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The rapid spread of the SARS-CoV-2 virus and its variants has created a catastrophic impact worldwide. Several variants have emerged, including B.1.351 (Beta), B.1.1.28/triple mutant (P.1), B.1.1.7 (Alpha), and B.1.429 (Epsilon). We performed comparative and comprehensive antigenicity mapping of the total S-glycoprotein using the Wuhan strain and the other variants and identified 9-mer, 15-mer, and 20-mer CTL epitopes through in silico analysis. The study found that 9-mer CTL epitope regions in the B.1.1.7 variant had the highest antigenicity and an average of the three epitope types. Cluster analysis of the 9-mer CTL epitopes depicted one significant cluster at the 70% level with two nodes (KGFNCYFPL and EGFNCYFPL). The phage-displayed peptides showed mimic 9-mer CTL epitopes with three clusters. CD spectra analysis showed the same band pattern of S-glycoprotein of Wuhan strain and all variants other than B.1.429. The developed 3D model of the superantigen (SAg)-like regions found an interaction pattern with the human TCR, indicating that the SAg-like component might interact with the TCR beta chain. The present study identified another partial SAg-like region (ANQFNSAIGKI) from the S-glycoprotein. Future research should examine the molecular mechanism of antigen processing for CD8+ T cells, especially all the variants’ antigens of S-glycoprotein.

KEYWORDS
 emerging variants, CTL epitopes, B.1.1.7, antigenicity, cluster, phage-displayed peptides, CD spectra, SAg-like region


Introduction

The COVID-19 has affected the global population, and a surge of the SARS-CoV-2 has been noted in many countries (Chakraborty et al., 2020; Dinesh et al., 2020; Li and Liu, 2020). Due to this COVID-19 wave, high peaks of daily infection and death occurred in these countries. One of the most significant causes of surges in different countries is the emergence of new variants, developing because of mutations (Brüssow, 2021).

Several significant variants of concern/interest (VOCs/VOIs) of this virus [B.1.351, (Beta), B.1.1.28/triple mutant (P.1), B.1.1.7 (Alpha), and B.1.429 (Epsilon)] have been determined in South Africa, Brazil, United Kingdom, and the United States and have mushroomed to many other countries (Chakraborty et al., 2021a,b; Focosi et al., 2021; Harvey et al., 2021). These newly evolved variants with significant mutations have developed from the original Wuhan strain in different regions worldwide. The ongoing evolution of the SARS-CoV-2 virus is due to the region-wise adaptive changes and multiple mutations during the evolutionary process (Chakraborty et al., 2021c; Rochman et al., 2021). Diverse variants of this virus have developed over time due to the several mutations (Figure 1A). However, four significant variants (B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429) have been identified in different regions worldwide. All four variants have mutations within the spike (S) protein, which change the attachment site of the virus, human cell entry, and strong binding affinity with VOC/VOI and receptor compared to the Wuhan strain. The UK variant (B.1.1.7) steadily surged in just a few months and is now found in at least 114 countries worldwide (Davies et al., 2021). Several significant mutations have been identified in the B.1.1.7 lineage. One significant mutation (N501Y) was observed in the viral S-glycoprotein of the receptor-binding domain (RBD). Similarly, four mutations were observed in the S1-domain (del144Y, del69–70 HV, D614G, and A570D), and four mutations were noted in the S2 domain (P681H, S982A, T761I, and D1118H) (Li et al., 2021; Meng et al., 2021; Shen et al., 2021). The B.1.351 lineage consists of three significant mutations in the RBD region of the S-glycoprotein. These mutations are noted as K417N, E484K, and N501Y. Five important mutations have been observed in the N-terminal domain: R246I, D215G, L18F, D80A, and a deletion mutation at amino acid positions 242–244. Another mutation (A701V) in the S2 subunit has also been observed (Cele et al., 2021; Wang et al., 2021b). The P.1 (B.1.1.28.1) lineage has three significant mutations (K417T, E484K, and N501Y) in the RBD region of the S-glycoprotein, and eight other significant amino acid changes have been found (D138Y, T20N, L18F, R190S, P26S, T1027I, H655Y, and V1176F). The B.1.429 lineage has four mutations, two mutations (L452R and D614G) reside within the RBD, and two mutations (S13I and W152C) are found in the NTD (N-terminal domain) segment of the S-glycoprotein. These mutational changes exhibit augmented neutralization resistance (Faria et al., 2021; Wang et al., 2021a). The present study has explored the antigenicity of B.1.1.28/triple mutant along with two VOCs (B.1.1.7 and B.1.351). Similarly, several mutations have been noted in the S-glycoprotein of these variants (Naveca et al., 2021).
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FIGURE 1
 The figure depicted the timeline and mutations of newly significant emerging variants and Wuhan strain. (A) Timeline showing the origin time of some newly significant emerging variants (B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429) and Wuhan strain. (B) The schematic diagram shows the significant mutations present in the CTL antigenic regions of newly emerging SARS-CoV-2 variants S-protein.


Antigenicity mapping is a powerful technique for understanding the antigenic properties of any virus and can be analyzed using epitope mapping (Sun et al., 2013; Anderson et al., 2018). Antigenicity mapping can help to understand different characteristics such as antigenic sites and immune escape mechanisms (Peacock et al., 2016). CD8+ T cells epitopes are also called cytotoxic T lymphocytes (CTL) epitopes and are one of the critical determinants for understanding the CD8+ T cell response and antigenic properties (Feliu et al., 2013; Tscharke et al., 2015). Recently, Gangaev et al. (2021) attempted to map the immunodominant and immunogenic epitopes of this virus to illustrate the role of CD8+ T cells in host defense (Gangaev et al., 2021). Understanding CTL epitopes with antigenic properties can assist in vaccine design (Wong et al., 2019; Bhattacharya et al., 2020a,b, 2021). Therefore, CTL epitope mapping plays a vital role in determining the antigenicity of a pathogen. Researchers have examined 9-mer, 15-mer, and 20-mer CTL epitopes to understand the antigenicity of pathogens and designed vaccines against these pathogens (Doi et al., 2009; Bhatnager et al., 2020; Rencilin et al., 2021; Shey et al., 2021). The 9-mer CTL epitopes determine the viral antigenicity (Raza et al., 2021). Several researchers have used 9-mer CTL epitopes to assess the antigenic peptides from S-glycoprotein, and this 9-mer CTL epitope has been used for vaccine development against SARS CoV-2 (Kar et al., 2020; Rencilin et al., 2021).

Epitope clustering strategies might help capture the diversity of pathogens’ epitopes and understand highly similar or overlapping sequences. Previous studies have examined CTL epitope clustering for different pathogens (Liu et al., 2010; Rist et al., 2015; Vujovic et al., 2020). In the present study, the epitope clustering method was used to understand the clustering of CTL epitopes of the S-glycoprotein of the Wuhan strain (wild type) and mutant variants of SARS-CoV-2. Circular dichroism (CD) spectra provide information on the molecular structure of proteins at a quantitative level (Micsonai et al., 2015). The CD spectra can also provide information on the molecular structure of a mutant protein (Huai et al., 2021). We analyzed the CD spectra of the Wuhan strain and mutant variants of the S-glycoprotein of this virus.

In patients with severe cases, toxic shock syndrome has been observed, which causes hyperinflammation. Cheng et al. (2020) observed a superantigenic insert, which is a unique S-glycoprotein, in SARS-CoV-2, and concluded that the insert might be responsible for causing hyper inflammation in patients with severe COVID-19 (Cheng et al., 2020). SAgs can excessively activate the immune system. Previous studies have identified SAgs from viruses (Lafon, 2000). A SAg-like region (PRRA) was recently detected in this virus S-glycoprotein of the Wuhan strain (Cheng et al., 2020). We attempted to analyze the superantigenic insert in the Wuhan strain and mutant variants further.

In this study, our objective was to perform a comprehensive in silico analysis of the total S-glycoprotein of the Wuhan strain, B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants to understand the antigenicity using the CTL epitopes or SAg-like region of S-glycoprotein and the interaction between the SAg-like area within the and the T-cell antigen receptor (TCR).



Materials and methods


Data acquisition of the S-glycoprotein of the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants

The sequences of amino acids within the S protein of the Wuhan strain and the four significant mutant variants were retrieved from the NCBI/PDB (protein database) in FASTA format. The accession numbers of the Wuhan strain and the B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants are QHR63290.2, 7LYL_A, 7LWW_A, 7LWV_A, and 7N8H_A, respectively. Similarly, we collected PDB files from the PDB database for the Wuhan strain and the B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants, 6VXX 7LYL, 7LWW, 7LWV, and 7N8H, respectively. We started our work with the PDB immediately at that time of deposition of the structure for 7LWW. We found that the 7LWW was mentioned as structure S-glycoprotein of the B.1.1.28 in the PDB database.

Afterward, we found that the PDB is mentioned as a triple mutant in some pieces of literature. In this study, we have used both the two parameters (“B.1.1.28” and “triple mutant”) at the same time for describing the 7LWW and mentioning it as B.1.1.28/triple mutant.



Identification of 9-mer, 15-mer, and 20-mer CTL epitopes of total S-glycoprotein and RBD region of S-glycoprotein of the Wuhan strain and the B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants

We identified the 9-mer, 15-mer, and 20-mer CTL epitopes of S-glycoprotein from the Wuhan strain and all four variants (B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429) and analyzed their antigenic sequences. To identify any promising MHC-I (Major Histocompatibility Complex class I) binding epitopes, we used ProPred-I, which is an online web server for predicting 9-mer, 15-mer, and 20-mer peptide binding to MHC-I alleles (Singh and Raghava, 2003). Finally, we calculated the average number of epitopes in the five variants.



Antigenicity predictions of the identified epitopes of the S-glycoprotein of the Wuhan strain and the B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants

In the present study, we employed the VaxiJen server, which uses a unique algorithm comprising an auto cross-covariance-based machine-learning server and an alignment-based prediction process (Doytchinova and Flower, 2007). This server uses a default parameter and threshold to calculate the antigenicity of pathogens. Here, we applied 0.4 as the threshold value for the viral peptide.



Comprehensive and comparative analysis of significant 9-mer CTL epitopic landscape of S-glycoprotein of the Wuhan strain and the B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants

We performed a comprehensive comparative analysis of the Wuhan strain’s significant 9-mer CTL epitopic landscape and significant VOCs/VOI/others. We attempted to determine the different essential mutations present in the 9-mer CTL epitopes in the B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants. Finally, we hypothesized that the epitopes mutated from the Wuhan strain evolved into different significant VOCs/VOI/others.



MSA using the identified CTL epitopes (9-mer, 15-mer, and 20-mer) of the S-glycoprotein of the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants

The 9-mer, 15-mer, and 20-mer CTL epitopes of the S-glycoprotein of the Wuhan strain and the B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants were used to perform MSA. MSA was used to undertake sequence alignment with Clustal Omega (Sievers and Higgins, 2018, 2021). The tool applied the HHalign technique to align the landscape of HMMs (Hidden Markov models).



Cluster analysis of CTL epitopes (9-mer, 15-mer, and 20-mer) of S-glycoprotein of the Wuhan strain and the B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants

The clustering of peptides is a well-known problem in biological science. The analysis of the clustering of epitopes informs us of the epitope homology. It also helps us to generate a precise consensus sequence, which is essential to understanding a group of sequences sharing a defined level of identity. We performed cluster analysis at the different threshold levels (10 to 80%).

The clustering tool resolves the similarity between peptide sequences in separate and specific clusters. It is also ideal for analyzing sequences that may cluster together, even though they are derived explicitly from distinct antigenic sequences. It also specifies and identifies regions of homology between unrelated peptide sequences linked with several critical biological phenomena (allergen cross-reactivity, molecular mimicry, modulation of adaptive immune responses). Researchers also identified the epitopes in a large-scale screen of overlapping peptides that frequently share substantial sequence similarities, usually complicating the analysis of epitope-related data (Stufano et al., 2010). Therefore, clustering algorithms are often used to simplify these analyses. However, existing approaches are commonly inadequate in their capacity to define the biologically meaningful epitope clusters in the advanced framework of the immune response. Therefore, this algorithm-based IEDB epitope cluster analysis tool is applied to generate epitope clusters based on consensus or representative sequences (Vita et al., 2015). This specialized tool also allows the researchers to cluster the target peptide sequences based on a specified level of identity by selecting among changed method options (Dhanda et al., 2018). From a computational standpoint and advanced phase of immunoinformatics, the clustering tool is flexible enough to consider diverse strategies to address different immunological queries using B cell and T cell epitopes (Vivona et al., 2008).

We performed cluster analysis of the CTL epitopes (9-mer, 15-mer, and 20-mer) of S-glycoprotein of the Wuhan strain and the B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants. We used the IEDB epitope cluster analysis tool (Zhang et al., 2008; Dhanda et al., 2018). This tool graph visualizes the generated network using Python networks.



Exploration of the CD spectra and different components of the secondary structure of S-glycoprotein of the Wuhan strain and the B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants

CD spectroscopy is a significant parameter for understanding the protein structure. A CD spectrum is an essential component that can help rapidly determine the secondary structure of proteins (Greenfield, 2006). We can understand different secondary structure elements using the CD spectra via MD simulations (Rogers et al., 2019; Drew and Janes, 2020). The PDBMD2CD is a server that can generate CD spectra using PDB files. Using this server, we analyzed the CD spectra of the S-glycoprotein of the Wuhan strain and significant VOCs/VOIs (Drew and Janes, 2020). The analysis illustrated information on the wavelength of the CD signal. The server produces a result with an RMSD smaller or equivalent to 0.5, the utmost away from the investigational spectrum. We used this server to analyze the secondary structural features such as the helix, antiparallel sheet, parallel sheet, and turn of the S-glycoprotein of the Wuhan strain and the B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants.



Tertiary or 3D model generation of the 9-mer CTL epitopic regions

We developed the tertiary structure of 9-mer CTL epitopes from the S-glycoprotein of the Wuhan strain and significant VOCs/VOIs/others using the DISTILL 2.0 server (Baú et al., 2006). This tool adopts an algorithm based on recursive neural network architectures. The algorithm can predict through a specific architecture of a neural network (single-or dual-layer) and directs an acyclic graph (Li et al., 2019). Different epitopes were marked in the tertiary structure, generated from the PDB file. The 3D structure of the PDB was developed using chimera visualization software (Pettersen et al., 2004).



Phage-displayed peptides that mimic SARS-CoV-2 9-mer CTL epitopic peptides

A peptide library for phage-displayed was applied for epitope mapping (Wu et al., 2016). We analyzed the SARS-CoV-2 9-mer CTL epitopic peptides that mimic phage-displayed peptides’ epitopes. We used a routine technique to map the location of the epitope using a phage-display library. We used the Pepitope server to perform this analysis, which applied the PepSurf algorithm. This algorithm is based on a specific amino acid similarity matrix (Mayrose et al., 2007).



Identification of the SAg-like region from the S-glycoprotein of SARS-CoV-2 of the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants, and their tertiary or 3D model generation

We have identified the SAg-like region from the S-glycoprotein of SARS-CoV-2 of the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants. We developed a 3D structure model using the same SAg-like region from the S-glycoprotein of Wuhan strain and the B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants using the DISTILL 2.0 server (Baú et al., 2006).



Interaction between SAg-like part of S-glycoprotein of SARS-CoV-2 and TCR

A 3D structural model of the SAg-like region of the S-glycoprotein of this virus and TCR interaction was illustrated with the HADDOCK server (PDB ID: 4WW1; De Vries et al., 2010), which was used for protein–protein docking. The docking analysis was further validated using the ClusPro server (Kozakov et al., 2017).



Identification of the partial SAg-like part of this virus S-glycoprotein of the Wuhan strain and the B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants

The SAgs used in the present study were: α-cobra toxin (Naja naja), α-bungarotoxin, rabies virus G protein (189–199), α-cobra toxin (Naja kaouthia), and HIV-1 gp120 (164–174). We utilized the entire sequence of the S-glycoprotein of the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants during the present study. We found another SAg-like part from the S-glycoprotein of the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants. The peptide sequence of the SAg-like part of all these SARS-CoV-2 virus sequences (both wild and mutant type) was used for cluster formation.

Finally, we have depicted a flowchart of the materials and methods to provide a bird’s eye view of the current study (Figure 2).
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FIGURE 2
 The flow diagram illustrates our used methodologies to test the objective of the study hypothesis. Our aim/objective of this research is to understand the antigenicity of the significant variants which have emerged from time to time, such as the Wuhan strain, the B.1.351 (Beta), B.1.1.28/triple mutant (P.1), B.1.1.7 (Alpha), and B.1.429 (Epsilon).





Results


Total number of CTL epitopes (9-mer, 15-mer, and 20-mer) in the S-glycoprotein of the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants

We identified 9-mer, 15-mer, and 20-mer CTL epitopes in the S-glycoprotein of the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants. We found that B.1.1.7 contained a maximum number of 9-mer CTL epitopes (approximately six), whereas the B.1.429 variant had a minimum number of 9-mer CTL epitopes (approximately three; Figure 3A). We noted a maximum number of 15-mer CTL epitopes in the S-glycoprotein in B.1.1.7 and B.1.351 (approximately five), whereas the Wuhan strain and B.1.1.28/triple mutant variant contained a minimum number of 15-mer CTL epitopes in the S-glycoprotein (approximately three; Figure 3A; Supplementary Table S1). However, the 20-mer CTL epitopes in the S-glycoprotein showed slightly different results. We found a maximum number of 20-mer CTL epitopes in the S-glycoprotein in B.1.351 (approximately four). In contrast, the Wuhan strain and the B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants contained a minimum number of 20-mer CTL epitopes in the S-glycoprotein (approximately three; Figure 3A; Supplementary Table S2). Calculating the average number of epitopes found that the average number of epitopes was the same in B.1.1.7 and B.1.351 (Figure 3A).
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FIGURE 3
 Comparison of the number of the 9 mer, 15 mer, 20 mer CTL antigenic epitopes of total S-glycoprotein and RBD region of S-glycoprotein of Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variant. (A) Comparison of the number of the 9 mer, 15 mer, 20 mer, and an average number of CTL antigenic epitopes of total S-glycoprotein. (B) Comparison of the number of 9 mer, 15 mer, 20 mer, and the average number of CTL antigenic epitopes of RBD region of S-glycoprotein. We develop the polynomial (order 2) relationships for the two graphs (A; R2 = 0.1793 and B; R2 = 0.9524).




Total number of CTL epitopes (9-mer, 15-mer, and 20-mer) in the RBD region of S-glycoprotein of the Wuhan strain and the B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants

We identified 9-mer, 15-mer, and 20-mer CTL epitopes in the RBD region of the S-glycoprotein of the Wuhan strain and the B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants. We found that the B.1.1.7, B.1.351, and B.1.1.28/triple mutant variants contained a maximum number of 9-mer CTL epitopes (approximately two). In contrast, the Wuhan strain and B.1.429 variant had a minimum number of 9-mer CTL epitopes (approximately one; Figure 3B).

We noted a maximum number of 15-mer CTL epitopes in the RBD region of the S-glycoprotein in the B.1.1.7 variant (approximately two). In contrast, the Wuhan strain and B.1.351, B.1.1.28/triple mutant, and B.1.429 variants contained no 15-mer CTL epitopes (Figure 3B).

However, the 20-mer CTL epitopes in the RBD region showed slightly different results. We found one 20-mer CTL epitope in the RBD region in B.1.351 and B.1.1.7. The other two variants (Wuhan strain and the B.1.1.28/triple mutant) contained no 20-mer CTL epitopes in the RBD region of this virus (Figure 3B).

By calculating the average number of epitopes in the RBD region, we found that highest average number of epitopes was contained in the B.1.1.7 variant (Figure 3A).



Comprehensive analysis of significant 9-mer CTL epitopic landscape of S-glycoprotein of the Wuhan strain and the B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants

We performed comparative antigenicity mapping of the S-glycoprotein on the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants, with 23 epitopes identified. Four epitopes were non-antigenic based on their VaxiJen score (> 0.4). The significant mutations in the variants containing the 9-mer epitope played a crucial role in viral antigenicity (Figure 1B). Five 9-mer antigenic CTL epitopes were identified from the S-glycoprotein of the Wuhan strain. Similarly, the S-glycoprotein of B.1.351 contained five 9-mer CTL antigenic epitopes covering the mutagenic regions. Among these five epitopes, three were highly antigenic, as predicted by the VaxiJen server. The S-glycoprotein of the B.1.1.28/triple mutant variant contained four 9-mer CTL antigenic epitopes. We found the highest number of 9-mer CTL antigenic epitopes in the B.1.1.7 variant (approximately six), with all six antigenic epitopes showing a significant VaxiJen score (highest score = 1.5485 and lowest score = 0.4551). We found the lowest number of 9-mer CTL antigenic epitopes in B.1.429 (approximately three), with all showing a significant to mild antigen-related VaxiJen score (highest score = 0.4587 and lowest score = 0.6465; Figure 3A).

We performed a comparative assessment and characterization of the 9-mer CTL antigenic epitopes in the S-glycoprotein chain of the Wuhan strain and the B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants (Table 1). However, during the comparative assessment and characterization, we found that some of the 9-mer CTL antigenic epitopes of the Wuhan strain were also found in particular parts of the S-glycoprotein in the other four variants.



TABLE 1 Identification and comparative analysis of 9 mer CTL epitopes of Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, B.1.429 variant.
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Our study observed that the Wuhan strain contained five 9-mer CTL epitopes. One epitope with residue positions 1,060–1,068 showed the highest antigenic score (1.5122; Figure 4A). Similarly, the B.1.351 variant showed five significant mutation 9-mer CTL epitopes. The 9-mer CTL epitope with residue positions 417–425 showed the highest antigenic score (1.5325) and contained the K417N mutation (Figure 4B). This mutation might play a crucial role in providing the highest antigenicity for this particular epitope.

[image: Figure 4]

FIGURE 4
 A schematic diagram of significant 9 mer CTL epitopic landscape of S-glycoprotein of Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variant. The figure also shows the significant mutations present in the 9 mer CTL epitopic regions. (A) A schematic diagram of 9 mer CTL antigenic epitopes identified of S-glycoprotein in Wuhan strain. (B) A schematic diagram of 9 mer CTL antigenic epitopes recognized of S-glycoprotein in the B.1.351 variant with significant mutations in the epitopic regions. (C) A schematic diagram of 9 mer CTL antigenic epitopes identified of S-glycoprotein in B.1.1.28/triple mutant variant with substantial mutations in the epitopic areas. (D) A schematic diagram of 9 mer CTL antigenic epitopes recognized of S-glycoprotein in B.1.1.7 variant with significant mutations in the epitopic regions. (E) A schematic diagram of 9 mer CTL antigenic epitopes identified of S-glycoprotein in B.1.429 variant with substantial mutations in the epitopic regions.


We found four 9-mer CTL epitopes in B.1.1.28/triple mutant. Among the epitopes, the highest antigenic score was 1.5476 in the 9-mer CTL epitope, where no mutations were observed (Figure 4C). The other three epitopes had significant mutations. The second 9-mer CTL epitope (epitopic residue positions 680–688) contained the R682G mutation, and the third epitope (epitopic residue positions 497–505) contained the N501Y mutation. The last one (epitopic residue positions 417–425) had a K417N mutation.

