L. et al., 2022). RBM39, a nuclear protein involved in transcriptional activation and precursor mRNA splicing, relocates from nucleus to cytoplasm to bind with viral RNA, thereby prompting the PRRSV replication (Song et al., 2021).





7 Conclusion

Since the first in-depth analysis on the replication and transcription of Nidovirales in 1980 (Evans and Simpson, 1980), significant progress has been made in the understanding of mechanisms and regulation of sg mRNAs generation, and the accurate synthesis mechanism has been determined. During nidovirus infection, a nested set of sg mRNAs were produced, all sharing a common 5′ leader sequence and 3′ co-terminus. It has been demonstrated that the nested −sgRNA intermediates are produced through the discontinuous synthesis mechanism from the gRNA template. Afterwards, these −sgRNA intermediates serve as templates for the synthesis of sg mRNAs. In this process, viral and cellular factors are known to form the RTC and regulate the activities of replicases, such as the N protein, replicases, host cellular hnRNP, PTB, and DDX. In addition, the interactions among RNA–RNA, protein-RNA, and protein–protein play a role in regulating the replication and transcription. The viral transcription and replication machinery represents an attractive target for developing antiviral drugs. For example, the lead compounds, remdesivir and nirmatrelvir, specifically targeting at SARS-CoV-2 RdRp and Mpro respectively, have already been approved for COVID-19 treatment (Gao et al., 2020; Lamb, 2020; Lee et al., 2022; Amani and Amani, 2023; Harris, 2023). Thus, detailed insights provide new opportunities for designing structure-based antiviral drugs, which target at multiple aspects of the RNA synthesis processes.
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Hepatitis

Latent tuberculosis

IL-17 inhibitor, IL-23 inhibitor, or IL-12/23
inhibitor for initial treatment; MTX, TNF-a,
or JAK inhibitor can be continued in patients
who are already in the course of treatment

with these agents.

Infliximab, adalimumab, certolizumab, or
ustekinumab are approved in patients with
Crohns disease; infliximab, adalimumab or

ustekinumab are approved in patients with

ulcerative colitis; IL-23 and IL-12/23 inhibitors
are effective treatment option; Avoid IL-17
inhibitors.

IL-12/23 inhibitors and IL-17 inhibitors;
Cyclosporine, MTX and retinoids are not
recommended.

MTX, IL-17 inhibitors, IL-12/23 inhibitors,

and TNF-a inhibitors. Cyclosporine and

retinoids are not recommended.

MTX, retinoids, IL-17 inhibitors, and IL-12/23
inhibitors; Avoid TNF-at inhibitors and

cyclosporine in COVID-19 patients.

IL-17 inhibitors, IL-23 inhibitors, and IL-12/23
inhibitors.
IL-17 inhibitors, IL-23 inhibitors, and IL-12/23

inhibitors; Avoid TNF-c inhibitors.
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Sequence names

‘Wuhan-Hu-1 (original)
SARS-CoV-2/human/ITA/ID6_170122/2022
SARS-CoV-2/human/United States/ AZ-ASU2922/2020
SARS-CoV-2/human/BRA/RJ-DCYN4/2020
SARS-CoV-2/human/United States/WA-521827/2021
hCoV-19/Switzerland/SG-ETHZ-674753/2022
SARS-CoV-2/human/PHL/210430-1/2021
SARS-CoV-2/Homosapiens/IND/EPI_ISL_11887846/2022
SARS-CoV-2/human/ARG/210711-54/2021
SARS-CoV-2/human/JPN/HiroC311c/2022
SARS-CoV-2/human/United States/ TG996464/2022
SARS-CoV-2/human/AUS/QIMR01/2022
SARS-CoV-2/human/ TUR/ERAGEM-OM-1104/2022
SARS-CoV-2/human/RUS/ Altufjevo/2022
SARS-CoV-2/human/AUT/SKV-316/2022
SARS-CoV-2/human/South Africa/NHLS-UCT-LA-Z842/2022
SARS-CoV-2/human/BRA/LACENAL-270228624/2022
SARS-CoV-2/human/ZAF/NHLS-UCT-LA-ZB06/2022
SARS-CoV-2/human/DEU/C63/2022

SARS-CoV-2/human/THA/BKK-ST023.8/2022

The initially recruited 20 SARS-CoV-2 sequences were randomly selected from NCBI GenBank Database, according to the sample collection time and geographical distribution. The
countries of the sequences were selcted o cover all ofthe fve continents. These initially selected 20 sequences were aligned to screen for the presence of polymorphic indel sites in the

senomes of SARS-CoV-2, developed during the COVID-19 pandemic since 2019.
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Alpha B.1.1.7 United Kingdom/ VOC:18-December- H69del/V70del/Y144del/N501Y/A570D/ Attack the immune
September-2020 2020 D614G/P681H/T7161/S982A/D1118H system, with
enhanced
transmission and
increased virulence
Beta B.1.351 South Africa/ VOC:18-December- L18F/D80A/D215G/L242del/A243del/ It is highly
May-2020 2020 1244de/R2461/K417N/E484K/N501Y/ contagious and can
D614G/A701V avoid vaccines and
immune cell
tracking, but the
transmission power
is weak
Gamma P.1 Brazil/ VOC:11-January- L18F/T20N/P26S/D138Y/R190S/K417T/ Damage immunity
November-2020 2021 E484K/N501Y/D614G/H655Y/T10271/ and enhance
V1176F transmission
Delta B.1.617.2 India/ VOI: 4-April-2021 T19R/G142D/E156del/F157del/R158G/ The transmission
October-2020 VOC:11-May-2021 L452R/T478K/D614G/P681R/D950N speed is fast, the viral
load is high, and the
infection ability is
extremely strong
Omicron B.L.1.529 India/ VUM:24-November- A67V/H69del/V70del/T951/G142D/ Strong
October-2020 2021 V143del/Y144del/Y145del/N211del/ transmissibility and
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PpXJ40-GP5(SP)
PXJ40-M(SP)
PXJ40-GPS(HUB2)
PpXJ40-M(HUB2)

PXJ40-GPS(HUB2/SP)

PXJ40-GP5(HUB2/SP)-M1

PXJ40-GP5(HUB2/SP)-M2

PXJ40-GPS(HUB2/SP)-M3

mplate

PBR322-PRRSV-SP

PBR322-PRRSV-SP/HUB2

PXJ40-GP5(SP)
PXJ40-GP5(HUB2)

PXJ40-GPS(HUB2/SP)

Primer (5'-3)

Fwd: ACGCGGATCCATGTTGGGGAAATGCTTGACC
Rev: ACCGCTCGAGCTAGGGACGACCCCATTGTTC

Fwd: GATGATAAGTCCGGATCCATGTTGGGGAAGTGCTGAC
Rev: CTAGAGACGACCCCATTGTTCC

Fwd: GATGATAAGTCCGGATCCATGTTGGGGAAGTGCTTGAC
Rev: CTAGAGACGACCCCATTGTTCC

Fwd: CGATTGCTTTCTTTGTGGTGTATC

Rev: CCTGTTTTTGCTCACCCAGAAA

Fwd: GGTGAGCAAAAACAGGAAGGCAA

Rev: CCACAAAGAAAGCAATCGCGAGCAAC

Fwd: ATCGTGCCGTTCTGTCTTGCTG

Rev: CCTGTTTTTGCTCACCCAGAAA

Fwd: GGTGAGCAAAAACAGGAAGGCAA

Rev: ACAGAACGGCACGATACACCAC

Fwd: CTCGTCAACGCCAGCTACAGCAGCAGCTCTCATATTCAG
Rev: CCTGTTTTTGCTCACCCAGAAA

Fwd: GGTGAGCAAAAACAGGAAGGCAA

Rev: GTAGCTGGCGTTGACGAGCAC
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Insertion types

Any types of insertion at Spike_214 amino acid position
18-base insertion (Spike_214EPDEPE)

18-base insertion (Spike_214EPEEPE)

15-base insertion (Spike_214EPEEP)

12-base insertion (Spike_214EPEE)

9-base insertion (Spike_214EPE)

9-base insertion (Spike_214EPK)

9-base insertion (Spike_214EPD)

9-base insertion (Spike_214EPQ)

9-base insertion (Spike_214EPV, 214EPG)

9-base insertion (Spike_214EPA)
9-base insertion (Spike_214EPL)
9-base insertion (Spike_214EPstop)
9-base insertion (Spike_214EPP)

9-base insertion (Spike_214EPF, EPI, EPS, EPM, EPT, EPY,
EPH, EPN, EPC, EPW, EPR)

6-base insertion (Spike_214EP)

3-base insertion (Spike_214E)

n (%)

2,032,091/1406,931 (14.45%)
1,259/14,066,931 (0.009%)
82/14,066,931 (0.0006%)
0/14,066.931 (0.00%)
0/14,06,931 (0.00%)
1,947,137/14,066.931 (13.84%)
1133/14,066,931 (0.008%)
284/14,066931 (0.002%)
82/14,066,931 (0.0006%)

26/14,066,931 (0.0002%)

11/14,066,931 (< 0.0001%)
4/14,066,931 (< 0.0001%)
/14,066,931 (<0.0001%)
1/14,066,931 (<0.0001%)

0/14,066,931 (0.00%)

405/14,066,931 (0.003%)

361/14,066,931 (0.003%)

Collected seasons and places

March 2020 (Slovenia) - Present (worldwide)
November 2021 (Switzerland) - April 2022 (Switzerland)
December 2021 (Braczil) - February 2022 (Brazil)

na.

na.