The B.1.1.7 variant contained six 9-mer CTL epitopes. The epitope with residue positions 497–505 showed the highest antigenicity (antigenic score 1.5485). This CTL epitope contained the N501Y mutation (Figure 4D), which might substantially provide the antigenicity for this CTL epitope. Other epitopes included different mutations [G481E (epitopic residue positions 481–489), A567D (epitopic residue positions 564–572), T715F (epitopic residue positions 715–723), and N1115H (epitopic residue positions 1,111–1,119)].

The 9-mer CTL epitopes analysis found that the B.1.429 variant contained one significant antigenic CTL epitope (antigenic score 0.4587). This epitope, with residue positions 152–160, consisted of a substantial mutation (W152C). In this variant, we also found two non-antigenic epitopes: the first one with residue positions 452–460 (antigenic score−0.6465) and the second one with residue positions 132–149 (antigenic score−0.2493; Figure 4E). The CTL epitope with residue positions 452–460 contained the L452R mutation, which might help generate a negative score for the epitope. Therefore, in this variant, antigenicity loss was noted in the 9-mer CTL epitopes.



Comparative mapping of significant 9-mer CTL epitope of the S-glycoprotein of the Wuhan strain and the B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants

Comparative sequence homology analysis of the 9-mer CTL epitopes using S-glycoprotein from the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants showed some epitopic homology among significant VOCs/VOI/others. Sequence homology was observed between the epitopic regions of the S-glycoprotein in the two variants such as B.1.351 and B.1.1.7. We found epitopic homology between the 481–489 residues in epitopic part of the B.1.1.7 variant and the 484–492 residues in epitopic part of the B.1.351 variant. Similarly, we also found high sequence homology between the 497–505 epitopic part of the B.1.1.7 variant and 497–505 residues in epitopic part of the B.1.1.28/triple mutant variant. A substantial epitopic homology was observed between the 417–525 epitopic region of the B.1.351 variant and the 417–525 epitopic part of the B.1.1.28/triple mutant variant (Figure 5A). The evolutionary process is attributed to creating the epitopic homology of variants, which determines their antigenicity. However, epitopic homology was not observed in the Wuhan strain and B.1.429 variant (Figure 5B).
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FIGURE 5
 Comparative mapping of significant 9 mer CTL epitope of S-glycoprotein of Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variant. (A) Epitopes homology of Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variant. (B) A schematic diagram shows the similarity between the epitopes among B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variant.




MSA using the identified CTL epitopes (9-mer, 15-mer, and 20-mer) of S-glycoprotein of the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants

Sequence alignment of 9-mer, 15-mer, and 20-mer CTL epitopes of the S-glycoprotein of the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants were examined. The 9-mer CTL epitopes showed four blocks (Figure 6A), whereas the 15-mer CTL epitopes showed two blocks (Figure 6B) and the 20-mer CTL epitopes showed one block (Figure 6C).

[image: Figure 6]

FIGURE 6
 Epitope alignment of 9 mer, 15 mer, 20 mer CTL antigenic epitopes present in the S-glycoprotein of Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variant. (A) Epitope alignment shows four significant blocks from 9 mer CTL antigenic epitopes. (B) Epitope alignment shows two significant blocks from 15 mer CTL antigenic epitopes. (C) Epitope alignment shows one significant block from 20 mer CTL antigenic epitopes.




Cluster analysis of 9-mer CTL epitopes of S-glycoprotein of the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants

We performed a cluster analysis of the 9-mer CTL epitopes of the S-glycoprotein of the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants at different threshold levels (10 to 80% level). We used 23 of the 9-mer CTL epitopes for cluster formation. We found that one dense cluster was formed at the 10% level (Figure 7A), which had a circular shape, and approximately 23 nodes were visible.
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FIGURE 7
 Cluster formation of 9 mer CTL epitopes of S-glycoprotein of Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variant using the threshold 10% level to 80% level. (A) Cluster formation at 10% level. (B) Cluster formation at 20% level. (C) Cluster formation at 30% level. (D) Cluster formation at 40% level. (E) Cluster formation at 50% level. (F) Cluster formation at 60% level. (G) Cluster formation at 70% level. (H) Cluster formation at 80% level.


We found that three clusters formed at the 20% level, containing one, seven, and 13 nodes (Figure 7B). We observed five prominent cluster formations at the 30% level, which had two, three, three, three, and four nodes (Figure 7C). We found one significant cluster at the 40% level that contained two nodes (Figure 7D), with the other nodes individually scattered. We found one crucial cluster creation at the 50% level, including two nodes (Figure 7E), and the other nodes were individually scattered. We observed one significant cluster at the 60% level, containing two nodes, with the other nodes individually scattered (Figure 7F). We evaluated the cluster formation at the 70% level, which showed one significant cluster, containing two nodes and several nodes individually scattered (Figure 7G). Finally, we evaluated the cluster formation at the 80% level, which showed one significant cluster containing two nodes and several nodes positioned in a scattered manner (Figure 7H).



Cluster analysis of 15-mer CTL epitopes of the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants

We performed a cluster analysis of the 15-mer CTL epitopes of the S-glycoprotein of the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants at different threshold levels (10 to 80% level). We examined 19 numbers of the 15-mer CTL epitopes for cluster formation. We found a dense cluster formation at the 10% level, with a circular shape, and approximately 16 nodes were visible (Supplementary Figure S1A).

We found one significant cluster at the 20% level, containing 15 nodes, and observed another single cluster with one node (Supplementary Figure S1B). We found three prominent clusters at the 30% level, containing three, three, and four nodes (Supplementary Figure S1C). We found four significant clusters at the 40% level, having three, three, three, and two, and the other nodes were individually scattered (Supplementary Figure S1D). At the 50% level, we identified four critical clusters containing three, three, two, and two nodes and several nodes individually scattered (Supplementary Figure S1E). We observed four major clusters at the 60% level, containing two, two, three, and three nodes and several other nodes were independently scattered (Supplementary Figure S1F). We evaluated the cluster formation at the 70% level, which showed four significant clusters containing three, two, two, and two nodes, and several nodes individually scattered (Supplementary Figure S1G). Finally, we evaluated the cluster formation at the 80% level, which showed four significant clusters, containing two, two, two, and three nodes, and numerous nodes separately situated in a scattered manner (Supplementary Figure S1H).



Cluster analysis of the 20-mer CTL epitopes of S-glycoprotein of the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants

We performed cluster analysis of the 20-mer CTL epitopes of S-glycoprotein of the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants at different threshold levels (minimum sequence identity threshold 10 to 80% level). We examined 16 numbers of the 20-mer CTL epitopes for cluster formation. We found one dense cluster formation at the 10% level, which had a circular shape, and approximately 16 nodes were visible (Supplementary Figure S2A). All 20-mer CTL epitopes participated in the cluster formation.

We found two significant clusters at the 20% level, containing four and 12 nodes (Supplementary Figure S2B). We found four prominent clusters at the 30% level, including four, two, two, and three nodes, and the other nodes were individually scattered (Supplementary Figure S2C).

We found four significant clusters that were generated at the 40% level, containing two, two, two, and three nodes and some other nodes were individually scattered (Supplementary Figure S2D). We observed four significant clusters created at the 50% level, containing three, two, two, and two nodes and several nodes positioned individually in a scattered manner (Supplementary Figure S2E). We observed four major clusters at the 60% level, containing two, two, two, and three nodes and some other nodes were located independently in a scattered manner (Supplementary Figure S2F). We evaluated the cluster formation at the 70% level, which showed four significant clusters, containing two, two, two, and three nodes and several nodes were individually scattered (Supplementary Figure S2G). We evaluated the cluster formation at the 80% level, which showed four significant clusters, containing two, two, two, and two nodes and numerous single nodes were situated in a scattered manner (Supplementary Figure S2H).



Analysis of the CD spectra of S-glycoprotein of the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants

A CD spectrum is essential for analyzing the proper secondary structure and fold detection of a protein (Micsonai et al., 2015). We generated the computer-simulated CD spectra of S-glycoprotein of the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants. The spectrum of the viral glycoprotein of the Wuhan strain showed both positive and negative bands. The CD spectra showed a positive band at approximately 198 nm, comprising a maximum positive peak at about 190 nm, and showed a negative band from 198 nm to 225 nm with a maximum negative peak at 207–210 nm (Figure 8A). We analyzed the CD spectra of the B.1.351 variant, where we used the Wuhan strain as a control or the closest CD spectrum to the experimental protein (green spectra). Here, we used the S-glycoprotein of the B.1.351 variant as the experimental protein, and the generated spectrum is shown in red (Figure 8B). Both CD spectra showed the same pattern, with the maximum positive peak greater for the B.1.351 variant than for the Wuhan strain. The study evaluated the root-mean-square deviation (RMSD) variation of the control or closest CD spectrum and experimental CD spectrum (B.1.351 variant), which was 0.12 (Figure 9A; Supplementary Table S3). We analyzed the CD spectrum of the B.1.1.28/triple mutant variant using the same methodology as described above (Figure 8C). Both CD spectra (Wuhan strain and B.1.1.28/triple mutant variant) showed a similar pattern. The maximum positive peak was slightly more remarkable in the B.1.1.28/triple mutant variant than in the Wuhan strain, with an RMSD variation of 0.17 (Figure 9B). We generated the CD spectrum of the B.1.1.7 variant and compared it to the Wuhan strain (Figure 8D), and both CD spectra showed identical patterns. Maximum positive and maximum negative peaks were the same. The RMSD variation was 0.14 (Figure 9C). Finally, we generated the CD spectrum of the B.1.429 variant and compared it to the Wuhan strain (Figure 8E), with both CD spectra showing identical patterns. A lower negative peak was observed for the CD signal of the B.1.429 variant than the Wuhan strain, and the RMSD variation was 0.45 (Figure 9D). We also analyzed the secondary structure pattern of the Wuhan strain, B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants to calculate the beta-sheet (β-sheet) percentages, which were 26.21% (Supplementary Figure S3A), 24.84% (Supplementary Figure S3B), 24.84% (Supplementary Figure S3C), 24.46% (Supplementary Figure S3D), and 32.19%, respectively (Supplementary Figure S3E; Supplementary Table S4). Therefore, all proteins were β-sheet-rich. However, more β-sheets were found in B.1.429 than in the Wuhan strain and the B.1.351, B.1.1.28/triple mutant, and B.1.1.7 variants (Supplementary Figure S4A). In addition, more β turns (9.71%) were found in B.1.429 than in the Wuhan strain and the B.1.351, B.1.1.28/triple mutant, and B.1.1.7 variants (Supplementary Figure S4B).
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FIGURE 8
 CD spectra of S-glycoprotein of the Wuhan variant and B.1.351, B.1.1.28/triple mutant, B.1.1.7, B.1.429 variants. (A) CD spectra of S-glycoprotein of the Wuhan strain (B) Resemblance of CD spectra of S-glycoprotein of the Wuhan strain and B.1.351. (C) The resemblance of CD spectra of S-glycoprotein of the Wuhan strain and B.1.1.28/triple mutant. (D) The resemblance of CD spectra of S-glycoprotein of the Wuhan strain and B.1.1.7. (E) The resemblance of CD spectra of S-glycoprotein of the Wuhan strain and B.1.429.
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FIGURE 9
 Comparison of RMSD between the CD spectra of the S-glycoprotein Wuhan variant and other variants. (A) The resemblance of RMSD between the CD spectra of S-glycoprotein Wuhan strain and B.1.351. (B) The resemblance of RMSD between the CD spectra of S-glycoprotein Wuhan strain and B.1.1.28/triple mutant. (C) The resemblance of RMSD between the CD spectra of the S-glycoprotein Wuhan strain and B.1.1.7. (D) The resemblance of RMSD between the CD spectra of S-glycoprotein Wuhan strain and B.1.429.


The CD spectra of proteins were applied to evaluate proteins’ secondary structure pattern, binding properties, and folding shape. It is one of the rapid methods for assessing proteins’ secondary structure pattern, binding properties, and folding shape.

Parsons et al. (2019) have evaluated the RBD protein secondary structure of avian coronavirus by CD spectra analysis (Parsons et al., 2019). In this analysis, the spectral bandwidth has shown diverse values regarding nanometer scale, specific temperature, etc., of RBD proteins of glycosylation-site and non-glycosylation-site variants.

In our study, we applied the PDBMD2CD server to generate the in silico CD spectra (wavelength of the CD signal) using PDB files of S-glycoprotein of the Wuhan strain and significant variants.

The secondary structure pattern of S-glycoprotein of studied SARS-CoV-2 (Wuhan strain and other variants) features are stabilized by the amino acid residues turn tendencies as well as the cross-strand interactions among the sequences flanking the beta-turns. Researchers also showed that the specific β-turns of protein have a crucial role in interacting with the T-cell receptor (TCR), leading the MHCII-peptide-TCR complex to induce a suitable immune response (Bermudez et al., 2018). Subsequently, the beta-sheets also significantly impact on the managing the affinity of MHC class II binding sites in superantigens (Al-Shangiti et al., 2004). However, in the case of SARS-CoV-2 S-glycoprotein, no such work has been reported. But, our bioinformatics tools have shown the proper interactions of epitopic peptides (9-mer) from S-glycoprotein with TCR. These tools have established the vital role of beta-sheets and beta-turns in forming the SAg-like region.



3D model generation of the 9-mer CTL epitopic regions

3D models were created for all 9-mer CTL epitopes, and their epitopic regions were located in the S-glycoprotein. We generated four 3D models for the 9-mer CTL epitopes of the Wuhan strain: G181-L189, G311-R319, V382-L390, and V1060-1068 (Figure 10A); four 3D models for the B.1.351 variant: F79-N87, G215-L223, N417-L425, K484-L492, and V701-N709 (Figure 10B); two 3D models for the B.1.1.28/triple mutant variants: N417-L425 and F497-Y505 (Figure 10C); six 3D models for the B.1.1.7 variant: E481-L489, F497-Y505, R564-A572, E583-S591, F715-I723, and I1111-V1119 (Figure 10D); and three 3D models for the B.1.429 variant: F132-L140, C152-Y160, and R452-N460 (Figure 10E).
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FIGURE 10
 Generated three-dimensional (3D) model of 9 mer CTL epitopic regions of the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, B.1.429 variants and their position in 3D model of S-glycoprotein. (A) 3D model of 9 mer CTL epitopic regions of the Wuhan strain and their position in 3D model of S-glycoprotein. (B) 3D model of 9 mer CTL epitopic regions of the B.1.351 variant and their position in 3D model of S-glycoprotein. (C) 3D model of 9 mer CTL epitopic regions of the B.1.1.28/triple mutant variant and their position in 3D model of S-glycoprotein. (D) 3D model of 9 mer CTL epitopic regions of the B.1.1.7 variant and their position in 3D model of S-glycoprotein. (E) 3D model of 9 mer CTL epitopic regions of the B.1.429 variant and their position in the 3D model of S-glycoprotein.




Mimic phage-displayed peptides for 9-mer CTL epitopes of SARS-CoV-2 S-glycoprotein

Previous studies have identified unique phage-displayed peptides that mimic different pathogen epitopes, such as Mycobacterium tuberculosis (Wang et al., 2016) and the hepatitis E virus (Larralde and Petrik, 2017). The present study aimed to determine the mimic 9-mer CTL epitopes from the S-glycoprotein of SARS-CoV-2 from phage-displayed peptides. A random peptide library was scanned, and the selected peptides were supposed to mimic the 9-mer CTL epitopes of S-glycoprotein of this virus, which showed a list of clusters in the Wuhan, B.1.351, B.1.1.28/triple mutant, and B.1.1.7 variants. The Wuhan strain showed three mimic clusters with four different 9-mer epitopes (Figure 11A). The first mimic cluster was formed with two 9-mer epitopes (VVFLHVTYV and GIYQTSNFR), the second mimic cluster was formed with one 9-mer epitope (VSPTKLNDL), and the third mimic cluster was formed with one 9-mer epitope (GKQGNFKNL).
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FIGURE 11
 Phage-displayed peptides that mimic S-glycoprotein of SARS-CoV-2 9 mer CTL epitopes of the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, B.1.429 variants. (A) Phage-displayed peptides that mimic S-glycoprotein of 9 mer CTL epitopes of the Wuhan strain and the cluster epitopes. (B) Phage-displayed peptides that mimic S-glycoprotein of 9 mer CTL epitopes of the B.1.351 variant and the cluster epitopes. (C) Phage-displayed peptides that mimic S-glycoprotein of 9 mer CTL epitopes of the B.1.1.28/triple mutant variant and the cluster epitopes. (D) Phage-displayed peptides that mimic S-glycoprotein of 9 mer CTL epitopes of B.1.1.7 and the cluster epitopes.


The B.1.351 variant showed three mimic clusters with four 9-mer epitopes (Figure 11B). The first mimic cluster consisted of two 9-mer epitopes (GLPQGFSAL and KGFNCYFP), the second was formed with one 9-mer epitope (VENSVAYSN), and the third included one 9-mer epitope (FANPVLPFN).

The B.1.1.28/triple mutant variant showed three mimic clusters with three different 9-mer epitopes (Figure 11C). The first mimic cluster consisted of one 9-mer epitope (FQPTYGVGY), the second was formed with one 9-mer epitope (SQCVNLTTR), and the third was formed with one 9-mer epitope (SPGSASSVA).

Finally, the B.1.1.7 variant showed three mimic clusters with four 9-mer epitopes (Figure 11D). The first mimic cluster had two 9-mer epitopes (EILDITPCS and RDIDDTTDA), the second was formed with one 9-mer epitope (FQPTYGVGY), and the third consisted of one 9-mer epitope (IITTHNTFV).



SAg-like region from S-glycoprotein of SARS-CoV-2 of the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants

Following Cheng et al. (2020) study, we developed a 3D structural model of the SAg-like part of the S-glycoprotein of SARS-CoV-2 of the Wuhan strain (Figure 12A; Baú et al., 2006; Cheng et al., 2020). We also developed a 3D structure model using the same region (SAg-like region) from the S-glycoprotein of this virus of the different variants, i.e., B.1.351 (Figure 12B), B.1.1.28/triple mutant (Figure 12C), B.1.1.7 (Figure 12D), and B.1.429 (Figure 12E).
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FIGURE 12
 3D model of SAg-like region from S-glycoprotein of Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7 and B.1.429 variants. (A) 3D model of SAg-like region from S-glycoprotein of Wuhan strain. (B) 3D model of SAg-like region from S-glycoprotein of the B.1.351 variant which was generated same SAg-like region from S-glycoprotein of Wuhan strain. (C) 3D model of SAg-like region from S-glycoprotein of the B.1.1.28/triple mutant variant which was generated same SAg-like region from S-glycoprotein of Wuhan strain. (D) 3D model of SAg-like region from S-glycoprotein of the B.1.1.7 variant which was generated same SAg-like region from S-glycoprotein of Wuhan strain. (E) 3D model of SAg-like region from S-glycoprotein of the B.1.429 variant which was generated same SAg-like region from S-glycoprotein of Wuhan strain.




Interaction between SAg-like region of the viral glycoprotein and T cell receptor (TCR)

The present study illustrated the interaction with our developed 3D structural model of the SAg-like region of the S-glycoprotein of the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants with human TCR. These interactions can be seen in Figures 13A–E and showed that the SAg-like region interacted with the beta chain of the human TCR.
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FIGURE 13
 Interaction between SAg-like region from S-glycoprotein of Wuhan strain, B.1.351, B.1.1.28/triple mutant, B.1.1.7, B.1.429 variants and TCR. (A) Interaction between SAg-like region of Wuhan strain and TCR. (B) Interaction between SAg-like part of B.1.351 variant and TCR. (C) Interaction between SAg-like part of the B.1.1.28/triple mutant variant and TCR. (D) Interaction between the SAg-like part of the B.1.1.7 variant and TCR. (E) Interaction between the SAg-like part of the B.1.429 variant and TCR.




Identification of the partial SAg-like part of the viral S-glycoprotein of the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants

Sequence alignment was performed using significant SAgs [α-cobra toxin (N. naja), α-bungarotoxin, rabies virus G protein (189–199), and α-cobra toxin (N. kaouthia)], and HIV-1 gp120 (164–174), Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants. We observed a partial SAg-like part (ANQFNSAIGKI) of the S-glycoprotein of this virus in the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants, as depicted in Figure 14A.
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FIGURE 14
 Another partial SAg-like region from S-glycoprotein of SARS-CoV-2 of Wuhan strain, B.1.351, B.1.1.28/triple mutant, B.1.1.7, B.1.429 variants shows the sequence similarity with an α-cobra toxin (Naja naja),α-bungarotoxin, Rabies Virus G Protein (189–199), α-cobra toxin (Naja kaouthia), and HIV-1 gp120 (164–174) and their cluster formation. (A) Sequence similarity of superantigens (α-cobra toxin (Naja naja),α-bungarotoxin, Rabies Virus G Protein (189–199), α-cobra toxin (N. kaouthia), and HIV-1 gp120 (164–174)), Wuhan variant, and significant VOCs/VOI (B.1.351, B.1.1.28/triple mutant, B.1.1.7, B.1.429) shows a partial super SAg-like region. (B) Cluster (with these MSA sequences) at 30% level. (C) Cluster (with these MSA sequences) at 40% level. (D) Cluster (with these MSA sequences) at 70% level.


We developed a cluster with these MSA sequences at the 30, 40, and 70% levels. We found one cluster with all sequences at the 30% level (Figure 14B). However, the SAg-like region was detached from the central cluster at 40% (Figure 14C) and 70% levels (Figure 14D).




Discussion

MHC-I-restricted CTLs play a significant role in controlling viral infections. CD8+ T cells perform a crucial role in the clearance of infections of this virus (acute model) in the lungs (Schmidt and Varga, 2018) and are activated and differentiated in patients with severe COVID-19 (Chen and Wherry, 2020). Bange et al. (2021) concluded that CD8+ T cells might help with the survival of patients with COVID-19 (Bange et al., 2021). Therefore, identifying CTL epitopes is essential for understanding the T cell activation mechanism and assisting epitope-driven vaccine design.

The identification and characterization of the CTL 9-mer epitope have a substantial importance in medical immunology. The identification of peptide epitopes can be helpful in the production of vaccines against microorganisms that have very little growth in the medium, as well as microorganisms whose antigenic regions are not precisely detected during the typical immune system infection (Andreatta and Nielsen, 2018; Rencilin et al., 2021). Therefore, finding considerable numbers of CTL epitopes is a necessary process for vaccine design, and those CTL epitopes consist of the binding motifs of the known class I MHC. Still, even the epitopes do not conform precisely to consensus motifs or vary in length. To do this with conventional peptide synthesizers is costly and impractical because of the large number of peptides, and a considerable amount of testing is required. Therefore, these advanced strategies for epitope mapping offer a more precise solution than the initial CTL epitope screening experiments rather than other aspects (Soria-Guerra et al., 2015).

In the present study, CTL epitopic regions of S protein were analyzed using antigenic scores. We assessed the antigenicity of the wild type (Wuhan strain) and mutant S-glycoprotein of four variants (B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429). The analysis of 9-mer CTL epitope regions of S-glycoprotein showed that the B.1.1.7 variant had an elevated antigenicity compared to other variants and the Wuhan strain for the 9-mer CTL epitopes and average CTL epitopes (average number of three epitope types). The RBD region also showed the highest numbers of 9-mer CTL epitope and 15-mer CTL epitope and an average number of CTL epitopes for the B.1.1.7 variant.

CTL 9-mer epitope sequences in the viral protein can be identified using the IEDB server. This is a standard method (Islam et al., 2020). The selected peptide size (9 amino acids) has a potential binding capacity to MHC-I rather than the 15-mer and 20-mer epitopes because these are optimal stimulators for CD8 response and can interact with several HLA-A alleles, which has a considerable binding affinity (Li Pira et al., 2010; Shi et al., 2015). Therefore, our study performed the identification and characterization of the CTL 9-mer epitope of the Wuhan strain and four mutative variants, which has immense importance.

We have used the IEDB epitope cluster analysis tool (Dhanda et., 2018) for the cluster analysis of CTL epitopes (9-mer, 15-mer, and 20-mer) of S-glycoprotein of the Wuhan strain and the B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants. This tool groups epitopes into clusters based on sequence identity. A cluster is a group of sequences with a sequence similarity more incredible than the minimum sequence identity threshold specified. Our manuscript represents the CTL epitopic peptides as circles, and the solid line connecting two peptides is identified above the specified threshold. All the connected peptides are in a cluster. Here, all the peptides homologous to a certain pre-specified level are clustered together, for example, at the 20% level. In this case, any member of the cluster will be at least 20% homologous to at least one member. However, the approach’s shortcoming is that cluster members might and often are related by levels of homology much lower than 20%. As a result, the cluster provides a clear consensus sequence. Conversely, the singletons are isolated peptides, and those do not share any sequence identity with any other peptides in the given data. However, using this approach, in our work, we have analyzed and offered from a 10% threshold level of sequence identity to the 80% level of CTL epitopes (9-mer, 15-mer, and 20-mer) of mentioned SARS-CoV-2 Wuhan strain and other significant variants.

During cluster formation of 9-mer CTL epitopes, we found one significant cluster formation at the 70% level with two nodes (KGFNCYFPL and EGFNCYFPL), and the other nodes were scattered. Consequently, they did not form a dense cluster at the 70% level and showed a high level of diversity. We found four significant clusters in the 15-mer CTL epitopes and four multiple clusters formed in the 20-mer CTL epitopes at the 70% level. Considering the cluster formation of the 9-mer, 15-mer, and 20-mer CTL epitopes, the 9-mer CTL epitopes showed uniqueness in their cluster formation pattern. These epitopes, which have formed the clusters in higher percentage levels (such as 70% or 80%), might have a similar kind of nature regarding antigenicity and their antigen processing. However, we need to confirm the hypothesis through further experiments. Therefore, understanding the method of cluster formation is of enormous medical significance. Recently, Meckiff et al. (2020) used the cluster formation technique and the epitope mega pool of peptide design for this virus during the COVID-19 infection (Meckiff et al., 2020).

The CD spectra of the S-glycoprotein of the Wuhan strain and B.1.351, B.1.1.28/triple mutant, and B.1.1.7 variants showed almost the same band pattern. On the other hand, we have found a slight difference in the CD spectra of S-glycoprotein of the B.1.429 variant compared to the Wuhan strain. This difference occurred because of the spectral contrast of the B.1.429 variant and Wuhan strain. After comparing the closest and experimental CD spectra, the RMSD variation was calculated. The Wuhan strain and the B.1.351, B.1.1.28/triple mutant, and B.1.1.7 variants had minor differences (0.12–0.17 range). However, the RMSD variation was 0.45 for the B.1.429 variant. A higher RMSD variation occurred because of more spectral differences than the control. This result is in corroboration with the results of Li and Hirst (Li and Hirst, 2020), who attempted to develop a model of SARS-CoV-2 proteins using CD spectra analysis.

The present study found three phage-displayed peptides that mimicked the 9-mer CTL epitopes from the S-glycoprotein of SARS-CoV-2 (Wuhan strain, and B.1.351, B.1.1.28/triple mutant, and B.1.1.7 variants). Previous studies have identified mimic phage-displayed peptides similar to CTL epitopes of SARS-CoV-2, which have immense importance for epitope-based immunotherapy, diagnostics, and vaccine development (Bazan et al., 2012; Wu et al., 2016). Recently, Guo et al. (2021) characterized different B cell epitopes from this virus using a peptide library (phage-displayed; Guo et al., 2021).

Finally, we attempted to understand the interaction pattern of the SAg-like region within the Wuhan strain and TCR, following Cheng et al. (Cheng et al., 2020). An identical portion of the SAg-like part of the Wuhan strain was searched from the B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants. The hyperinflammatory response in COVID-19 patients is a significant area of research. We developed a 3D model of these SAg-like regions and determined their interaction pattern with TCR. A proper understanding of hyper inflammation in severe COVID-19 cases may help solve the mystery of the death of these patients (García, 2020; Tay et al., 2020). Our study allows us to illustrate the TCR and downstream regulatory pathways for the hyperinflammatory response in COVID-19 patients. Our MSA analysis found another partial super SAg-like region (ANQFNSAIGKI) from the S-glycoprotein of SARS-CoV-2 in the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants.

The study of the insight into the antigenicity of SARS-CoV-2 variants has fundamental importance. It helps us illustrate the dynamic interaction between SARS-CoV-2 variants with humans or other hosts and also allows us to understand the immunopathogenesis of SARS-CoV-2 variants. Understanding the antigenic variations has immense importance. Antigenic variation might be a significant factor in comparing the antigenicity among the virus variants. Antigenic variation can help us to understand the virus fitness. At the same time, it can also explain how a virus can reinfect hosts by escaping the immune memory. Antigenic variations, diversification, conservation, and the total number of antigens in a particular virus protein need to be studied. However, antigenic variations have been studied in different viruses from time to time (Zost et al., 2019). The antigenic variations have also been studied in all human coronaviruses and SARS-CoV-2 (Kumar et al., 2020). Researchers have also investigated antigenic variations in spike protein in SARS-CoV-2 (Harvey et al., 2021). Some researchers have tried to illustrate the antigenic variations in SARS-CoV-2 variants (Mittal et al., 2022).

However, the total number of epitopes in a spike protein might be one criterion to determine the antigenicity comparing the SARS-COV-2 and SARS-CoV (Zheng and Song, 2020). Here we compared the total number of CTL epitopes in variants of SARS-CoV-2. Our study showed that B.1.1.7 (Alpha) of spike protein displayed the highest number of CTL epitopes compared to Wuhan strain, B.1.351 (Beta), B.1.1.28/triple mutant (P.1), and B.1.429 (epsilon). However, the surface accessibility of those epitopes is also a significant factor in interacting nAb (neutralizing antibody), and a need of further study for these variants. At the same time, there is also a need to understand how antigenic epitopes are presented to the T cell by MHC (major histocompatibility complex) molecules (both class I and class II molecules; Forni et al., 2021).



Limitations of the study

The study has performed a comprehensive analysis of the CTL epitopes or SAg-like region of the total S-glycoprotein of the Wuhan strain, B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants and predicted the antigenicity through computational biology. The analyses were performed in various directions. Every data accumulated through the bioinformatics methods for Wuhan strain and emerging mutant variants is essential for future researchers and society. The arrival of emerging variants during the pandemic made the pandemic period more critical. At this point of urgency, our data predicting the potent antigenicity through bioinformatics tools which is very significant and highly beneficial for society. However, data acquired by us needs further validation through in vitro and in vivo methods, which is a limitation of this study. Therefore, we urgently urge future researchers to validate our data to end the pandemic crisis and prepare for a future pandemic.



Conclusion

Several studies have focused on the identification and characterization of immunogenic CD8+ T cell epitopes. MHC-I molecules naturally contain 8-aa to 11-aa length peptide chains, which is the main consequence of the proteasomal degradation of antigens. This antigen is derived from infection or self-peptides (Blum et al., 2013). Our 9-mer CTL epitopic study helped identify the primary mechanism of antigen processing of the S-glycoprotein of SARS-CoV-2 via the MHC-I molecules of CD8+ T cells.

This study initiated several questions regarding the antigen processing of the S-glycoprotein of this virus via MHC-I molecules for CD8+ T cells. The researcher should solve these questions. We should also know about the antigen processing of the S-glycoprotein of the Wuhan strain and other emerging VOCs/VOIs such as B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants. At the same time, it is also necessary to understand more about the peptide–MHC-I complexes formation for the Wuhan strain and other emerging VOCs/VOIs such as B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants.

Different scientists have developed immunogenicity models for CTL epitopes (Harndahl et al., 2012; Calis et al., 2013). However, specific immunogenicity models for CTL epitopes of SARS-CoV-2 S-glycoprotein remain to be developed.

We identified the highest virulent epitopes with a significant mutation within the S-glycoprotein of SARS-CoV-2 emerging VOCs/VOIs (B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variants) and the Wuhan strain. Our results showed that the mutations might be responsible for the high antigenicity identified in the B.1.1.7 variant. This variant might help activate more CD8+  T cells via the MHC-I pathway than in the South African, Brazilian, and Wuhan variants. It might help activate more CD4+ T cells via the MHC-II pathway and cytokine signaling. In the future, the molecular mechanism by which CD8+ T cells distinguish antigens from immunogenic property antigens of S-glycoprotein of wild strain and their variants should be evaluated.
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SUPPLEMENTARY FIGURE S1 | Cluster formation of 15 mer CTL epitopes of S-glycoprotein of Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variant using the threshold 10% level to 80% level. (A) Cluster formation at 10% level. (B) Cluster formation at 20% level. (C) Cluster formation at 30% level. (D) Cluster formation at 40% level. (E) Cluster formation at 50% level. (F) Cluster formation at 60% level. (G) Cluster formation at 70% level. (H) Cluster formation at 80% level.



SUPPLEMENTARY FIGURE S2 | Cluster formation of 20 mer CTL epitopes of S-glycoprotein of Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, and B.1.429 variant using the threshold 10% level to 80% level. (A) Cluster formation at 10% level. (B) Cluster formation at 20% level. (C) Cluster formation at 30% level. (D) Cluster formation at 40% level. (E) Cluster formation at 50% level. (F) Cluster formation at 60% level. (G) Cluster formation at 70% level. (H) Cluster formation at 80% level.



SUPPLEMENTARY FIGURE S3 | Percentage of secondary structure component (α-helix and β-sheet) calculated from CD spectra of S-glycoprotein of the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, B.1.429 variants. (A) Percentage of α-helix and β-sheet of S-glycoprotein of the Wuhan variant. (B) Percentage of α-helix and β-sheet of S-glycoprotein of the B.1.351 variant. (C) Percentage of α-helix and β-sheet of S-glycoprotein of the B.1.1.28/triple mutant variant. (D) Percentage of α-helix and β-sheet of S-glycoprotein of the B.1.1.7 variant. (E) Percentage of α-helix and β-sheet of S-glycoprotein of the B.1.429 variant.



SUPPLEMENTARY FIGURE S4 | Comparison of α-helix and β-sheet and β turns of S-glycoprotein of the Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, B.1.429 variants. (A) Comparison of α-helix and β-sheet of S-glycoprotein among Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, B.1.429 variants. (B) Comparison of β turns of S-glycoprotein among Wuhan strain and B.1.351, B.1.1.28/triple mutant, B.1.1.7, B.1.429 variants.
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Coronaviruses have long posed a major threat not only to human health but also to agriculture. Outbreaks of an animal coronavirus such as porcine epidemic diarrhea virus (PEDV) can cause up-to-100% mortality in suckling piglets, resulting in devastating effects on the livestock industry. Understanding how the virus evades its host’s defense can help us better manage the infection. Zinc-finger antiviral protein (ZAP) is an important class of host antiviral factors against a variety of viruses, including the human coronavirus. In this study, we have shown that a representative porcine coronavirus, PEDV, can be suppressed by endogenous or porcine-cell-derived ZAP in VeroE6 cells. An uneven distribution pattern of CpG dinucleotides in the viral genome is one of the factors contributing to suppression, as an increase in CpG content in the nucleocapsid (N) gene renders the virus more susceptible to ZAP. Our study revealed that the virus uses its own nucleocapsid protein (pCoV-N) to interact with ZAP and counteract the activity of ZAP. The insights into coronavirus-host interactions shown in this work could be used in the design and development of modern vaccines and antiviral agents for the next pandemic.
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Introduction

Porcine epidemic diarrhea virus (PEDV) is an enveloped virus in the family Coronaviridae. The virus infects swine intestinal epithelial cells and causes severe watery diarrhea, vomiting, and dehydration. The high mortality rate due to the infection, especially in suckling piglets, causes severe economic losses in pig production worldwide. Despite continued development, available PEDV vaccines are still suboptimal in their efficacy, making the epidemic a long-term threat to the swine industry. Understanding how a virus antagonizes antiviral factors in a host could provide insights into the innovative design of an effective vaccine as well as a therapeutic intervention for current and emerging outbreaks.

In response to viral infection, hosts have evolved sensing systems that recognize foreign components to trigger innate immune defenses. Zinc-finger antiviral protein (ZAP), also known as Zinc-finger CCCH-type containing antiviral 1 (PARP13 or ZC3HAV1), is a part of the host immune system that acts as a restriction factor against a variety of RNA and DNA viruses (Ficarelli et al., 2021). As products of alternative RNA splicing, the short and long isoforms of ZAP (ZAPS and ZAPL, respectively) share the N-terminal domain, which contains a highly conserved zinc finger domain. The long isoform has an additional C-terminal portion with an inactive poly-(ADP-ribose) polymerase (PARP)-like domain that has been shown to contribute to increased antiviral activity (Schwerk et al., 2019; Kmiec et al., 2021). In general, ZAPS is upregulated as one of the interferon (IFN)-stimulated genes (ISGs) during the type I IFN response, whereas ZAPL is constitutively expressed and less dependent on stimulation by interferon or ISGs (Schwerk et al., 2019; Kmiec et al., 2021).

Zinc-finger antiviral protein selectively binds viral or non-proprietary RNAs with high CpG content, which is abundant in some viruses but underrepresented in the host genome, and recruits cellular endonucleases to degrade the bound viral RNAs (Takata et al., 2017; Ficarelli et al., 2019; Luo et al., 2020). As a result, the amount of viral RNA species decreases significantly, hindering viral protein production and viral replication. To escape detection and subsequent restriction by ZAP, many viruses evolve to suppress CpG dinucleotide content in their own genome (Rima and McFerran, 1997; Cheng et al., 2013). Alternatively, some viruses evolve an effector that counteracts the antiviral function of ZAP. For instance, the NS1 protein of influenza A virus antagonizes the antiviral function of ZAP by preventing ZAP from binding to its viral mRNA target (Tang et al., 2017). Porcine reproductive and respiratory syndrome virus (PRRSV) uses its nsp4 protease to degrade ZAP (Zhao et al., 2020), while enterovirus A71 uses its 3C protease (Xie et al., 2018). Among coronaviruses, only SARS-CoV-2 has been reported to be suppressed by ZAP in a host (Nchioua et al., 2020). However, it remains unclear whether the restriction generally affects all coronaviruses and if the pressure drives them to evolve antagonistic mechanisms against ZAP. The interplay between coronaviruses and ZAP still awaits further investigation.

As a coronavirus, PEDV has a single-stranded positive-sense ∼28-kb RNA genome encoding four structural proteins: spike (S), membrane (M), envelope (E), and nucleocapsid (N). The N protein is one of the most abundant structural proteins produced in infected host cells. Its main function is to oligomerize to form a scaffold associated with viral genomic RNA. This forms the RNA-protein complex that constitutes the inner core of virions. In addition to its main function, N also suppresses host immunity, facilitates viral assembly, and promotes viral genome replication (McBride et al., 2014). We have previously shown that nucleocapsid proteins of porcine alpha-coronaviruses, including PEDV and Transmissible gastroenteritis virus (TGEV), can increase viral RNA content and promote PEDV replication. However, it is not yet clear whether nucleocapsid proteins increase viral RNA production or protect it from degradation.

In this work, the susceptibility of PEDV to ZAP was investigated. We showed that local CpG-rich clusters in the PEDV genome could contribute to suppression by ZAP. We also demonstrated how the virus can use its own nucleocapsid protein to counteract the activity of ZAP. This study altogether demonstrated an alternative function of the nucleocapsid protein in maintaining high viral titers in a host expressing ZAP.



Materials and methods


Cell line and plasmid construction

Human embryonic kidney (HEK) 293T (ATCC CRL-3216), African green monkey (VeroE6) cells (ATCC CRL-1586), and their derivatives were grown and maintained in Opti-MEM™ (Gibco™, Thermo Scientific, Waltham, MA, United States) at 37°C and 5% CO2. All culture media were supplemented with 10% fetal bovine serum (FBS) and 1% antibiotic-antimycotic solution.

The plasmids for the expression of C-terminal Myc-tagged PEDV-N, TGEV-N, and SADS-CoV-N have been described previously (Jaru-Ampornpan et al., 2017; Sungsuwan et al., 2020). Porcine ZAP (pZAP) genes were PCR-amplified from cDNA reverse transcribed from cellular RNA extracted from porcine alveolar macrophages (PAMs). The forward primer for pZAPL/S (pZAP-F), the reverse primer for pZAPL (pZAPL-R), and the reverse primer for pZAPS (pZAPS-R) are listed in the primer list (Supplementary Table 1). By In-Fusion ligation (Takara Bio, Shiga, Japan), the amplified PCR products were ligated into the pre-digested pCAGGS vector at MluI and KpnI restriction sites with an indicated C-terminal tag. The virus PEDV-AVCT12-mCherry and their infectious clones (pSMART-BAC- mCherry-PEDVAVCT12 [pPEDV-mCh]) were described previously (Jengarn et al., 2015; Jaru-Ampornpan et al., 2017).



Generation of zinc-finger antiviral protein-KO cell lines

Zinc-finger antiviral protein-KO HEK293T or VeroE6 ZAP-KO cell pools were generated by the CRISPR-Cas9 approach using a guide RNA (5′-GGCCGGGATCACCCGATCGG-3′). ZAP targeting guide RNA was cloned downstream of the U6 promoter into the lentiCRISPR v2 vector, a gift from Feng Zhang (Addgene plasmid # 52961; RRID:Addgene_52961)1 (The resulting plasmid is referred to as lentiCRISPRv2-gZAP-Cas9-P2A-GFP). Wild-type cells were transiently transfected with the lentiCRISPRv2-gZAP-Cas9-P2A-GFP plasmid using FuGENE HD (Promega, Madison, WI, United States), according to the manufacturer’s instructions. At 48 hpt, the transfected cells were sorted based on GFP expression using a fluorescence-activated cell sorter (BD FACSAria™ Fusion, Singapore) to isolate the pool of GFP expressing cells into single isolated cells. Single cell clones that continued to grow were selected for verification of gene knockout. The absence of ZAP expression in the sorted cells was verified by SDS-PAGE/western blot analysis compared to wild-type cells.



Generation of VeroE6 cell lines stably expressing HA-tagged pZAPL

The ZAP-KO VeroE6 cell line expressing HA-tagged pZAPL was constructed by lentivirus transduction. Lentiviruses carrying the C-terminal HA-tagged pZAPL gene were prepared by co-transfection of pSIN-CSGW-UbEM carrying the inserted pZAPL-HA gene with a packaging plasmid encoding Gag, Pol, Rev, and Tat (pCMV-ΔR8.91) and a plasmid expressing the lentiviral VSV envelope glycoprotein (pMD2.G) into HEK293T cells. At 48 hpt, the supernatants containing the lentiviruses were harvested and filtered through a 0.45-μm filter. The filtered supernatants were then used for transduction of the ZAP-KO VeroE6 cells. A single clone of the transduced cells expressing pZAP was sorted based on GFP expression using a fluorescence-activated cell sorter (BD FACSAria™ Fusion, Singapore) and verified by SDS-PAGE/western blot analysis.



Viral infection

VeroE6-derived cell lines (5 × 105 cells/ml) plated in a six-well plate were inoculated with 1 ml of the virus at the indicated multiplicity of infection (MOI) for an hour. The inoculum was then removed, and the cells were washed once with PBS and replaced with 2 ml of fresh OptiMEM containing 0.1% TrypLE. The extent of PEDV infection was monitored by mCherry fluorescence under a fluorescence microscope. Cell lysates or supernatants were harvested at the indicated time points for further analysis. To study porcine CoV-N’s ability to rescue ZAP-mediated suppression (Figure 8), VeroE6 cells were transfected with 2 μg of the pCAGGS-plasmid expressing the protein and incubated for 24 h to allow protein expression. Cells were then infected with the virus. To image cytopathic effect (CPE), the infected cells were washed twice with Phosphate-buffered saline (PBS) and fixed with cold 70% acetone and stained with crystal-violet-based plaque staining solution for 20 min. After the staining solution was removed, the plates were washed several times with water and dried before imaging.



Western blot analysis

Virus-infected or plasmid-transfected cells were harvested and lysed with RIPA lysis buffer (25 mM Tris–HCl pH 7.4, 150 mM NaCl, 1 mM EDTA, 1% NP-40, and 5% glycerol, supplemented with a protease inhibitor cocktail (Halt™ Protease Inhibitor Cocktail, Thermo Fisher Scientific, MA, United States). The mixture was centrifuged at 12,000 g, 4°C for 10 min and the resulting supernatants were mixed with sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE) loading buffer and boiled for 5 min. Proteins from the cell lysates were separated using SDS-PAGE, and then transferred to nitrocellulose membranes (Bio-Rad Laboratories, CA, United States). The membrane was blocked with 5% skim milk prior to incubation with the indicated primary antibodies. Horseradish peroxidase (HRP)-conjugated goat anti-mouse IgG (Biolegend, CA, United States) or (HRP)-conjugated donkey anti-rabbit IgG (Biolegend, CA, United States) were used as secondary antibodies. Primary antibodies used in this study included mouse-anti-Myc (Thermo Fisher Scientific, MA, United States), rabbit-anti-FLAG (ab1162, abcam, Cambridge, United Kingdom), rabbit-anti-HA (ab9110, abcam, Cambridge, United Kingdom), and mouse-anti-PEDV-N (SD 6–29, Medgene labs, SD, United States), rabbit polyclonal anti-Zinc finger antiviral protein (ab154680, abcam, Cambridge, United kingdom).



Virus titration (TCID50 assay)

VeroE6 cells stably expressing TGEV-N-FLAG (Sungsuwan et al., 2020) were plated overnight in 96-well plates to obtain monolayers of the cells. The culture media were removed, and the cells were washed once with PBS. Supernatants obtained from infected cells were prepared at 10-fold serial dilutions in OptiMEM containing 0.1% TrypLE. The diluted virus was added to the pre-seeded cells (eight wells for each dilution). At 72 h post-infection (hpi), the infected cells were examined by mCherry expression under a fluorescence microscope. The TCID50 of the viral titers was determined using the Reed-Muench method (Reed and Muench, 1938).