May 2020 (United States) - Present (worldwide)

December 2021 (United Kingdom) - Aug 2022 (United States)

December 2021 (United Kingdom) - March 2022 (United States)
December 2021 (South Africa) - April 2022 (worldwide)

ins214EPV: November 2021 (South Africa) - Aug 2022 (United
States)

5214EPG: December 2021 (Indi

- May 2022 (United States)
January 2022 (Germany) - March 2022 (Canada)

ins214EPL: February 2022 (United Kingdom)

January 2022 (United States) - May 2022 (United States)
January 2022 (United States)

na.

Unknown

Unknown

The amino acids are written in one-letter code. For example, “214EPE” denotes that 9-base insertion with the resultant three amino acids insertion of “glutamic acid - proline - glutamic
acid” occurred at the 214 amino acid position of the SARS-CoV-2 spike protein.
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Phenotypes  Secreted molecules Main functions

Ml TL1B, 1112, 1123, TL-10, “Thi responses;
TNEIL-6,iNOS, CCL2, antimicrobial properties;
CCL3,CCL4, CCLS, CCLY, | and tumor resistance
and CCLI0
M2 Arg IL-10, IL-1Ra, TGE-f,  Th2 responses; tissue
CCLI7,and CCL22 remodeling; wound
healing and anti-
inflammatory
M2b IL-10, IL-12, TNE IL-1B, Th2 activation; immune
IL-6,and CCL1 regulation; tumor
progression; and
promoting infections
Mac IL-10, TGF-p, and MerTK Immune regulation; tissue
remodeling; and phagocyte
apoptotic cells
M2d IL-10, VEGE Angiogenesis; tumor

progression
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Cleavage Proposed implications of M*  Reference NetCorona  PDBID

sequence cleavage score
IRAKL SQSTLQIAGL* Decrease cytokines production Miczi etal. (2020) 0859 Model
TABI BKASLQISQL" Inhibit cytokine production Moustaqil et al. (2021); 0.688 240 (a16-371)
CTLTLQISTN' Pablos etal. (2021) 0487
DCPIA STMMQIAVK™ Abolish the activity of ISG effector Songetal. (2023) 0569 Model
NLRP12 *GKLEQIGRE™ Enhance the production of Moustaqil et al. (2021) 0103 Model
HSVVLQIANHF proinflammatory cytokines and chemokines 0002
SLC25A22 SKTRLQISLQ Decrease immunosuppression Zhang et al. (2021) 0938 Model
FAFL “NGILQISEY* Inhibit type 1 interferon signaling Pablos etal. (2021) 0224 Model
RPAPL MLLHEQISQF! Divert transcription and translation Pablos etal. (2021) 0102 Model
SIARLQIAMA™ ‘machineries from host to virus 0768
PTBPI TSQAALQIAVN'® Molecular switch from viral translation to | Pablos et al. (2021) 0445 Model
replication
PNN PKPALQISSV!® Transcriptional activation of immune Meyer etal. (2021) 0582 Model
response pathways and induce apoptosis
CTBPI GTRVQISVE™ Disturb the transcription of host antiviral | Miczi et al. (2020); Scott et al. 0946 6CDR
Tesponse genes (2022)
HDAC2 FAVVLQICGA™ Impairment of ISG expression Songetal. (2023) 0328 6XEC (.. 1-376)
TGVQMQIAIP* 0503
YAPI PPASLQILGA™ Inhibit IRES translocation and innate Pablos etal. (2021) 0243 Model
antiviral response
MAP4KS SISKLMISEN® Block Hippo pathway Pablos etal. (2021) Na Model
CREBI “TTILQIYAQ™ Regulate transcription of anti-apoptotic Pablos etal. (2021) 0262 Model
FQUVVQIAAS™ genes 0.195
BIRC6 PGATLQIASA™ Promote apoptosis and autophagy Zhang et al. (2021) 0861 N/A
TDP-43 FQAALQISSW Induce cytotoxicity Yang etal. (2023) 0378 Model
LGALSS SSDLQISTQ! Escape xenophagy Pablos etal. (2021) 0914 Model
FYCOl LPGLQIAQL™ Cause incomplete autophagy Pablos etal. (2021) 0551 Model
RNF20 FSALLQISQS™ Stabilizes SREBP1-driven lipid metabolism | Zhang et al. (2021) 0.668 Model
PAICS “KVLLQISKD” promate purine biosynthesis Meyer etal. (2021) 0864 TALE
IRS2 EAFLQIASQ™ Insulin resistance Pablos etal. (2021) 0459 Model
GOLGA3 “STKLQIAQV* Reconfigure endoplasmic reticulum and Meyer etal. (2021) 0.606 Model
Golgi apparatus,
NUP107 RVLLQIASQ™ Hijack nuclear pore transport Meyer etal. (2021); Pablos 0.569 Model
etal. (2021)
KPNA3/IMA4 ~ “EAILQINAT" Hijack nuclear pore transport Pablos etal. (2021) 0495 Model
SEPT2 “IARMQIAQM™ Destabilize flament structure and induce | Lee etal. (2023) 0529 Model
cilia dysfunction
SEPT6 FQPGVQILQS” Destabilize flament structure and induce | Pablos etal. (2021); Lee etal. 0919 6UPA
cilia dysfunction (2023)
SEPTO VSQLQISRLE Destabilize filament structure and induce | Pablos et al. (2021); Lee et al. 0886 Model
cilia dysfunction (2023)