Generation of sequences encoding the porcine epidemic diarrhea virus-N gene with varied CpG content

To generate PEDV-N sequences with high CpG content, an in-house algorithm was developed based on the concept of codon pair bias deoptimization introduced by Coleman et al. (2008) via python3,2 to recode a gene by replacing native codon pairs with synonymous codon pairs and obtain a sequence with an expected codon-paired bias (CPB) value. The generated codon-paired bias deoptimized (CPD) sequences were further analyzed using SSE software (Simmonds, 2012) and sorted according to the difference in RNA folding energy compared to the original sequence. Selected sequences with the highest similarity in RNA folding energy profile compared to that of the native N gene sequence were finally selected. The selected sequences were chemically synthesized de novo by an oligonucleotide synthesis service provider (Integrated DNA Technologies, Inc.; IDT, Singapore), and used for subsequent experiments.



Construction of infectious clones with CPD-N genes and rescues of reverse genetics-derived CPD-porcine epidemic diarrhea virus

Oligonucleotide fragments extending from the early S gene to the 3′ end of the M gene and fused to the full length of various CPD-N genes were obtained by overlap PCR extension of the S-mCherry-E-M fragments and the corresponding full length CPD-N (Figure 3D). The purified PCR product was inserted by In-Fusion ligation into a pre-digested vector of pPEDV.mCh.MluI.3UTR at PacI and MluI restriction sites. To rescue the virus from the infectious clone, HEK293T cells were transfected with 3 μg of the infectious clone plasmid carrying the indicated CPD-N sequence and 0.5 μg of PEDV N expressing plasmid in order to enhance virus production (Liwnaree et al., 2019). FuGENE® HD (Promega, Madison, WI, United States) was used as a transfection reagent, according to the manufacturer’s instructions. At 72 hpt, supernatants were transferred to adsorb onto VeroE6-PEDV N cells for 1 h at 37°C. The inocula were then removed, and the cells were washed twice with PBS. 2 ml OptiMEM containing 0.1% TrypLE (Thermo Fisher Scientific, MA, United States) was added, and the cells were kept in the incubator at 37°C and 5% CO2 for 72 h. The rescued viruses were harvested by the freeze-thaw method and titrated by the TCID50 method. The harvested viruses were kept in −80°C until use.



Co-immunoprecipitation

HEK293T cells in 6-well plates were transfected with 0.5–1.0 μg of plasmids using FuGENE HD (Promega, Madison, WI, United States), according to the manufacturer’s instructions. The cells were lysed on ice in lysis buffer (50 mM Tris–HCl pH 8.0, 150 mM NaCl, 5 mM EDTA, 1% NP-40 supplemented with a protease inhibitor cocktail). The lysates or mixed lysates were centrifuged at 20,000 g for 10 min at 25°C. The lysates were aliquoted into 50 μl for immunoblot and 150 μl for co-immunoprecipitation. Co-immunoprecipitated lysates were incubated with 25 μg of agarose beads conjugated to the indicated antibody (Pierce™ anti-c-Myc or HA-Epitope Tag Antibody agarose, Thermo Fisher Scientific, IL, United States) overnight at 4°C under rotation. The lysates were washed three times with wash buffer (50 mM Tris–HCl pH 8.0, 550 mM NaCl, 5 mM EDTA, 1% NP-40), and then eluted with 25 μl 2X non-reducing dye then boiled for 5 min and supplemented with 5 μL 0.5M DTT. Proteins were analyzed by SDS-PAGE/western blot analysis.



Immuno-fluorescence imaging

VeroE6 ZAP-KO cells plated on glass coverslips were transfected with the indicated plasmids. At 48 hpt, cells were fixed with 4% paraformaldehyde at 4°C for 20 min and washed three times with PBS. The fixed cells were permeabilized and blocked for 1 h with 1% BSA, 1% FBS, and 0.1% Triton-X in PBS. Then, cells were stained with rabbit anti-HA (pZAPL) (1:500) and mouse anti-PEDV-N (1:500) diluted in 1% BSA in PBS for 1 h. After washing three times with PBS, cells were stained with AlexaFluor-488 goat anti-mouse IgG antibody (1:500) or AlexaFluor-568 goat anti-rabbit IgG antibody (Invitrogen, Thermo Fisher Scientific, OR, United States) (1:500) diluted in 1% BSA in PBS for 1 h and then washed with PBS three times. Glass coverslips were mounted on slides using ProLong™ Diamond Antifade Mountant with DAPI (Invitrogen, Thermo Fisher Scientific, OR, United States). Protein localization was observed and analyzed using Olympus Fluoview-1000 confocal microscopy.



Luciferase assays measuring zinc-finger antiviral protein activity

Synthetic oligonucleotides of each ZAP-responsive sequence (ZRS) were inserted into the pGL3-SV40-Luc (Promega, Madison, WI, United States) plasmid as a 3′UTR downstream of the Luciferase encoding gene as described previously (Guo et al., 2004a; Chen et al., 2012). A ZAP-sensitive sequence derived from Sindbid virus, Na, was used as a positive control (Guo et al., 2004a). For the experiment to determine ZAP activity in the presence of the various pCoV-N, a reporter plasmid carrying N-0.10 as ZRS was used as it showed the highest ZAP sensitivity in our study. Each construct was co-transfected with plasmids carrying pZAPL or pZAPS and the empty vector- or pCoV-N expressing plasmid as indicated into ZAP-KO HEK293T cells. A plasmid expressing Renilla luciferase, pRL-TK, was used to normalize transfection efficiency. At 48 hpt, cells were lysed, and luciferase activity was measured using the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, United States) according to the manufacturer’s instructions with an EnVision plate reader (PerkinElmer, MA, United States). Fold inhibition was calculated as the normalized luciferase activity in ZAP-KO HEK293T cells divided by the normalized luciferase activity in ZAP-expressing cells.



Statistical analysis

All data with statistical analysis were analyzed with GraphPad Prism 7.0 (GraphPad Software Inc., La Jolla, CA, United States). All results were presented as means ± standard errors of the means (SEM); p values of <0.05 were considered statistically significant.




Results


Porcine epidemic diarrhea virus replication was suppressed by zinc-finger antiviral protein in VeroE6 cells

We first determined whether PEDV was sensitive to ZAP. The ZAP gene (ZC3HAV1) was knocked out in VeroE6 cells by a CRISPR-Cas9-based approach. The selected knockout clone of the cell line (designated VeroE6 ZAP-KO) was confirmed by western blot and ZAP-encoding RNA expression (Figure 1A and Supplementary Figure 1). Because PEDV normally infects pigs, we also wanted to determine the degree of inhibition by a more biologically relevant porcine host factor. A porcine-derived ZAP gene (pZAP) was cloned from porcine alveolar macrophage cells (PAMs) and transduced into VeroE6 ZAP-KO cells to generate a stable VeroE6 cell line expressing only the HA-tagged long isoform of pZAP (designated as VeroE6-pZAPL). Since pZAPL cannot be recognized by anti-human-ZAP antibodies, expression of HA-tagged pZAPL in the transduced VeroE6 cells was confirmed by SDS-PAGE/western blot analysis against the HA tag (Figure 1A). PEDV was inoculated into wild-type VeroE6, VeroE6 ZAP-KO, or VeroE6-pZAPL cells at MOI = 0.0001. The growth rate of PEDV determined by TCID50 (Figure 1B) and viral spread at different time points by plaque imaging (Figure 1C) showed that the virus replicated significantly faster in VeroE6 ZAP-KO cells than in the wild-type or VeroE6-pZAPL cells. These results suggest that PEDV can be suppressed by ZAP derived from either the African green monkey host (VeroE6) or a porcine host (PAMs).
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FIGURE 1
Replication of porcine epidemic diarrhea virus (PEDV) is suppressed in VeroE6 cells by an endogenous or porcine cell-derived long isoform of zinc-finger antiviral protein (ZAP). (A) The VeroE6 ZAP-KO cell line was verified by western blot analysis. To generate a stable VeroE6 cell expressing only the HA-tagged long isoform of pZAP (VeroE6-pZAPL), VeroE6 ZAP-KO cells were transduced using the lentiviral transduction method. SDS-PAGE/western against the HA tag confirmed expression of HA-tagged pZAPL in the transduced cells. (B) VeroE6, VeroE6 ZAP-KO, or VeroE6-pZAPL cells were infected with PEDV (AVCT12 strain) at MOI = 0.0001. PEDV growth kinetics were monitored at the indicated time points using the TCID50 assay. Values shown are averages ± SEM of three independent experiments (Student’s t-test, **p < 0.05, **p < 0.005). (C) Representative images showing the spread of virus at different time points post-infection were visualized with cytopathic effect (CPE) by crystal violet staining.




The porcine epidemic diarrhea virus genome contains an uneven distribution pattern of CpG dinucleotides similar to other human coronaviruses

Coronaviruses generally contain low levels of CpG, considering the average of their genomes (Xia, 2020). However, SARS-CoV-2 replication has been reported to be suppressed by endogenous ZAP (Nchioua et al., 2020). Therefore, we hypothesized that the suppression of coronaviruses, including PEDV, might be due to an uneven distribution of CpG clusters in the viral genome. We analyzed the CpG distribution in the genomes of various PEDV strains. The analysis shows that there are common areas where a high density of CpG content is clustered. These areas include the early 5′region of ORF1a, the frameshift region between ORF1a and ORF1b, and the structural genes downstream of the spike gene, particularly in the N gene (Figure 2). The result shows a similar pattern of distribution of CpG content in their genomes as in SARS-CoV-2 (Nchioua et al., 2020; Zimmer et al., 2021). This led us to speculate that these highly localized CpG contents could be targeted by ZAP.
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FIGURE 2
CpG dinucleotide distribution in porcine epidemic diarrhea virus (PEDV) genomes. (top) Representative complete genome sequences of various PEDV strains were aligned (NCBI accession numbers are listed in the Supplementary material). The number of CpGs per 100 nucleotides of each segment was analyzed. Results were shown in a heat map (white = 0 CpGs/100-bp, black = 10 CpGs/100-bp). (Bottom) Mode of CpGs per 100-bp from the aligned sequences in each region of the PEDV genomes. The graph below the heat map was plotted by a moving average trend line for every 1,000-bp (10 values of CpGs/100-bp) showing high CpG regions in the early 5′ region of ORF1a, the frameshift region between ORF1a and ORF1b, and the structural genes downstream of the spike gene.
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FIGURE 3
Increasing CpG content in the N gene results in slower growth of porcine epidemic diarrhea virus (PEDV) in VeroE6 cells. (A) Analysis of generated nucleotide sequences encoding PEDV-N protein with varied CpG dinucleotides. Red lines in a sequence bar display silent mutations where the original nucleotides are replaced to increase CpG content. Synonymous codon substitutions, CpG dinucleotide compositions, and codon-paired bias (CPB) values of each sequence are listed in the Table. (B) RNA folding free energy profiles for each 100- and 20-base window of the generated CPD-N sequences compared to the native N gene sequence. The red bars indicate the high (<–30 Kcal/mol) free energy of RNA folding. (C) Construction of infectious clones using the N genes with high CpG content. PCR-amplified products of an oligonucleotide fragment from the S gene to the M gene (S-mCherry-E-M) and another fragment of various N genes (N′) were inserted into a pre-cut vector containing the rest of the viral genes (pPEDV.mCh.MluI.3UTR) by the In-Fusion ligation method. (D) VeroE6 cells were infected with each recombinant PEDV (MOI = 0.001) and virus replication was monitored at the indicated time points by the TCID50 assay. Values shown are averages ± SEM of three independent experiments. (E) Representative images of virus spread in the infected cells at 96 hpi are shown.




Modulation of CpG content in the N gene affects growth rates of recombinant porcine epidemic diarrhea virus in wild-type host cells

Based on the above analysis, we hypothesized that altering the CpG cluster in the viral genome would affect viral growth in wild-type cells in a ZAP-dependent manner. For instance, increasing CpG clusters would further attenuate the mutant virus. We chose to increase CpG content in the N gene because it could affect viral transcriptional regulatory sequences in other suspected areas of high CpG content, such as the 5′UTR or ribosomal frameshift region (TRS). Nucleotide sequences encoding the viral N gene with increased CpG content without changing its amino acid sequence were generated with controlled RNA folding energy to avoid the effects of RNA folding on protein expression (Figures 3A,B). Two sequences were selected, as shown in Figure 3A. While the native sequence contains 49 CpG (67%) with a codon-paired bias (CPB) value (Moura et al., 2007) = +0.008, the generated sequences, N-0.05 and N-0.10, contain 62 CpG (82%, CPB = −0.04) and 73 CpG (93%, CPB = −0.09), respectively.

To determine how increasing CpG density in the N gene affects viral growth in wild-type cells, we generated recombinant PEDVs carrying these synthetic sequences and measured their replication kinetics. The oligonucleotides carrying the generated sequences were cloned into the PEDV infectious clone according to the method shown in Figure 3C. The infectious clone plasmids were transfected into HEK293T cells to generate infectious particles. The recombinant viruses were passaged and verified by RT-PCR sequencing of viral RNA (data not shown). We inoculated the resulting viruses at MOI = 0.001 onto VeroE6 cells to determine the replication rate of each virus by TCID50 assay. The generated viruses grew at varied rates that were inversely correlated with the level of CpG content in the N gene (Figures 3D,E). The results in this section suggest that increasing the CpG content in the N gene of PEDV can suppress viral growth in a susceptible cell line.



Growth of porcine epidemic diarrhea virus carrying high-CpG content in the N gene is suppressed by porcine zinc-finger antiviral protein

Based on the above results, PEDV with N-0.10 (designated as CPD-PEDV) was selected as it grew the slowest in WT-VeroE6 to further investigate the sensitivity of increased CpG content in the N gene on viral growth against the corresponding porcine ZAP. To test whether the suppressed growth of CPD-PEDV is caused by ZAP in the host, we compared the growth of CPD-PEDV and WT-PEDV in cells lacking or expressing ZAP. CPD-PEDV or WT-PEDV (MOI = 0.001) were inoculated onto either VeroE6 ZAP-KO or VeroE6-pZAPL. Supernatants of infected cells were collected to determine the virus titers at varied time points by TCID50 (Figure 4A), and the spread of viruses was shown by images of the CPE (Figure 4B). The results show that, while WT-PEDV was suppressed by pZAPL by 1–1.5 logs (Figure 4A, gray lines), CPD-PEDV is even more sensitive to pZAPL, resulting in 1.5–2.5 log decrease in titers (Figure 4A, red lines). In ZAP-KO cells, only a small viral growth difference (∼0.5–1.0 logs) is observed between the two viruses (Figure 4A, solid lines), possibly due to ZAP-independent effects (e.g., different translation efficiency or RNA stability). However, in cells expressing pZAPL, the growth difference is significantly greater, especially at early time points (∼1.5 logs) (Figure 4A, dashed lines), indicating a ZAP-dependent effect on the CPD-virus at early time points in the viral replication process. These results suggest that the reduced replication of PEDV with a high CpG content in the N gene is affected by ZAP-mediated suppression.
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FIGURE 4
The growth of CPD-porcine epidemic diarrhea virus (PEDV) is suppressed by porcine zinc-finger antiviral protein (ZAP). (A) VeroE6 ZAP-KO or VeroE6-pZAPL cells were infected with CPD-PEDV at MOI = 0.001. Viral growth kinetics in VeroE6 ZAP-KO or VeroE6-pZAPL were monitored at the indicated time points using the TCID50 assay. Values shown are averages ± SEM of three independent experiments (Student’s t-test, **p < 0.05, **p < 0.005, ***p < 0.0005). (B) Representative viral spread at varied time points from A) was shown as images of CPE. (C) (Top) Schematic representation of the luciferase-based assay used to measure the sensitivity of each ZRS to pZAPL. (Middle) Each reporter plasmid containing ZRS was transfected into the ZAP-KO-293T cells along with a transfection normalizing plasmid, pRL-TK, and an empty control plasmid or a pZAPL-expressing plasmid. At 48 hpt, the transfected cells were lysed and luciferase activity was measured using the dual-luciferase reporter assay. The sensitivity of each ZRS to pZAPL was compared as the inhibition fold, which was calculated as described in methods. Inhibition data shown are the means ± SD of three independent measurements (Student’s t-test, **p < 0.005). (Bottom) SDS-PAGE/western blot showing expression of pZAPL in each condition.


To provide additional evidence that the selected sequences in CPD-PEDV are targeted according to the increased CpG content of ZAP, we applied a luciferase-based assay previously used to determine the sensitivity of RNA sequences to ZAP (Guo et al., 2004a; Chen et al., 2012). The assay is based on a reporter plasmid encoding a luciferase gene fused to an untranslated region containing a ZAP-responsive sequence (ZRS) (Figure 4C). In this assay, ZAP targets the ZRS and subsequently degrades total RNA, resulting in inhibition of luciferase signaling. The more ZAP-sensitive the sequences are, the stronger the luciferase inhibition will be. The synthesized N gene with varied CpGs was cloned into a non-translated region downstream of the luciferase gene in the pGL3-Luc plasmid as was done previously (Guo et al., 2004a; Chen et al., 2012; Figure 4C). The resulting Luciferase-based reporter plasmids (pGL3-Luc-ZRS) with various CpG-containing sequences were transfected into ZAP-KO HEK293T cells with a transfection normalization plasmid expressing Renilla luciferase (pRL-TK) and an empty pCAGGS vector or a pCAGGS plasmid expressing HA-tagged pZAPL (pCAGGS-pZAPL-HA). A previously reported ZAP-sensitive sequence, Na, was used as a positive control (Guo et al., 2004a). At 48 hpt, the cells were lysed, and luciferase activities were measured by the Dual-Luciferase Reporter Assay. The ZAP sensitivity of each generated sequence is presented as the inhibition fold as done previously in other studies (Guo et al., 2004b; Chen et al., 2012). Intermediate increase in CpG dinucleotides in N-0.05 slightly increases ZAP sensitivity, while the reporter plasmid with the highest CpGs, N-0.10, highly enhances the sensitivity toward pZAPL (Figure 4C). This result supports the hypothesis that the increased CpG dinucleotides in the N gene of CPD-PEDV are correlated with the higher ZAP-sensitivity of the virus.



Porcine epidemic diarrhea virus nucleocapsid protein interacts with pZAPL

From the above results, we observed delayed replication of the CPD-virus in a host expressing pZAPL at an early time point (24–48 hpi) (Figures 4A,B) compared with the ZAP-KO cells. However, the virus accelerated its growth at the late stage of replication (72 hpi). We next asked whether PEDV could use its own viral factors, which accumulate during prolonged replication, to counteract the suppression exerted by ZAP.

Among viral structural proteins, nucleocapsid protein (N) is the most likely candidate, as an interactome study by Zheng et al. (2021) showed that N of SARS-CoV-2 can interact with ZAP. Moreover, several studies have shown that N from human coronaviruses can interact with TRIM25, an essential co-factor to promote the function of ZAP (Hu et al., 2017; Li et al., 2017; Chang et al., 2020). We now aimed to determine whether PEDV N has an antagonistic function against ZAP.

First, we examined the interaction between PEDV-N and pZAPL. A co-IP experiment was performed to determine whether they interact with each other. Cell lysates from ZAP-KO HEK293T transfected with pCAGGS-pZAPL-HA or pCAGGS-PEDV-N-Myc were mixed and incubated. By pulling PEDV-N-Myc in the co-IP setup, we found that PEDV-N can pull pZAPL-HA (Figure 5A) and vice versa when pZAPL-HA is used as bait (Figure 5B). The co-IP result indicated that PEDV-N can be associated with pZAPL. Co-localization between these proteins in cells was demonstrated by confocal imaging (Figure 5C).
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FIGURE 5
pZAPL interacts with PEDV-N. (A,B) Cell lysates from ZAP-KO HEK293T transfected with pCAGGS-pZAPL-HA or pCAGGS-PEDV-N-Myc were mixed as indicated. A co-IP experiment was performed with agarose beads conjugated with anti-Myc- (A) or anti-HA (B) antibodies. Prey proteins were analyzed by western blot with the indicated antibodies. (C) Co-localization of PEDV-N with pZAPL. VeroE6 cells were co-transfected with pCAGGS-PEDV-N and pCAGGS-pZAPL-HA. Confocal microscopy images of the transfected cells were taken at 48 hpt to examine the localization of the indicated proteins (scale bar = 10 μm).




Nucleocapsid proteins of porcine alpha-coronaviruses suppress the function of porcine cell-derived zinc-finger antiviral protein

Next, we investigated how nucleocapsid proteins from porcine coronaviruses affect the function of ZAP. In this experiment, we used a luciferase-based assay using the reporter plasmid described above [pGL3-Luc-ZRS(N-0.10)] (Figure 4C). To test how different ZAP isoforms behave, short and long isoforms of ZAP, derived from porcine cells, were cloned from porcine alveolar macrophage cells (PAMs). Both isoforms showed ZAP activity in this assay setup, with pZAPL exerting stronger inhibition than pZAPS (Supplementary Figure 2).

To investigate the effect of pCoV-N on the activity of ZAP, ZAP-KO HEK293T cells were co-transfected with the reporter plasmid [pGL3-luc-ZRS(N-0.10)], the pCAGGS plasmid expressing HA-tagged pZAPL (pCAGGS-pZAPL-HA) and the plasmids expressing various pCoV-N in the presence of the plasmid expressing Renilla luciferase (pRL-TK) to normalize transfection. At 48 hpt, cells were lysed, and luciferase activities were measured by the Dual-Luciferase reporter assay (Figure 6A). The antagonistic effects of pCoV-N on pZAP were compared based on the relative fold of inhibition. The result showed that PEDV-N and TGEV-N can reduce the inhibition of luciferase signal by ZAP by about 25%, whereas SADS-CoV-N can reduce the relative inhibition up to 50% (Figure 6B). The antagonistic effects of these pCoV-Ns against pZAPL or pZAPS are comparable. Overall, the results showed the conserved antagonizing function of pCoV-Ns against both isoforms of pZAP.
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FIGURE 6
Nucleocapsid proteins of porcine alpha-coronaviruses suppress the function of porcine cell-derived zinc-finger antiviral protein (ZAP). (A) Schematic representation of the procedure of a luciferase-based assay to measure the activities of pZAPL and -S in the presence of the various pCoV-N. (B) To assess the ability of pCoV-N to antagonize ZAP activity, pGL3-Luc-ZRS was co-transfected with pZAPS or -L and the indicated pCoV-N expressing plasmids. A plasmid expressing Renilla luciferase, pRL-TK, was used to normalize transfection efficiency, and an empty pCAGGS vector (EV) was used as a control plasmid. At 48 hpt, cells were lysed, and luciferase activity was measured. Relative fold inhibition is fold inhibition (described in “Materials and methods”) in the presence of the respective pCoV-N divided by fold inhibition of cells with EV. Data shown are the means ± SD of three independent measurements (Student’s t-test, **p < 0.005, ****p < 0.00005). (Bottom) SDS-PAGE/western blot showing expression of pZAPL in each condition.




pCoV-Ns can alleviate zinc-finger antiviral protein-mediated suppression of influenza virus PB2 expression

To demonstrate that pCoV-Ns can suppress the function of pZAP, we performed another assay based on the previous finding that influenza virus polybasic protein 2 (PB2) expression can be suppressed by ZAP via a viral mRNA reduction-dependent mechanism (Tang et al., 2017). HEK293T cells were co-transfected with a plasmid expressing Flag-tagged PB2 protein and the indicated pZAP variants in the absence or presence of a plasmid expressing various pCoV-N. The pCAGGS-empty vector was used as a mock control. SDS-PAGE/western blot analysis of the transfected cell lysates showed that PB2 expression was substantially reduced in the presence of pZAPL (Lane 2 in Figure 7A), consistent with the previous reports (Liu et al., 2015; Tang et al., 2017). However, in the presence of nucleocapsid proteins from PEDV, TGEV, or SADS-CoV, PB2 expression was restored to the same level as in the absence of ZAP (cf. Lanes 3-5 and 1, Figure 7A). To rule out the possibility that CoV-Ns contribute to enhancing PB2 expression independently of the ZAP-regulatory pathway, we replaced ZAP with a ZAP mutant [pZAPL(Y108A)] lacking the essential residue for RNA binding, rendering it non-functional (Luo et al., 2020; Figure 7B). The result showed that PB2 expression was not affected by the non-functional mutant [pZAPL(Y108A)] (Lane 2, Figure 7B) and that CoV-N only slightly increased the expression of PB2 compared to that with pZAPL (Lanes 3–5, Figure 7B). These results support the notion that the nucleocapsid proteins of porcine alpha-coronaviruses, at least of PEDV, TGEV, or SADS-CoV, have a conserved function in antagonizing the function of pZAP and are able to restore the expression of a ZAP-responsive protein such as PB2.
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FIGURE 7
pCoV-Ns reverses the repression of PB2 expression by zinc-finger antiviral protein (ZAP). (A,B) A pCAGGS plasmid expressing Flag-tagged PB2 was co-transfected into HEK293T cells with a plasmid expressing HA-tagged pZAPL (A) or the non-functional ZAP mutant, ZAP (Y108A) (B), and a plasmid encoding the indicated pCoV-N protein. An empty vector plasmid served as a control. At 48 hpt, cells were lysed, and protein expression was analyzed by SDS-PAGE/western blotting. The western blotting results shown are representative of three independent experiments. The relative band intensities of PB2-FLAG and beta-actin under each lane were analyzed using Image Lab software (Bio-Rad Laboratories, CA, United States). Values shown are the means ± SD of three independent measurements (Student’s t-test, **p < 0.005).
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FIGURE 8
Suppression of CPD-porcine epidemic diarrhea virus (PEDV) growth by pZAPL can be reversed by pCoV-Ns. VeroE6 ZAP-KO cells were transfected with the indicated plasmids. At 24 hpt, transfected cells were infected with CPD-PEDV (MOI = 0.001). Supernatants were collected at 48 and 72 hpi to determine viral titers using the TCID50 assay. Expression of the indicated proteins is shown by SDS-PAGE/western blot results below. Values shown are averages ± SEM of three independent experiments (Student’s t-test, *p < 0.05, **p < 0.005).




Growth suppression of CPD-porcine epidemic diarrhea virus by pZAPL can be reversed by pCoV-Ns

We next examined whether pCoV-Ns expressed in-trans can reverse the growth suppressive effect of ZAP on CPD-PEDV. VeroE6 ZAP-KO were co-transfected with HA-tagged pZAPL or empty vector and Myc-tagged PEDV-N or TGEV-N. At 24 hpt, transfected cells were inoculated with CPD-PEDV (MOI = 0.001). Supernatants containing viruses at 48 and 72 hpi were collected for viral titer analysis by TCID50. At 48 hpi, virus titers from cells expressing only pZAPL-HA were significantly lower than those from the mock-transfected cells indicating viral suppression by pZAPL (Figure 8). In the absence of pZAPL-HA expression, transfection of either PEDV-N-Myc or TGEV-N-Myc slightly but not statistically significantly increased viral titers. However, in the presence of pZAPL-HA, co-transfection with pCoV-Ns can significantly reverse the viral suppression induced by pZAPL-HA (Figure 8, left). Similar to the titers observed at 48 hpi, expression of pCoV-N without the suppressive effect of pZAPL-HA did not show significantly increased viral titers at 72 hpi. At 72 hpi, the effect of transient expression of pZAPL-HA did not significantly decrease viral titer compared with mock transfection, possibly because the virus produced sufficient N at this stage to target ZAP. However, both pCoV-Ns can still slightly increase viral titers in the presence of pZAPL compared with the condition where no additional pCoV-N was present. This result suggests that both PEDV-N and TGEV-N expressed in-trans may antagonize the function of pZAPL in suppressing the growth of CPD-PEDV.




Discussion

The global threat posed by SARS-CoV-2 again underscores the need for a better understanding of coronavirus-host interaction. As an example, insights gained from previous SARS-CoV research can make a critical leap in the development of therapeutic and preventive approaches to alleviate the global suffering of COVID-19. A comprehensive understanding of how a host defends itself against viral infection and how viruses counteract this defense would better prepare us for the next pandemic.

Among various host antiviral factors, ZAP plays an important role in inhibiting the growth of many RNA viruses (Ficarelli et al., 2021), including SARS-CoV-2 (Nchioua et al., 2020), by suppressing the production of genomic or subgenomic viral RNA during viral infection. In this study, we demonstrated that the growth of PEDV can be suppressed by endogenous or porcine cell-derived ZAP in VeroE6 cells. The conserved function of ZAPs from both cell lines may be due to the conserved RNA-binding domain in the N-terminal part of ZAP in mammalian hosts (Gonçalves-Carneiro et al., 2021).

Two major isoforms of ZAP (short and long isoforms) contribute to viral restriction function. Despite sharing a common RNA-binding domain, the long isoform exerts stronger viral inhibition due to the extended C-terminal domain containing the inactive poly-(ADP-ribose) polymerase (PARP)-like domain, which has been shown to aid in RNA binding, interact with its cofactor (Kmiec et al., 2021) and recruit an endonuclease protein to degrade bound RNA (Ficarelli et al., 2019). Moreover, the long isoform is constitutively expressed, while the short isoform is dependent on IFN response (Ryman et al., 2005; Wang et al., 2010; Hayakawa et al., 2011; Schwerk et al., 2019). Considering that the VeroE6 cell line is IFN gene deficient (Emeny and Morgan, 1979; Chew et al., 2009), the long isoform, which is expressed at a much higher level (Figure 1A), would play a dominant role in virus inhibition in our experimental setup. Therefore, our study focused on the interplay between the virus and the long isoform of ZAP, with the IFN-dependent response playing a minor role. However, the contribution of pZAPS could not be excluded in a native host in which the IFN response functions normally.

Our analysis of the PEDV genomes revealed high CpG clusters in the 5′UTR, the ribosomal frameshift region and the structural gene region, particularly in the N gene. This pattern of CpG distribution is similar to that of the SARS-CoV-2 genome (Nchioua et al., 2020; Zimmer et al., 2021). This suggests that ZAP targets these regions of high CpG content and mediates the degradation of viral RNA, leading to suppression of viral growth, as found in SARS-CoV-2. We have shown that increasing CpG content only in the N gene can make viral RNA more visible to ZAP and thus more susceptible to degradation. Given that all coronaviral genomic and subgenomic RNA species share the N gene at the 3′-terminal segment, any change in the N gene could affect all species of viral RNAs. Therefore, a subtle effect of small CpG changes in the N gene could accumulate to cause sufficient suppression by ZAP, resulting in decreased replicative viral fitness of CPD-PEDV. This is supported by another study showing that SARS-CoV-2 containing a partial fragment with high CpG in its genome was attenuated in animal experiments (Trimpert et al., 2021). Therefore, the increased density of CpG in a specific genomic region rather than the CpG number in the whole genome could alter the ZAP susceptibility of PEDV. Our results have shown that the attenuation of CPD virus is mainly due to ZAP, as the suppressed viral replication can be reversed in ZAP-KO cells, but is evident in VeroE6 with exogenous pZAPL reconstitution. The attenuation shown here by designing CPD-PEDV could be applied based on the concept of synthetic attenuated virus engineering (SAVE) (Coleman et al., 2008) to generate an attenuated live vaccine candidate.

We have previously shown that PEDV-N or TGEV-N can promote PEDV replication by increasing the level of viral RNA in the viral replication process compared to the state without exogenous N-protein expression (Sungsuwan et al., 2020). Our findings from this work reveal an alternative factor that contributes to our previous observation that the additional CoV-N antagonizes ZAP and protects viral RNA from degradation. This novel function of pCoV-N has been shown to be conserved among porcine alpha-coronaviruses, including PEDV, TGEV, and SADS-CoV and likely among other human coronaviruses. We have also shown that the host expressing PEDV-N or TGEV-N in-trans can recover the slow replication of the CPD-virus. It could be argued that the extra PEDV-N supplements the delayed production of PEDV-N from the CPD-N gene and restores slow virus replication by participating in virion assembly. However, TGEV-N, which was previously shown to be unable to replace PEDV-N in the production of PEDV virions (Sungsuwan et al., 2020), also showed a similar effect. Together with the demonstration that these pCoV-Ns can restore normal expression of IAV-PB2, an unrelated protein known to be suppressed by ZAP, these results suggest a novel function of pCoV-Ns that antagonizes the pZAP function in a universal and non-pCoV-specific manner.

Our results showed that PEDV can grow faster in the ZAP-KO cells compared to the wild-type cells in the early phase of infection (24–48 hpi), while it reaches a plateau thereafter (Figures 1, 4). In the transient expression experiment, the suppression by ZAP is less significant in the late phase of virus replication (at 72 hpi, Figure 8). This may suggest that novel function of pCoV-N in antagonizing the function of ZAP may be an auxiliary role in addition to its primary functions of initiating or modulating viral genome replication (McBride et al., 2014). These primary functions of virus-derived N could be of high priority during the early phase of replication, when N production cannot catch up to antagonize the active ZAP in the host. However, once CoV-N produced either by the virus or by the host (in-trans) is excessive, ZAP inhibition may be observed. On the other hand, given that a primary function of CoV-N is to bind the viral RNA, it is also possible that the excess CoV-N may be sufficient to cover and protect the viral RNA from being recognized by ZAP as well.

Regarding the interaction between pZAPL and PEDV-N shown in this study, we could not exclude that it is direct or mediated by an intermediary. On the one hand, several works have shown that CoV-N proteins have myriads of interaction partners (McBride et al., 2014). On the other hand, two independent studies have shown that nucleocapsid proteins of coronaviruses (MERS- and SARS-CoVs) can interact with TRIM25, an essential ZAP co-factor (Li et al., 2017), preventing it from interacting with RIG-I for IFN production (Hu et al., 2017; Chang et al., 2020). This led us to hypothesize that PEDV-N might interact with pZAPL possibly via TRIM25 (Li et al., 2017; Zheng et al., 2017; Ficarelli et al., 2019). Whether pCoV-N interacts with TRIM25 and affects its cofactor function for ZAP requires further investigation.

In summary, PEDV can be suppressed by ZAP. Increasing CpG content only in the N gene makes the virus more susceptible to ZAP. Our study revealed an alternative function of the nucleocapsid protein (pCoV-N) that targets and counteracts the antiviral activity of ZAP. The insights into the interplay between coronavirus and host demonstrated in this work could be used to develop therapeutic and preventive agents to combat the impending pandemic.
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Neutralizing monoclonal antibodies (mAbs) against highly pathogenic coronaviruses represent promising candidates for clinical intervention. Here, we isolated a potent neutralizing monoclonal antibody, MERS-S41, from a yeast displayed scFv library using the S protein as a bait. To uncover the neutralization mechanism, we determined structures of MERS-S41 Fab in complex with the trimeric spike glycoprotein by cryoelectron microscopy (cryo-EM). We observed four distinct classes of the complex structure, which showed that the MERS-S41 Fab bound to the “up” receptor binding domain (RBD) with full saturation and also bound to an accessible partially lifted “down” RBD, providing a structural basis for understanding how mAbs bind to trimeric spike glycoproteins. Structure analysis of the epitope and cell surface staining assays demonstrated that virus entry is blocked predominantly by direct competition with the host receptor, dipeptidyl peptidase-4 (DPP4).
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Introduction

The outbreak of coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has been declared by the World Health Organization (WHO) as a global health emergency that, at the time of writing, has been responsible for more than 6 million deaths.1 Unfortunately, it is just the latest in a line of lethal respiratory diseases spread by coronaviruses to cause worldwide epidemics. SARS-CoV-1 emerged in 2002, resulting in 8,000 infections and nearly 800 deaths in 37 countries (Peiris et al., 2003). In 2012, Middle East respiratory syndrome coronavirus (MERS-CoV), emerged in the Arabian peninsula and caused numerous outbreaks in humans, with a fatality rate of 35%.2 MERS-CoV likely originated from bats, with camels functioning as a nature reservoir (Azhar et al., 2014; Mohd et al., 2016). Small clusters of infections without camel exposure in several countries suggested that human-to-human transmission can occur through close contact (Zumla et al., 2015). Due to the high pathogenicity, significant lethality and verified capability of human-to-human transmission, there has been a persistent concern that MERS-CoV could cause a disruptive pandemic.

Coronavirus trimeric spike (S) glycoproteins mediate viral entry. The MERS-CoV S protein undergoes protease cleavage into two subunits (Millet and Whittaker, 2014), leading to non-covalently associated S1 and S2 subunits, whereby a trimer of S1 sits atop a trimer of S2 subunits. S1 is responsible for binding to the host receptor, and contains the N-terminal domain (NTD), the receptor binding domain (RBD), and subdomain 1 and 2 (SD1 and SD2). S1 adopts dynamic conformations in cryo-EM structures of prefusion MERS-CoV (Pallesen et al., 2017; Yuan et al., 2017), SARS-CoV (Gui et al., 2017; Yuan et al., 2017), and SARS-CoV-2 (Walls et al., 2020; Wrapp et al., 2020), wherein RBDs adopt either a “down” conformation that buries the receptor-binding surface, or an “up” conformation that facilitates binding with host-cell receptors. The binding of S1 RBD to the host receptor DPP4 (Lu et al., 2013; Raj et al., 2013; Wang et al., 2013) likely initiates the fully receptor-binding capable state in which all three RBDs adopt the “up” conformation, resulting in conformational change of S2, which mediates the fusion of the viral and host-cell membranes (Pallesen et al., 2017; Yuan et al., 2017; Walls et al., 2019). As the S protein decorates the viral surface and is vital for its infectivity, it is the main target of neutralizing antibodies. Numerous monoclonal antibodies (mAbs) against the S protein of MERS-CoV have been reported, isolated from single chain fragment variable (scFv) libraries (Jiang et al., 2014; Tang et al., 2014; Ying et al., 2014), generated from immunized animals (Li et al., 2015; Wang et al., 2015; Chen et al., 2017) or based on B cell cloning from convalescent individuals (Corti et al., 2015). Most neutralizing antibodies were isolated using the RBD as a bait. Structural studies have revealed that RBD-targeting mAbs directly or indirectly disrupt the interaction between RBD and DPP4 (Li et al., 2015; Wang et al., 2015, 2018; Ying et al., 2015; Yu et al., 2015; Chen et al., 2017; Niu et al., 2018; Zhang et al., 2018). The trimeric spike glycoprotein has also used as a bait for selection from phage displayed scFv libraries or to inoculate mice. Successful examples are antibody 3B11 isolated from a scFv library (Tang et al., 2014) and mAb 7D10 generated from S protein immunized mice (Zhou et al., 2019). Since the trimeric S protein has the potential to isolate mAbs targeting various sites including the RBD, NTD, S2, or structural elements of the trimer, it could be a more effective antigen to select mAbs than the RBD.

Here, we report the isolation of a potent neutralizing monoclonal antibody, MERS-S41, from a yeast displayed scFv library using the S protein as the bait. To determine the neutralization mechanism and further explore the interactions between MERS-S41 and S protein, we resolved the structures of the trimeric spike glycoprotein in complex with the MERS-S41 Fab by cryoelectron microscopy (cryo-EM). The structures showed that MERS-S41 can bind the MERS-CoV spike with different stoichiometries, in which MERS-S41 Fab was able to bind “up” RBD and partially lifted “down” RBD, whereas MERS-S41 Fab was unable to bind fully “down” RBD. As a result of structure analysis of the epitope and cell surface staining assay, the main neutralization mechanism for MERS-S41 is demonstrated to be direct competition with DPP4.



Results


Neutralizing mAb MERS-S41 isolated from non-immune human antibody library

To generate neutralizing mAbs against the MERS-CoV glycoprotein spike, we first expressed and purified the ectodomain of the spike as described before (Gui et al., 2017; Supplementary Figure 1). The bait was then used to select antibodies from a non-immune human scFv library displayed on the surface of the yeast, Saccharomyces cerevisiae (Jiang et al., 2014). The selection procedure is shown in Figure 1A. We performed two rounds of magnetic bead–activated cell sorting (MACS) followed by three rounds of florescence-activated cell sorting (FACS). Plasmids containing the coding sequences for scFv were then extracted from the sorted yeast population, and proliferated in Escherichia coli for sequence analysis.
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FIGURE 1
Antibody MERS-S41, isolated from a scFv yeast display library, has potent neutralizing activity. (A) The selection flowchart. (B) Neutralization of the MERS-S41 IgG against pseudotyped MERS-CoV. Antibody 7D10 IgG targets NTD of MERS-CoV S and P2B-2F6 targets RBD of SARS-CoV-2, as positive and negative controls, respectively. (C) Surface plasmon resonance curves showing binding of MERS-CoV spike glycoprotein to immobilized MERS-S41 IgG. Data are shown as different colored lines and the best fit of the data to a 1:1 binding model is shown in black.


Among the 119 plasmid sequences analyzed, 13 distinct scFv sequences were identified (Supplementary Table 1). Interestingly, one of the scFv sequences, MERS-S111, was identical to the MERS-27 sequence which we isolated previously using RBD as the bait (Yu et al., 2015). Subsequently, we grafted the scFv sequences onto constant region sequences to generate full-length IgG1s which possess better thermal stability than the scFv or Fab forms. To assess the binding of the selected antibodies to the MERS-CoV spike, 13 pairs of plasmids were co-transfected into HEK293T cells respectively and the supernatants containing mAbs were used. Six mAbs were confirmed to specifically bind to MERS-CoV Spike by the enzyme-linked immunosorbent assay (ELISA) (Supplementary Figure 2). We further expressed and purified each antibody in FreeStyle 293F cells. The purified antibodies were used to evaluate the neutralizing activity against cell entry with pseudotyped MERS-CoV. In addition to MERS-S111 (MERS-27), antibody MERS-S41 was able to inhibit pseudotyped MERS-CoV entry into susceptible Huh7 cells, with an IC50 of approximately 0.022 μg/mL (Figure 1B). Surface plasmon resonance (SPR) demonstrated that purified MERS-S41 could bind the spike with an affinity of approximately 4.6 nM (Figure 1C). MERS-S41 therefore has potent neutralizing activity and high affinity for the MERS-CoV spike glycoprotein.



Structure determination

To determine the complex structure of MERS-S41 with the MERS-CoV spike trimer, we first digested recombinant MERS-S41 IgG to obtain the Fab (Supplementary Figure 1). We then incubated the MERS-S41 Fab with the S protein at a molar ratio of 3.6:1. The complex was visualized by cryo-EM, and the resulting images were processed using single-particle analysis methods (Supplementary Figures 3, 4 and Supplementary Table 2). The nominal resolution of the resolved spike trimer is 2.5Å (Supplementary Figure 4). To obtain better resolution of each RBD-Fab interaction, we performed focused three-dimensional classification and refinement. The resolution of each RBD-Fab ranged from 3.7 to 4.3Å, allowing us to build atomic models with sidechain accuracy (Supplementary Figure 4). In total, we identified four distinct classes (Figure 2; Supplementary Figure 3).
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FIGURE 2
Cryo-EM structures of the MERS-S41 Fab bound to MERS-CoV spike trimer. (A) Class 1 shows MERS-S41 Fab bound to one “up” RBD. (B) Class 2 shows one “up” RBD bound by two MERS-S41 Fabs. (C) Class 3 shows two “up” RBDs bound by two MERS-S41 Fabs. (D) Class 4 shows two “up” RBDs bound by three MERS-S41 Fabs. In panels (A–D), the MERS-CoV spike trimer NTDs are colored in blue, RBDs in green and other domains in gray. The light chain and heavy chain of MERS-S41 are colored in magenta and purple. The representations are models, shown as surface using Chimera X.




MERS-S41 binds to different conformational states of the spike trimer

As we and others have previously demonstrated, coronavirus RBDs can sample “up” or “down” conformational states (Gui et al., 2017; Pallesen et al., 2017; Yuan et al., 2017). At least one RBD in the “up” position is necessary for the spike trimer to be in an activated, receptor-binding capable state, while all three RBDs in the “down” position keep the S protein in an inactive, receptor-binding incapable state (Song et al., 2018). The four different classes we identified showed that MERS-S41 bound to two distinct conformational states of the spike trimer (Figure 2). State 1 represented a conformation in which just one of the RBDs was “up” (42%) (Figures 2A,B), whereas State 2 corresponded to two “up” RBDs (58%) (Figures 2C,D). We did not observe MERS-S41 bound to spike trimers in which all RBDs were simultaneously “up” or “down.”

The MERS-S41 Fabs showed full saturation with one Fab bound to each “up” RBD (Figure 2) regardless of the state of the spike glycoprotein. This observation provided the first indication that MERS-S41 could potentially disrupt receptor binding (see below) by occupying the “up” RBDs required to bind DPP4 (Pallesen et al., 2017; Yuan et al., 2017). Besides binding to “up” RBDs, we also observed two classes in which MERS-S41 Fabs were bound to a partially lifted “down” RBD (Figures 2B,D). The Fab-bound “down” RBDs slightly lifted up with an additional angle of about 25.4° in class 2 and 27.7° in class 4 between the long axes (yellow lines) of the partially lifted “down” RBD and the horizontal plane, comparing to the corresponding non-Fab-bound “down” RBD in class 1 or class 3 (with an angle of about −13.7°) (Supplementary Figure 5). Notably, the partially lifted RBDs are incompatible with DPP4 binding (Supplementary Figures 5c,d). In this binding manner, MERS-S41 could potentially prevent further conformational changes to a fully activated, receptor-binding capable state with all three RBDs “up” rather than only inhibiting receptor binding.



The MERS-S41 epitope overlaps with the DPP4 binding interface

The binding interface between MERS-S41 and the RBD consists of 12 residues from the RBD and 15 residues mainly from MERS-S41 heavy chain (Figure 3). Specifically, the RBD residues L506, Y540, R542, and W553 interact with S30, S31, and Y32 from the heavy chain HCDR1. The RBD residues K502, L506, E513, G538, D539, Y540, V555, and S557 interact with R50, I52, I54, L55, I57, and R59 from the heavy chain HCDR2. The RBD residues Y540, Y541, and R542 interact with G100, G101, and S102 from the heavy chain HCDR3. Residue K74 of the MERS-S41 heavy chain outside the CDRs interacts with residues L506, R511, and E513 of RBD. Only one residue S95 from the light chain LCDR1 interacts with E536 of RBD. Thus, a prominent feature of the interface is that recognition is mainly mediated by the heavy chain. Comparison of the MERS-S41 epitope with the DPP4 binding motif of RBD (Figures 3B,D) shows that there is an overlap with 10 of the 12 epitope residues, suggesting that MERS-S41 binds to the RBD from almost the same direction as DPP4. As expected, superposition of the RBD/MERS-S41 structure with the crystal structure of the MERS-CoV RBD in complex with DPP4 (PDB: 4L72) (Wang et al., 2013) showed severe steric clashes between the variable domain of the heavy chain and the β-propeller domain of DPP4 (Figure 3E). To further confirm that MERS-S41 can inhibit the binding of the spike trimer to DPP4, we performed a cell-surface staining assay by FACS. The results showed that MERS-S41 potently inhibited the binding of the spike trimer to Huh7 cells (Supplementary Figure 6).