Model: prediction of protein structure by Alphafold
N/A, not available.
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Types of
vaccines

Representative

vaccines

Fundamental

Advantages

Disadvantages

Inactivated virus

vaccine

BBIBP-CorV/
Coronavac/
Covaxin

The virus is cultured in vitro and
inactivated by physicochemical
methods. The inactivated virus only
retains immunogenicity and causes
specific immune response as

antigen

Mature technology, easy
preparation and large-scale
production. The inactivated virus
does not replicate in the host and is

not contagious

The immunogenicity is insufficient
and adjuvant needs to be added.
The immune effect period is short
and multiple injections are
needed. Weak ability to cope with

virus mutation

mRNA vaccine

BNT162b2/
mRNA-1273

The mRNA expressing S protein is
introduced into the body through a
specific delivery system, and the S
protein is expressed in the body and
induced to produce specific

immune response

Short research and development
cycle, low production cost, and
timely response to the outbreak of
mutant strains. No virus

component, no risk of infection

Poor stability and high
requirements for storage and
transportation conditions. There is
virulence risk. Large-scale
production process needs to be

optimized

Viral vector vaccine

Vaxzevria/
Covishield/
Ad26.COV2.S/
Ad5-nCoV

The S protein gene is inserted into
the modified adenovirus genome
which is harmless to the body, and
then inject it into the human body
to stimulate the body to produce

specific immune response

No adjuvant is needed, and the
adverse reactions are small. The
number of vaccinations is less,
which can induce immune response
faster and is suitable for large-scale

population vaccination

The body may have pre-existing
immunity to adenovirus vector,
which will reduce the immune

effect of vaccine

Subunit vaccine

Covovax/
Nuvaxovid

The S protein or its protein
fragment is prepared directly
in vitro by genetic engineering
recombination method, and then

inject it into vivo to induce specific

immune response

High safety and good stability. Easy
storage and transportation

The immunogenicity is weak, and
additional adjuvants are needed to

enhance it
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ey Canine parainfluenza virus

CIRD Canine infectious respiratory disease
Vs Simian virus 5

PIV5 Parainfluenza virus 5

NP Nucleocapsid protein

P Phosphoprotein

M Matrix protein

SH Small hydrophobic protein

HN Hemagglutinin neuraminidase

Large polymerase protein

N Interferon

ORF Open read frame

HPIV2 Human parainfluenza virus type 2

NDV Newcastle disease virus

Mev Measles virus

NTD N-terminal domain

crp C-terminal domain

DDBL Damage-specific DNA binding protein |
STAT2 Signal transducer and activator of transcription 2
STATI Signal transducer and activator of transcription 1
vDC V protein-dependent degradation complexes
PKB Protein kinase B

RB Retinoblastoma protein

ER Endoplasmic reticulum

Caspase Cysteine aspartate-specific protease

RhoA. Ras homolog gene family member A

Factin lamentous actin

BST2 Bone marrow stromal cell antigen 2

GPI Glycol phosphatidyl-inositol
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Variables Testing Influenza A (H1N1), Influenza A Influenza B (Victoria)
(H3N2), Influenza B (Yamagata)

Specimens number Positives number  Positive rate (%) Positives number Positive rate (%)

Month

April-September 2021 309 0 0 0 0
October 2021 171 0 0 3 175
November 2021 204 0 0 4 2010
December 2021 232 0 0 129 5660
January 2022 242 0 0 133 5496
February 2022 180 0 0 49 7.2
March 2022 205 0 0 2 1220
Gender

Male 790 0 0 179 2267
Female 753 0 0 201 2669

Age (in years)

0-5 405 0 0 33 815
6-15 329 0 0 106 22
16-25 223 0 0 60 2691
26-60 512 0 0 174 33.98
261 74 0 0 7 946

Total 1543 0 0 380 2463
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