[image: image]

FIGURE 3
The binding interface of the MERS-S41 Fab and MERS-CoV RBD. (A) Structure of the MERS-S41 Fab bound to RBD. The RBD core subdomain is colored in blue, the receptor-binding subdomain in green, the MERS-S41 light chain in magenta, and the MERS-S41 heavy chain in purple. (B) The MERS-S41 epitope. The MERS-CoV RBD is shown in green surface with residues within 4Å of MERS-S41 Fab labeled and colored pink. (C) The MERS-S41 paratope. The MERS-S41 light and heavy chain surfaces are shown in magenta and purple, respectively. Residues within 4Å of the RBD are colored green and labeled in either magenta or purple, depending on whether they are from the light or heavy chain. (D) The DPP4 binding site. The MERS-CoV RBD is shown in green surface with residues within 4Å of DPP4 colored orange and labeled. Residues labeled in pink are also in the MERS-S41 epitope. (E) The RBD/MERS-S41 Fab structure superposed on the RBD-DPP4 structure (PDB 4L72). The MERS-CoV RBD is shown in green surface, DPP4 shown in yellow cartoon, and MERS-S41 Fab in pink cartoon.




Neutralizing activity of MERS-S41 against pseudotyped MERS-CoV bearing naturally changing residues on the S glycoprotein

There are 22 natural variant mutants of the MERS-CoV EMC strain S glycoproteins and we have generated all the pseudotyped MERS-CoV EMC strain mutants (Zhou et al., 2019), including V26F, V26I, V26A, D158Y, L411F, T424I, A482Y, L506F, D509G, V530L, V534A, E536K, D537E, V810I, Q833R, Q914H, R1020H, R1020Q, A1193S, T1202I, G1224S, and V1314A. Among these mutations, we expected that E536K would enable MERS-CoV to escape neutralization by MERS-S41 as E536 is within the epitope. To confirm the binding and test its neutralizing activity against pseudotyped MERS-CoV bearing naturally changing residues, we performed the neutralizing analysis of MERS-S41 against MERS-CoV wild-type (WT) and its mutants. Indeed, E536K increased the IC50 value by more than 3000-fold and significantly reduced the activity of MERS-S41 (Figure 4). Three others RBD mutations, L506F, D509G and V534A, also increased the IC50 value by more than 100-fold (Figure 4). The results are consistent with the previous observation that MERS-CoV escaped the neutralization of RBD-targeting antibodies (Wang et al., 2015, 2018) when residue changes occurred on D506, D509, and E536.


[image: image]

FIGURE 4
Breadth of MERS-S41 neutralization. (A) Neutralizing analysis of MERS-S41 IgG against MERS-CoV wild-type (WT) and its variant mutants. Site-directed mutations were introduced into the EMC strain to create 23 variant mutants according to natural mutations of MERS-CoV S. (B) Summary of MERS-S41 IgG mediated inhibition of infection by all pseudotyped viruses. IC50 neutralization titers for mutant EMC S variants are presented relative to wild-type S.





Discussion

Here, we have identified a MERS-CoV mAb, MERS-S41, that exhibits potent neutralizing activity. By combining cell surface staining assays with cryo-EM structural analysis of MERS-S41 in complex with the MERS-CoV spike trimer, we have demonstrated that MERS-S41 inhibits MERS-CoV entry by blocking binding to the receptor DPP4.

Based on the epitopes revealed by structural studies, we previously classified MERS-CoV RBD antibodies into three Groups (Xu et al., 2019). Group 1 and 2 antibodies directly compete with the receptor DPP4 but with different approach angles to the RBD, whereas Group 3 antibodies indirectly prevent DPP4 binding by inducing a conformation change of the RBD β5-β6 loop (Zhang et al., 2018) (Supplementary Figure 7). Group 2 antibodies typically have more potent neutralizing activity than those in Group 1 (Supplementary Table 3), as the approach angles of Group 2 antibodies are closer to that of DPP4. MERS-S41 binds an epitope almost fully overlapping with the receptor binding motif on the RBD (Figures 3B,D) and thus blocks attachment to DPP4 via direct competition. This observation explained its potent neutralizing activity and led us to classify it into the Group 2 MERS-CoV RBD antibodies (Supplementary Figure 7). MERS-S41 with IC50 at 0.053 μg/mL and KD at 4.6 nM is stronger than most antibodies in Group 1 and at equal level with MERS-4 at Group 3. MERS-S41 is not as good as other antibodies among group 2, in terms of pseudoviruses neutralization activity and binding affinity. However, it is the one that was structurally analyzed with trimeric spike, not only just RBD domain. Of note, a structure of LCA60 in complex with trimeric spike was also determined, and it showed that LCA60 can bind both “up” and “down” RBDs in two states of spike. One state of spike was one “up” RBD and two “down” RBDs, another state was two “up” RBDs and one “down” RBD (Walls et al., 2019). Our MERS-S41 can bind to the MERS-CoV spike at different stoichiometries and the Fab-bound “down” RBDs were lifted up.

In our complex structures, MERS-S41 Fab can bind to “up” or partially lifted “down” RBDs, indicating that the neutralization mechanism is not only the direct competition with DPP4 but also potentially able to stop the conformation change of RBD from “down” to “up.” However, this speculated ability of trapping the RBD of S protein in the “down” conformation is limited. Based on our observations, MERS-S41 Fab binding to the non-“up” RBDs in the presence of excessive Fabs requires two conditions. First, MERS-S41 Fab only binds to the partially lifted “down” RBDs (Figure 2; Supplementary Figure 5). If we dock our Fab onto the “down” RBD in class 1 (Supplementary Figure 5a), class 2 (Supplementary Figure 8a), or class 3 (Supplementary Figure 5b), severe steric clashes occur. This analysis suggests that fully “down” RBDs are not accessible to MERS-S41. We therefore think that MERS-S41 recognizes an intermediate state between “down” and “up” although we cannot rule out that the Fab would induce this transformation. Second, the partially lifted “down” RBD requires an “up” RBD that sits at its pointing side (Figures 2B,D; Supplementary Figure 8a). The epitope of MERS-S41 is inaccessible in the inactivated state without “up” RBDs. We superimposed MERS-S41 Fab-RBD structure onto the structure of inactive MERS-CoV spike trimer (PDB 5W9J). Severe steric clashes would be expected between the MERS-S41 Fab and the “down” RBD of the neighboring S monomer (Supplementary Figure 8b).



Materials and methods


Cell lines

Vero E6, 293T, 293F, and Huh7 cell lines were bought from ATCC (Manassas, VA, USA) and cultured in Dulbecco’s Modified Eagle medium (DMEM) supplemented with 10% fetal bovine serum (FBS) and incubated at 37°C in a humidified atmosphere comprising 5% CO2.



Protein expression and purification

The coding sequence of the MERS-CoV spike glycoprotein ectodomain (EMC strain, spike residues 1-1290) was ligated into the pFastBac-Dual vector (Invitrogen, Carlsbad, CA, USA) with a C-terminal T4 fibritin trimerization domain and a hexa-His-strep tap tag to facilitate purification. Briefly, the protein was expressed using the Bac-to-Bac baculovirus expression system and purified by sequentially applying Strep-Tactin and Superose 6 column (GE Healthcare, Chicago, IL, USA) with HBS buffer (10 mM HEPES, pH 7.2, 150 mM NaCl). Fractions containing MERS-CoV S glycoprotein were pooled and concentrated for subsequent biochemical analyses and EM studies.

The sequence encoding the MERS-S41 VL and VH were separately cloned into the backbone of antibody expression vectors containing the constant regions of human IgG1. The antibody MERS-S41 was expressed in FreeStyle 293-F cells by transient transfection and purified by affinity chromatography using Protein A Sepharose and size-exclusion chromatography. Purified MERS-S41 was exchanged into PBS and digested with papain protease (Sigma, St. Louis, MO, USA) overnight at 37°C. The digested antibody was then passed back over Protein A Sepharose to remove the Fc fragment, and the unbound Fab in the flow through was additionally purified using a Superdex 200 High Performance column (GE Healthcare).



Selection of yeast library for MERS-CoV spike-specific scFvs

Human non-immune scFv library (∼1 × 109), constructed from spleen and lymph node polyadenylated RNA pooled from 58 naïve humans, was provided by C. Baird (Pacific Northwest National Laboratory) (Feldhaus et al., 2003). Purified soluble S protein was used as a bait to select 2 × 109 yeast cells by two rounds of MACS followed by three rounds of FACS with a BD FACSAria II sorter (San Jose, CA, USA). Between each round of selection, the sorted yeast cells were grown in SD-CAA and induced in SG-CAA medium as previously reported (Chao et al., 2006). After the second round of FACS, DNA plasmids were extracted from the sorted yeast population and transformed into E. coli DH5α for producing sufficient amounts of DNA for sequencing and sequence analysis.

The heavy and light chain genes of MERS-CoV spike–specific scFvs were separately cloned into backbone of antibody expression vectors containing the constant regions of IgG1. Whole-human IgG1 was expressed in 293T cells by transient transfection. The supernatants were serially diluted in PBS and applied on the IgG coated 96-well plates to confirm the IgG expression by a human IgG quantification kit (Abcam, Cambridge, UK). Then, MERS-CoV S glycoprotein at 1 μg/mL were used to coat plates overnight at 4°C, and the successfully expressed mAbs in each supernatant were serially diluted in PBS and assessed for binding affinity to the MERS-CoV spike by ELISA.



Neutralizing assay of pseudotyped MERS-CoV

HEK293T cells cultured in 100 mm dish were co-transfected with 6 μg of pcDNA3.1-MERS-Spike-2p or its mutants and 24 μg of pNL4-3.luc.RE. The supernatants containing sufficient pseudotyped MERS-CoV were harvested 48–72 h post-transfection. Subsequently, the 50% tissue culture infectious dose (TCID50) was determined by infection of Huh7 cells. For the neutralization assay, 100 TCID50 per well of pseudotyped virus were incubated with 16 serial 1:3 dilutions of purified antibodies, Fabs or scFvs for 1 h at 37°C, after which Huh7 cells (about 1.5 × 104 per well) were added. After incubation for 72 h at 37°C, the neutralizing activities of antibodies were determined by luciferase activity and presented as IC50, calculated using the dose-response inhibition function in GraphPad Prism 5 (GraphPad Software Inc.).



Surface plasmon resonance experiments

Running buffer composed of 10 mM HEPES pH 7.2, 150 mM NaCl and 0.05% (v/v) Tween-20 was used during the analysis and all proteins were exchanged to the same buffer. The purified MERS-S41 IgG was covalently immobilized to a CM5 sensor chip (GE Healthcare) using Biacore T200 (GE Healthcare). The blank channel of the chip was used as the negative control. Serial dilutions of MERS-CoV Spike proteins were flowed through the chip sequentially. The resulting data were analyzed using Biacore T200 Evaluation Software 3.1 (GE Healthcare) by fitting to a 1:1 binding model.



Florescence-activated cell sorting analysis of cell-surface staining

The binding between recombinant soluble MERS-CoV spike trimer (S) and human DPP4 expressed on the surface of Huh7 cells was measured using fluorescence-activated cell sorting (FACS). All cell-surface staining experiments were performed at room temperature. Soluble S protein with strep-tag (1 μg) was incubated with monoclonal antibodies (mAbs) in advance at molar ratios of 1:1, 1:3, 1:9, and 1:27 for 1 h. Huh7 cells were trypsinized and then incubated with S or S and mAbs mixtures for 1 h. After washing the un-bound S with PBS 3 times, the Huh7 cells were then stained with streptavidin APC (BD eBioscience, Franklin Lakes, NJ, USA) for another 45 min. Cells were subsequently washed with PBS 5 times and analyzed by flow cytometry on a FACS Aria III machine (BD eBiosciences).



Cryoelectron microscopy data collection and image processing

Images for MERS-CoV spike ectodomains with MERS-S41 Fab were recorded using FEI Titan Krios microscope (Thermo Fisher Scientific, Waltham, MA, USA) operating at 300 kV with a Gatan K3 Summit direct electron detector (Gatan Inc., Pleasanton, CA, USA) at Tsinghua University. The automated software [AutoEMation2 (Scheres, 2012)] was used to collect 5,010 movies in super-resolution mode at a nominal magnification of 81,000× and at a defocus range between −1.5 and −2.0 μm. Each movie has a total accumulated exposure of 50 e–/Å2 fractionated in 32 frames of 175 ms exposure. The final image was binned 2-fold to a pixel size of 1.0825Å. Motion Correction (MotionCor2) (Zheng et al., 2017) and CTF-estimation (GCTF) (Zhang, 2016) were automatically executed by TsinghuaTitan.py program (developed by Dr. Fang Yang) during data collection. Data collection statistics are summarized in Supplementary Table 2.

The image processing procedures are presented in Supplementary Figure 3. Initially, 5,010 micrographs (3,360 Quantifoil micrographs and 1,650 Lacey carbon micrographs) were inspected and selected using the TsinghuaTitan.py program, followed by particle auto-picking using Gautomatch (developed by Kai Zhang3) or Relion 3.0 (Scheres, 2012; Zivanov et al., 2018). Multiple rounds of 2D classification were performed to eliminate bad particles, followed by 3D classification. 644,359 particles belonging to the best class were expanded with C3 symmetry, resulting in 1,933,007 particles, and followed by local 3D classification. Three classes had the same conformation but belonged to three different orientations around the C3 symmetry axis. Particles from the three classes were reorientated into the same orientation and duplicates removed, which yielded 424,969 particles. Refinement of these particles resulted in a map with a nominal resolution of 3.2Å. To improve the resolution further, CTF refinement, C3 symmetry and Bayesian Polishing were applied, which improved the overall resolution to 3.0, 2.8, and 2.5Å, successively. To improve the map density of RBD-Fab complex region, different masks of RBD-Fab complex were applied in focused 3D classification and subsequent refinement, which produced reconstructions of 4.3Å (RBD1-Fab, 118,198 particles), 4.2Å (RBD2-Fab, 88,100 particles), and 4.2Å (RBD3-Fab, 72,803 particles). Similarly, CTF refinement and Bayesian Polishing were applied to the RBD3-Fab complex, which improved the overall resolution to 3.7Å. To further classify different conformations, particle subtraction with a mask focused on all three RBD-Fab regions were applied, followed by 3D classification without alignment, which obtained four distinct conformations. Maps of the spike and three RBD-Fab regions were combined according to the classified distinct four classes to generate the final combined maps of the MERS-CoV spike-MERS-S41 complexes. All classification and refinement jobs were performed in Relion 3.0 or Relion 3.1. CTF refinement, Bayesian polishing, and particle subtraction were done in Relion 3.1.



Model building and refinement

The atomic model of the MERS-CoV spike was built in Coot (Emsley et al., 2010) using PDB 5 × 58 as a starting model. The initial model of the MERS-S41 Fab was generated by SWISS-MODEL (Waterhouse et al., 2018) and fitted into the map using UCSF Chimera (Pettersen et al., 2004), followed by manual rebuilding in Coot. The atomic models were refined in real space using Phenix (Afonine et al., 2018), and validated using the Molprobity web application (Williams et al., 2018). UCSF Chimera and PyMol (Janson et al., 2017) were used for map segmentation and figure generation. Model refinement statistics are summarized in Supplementary Table 2.



Figures

Figure panels depicting cryo-EM maps or atomic models were generated using Chimera (Pettersen et al., 2004) or ChimeraX (Pettersen et al., 2020). Maps colored by local resolution were generated using RELION 3.1 (Zivanov et al., 2018).
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Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) that causes coronavirus disease 19 (COVID-19) has numerous risk factors leading to severe disease with high mortality rate. Oxidative stress with excessive production of reactive oxygen species (ROS) that lower glutathione (GSH) levels seems to be a common pathway associated with the high COVID-19 mortality. GSH is a unique small but powerful molecule paramount for life. It sustains adequate redox cell signaling since a physiologic level of oxidative stress is fundamental for controlling life processes via redox signaling, but excessive oxidation causes cell and tissue damage. The water-soluble GSH tripeptide (γ-L-glutamyl-L-cysteinyl-glycine) is present in the cytoplasm of all cells. GSH is at 1–10 mM concentrations in all mammalian tissues (highest concentration in liver) as the most abundant non-protein thiol that protects against excessive oxidative stress. Oxidative stress also activates the Kelch-like ECH-associated protein 1 (Keap1)-Nuclear factor erythroid 2-related factor 2 (Nrf2)-antioxidant response element (ARE) redox regulator pathway, releasing Nrf2 to regulate the expression of genes that control antioxidant, inflammatory and immune system responses, facilitating GSH activity. GSH exists in the thiol-reduced and disulfide-oxidized (GSSG) forms. Reduced GSH is the prevailing form accounting for >98% of total GSH. The concentrations of GSH and GSSG and their molar ratio are indicators of the functionality of the cell and its alteration is related to various human pathological processes including COVID-19. Oxidative stress plays a prominent role in SARS-CoV-2 infection following recognition of the viral S-protein by angiotensin converting enzyme-2 receptor and pattern recognition receptors like toll-like receptors 2 and 4, and activation of transcription factors like nuclear factor kappa B, that subsequently activate nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) expression succeeded by ROS production. GSH depletion may have a fundamental role in COVID-19 pathophysiology, host immune response and disease severity and mortality. Therapies enhancing GSH could become a cornerstone to reduce severity and fatal outcomes of COVID-19 disease and increasing GSH levels may prevent and subdue the disease. The life value of GSH makes for a paramount research field in biology and medicine and may be key against SARS-CoV-2 infection and COVID-19 disease.
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Introduction

The coronavirus disease 2019 (COVID-19) pandemic affected more than 602.8 million cases with more than 6.4 million deaths reported globally (The New York Times, 2022). Several risk factors including age, hypertension, ischemic heart disease, diabetes, and chronic respiratory disease (Khanfar and Al Qaroot, 2020) increase the fatality rate (Ruan et al., 2020; O’Driscoll et al., 2021) which is directly related with the cytokine storm (Fajgenbaum and June, 2020; Mehta et al., 2020) that can cause acute respiratory distress syndrome, lung injury, respiratory insufficiency, endothelial cell dysfunction, thrombosis, cardiovascular disease and end-organ damage (Klok et al., 2020; Teuwen et al., 2020; Yang L. et al., 2020; Chang et al., 2021; Kaklamanos et al., 2021; Stenmark et al., 2021). All these risk factors have a common characteristic, they are associated with a continuous state of oxidative stress and inflammation, excessive production of free radicals (reactive oxygen and nitrogen species) and endothelial cell dysfunction leading to cardiovascular disease and respiratory failure.

A common pathway affecting all these risk factors involves a low measure of reduced glutathione (i.e., GSH) level (Khanfar and Al Qaroot, 2020; Polonikov, 2020; Silvagno et al., 2020). SARS-CoV-2-infected patients with COVID-19 disease show alterations in the glucose–insulin axis leading to hyperglycemia, hyperinsulinemia and insulin resistance, increased oxidative/nitrosative stress, and significantly decreased vitamin D, thiols, total-antioxidant-capacity, GSH and selenium (Soto et al., 2022). In-depth knowledge of the pathophysiology causing COVID-19-mediated GSH depletion, tissue damage, and acute respiratory distress syndrome is urgently needed. Moreover, the way GSH depletion can lead to immune system failure and make the end organs in danger of oxidative stress-mediated damage needs to be explained. The disturbed redox homeostasis leading to accumulation of reactive oxygen species (ROS) is a common feature in all conditions associated with COVID-19 (Miripour et al., 2020; Pérez de la Lastra et al., 2021). Interestingly, all patients with severe COVID-19 disease and high mortality risk have low basal GSH levels (Khanfar and Al Qaroot, 2020) that could explain an ominous outcome. Several studies pointed out that GSH and the enzymes associated with the GSH pathway are involved in SARS-CoV-2 infection and COVID-19 disease. Recent studies demonstrated that individuals with glutathione transferase omega polymorphisms, genotype variants GSTO1*AA (rs4925) and GSTO2*GG (rs156697), showed significant propensity towards development of clinical manifestations in COVID-19 supporting the significance of these enzymes in the regulation of redox homeostasis and immune response, especially NACHT, LRR, and PYD domains-containing protein 3 (NLRP3) inflammasome activation (Zhao and Zhao, 2020; Djukic et al., 2022). Combined glutathione S-transferase (GST)P1 (rs1138272 and rs1695) and GSTM3 genotypes showed cumulative risk regarding both occurrence and severity of COVID-19 (Coric et al., 2021). COVID-19 patients with the GSTT1-null genotype experience higher mortality (Saadat, 2020; Abbas et al., 2021). Diabetic COVID-19 patients have high cellular oxidative stress, evidenced by decreased extracellular superoxide dismutase 3 levels (Kumar D.S. et al., 2022). Low glutathione S-transferase P1 levels are associated with higher mortality in COVID-19 patients, and high levels of glutathione S-transferase P1 possibly offer protection for cellular redox reactions in severe COVID-19 infection, preventing deterioration especially in patients with co-morbidities like diabetes (Kumar D.S. et al., 2022).

Acute respiratory distress syndrome (ARDS) is considered as a decisive cause of death in COVID-19 disease (Gralinski and Baric, 2015; Quan et al., 2021). Cytokine storm and oxidative stress are the main participants in the development of ARDS during respiratory virus infections (Meftahi et al., 2021). SARS-CoV-2 infection generates massive ROS production and the excessive oxidative damage is responsible for cytokine storm, undermined immunity, tissue damage and severe lung disease causing ARDS and death (Silvagno et al., 2020). Therefore, augmenting tissue GSH levels may lower COVID-19 severity and mortality rates.

Old age, a consequence of aging, is one of the most important risk factors for SARS-CoV-2 infection and development of COVID-19 disease. Aging is directly related to the damage caused by free radicals, particularly ROS causing oxidative stress (Sies, 2015; Baş, 2018). Endothelial cells play a fundamental role in chronic oxidative stress and the development of atherosclerosis, thrombosis and lung injury, principal complications of SARS-CoV-2-mediated tissue and organ dysfunction (Chang et al., 2021). Excess mitochondrial ROS production, causes cellular oxidative stress, sustains mitochondrial dysfunction and ROS production and perpetuates inflammation (Chang et al., 2021). SARS-CoV-2 can activate mitochondrial ROS production, especially in older individuals having ROS overproduction, enhancing oxidative stress and promoting endothelial dysfunction, cardiovascular disease and lung injury. The ROS-mediated damage is further enhanced in older individuals since during aging, GSH levels appear to diminish in numerous tissues, thereby placing cells at increased risk of stress-related death (Maher, 2005). Low GSH in aging is associated with lower intake of GSH precursors, mainly cysteine, and lower GSH synthesis evidencing diminished function of nuclear factor erythroid 2–related factor 2 (Nrf2)-dependent inductive mechanisms that enhance glutamate cysteine ligase expression, rate limiting factor for the synthesis of GSH (McCarty and DiNicolantonio, 2015).

All COVID-19 risk factors are associated with reduced GSH levels (Figure 1). As noted previously, increasing age is linked to reduced GSH levels (Dröge, 2002a,b), which can be the result of extensive GSH oxidation and/or reduced pool of cell thiols, and cysteine (whey protein) administration enhances GSH levels and increases longevity (Bounous et al., 1989; Dröge, 2002a,b; Andriollo-Sanchez et al., 2005). Hypertension, ischemic heart disease, patients with atherosclerosis and coronary artery disease, diabetes, chronic lung diseases, smoking and obesity are associated with low baseline GSH levels and reduced GSH/oxidized glutathione (GSSG) ratios (Khanfar and Al Qaroot, 2020; Polonikov, 2020). We will discuss the life-sustaining importance of GSH, its relationship with oxidative stress, as well as its synthesis and catabolism, its biological functions and the paramount relevance of GSH in the immune system (especially the innate immune system), in reducing COVID-19 severity and mortality, and the antiviral capabilities of GSH to reduce SARS-CoV-2 infectivity and multiorgan failure secondary to a cytokine storm in COVID-19 disease.
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FIGURE 1
 Factors causing endogenous glutathione (GSH) deficiency and GSH deficiency-mediated mechanisms contributing to coronavirus disease 19 (COVID-19) pathogenesis and outcomes. The bottom part of the figure shows that risk factors for severe COVID-19 infection lead to decrease/depletion of intracellular GSH. The top part of the figure shows potential GSH deficiency-mediated mechanisms that could influence clinical manifestations and outcomes in COVID-19 disease. Modified from Polonikov (2020).



Oxidative stress and antioxidants in SARS-CoV-2

Small increase in ROS cellular levels act as signaling molecules in the preservation of cell’s physiological functions — a process known as redox biology; while excessively high levels of ROS causing lipid, protein and DNA cell damage are known as oxidative stress (Schieber and Chandel, 2014). Oxidative stress is a fundamental concept in biology introduced by the first time by Sies (2015). “Oxidative stress is an imbalance between oxidants and antioxidants in favor of the oxidants, leading to a disruption of redox signaling and control and/or molecular damage” (Sies, 2015) that harm lipids, proteins and DNA (Schieber and Chandel, 2014). The prooxidant oxidative stress imbalance needs an antioxidant system able to balance it and the principal role in antioxidant defense is carried out by antioxidant enzymes, with the paramount involvement of small-molecule antioxidant compounds like GSH. Oxidative stress responses clarified the functioning of central principal switches like nuclear factor (NF)-κB (NFκB) or the Kelch-like ECH-associated protein 1 (Keap1)-Nuclear factor erythroid 2-related factor2 (Nrf2)-antioxidant response element (ARE) redox regulator pathway (Sies, 2015; Yamamoto et al., 2018; Cuadrado et al., 2019; Herengt et al., 2021). Under oxidative stress and induced by excessive ROS generation, Nrf2 is released from its inhibitor Keap1, allowing its translocation into the nucleus (Kasprzak et al., 2020), where it binds to the antioxidant response element (ARE) present in the DNA sequence of numerous antioxidant enzymes like glutathione-S-transferase, γ-glutamyl cysteine synthetase (glutamate cysteine ligase), heme oxygenase 1, and paraoxonase-1 inducing their transcription, managing the phase II response to oxidative stress (Kasprzak et al., 2020). Nrf2 also regulates the expression of genes that control inflammatory and immune system responses (Kasprzak et al., 2020). The presence of Nrf2 and its inhibitor Keap1 in plasma is associated with damaged vascular endothelial cell-, macrophage-and other cell-associated leakage secondary to the loss of cell membrane integrity due to lipid peroxidation following chronic inflammation and oxidative stress (Kasprzak et al., 2020), and Nrf2 and Keap1 in circulation are markers of severe inflammation and oxidative stress (Tu et al., 2019). Continuous oxidative stress can lead to chronic inflammation, intense cytokine release and a cytokine storm as seen in SARS-CoV-2 infection in COVID-19 disease, and the viral infection enhances oxidative stress creating a fatal vicious circle between oxidative stress and cytokine storm during COVID-19 infection (Delgado-Roche and Mesta, 2020; Meftahi et al., 2021).

Oxidative stress plays a prominent role in innate immunity being closely involved in SARS-CoV-2 infection (Kozlov et al., 2021). The role of oxidative stress in the COVID-19 disease may involve recognition of the viral S-protein by angiotensin converting enzyme-2 (ACE2) receptor and pattern recognition receptors like toll-like receptors 2 and 4, and activation of transcription factors like nuclear factor kappa B, that subsequently activate nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (NOX) expression succeeded by ROS production (Kozlov et al., 2021). Interestingly, excessive ROS production and oxidative stress raises the binding affinity of the spike protein for the human ACE2 receptor (Hati and Bhattacharyya, 2020; Fossum et al., 2022), suggesting that restoring GSH levels would reduce viral entry and SARS-CoV-2 cellular infection. Thus, excessive production of ROS mediates hyper-inflammation and generation of cytokine storm that directly determine both ARDS development and ARDS course severity. ROS are a necessary defense system to combat microbial respiratory infections (Lambeth, 2004), but oxidative stress and the excessive production of ROS by numerous cells including monocytes and macrophages, neutrophils, as well as pulmonary endothelial and epithelial cells play a major role in the development of ARDS and its complications during COVID-19 infections (Meftahi et al., 2021). The high neutrophil to lymphocyte ratio in critically ill patients, the intense neutrophil infiltration in pulmonary capillaries and into pulmonary alveoli, and the increased levels of circulating neutrophil extracellular traps (NETs) clearly show neutrophil involvement/activation favoring intense ROS production and oxidative damage caused by lipid peroxidation, and protein and DNA oxidation (Komaravelli and Casola, 2014; Laforge et al., 2020; Veras et al., 2020; Ng et al., 2021). SARS-CoV-2-mediated NET release can promote lung epithelial cell death unravelling a detrimental role of NETs in the pathophysiology of COVID-19 disease (Veras et al., 2020; Ouwendijk et al., 2021). Extensive persistent inflammation even when SARS-CoV-2-infected cells are only sporadically present at late stages of COVID-19 (Schurink et al., 2020) could also justify low GSH levels in association with over-abundance of cellular ROS, cellular oxidative damage, increased inflammation and cell death pathways activation seen in inflammaging (Zuo et al., 2019; Bharath and Nikolajczyk, 2020; Cunha et al., 2020). Neutrophilia causes excessive ROS production that aggravates the host immunopathological response, leading to a more severe disease (Laforge et al., 2020). In addition to the neutrophil infiltration and ROS release, viral infections decrease antioxidant defenses. They inhibit Nrf2 translocation into the nucleus and enhance NFκB activation promoting inflammation and oxidative damage (Laforge et al., 2020). Nrf2 is the principal transcription factor in charge of protecting cells from oxidative stress through the regulation of cytoprotective genes, including the antioxidant GSH pathway, that controls GSH homeostasis by affecting de novo synthesis. It has been shown that Nrf2 modulates the GSH redox state via glutathione reductase regulation. Overall, Nrf2 is fundamental for the sustenance of the GSH redox state through glutathione reductase transcriptional regulation and for cell protection against oxidative stress (Harvey et al., 2009).

The overwhelming dominance of ROS generated by enzymes like NADPH oxidases and xanthine oxidase over antioxidants like superoxide dismutase causes cell injury and tissue damage through direct injury, lipid peroxidation and protein oxidation leading to protease release and antioxidant and antiprotease enzyme inactivation as well as alteration of transcription factors activator protein-1 and NFκB. Exposure to pro-oxidant stimuli usually induces Nrf2 activation and upregulation of antioxidant enzyme expression through binding to the antioxidant response element (ARE), localized in the antioxidant enzyme gene promoters; while respiratory viral infections cause antioxidant enzyme expression/activity inhibition associated with reduced Nrf2 nuclear localization, decreased cellular levels and reduced ARE-dependent gene transcription (Komaravelli and Casola, 2014). All these changes lead to cytokine storm characterized by increased expression and release of proinflammatory cytokines that participate in the pathogenesis of ARDS during virus respiratory infections like COVID-19. Proinflammatory cytokines further stimulate ROS overproduction aggravating ARDS and lung damage causing a vicious circle between oxidative stress and cytokine storm. In response to a viral infection, activated cells have enhanced production of the NOX family of NADPH oxidases (Brandes et al., 2014; Panday et al., 2015). NOX family members normally regulate cellular physiological functions, but under abnormal circumstances contribute to the pathogenesis of cell/tissue damage associated with infections and vascular disorders (Panday et al., 2015). The presence of oxidative stress markers like lipid peroxidation, neutrophil reverse trans-endothelial migration (rTEM) and high neutrophil to lymphocyte ratio in patients with COVID-19, facilitates identification of high-risk individuals early in the course of the disease preventing their sudden deterioration (Laforge et al., 2020). Furthermore, increased ACE2 expression in alveolar type II pneumocytes and alveolar macrophages of individuals with severe SARS-CoV-2 disease (ARDS with diffuse alveolar damage) requiring mechanical ventilation (Baker et al., 2021) favors a concomitant increase in oxidative stress in those individuals.




Glutathione and immune system enhancement

Glutathione is fundamental to sustain an adequate function of the immune system, particularly affecting the lymphocyte activity since low GSH levels inhibit T-cell proliferation and immune response (Dröge and Breitkreutz, 2000; Ghezzi, 2011; Moro-García et al., 2018; Kelly and Pearce, 2020; Khanfar and Al Qaroot, 2020; Shyer et al., 2020). GSH depletion is strongly associated with impaired immune function and with disease development including viral diseases, cancer, cardiovascular diseases, arthritis and diabetes (Sinha et al., 2018; Sharifi-Rad et al., 2020; Silvagno et al., 2020; Fraternale et al., 2021; Matuz-Mares et al., 2021). GSH is essential for immunomodulation of both innate and adaptive immune system functions, including T-lymphocyte proliferation, polymorphonuclear neutrophil phagocytosis, and dendritic cell functions, and is also important for fine-tuning the innate immune response to infection and for the first step of adaptive immunity involving antigen-presenting cell (macrophages, dendritic cells)-related antigen presentation (Morris et al., 2013; Diotallevi et al., 2017). GSH works to modulate the behavior of many immune cells, augmenting both, innate immunity (and trained innate immunity or innate immune memory; Netea et al., 2020; Chumakov et al., 2021; Ferreira et al., 2021; Gong et al., 2021; Brueggeman et al., 2022), severely affected by SARS-CoV-2 viral infection (Polonikov, 2020; Rodrigues et al., 2020; Forcados et al., 2021; Kozlov et al., 2021; Bellanti et al., 2022; Paludan and Mogensen, 2022), and adaptive immunity (Dröge et al., 1991; Dröge and Breitkreutz, 2000; Dröge, 2002c; Ghezzi, 2011; Morris et al., 2013; Fraternale et al., 2017), as well as conferring protection against oxidative stress caused by microbial, parasitic and viral infections such as SARS-CoV-2 that causes COVID-19 disease (Morris et al., 2013; Diotallevi et al., 2017; Derouiche, 2020; Polonikov, 2020; Silvagno et al., 2020; Suhail et al., 2020; Forcados et al., 2021; Pérez de la Lastra et al., 2021; Bellanti et al., 2022; Kumar P. et al., 2022). Persistent and uncontrolled oxidative stress and exacerbating NLRP3 (NOD-, LRR-, and pyrin domain-containing protein 3) inflammasome activation during severe COVID-19 disease (Lage et al., 2022), induce production of pro-inflammatory cytokines, such as IL-1β and IL-18, that can be explained because of sharply decreased macrophage GSH intracellular levels associated with increased GSH efflux (Zhang T. et al., 2021).

Many antioxidant molecules, such as GSH and N-acetylcysteine (NAC), were found to inhibit viral replication through different mechanisms of action (Fraternale et al., 2006). GSH levels in macrophages, directly affect the Th1/Th2 cytokine response, and more specifically, GSH depletion inhibits Th1-associated cytokine production and/or promotes Th2 associated responses (Fraternale et al., 2006). Cell-mediated immunity primarily needs protein antigen degradation in the endocytic vesicles of antigen presenting cells (macrophages, dendritic cells), to be able to present smaller peptides on the cell surface through major histocompatibility complex antigens to activate antigen-specific T cell proliferation. One of the initial steps in antigen degradation and processing is the reduction of disulfide bonds, that requires GSH; and although GSH inhibits production of most inflammatory cytokines, it is needed to keep an adequate interferon gamma production by dendritic cells, essential for intracellular pathogen host defense (Ghezzi, 2011; Lee and Ashkar, 2018; Calder, 2020; Fraternale et al., 2021). The principal function of endogenous GSH is not to limit inflammation but to fine-tune the innate immune response to infection (Diotallevi et al., 2017; De Flora et al., 2020; Silvagno et al., 2020; Ferreira et al., 2021). GSH is capable of scavenging ROS through Nrf2-mediated heme oxygenase-1 induction and enhancing M1-like macrophage polarization regulation, showing that GSH may be a useful strategy to increase the human defense system (Mittal et al., 2014; Kwon et al., 2019; Funes et al., 2020). Strategies to enhance intracellular GSH levels such as supplementation of additional sources of cysteine (Deneke and Fanburg, 1989; Dröge et al., 1991; Lands et al., 1999; Dröge and Breitkreutz, 2000; Ghezzi et al., 2019; Gould and Pazdro, 2019; Minich and Brown, 2019; Castejon et al., 2021), oral and intravenous GSH (Cazzola et al., 2021), and sublingual and/or oral liposomal GSH administration (Schmitt et al., 2015; Campolo et al., 2017; Sinha et al., 2018; Guloyan et al., 2020; To et al., 2021) will also help to improve the immunological functions. The GSH and NAC digestive degradation occurring during oral treatments lead to consider GSH and NAC nebulization as a viable alternative to manage early stages of COVID-19 disease (Santos Duarte Lana et al., 2021).

GSH increases activation of cytotoxic T cells in vivo, and adequate functioning of T lymphocytes and other cells depends upon cellular supplies of cysteine (Edinger and Thompson, 2002; Garg et al., 2011; Levring et al., 2015). Cells acquire cysteine mainly by macrophage and lymphocyte uptake, and impaired immune responses are associated with a reduction in GSH concentration (Dröge and Breitkreutz, 2000; Edinger and Thompson, 2002; Garg et al., 2011; Ghezzi, 2011; Diotallevi et al., 2017; Calder, 2020). GSH depletion triggers the lymphocyte’s apoptotic cascade leading to lymphopenia that affects for the most part T lymphocytes, and lymphopenia is directly associated with severe disease and high mortality rate in COVID-19 patients (Pallardó et al., 2009; Circu and Aw, 2012; Huang and Pranata, 2020; Ruan et al., 2020; Wang et al., 2021b; Zaboli et al., 2021). GSH is of paramount importance for the appropriate function of the immune system in general and particularly lymphocytes since low GSH levels inhibit T lymphocytes proliferation and subsequently disturbs the immune response (Hamilos et al., 1989; Dröge and Breitkreutz, 2000; Hadzic et al., 2005; Kesarwani et al., 2013; Fraternale et al., 2017; Moro-García et al., 2018; Khanfar and Al Qaroot, 2020). The decreased immune response could be reversed by the administration of N-acetylcysteine (Atkuri et al., 2007; Rushworth and Megson, 2014; De Flora et al., 2020; Bourgonje et al., 2021; Schwalfenberg, 2021) which elevates tissue GSH levels by providing the amino acid cysteine (Atkuri et al., 2007; Rushworth and Megson, 2014; De Flora et al., 2020; Bourgonje et al., 2021; Schwalfenberg, 2021). Low GSH levels inhibit interleukin-2 production, which induces lymphocyte proliferation (Chang et al., 1999; Hadzic et al., 2005).

T-cell function can be recuperated following administration of GSH precursors like N-acetyl cysteine and cysteine (Dröge and Breitkreutz, 2000; Ghezzi, 2011; Aquilano et al., 2014; De Flora et al., 2020; Guloyan et al., 2020; Pedre et al., 2021). A deepest effect of low GSH levels on the immune system would be the induction of lymphocytes’ apoptotic cascade. GSH depletion is needed for apoptosis to be triggered in the lymphocytes regardless of ROS (Franco et al., 2007a; Pallardó et al., 2009; Circu and Aw, 2012; Franco and Cidlowski, 2012; Khanfar and Al Qaroot, 2020). In order to induce T lymphocyte apoptosis, GSH must be pumped out of the cells (Franco and Cidlowski, 2006, 2012; Franco et al., 2007a; Ballatori et al., 2009; Khanfar and Al Qaroot, 2020). The GSH effects on apoptosis and inhibition of T-cell proliferation could explain why patients with SARS-CoV-2 infection and COVID-19 disease develop lymphopenia and subsequent failure of the immune system (Khanfar and Al Qaroot, 2020). A way to explain cell death associated with reduced levels of GSH is ferroptosis, a unique iron-dependent form of non-apoptotic cell death, characterized by lipid peroxidation with ROS accumulation due to GSH peroxidase inactivation and high levels of GSH consumption; ferroptosis has been proposed to be involved in COVID-19-related brain injury (Zhang et al., 2022). Immune system failure could lead to uncontrolled replication of the SARS-CoV-2 virus, secondary infections and continuous shedding of the virus in patients who die from COVID-19 regardless of the time passed from the start of the infection (Ruan et al., 2020; Sharma et al., 2020; Zhou et al., 2020; Proal and Van Elzakker, 2021; Trougakos et al., 2021). GSH is essential for the appropriate function of all components of the immune system, particularly T-lymphocytes, macrophages and neutrophils; and the failure of the immune system combined with the loss of GSH’s protective effect as an antioxidant may explain the progression of the disease into acute respiratory distress syndrome/acute lung injury.



Glutathione and SARS-CoV-2

SARS-CoV-2 infection causes intense inflammation which is associated with damaging systemic events that include excessive ROS production, oxidative stress, ROS-mediated apoptosis/cell death, dysregulation of iron homeostasis, hypercoagulability and thrombus formation (Kernan and Carcillo, 2017; Moore and June, 2020; Phua et al., 2020; Vinciguerra et al., 2020; Zhou et al., 2020; Figure 2). Several viral infections, and the progression of virus-induced diseases, especially those associated with COVID-19, are characterized by an alteration in the intracellular redox balance (Polonikov, 2020). Oxidative stress reflects an imbalance between increased ROS production and reduced cellular antioxidant capabilities. This imbalance disallows reactive intermediate detoxification by the cell biological systems. ROS production and associated inflammation are closely related to aging and numerous chronic diseases as diabetes, cardiovascular and respiratory diseases, known risk factors for developing severe illness and death in patients with SARS-CoV-2 and COVID-19 disease.
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FIGURE 2
 Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) pulmonary infection, oxidative stress and antioxidant defenses. [1] After entry of SARS-CoV-2 into the alveolus, viruses invade type II alveolar cells through angiotensin-converting enzyme 2 receptors (ACE2) and glycosaminoglycans (GAGs), and infected cells increase reactive oxygen species (ROS) production, reduce Kelch-like ECH-associated protein 1 (Keap1)-Nuclear factor erythroid 2-related factor 2 (Nrf2)-antioxidant response element (ARE) redox regulator pathway and become defective for surfactant production. Infected cells activate nuclear factor (NF)-κB and release cytokines like interleukin (IL)-8. Alveolar type I cells augment ROS production via toll-like receptors (TLRs) 2 and 4. SARS-CoV-2 enhances neutrophil extracellular trap (NET) release and increases ROS production [2] SARS-CoV-2 augments macrophage’s ROS production, inhibiting Nrf2 activation and enhancing NF-κB upregulation. ROS are counterbalanced by enzymes like superoxide dismutase (SOD), catalase (Cat), glutathione S-transferase (GST) and glutathione peroxidase (GPx) to protect cells from oxidative damage caused by nicotinamide adenine-dinucleotide phosphate (NADPH) oxidase 2 (NOX2), superoxide (O2−), hydrogen peroxide (H2O2), and myeloperoxidase (MPO). Capillary neutrophils migrate to and from alveoli by trans-endothelial (TEM) and reverse transmigration (rTEM), respectively. SARS-CoV-2 infection can cause excessive ROS production in capillaries, red blood cell (RBC) dysfunction, thrombosis and alveolar damage. [3] SARS-CoV-2-infected macrophages (via ACE2 and TLRs) reduce enzymes like SOD and Cat, among others, and activate NF-κB. NOX2 activation increases ROS production that enhance NF-κB activation. Activated alveolar macrophages release increased levels of IL-1β, IL-6, IL-8 and tumor necrosis factor (TNF)-α. Glutathione (GSH) precursors (Cystine, cysteine, N-acetyl cysteine, NAC), and selenium (Se) restore GSH and GPx, respectively, to counteract the effects of ROS. [4] Alveolar macrophages engulf SARS-CoV-2-infected apoptotic cells via Fc (γ/α/μ) and scavenger receptors and/or pattern recognition protein receptors (PRPRs) leading to increased ROS production, NFκB activation and cytokine release; and infected alveolar type II cells enhance inflammation. [5] Neutrophils contribute to O2− production, lipid peroxidation and increased oxidative stress, Keap-1-Nrf2-ARE signaling pathway reduction and NFκB activation promoting cytokine storm. Abbreviations: TMPRSS2: Transmembrane protease Serine 2; PRPs: pattern recognition proteins.


Atherosclerosis, a chronic inflammatory disease, may be an ideal environment for the high viral replication capabilities of SARS-CoV-2 in human cells, enhancing hyper-inflammation secondary to immune system dysregulation (Figure 3) that leads to adverse outcomes, as shown in patients with cardiovascular risk factors. In a vicious circle, feeding itself, SARS-CoV-2 may aggravate the evolution of atherosclerosis as a result of excessive and aberrant plasmatic concentration of cytokines (Vinciguerra et al., 2020; Labarrere and Kassab, 2021). Atherosclerosis progression, as a chronic inflammatory mechanism, is characterized by immune system dysregulation associated with increased pro-inflammatory cytokine production, including interleukin 6 (IL-6), tumor necrosis factor-α (TNF-α), and IL-1β (Vinciguerra et al., 2020; Labarrere and Kassab, 2021). C-reactive protein (CRP), an active regulator of host innate immunity, is a biomarker of severe COVID-19 disease, including lung and atherosclerotic disease progression; strongly predicts the need for mechanical ventilation; and may guide intensification of treatment of COVID-19-associated uncontrolled inflammation (Potempa et al., 2020; Labarrere and Kassab, 2021; Luan et al., 2021). Macrophage activation and foam cell formation may explain the elevated CRP serum levels and contribute to disease progression (Figure 3). CRP-mediated inflammation in atherosclerosis during SARS-CoV-2 infection may be explained by the presence of monomeric CRP (mCRP) in the lesions (Potempa et al., 2020; Fazal, 2021; Fendl et al., 2021; Labarrere and Kassab, 2021; Luan et al., 2021; Mosquera-Sulbaran et al., 2021). The affinity of SARS-CoV-2 for ACE2 receptors makes the virus prone to cause vascular infection that could explain atherosclerosis progression and arterial and venous thrombosis (Vinciguerra et al., 2020; Labarrere and Kassab, 2021). Endothelial injury generated directly by intracellular viral replication and by ACE2 downregulation, exposing cells to angiotensin II in the absence of the modulator effects of angiotensin 1–7 (Vinciguerra et al., 2020), and vascular chronic inflammation promoting the development of tissue macrophages overloaded by cholesterol (foam cells), both increase the possibility of acquiring a severe COVID-19 infection (Vinciguerra et al., 2020; Labarrere and Kassab, 2021).
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FIGURE 3
 Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) enhances oxidative stress and atherosclerosis progression. [1] SARS-CoV-2 structure. [2] SARS-CoV-2 viruses facilitate oxidative stress and inflammation in the arterial intima. Native C-reactive protein (nCRP), a marker of severe SARS-CoV-2 produced in liver, macrophages, lymphocytes, smooth muscle cells (SMC) and other cells, promotes inflammation through monomeric CRP (mCRP) enhancing intimal oxidative stress. SARS-CoV-2 binds macrophage toll-like receptor (TLR) 4 and facilitates nicotinamide adenine dinucleotide phosphate (NADP) H oxidase 2 (Nox2) activity and superoxide (O2−) production causing cysteine oxidation, disulfide bridge formation and S-glutathionylation. Xanthine oxidase (XO) and inhibition of superoxide dismutase (SOD)/catalase further facilitate O2− cellular activity and ROS generation. SARS-CoV-2 can bind TLRs 2 and 4 and activate transcription factors like nuclear factor (NF)-κB facilitating cytokine storm and hyperinflammation. Excessive mitochondrial reactive oxygen species (ROS) generation further enhances cytokine production. CRP (nCRP, mCRP) can facilitate macrophage and neutrophil uptake of SARS-CoV-2-infected apoptotic cells through Fcγ and Fcα receptors, respectively (FcRs). Oxidative stress also activates the Kelch-like ECH-associated protein 1 (Keap1)-Nuclear factor erythroid 2-related factor2 (Nrf2)-antioxidant response element (ARE) redox regulator pathway in monocytes (see [3] and macrophages, releasing Nrf2 to regulate the expression of genes that control antioxidant enzymes like glutathione S-transferase (GST)), facilitating glutathione (GSH) activity. Macrophages, Tlymphocytes, neutrophils and SMCs can generate mCRP increasing inflammation. [3] Monocytes, macrophages, neutrophils, endothelial cells and microparticles can generate mCRP, increase O2− and ROS formation and reactive nitrogen species like peroxinitrite (ONOO−), and tissue factor (TF) expression enhancing oxidation, inflammation and thrombosis. TLR 4-mediated SARS-CoV-2-binding to platelets promotes thrombosis, mCRP binding to lipid rafts and FcγRs enhances inflammation and endothelial activation allows intimal cell migration. [4] Foam cells and smooth muscle cells associated with atherosclerotic plaques enhance ROS formation, cytokine release and tissue factor (TF)-mediated fibrin deposition. MAPK/ERK, mitogen-activated protein kinase/extracellular signal-regulated kinase; AT1R, Angiotensin II type 1 receptor; PC, phosphorylcholine; LPC, lysophosphatidylcholine; MPO, myeloperoxidase; nnCRP, non-native CRP; TNF, tumor necrosis factor; IL, interleukin; ACE, angiotensin converting enzyme; MyD88/TRIF, myeloid differentiation primary response88/TIR-domain-containing adapter-inducing interferon-β; PI3K/Akt, phosphatidylinositol-3-kinase/protein kinase B; AP-1, activator protein 1; CD31, cluster of differentiation 31; ICAM-1, intercellular adhesion molecule-1; Mac-1, macrophage-1 antigen; PSGL-1, P-selectin glycoprotein ligand-1; HLA-DR, Human Leukocyte Antigen – DR isotype.


As mentioned previously, GSH, a tripeptide containing glutamate, cysteine and glycine, (L-γ-glutamyl-L-cysteinyl-glycine) is the master and most potent cellular antioxidant and the most abundant low molecular weight thiol that plays a crucial role in antioxidant defense against cellular ROS/reactive nitrogen species (RNS)-mediated oxidative damage and in the regulation of numerous metabolic pathways essential for maintaining whole body homeostasis. GSH synthesis catalyzed sequentially by two cytosolic enzymes, γ-glutamyl-cysteine synthetase (GCS) and GSH synthetase is part of virtually all cell types, and the liver is the major GSH producer and exporter. Preservation of the highest (millimolar) concentrations of reduced GSH in most cell types highlights GSH vital and multifunctional roles in controlling various biological processes like detoxification of foreign and endogenous compounds, protein folding, regeneration of vitamins C and E, maintenance of mitochondrial function, regulation of cell cycle and cell proliferation, apoptosis, immune response, and multiple other cellular and biological functions, particularly important, antiviral defense (Meister and Anderson, 1983; Townsend et al., 2003; Sastre et al., 2005; Franco et al., 2007b; Valko et al., 2007; Forman et al., 2009; Diaz-Vivancos et al., 2010; Lushchak, 2012; Denzoin Vulcano et al., 2013; García-Giménez et al., 2013; Lu, 2013; Giustarini et al., 2016; Scirè et al., 2019; Marí et al., 2020; Polonikov, 2020; Sestili and Fimognari, 2020; Silvagno et al., 2020; Bartolini et al., 2021). SARS-CoV-2 markedly decreases the levels of cellular thiols, essentially lowering the reduced form of GSH; and the use of antivirals that enhance activation of the Nrf2 transcription factor together with N-acetylcysteine administration restore GSH levels correcting the SARS-CoV-2-mediated impaired GSH metabolism (Aquilano et al., 2014; Khanfar and Al Qaroot, 2020; Sestili and Fimognari, 2020; Silvagno et al., 2020; Bartolini et al., 2021; Bourgonje et al., 2021; Fraternale et al., 2021; Kumar P. et al., 2022; Figure 4).
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FIGURE 4
 Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection alters metabolism and redox function of cellular glutathione (GSH). SARS-CoV-2 markedly decreases GSH levels [1], that could be explained by lower intake of the GSH precursor cysteine (Cys) [2] and increased efflux of cellular thiols [3]. Increased levels of oxidized glutathione (GSSG) and protein glutathionylation [4] along with upregulation of endoplasmic reticulum stress marker protein kinase R (PKR)-like endoplasmic reticulum kinase (PERK) [5] are also observed. Antivirals activate the Kelch-like ECH-associated protein 1 (Keap1)-Nuclear factor erythroid 2-related factor2 (Nrf2)-antioxidant response element (ARE) redox regulator pathway, releasing Nrf2 [6] to regulate the expression of genes that control antioxidant, inflammatory and immune system responses (including the cystine (cys-cys)/glutamate transporter xCT and the membrane transporter multidrug resistance protein [MRP], which are decreased and markedly upregulated, respectively, during infection); restoring GSH levels in the infected cells and facilitating GSH synthesis [7] and activity. Abbreviations: γ-GT: γ-glutamyl transferase; ASCT: alanine-serine-cysteine transporter; LAT: L-type amino acid transporter; PSSG: S-glutathionylated Proteins; GST: glutathione-S-transferase; γ-GCL: γ-glutamate cysteine ligase; γ-glutamyl cysteine; GST: glutathione-S-transferase; GPx: glutathione peroxidase; GR: glutathione reductase; NADPH: reduced NADP+; NADP+: Nicotinamide adenine dinucleotide phosphate; GS: glutathione synthetase; xCT (SLC7A11)/SLC3A2: cystine/glutamate transporter light (xCT [SLC7A11]) and heavy (SLC3A2) chains. Modified from Bartolini et al. (2021).


Alterations in the intracellular redox status are often associated with GSH depletion (Polonikov, 2020) and endogenous GSH deficiency, due either to decreased biosynthesis and/or increased consumption, is a marked contributor to the pathogenesis of numerous diseases via mechanisms including oxidative stress and inflammation. GSH deficiency is associated with age, a major risk factor for SARS-CoV-2 infection’s outcome (Grigoletto Fernandes et al., 2020; Polonikov, 2020; Sestili and Fimognari, 2020; Suhail et al., 2020; Yang X. et al., 2020; Yang J. et al., 2020; Schwalfenberg, 2021), sex, low intracellular GSH, cigarette smoking and presence of chronic diseases, among other factors, and GSH deficiency caused by any or all these factors may contribute to severe COVID-19 disease pathogenesis (Polonikov, 2020; Sestili and Fimognari, 2020; Silvagno et al., 2020; Suhail et al., 2020; Yang J. et al., 2020; Yang X. et al., 2020; Figure 1). Individuals 65 years and older with comorbidities, are more susceptible to become infected with SARS-CoV-2 and become critically ill and are more prone to develop ARDS and require mechanical ventilation, having a high 28-day mortality rate (Yang X. et al., 2020).

COVID-19 is clinically mild in most cases, severe cases develop pneumonia, and critical cases end with ARDS, sepsis, and multiple organ failure (Yang X. et al., 2020). COVID-19 sepsis is a serious problem in critically ill patients infected with SARS-CoV-2 (Beltrán-García et al., 2020; Coz Yataco and Simpson, 2020; De Candia et al., 2021). Sepsis is a systemic inflammatory response caused by excessive cytokine secretion, such as interleukin (IL)-6, IL-10, IL1β and TNF-α. Severe SARS-CoV-2 infection with high cytokine levels causes T-cell exhaustion characterized by high levels of programmed cell death protein 1 and low numbers of CD4+ and CD8+ cells (Diao et al., 2020; Lin et al., 2020; Poe and Corn, 2020). ROS may be important mediators of cellular injury during COVID-19 sepsis (Silvagno et al., 2020), either following macromolecular damage or by hindering extracellular and intracellular regulatory processes. Multiple organ failure including sepsis-induced cardiac dysfunction seem to be the result of numerous factors as overwhelming inflammation and nitric oxide synthesis impairment associated with mitochondrial dysfunction and increased oxidative stress (Cecchini and Cecchini, 2020). Excessive ROS production, associated with inflammation, induces oxidative stress. Oxidative stress is a major contributor to the high mortality rates associated with SARS-CoV-2 infections (Poljsak et al., 2013; Forcados et al., 2021; Lage et al., 2022). Immune cells use ROS to sustain their functions and need adequate levels of antioxidant defenses to avoid harmful effects caused by excessive ROS production, since accurate balance between ROS and intracellular antioxidants is essential for a normal function of the cell (Banjac et al., 2008; Liu et al., 2018).

L-cysteine is the rate-limiting substrate in the synthesis of intracellular GSH (Raftos et al., 2007; Whillier et al., 2009; Radtke et al., 2012). Although N-acetylcysteine (NAC) directly influences the pool of extracellular cystine and intracellular cysteine via a series of plasmatic redox reactions, in order to be effective, intracellular cysteine precursors must be designed to enter erythrocytes rapidly and use high activity enzymes within erythrocytes to liberate cysteine (Whillier et al., 2009; Radtke et al., 2012). NAC enhances extracellular cysteine and by using transport channels increases intracellular cysteine (Franco and Cidlowski, 2009; Aldini et al., 2018; Liu et al., 2018; Ulrich and Jakob, 2019; Pedre et al., 2021; Schwalfenberg, 2021). During oxidative stress, NAC will increase GSH synthesis (Franco and Cidlowski, 2009; Rushworth and Megson, 2014; Campolo et al., 2017). Without oxidative stress, cysteine and cystine appear to essentially mediate cellular stress via thiols other than GSH (Rahman and MacNee, 2000; Ashfaq et al., 2008; Sekhar et al., 2011a; Liu et al., 2018).

Individuals 60 years and older have lower plasma GSH levels and increased oxidative stress (Samiec et al., 1998). Individuals with diabetes have lower GSH levels compared to control subjects (Samiec et al., 1998; Sekhar et al., 2011b). Supplementation of cysteine and glycine in the diet can increase GSH levels and reduce oxidative stress in the elderly and persons with diabetes (Sekhar et al., 2011b; Tan et al., 2018). Elderly adults may also have reduced redox potential due to lower GSH levels (Samiec et al., 1998; Maher, 2005; Trachootham et al., 2008; Aquilano et al., 2014; McCarty and DiNicolantonio, 2015; Baş, 2018; Hajjar et al., 2018; Polonikov, 2020; Sestili and Fimognari, 2020). Lowered cellular redox status increases susceptibility to oxidative stress that may lead to cell death and virus release (Raftos et al., 2007; Hotchkiss et al., 2009; Circu and Aw, 2010; Kesarwani et al., 2013; He et al., 2017; Khomich et al., 2018; Chen et al., 2020; Sharifi-Rad et al., 2020; Zhang et al., 2020). The potential clinical use of antioxidants and antioxidant precursors in the treatment of COVID-19 needs to be seriously considered. GSH is paramount with respect to disease pathogenesis and individual response to COVID-19 infection; and enhancement of GSH levels can be a means for treating and preventing COVID-19 disease (Polonikov, 2020). As it was recently suggested, GSH depletion could be the Trojan horse of COVID-19 severity and mortality and elevating GSH levels in tissues may decrease COVID-19 severity and mortality rates (Khanfar and Al Qaroot, 2020).



SARS-CoV-2 new therapeutic approaches

The prominence of the coronavirus disease 2019 (COVID-19) pandemic urges multidisciplinary strategies to control disease spread and prevent its complications (Labarrere and Kassab, 2021). SARS-CoV-2 and its massive cytokine storm primarily compromises the lungs causing acute respiratory distress syndrome also affecting the cardiovascular system aggravating atherosclerotic lesions leading to thromboembolic events and cell and tissue death (Ryu and Shin, 2021; Taoufik et al., 2021; Yuan et al., 2021). SARS-CoV-2 infects pulmonary type II alveolar cells because these cells express angiotensin-converting enzyme 2 (ACE2; Ryu and Shin, 2021; Taoufik et al., 2021; Yuan et al., 2021). SARS-CoV-2 ACE2-mediated host cell invasion is enhanced by the presence of heparan sulfate proteoglycans (HSPGs) consisting of a core protein bearing glycosaminoglycan carbohydrate chains (Souza-Fernandes et al., 2006; Davis and Parish, 2013; Kang et al., 2018; Clausen et al., 2020; De Pasquale et al., 2021). Virus protein ligands, like trimeric spike glycoprotein interact with cellular receptors, such as ACE2, and host proteases, like transmembrane protease serine 2 (TMPRSS2), participate in virus entry by proteolytically activating virus ligands (Sallenave and Guillot, 2020; Kalra and Kandimalla, 2021; Zhang Q. et al., 2021; Jackson et al., 2022). In the lungs, after entering in type II alveolar cells, SARS-CoV-2 infected cells become defective for surfactant production (Ghati et al., 2021) and release cytokines, like IL-8 among others, which in turn activate alveolar macrophages to release IL-1, IL-6, and TNF-α, that induce natural killer and dendritic cell differentiation and macrophage M1 polarization, enhancing the proinflammatory response with increased vasodilation causing neutrophil and activated T cell influx from the capillaries into the alveolus, all leading to the cytokine storm (Carcaterra and Caruso, 2021; Figure 2).

Alveolar macrophages, due to their polarization state toward M1 or M2 phenotypes, provoke different effects following SARS-CoV-2 infection. Hyperactivated M1 alveolar macrophages are taken over by SARS-CoV-2 allowing for viral infection and spread, while M2 alveolar macrophages can degrade the virus and limit its spread (Knoll et al., 2021; Lv et al., 2021). Neutrophils produce ROS and proteinases, causing further destruction of healthy type II cells; as a result, surfactant production decreases markedly, which in turn causes alveolar fluid accumulation leading to alveolar collapse and ARDS (Matthay and Zemans, 2011; Carcaterra and Caruso, 2021). Due to the exhaustion of cellular and extracellular GSH caused by numerous GSH-consuming pathways the severe inflammation and oxidative stress triggered by the viral infection steals GSH from crucial functions like NO-dependent vasodilatation, disallowing the patient of being protected from an inflammation that can become fatal. Based on the previous discussion, administration of antioxidants or Nrf2 inducers are potential viable therapies for viral-induced diseases, like respiratory infections and infections associated with reduced cellular antioxidant capacity (Komaravelli and Casola, 2014). A high neutrophil to lymphocyte ratio found in critically ill patients with COVID-19 is associated with excessive ROS levels, that promote a cascade of biological events driving pathological host responses. Since ROS induce tissue damage, thrombosis and red blood cell dysfunction that contribute to COVID-19 disease severity, administration of free radical scavengers could be beneficial for the most vulnerable patients (Laforge et al., 2020).

Toll-like receptors (TLRs) play a key role in microorganism and viral particle recognition and activation of the innate immune system (Sasai and Yamamoto, 2013; Kawasaki and Kawai, 2014; McClure and Massari, 2014; Sartorius et al., 2021; Manik and Singh, 2022). TLR pathway activation leads to secretion of pro-inflammatory cytokines, like interleukin (IL)-1, IL-6, and tumor necrosis factor-α, as well as type 1 interferon. TLRs can be localized either on the cell surface (TLR-1, -2, -4, -5, -6, -10) or in the endosome compartment (TLR-3, -7, -8, -9; Sasai and Yamamoto, 2013; Kawasaki and Kawai, 2014; Sartorius et al., 2021). TLRs-2, -3, -4, -6, -7, -8, and -9 are potentially important in COVID-19 infection (Onofrio et al., 2020; Khanmohammadi and Rezaei, 2021; Sariol and Perlman, 2021). TLR1/2/6 activation and subsequent signal transduction may be in part responsible for clinical immunopathological manifestations found in patients infected with COVID-19 (Gadanec et al., 2021). Interactions between TLR1/6 and the S-protein may participate in immunopathology as a result of unregulated TLR activation (Kawasaki and Kawai, 2014; Gadanec et al., 2021). SARS-CoV-2 may activate TLR4 in the heart and lungs causing aberrant TLR4 signaling favoring the proinflammatory MyD88-dependent (canonical) pathway instead of the alternative TRIF/TRAM-dependent anti-inflammatory and interferon pathway (Aboudounya and Heads, 2021). TLR4-mediated recognition of S protein may initiate receptor dependent internalization and explain SARS-CoV-2 infection in patients and cells lacking or deficient in ACE2 expression (Aboudounya and Heads, 2021; Gadanec et al., 2021). Viral proteins as well as host damage-associated molecular patterns, that accumulate following cellular stress during viral infection, were linked to TLR4 activation, with uncontrolled TLR4 activation being associated with severe disease (Olejnik et al., 2018). TLR4 activation in platelets whether by pathogen- (viremia) or damage-associated molecular patterns induces a prothrombotic and proinflammatory state (Schattner, 2019). SARS-CoV-2 spike glycoprotein binds TLR4 and activates TLR4 signaling increasing cell surface expression of ACE2 facilitating entry (Aboudounya and Heads, 2021). Activation of endosomal TLR7/8 during SARS-CoV-2 may increase the inflammatory response resulting in severe and potentially lethal immunopathological effects in COVID-19 patients as consequence of the simultaneous release of pro-inflammatory cytokines and chemokines. TLR signaling molecules, like mitogen-activated protein kinases (MAPK) and phosphoinositide 3-kinase (PI3K)/protein kinase B (Akt), play fundamental roles in TLR-mediated cell proliferation and survival via reducing apoptosis and increasing time for viral replication (Li et al., 2010; Aboudounya and Heads, 2021) and could facilitate increased viral replication. The expression of CD14, TLR2 and 4 in human alveolar type I and II cells (Thorley et al., 2011) suggests that they most probably participate in SARS-CoV-2 infection and COVID-19 disease. Ten human TLRs that signal via 4 adaptor proteins and 2 initial kinases activate distal kinases that subsequently regulate transcription factors such as NFκB and activator protein 1 (AP-1), that control gene expression. Posttranslational modifications of ROS-mediated kinase activity most probably contribute to the diversity and intensity of gene expression following microbial activation of innate immunity (Kolls, 2006).

SARS-CoV-2 mainly destroys pulmonary surfactant-secreting type II alveolar cells (Wang et al., 2021a), that normally decrease the air/tissue surface tension and block TLR4 in the lungs, promoting ARDS and inflammation. TLR4 activation, aberrant TLR4 signaling, and hyperinflammation may explain SARS-CoV-2-induced myocarditis and multiple-organ injury in COVID-19 patients (Aboudounya and Heads, 2021). Augmented activation of TLR4 increases oxidative stress and the generated ROS participate in signaling events downstream of TLRs. TLR4 activation may lead to ROS signaling via direct interaction between TLR4 and NADPH oxidase (Gill et al., 2010; Pushpakumar et al., 2017). TLR1, TLR2 and TLR4 activation results in augmented mitochondrial ROS production following recruitment of mitochondria to macrophage phagosomes, leading the way to increased mitochondrial and cellular ROS generation (West et al., 2011). ROS can oxidize cysteine residues allowing formation of disulfide bridges with one another or with GSH leading to S-glutathionylation. ROS can be inactivated by antioxidants such as GSH. The link between oxidation and inflammation is complex, going from fine-tuned signaling by ROS during TLR4 activation that leads to active mobilization of damaged-associated molecular patterns, to cellular injury from redox stress that leads to damaged-associated molecular patterns release triggering TLR4-mediated inflammation and organ injury (Gill et al., 2010; Pushpakumar et al., 2017). Neutralization of oxidation radicals becomes paramount in SARS-CoV-2-mediated cellular and tissue damage.

As we previously published, a multiweapon approach is needed to successfully combat SARS-CoV-2 and COVID-19 disease (Labarrere and Kassab, 2021), involving vaccines (Jin et al., 2022) especially vaccines that selectively and efficiently induce antibodies that target the SARS-CoV-2 receptor binding domain (Robbiani et al., 2020), pattern recognition proteins such as surfactant proteins A and D (Arroyo et al., 2021; Ghati et al., 2021; Wang et al., 2021a; DePietro and Salzberg, 2022; Labarrere and Kassab, 2022), modulators of mannose binding lectin, C1q, C-reactive protein (Tang et al., 2011; Torzewski et al., 2020; Labarrere and Kassab, 2021; Ringel et al., 2021), and IgM natural antibodies, TLR inhibitors, modulators of cellular components (neutrophils, basophils, eosinophils, mast cells, monocytes, macrophages, dendritic cells, regulatory T cells, natural killer cells) of innate immunity, cellular components of both innate and adaptive immune systems (γδ T cells, natural killer T cells), soluble constituents of adaptive immunity (polyreactive IgM antibodies to the viral disease, among others), and cellular components of adaptive immunity (T cell subsets like Th1 CD4+ T cells, cytotoxic CD8+ T cells, Th2 cells, Th17 cells, Th9 cells), viral replication inhibitors, renin-angiotensin system inhibitors (Williams, 2021) and human recombinant soluble ACE2 (Abd El-Aziz et al., 2020), as well as heparin and glycosaminoglycan antithrombotics (Magnani, 2021), among others. Sadly, there are no effective antivirals and vaccines to definitively treat or prevent COVID-19. Globally launched clinical trials like the European study DISCOVERY showed that antiviral drugs (remdesivir, lopinavir and ritonavir in combination, ritonavir given with or without interferon beta and hydroxychloroquine) are unable to efficiently attack COVID-19 progression (Ader et al., 2022). Although a recent trial has shown to be beneficial when antiviral treatment is introduced early during the disease before hospitalization than later in the course of the disease, there is an urgent need for early therapies to reduce the risk of disease progression, prevent transmission, and be widely distributed to meet the worldwide demand (Gottlieb et al., 2022; Heil and Kottilil, 2022). Here we emphasize the role of Nrf2 activators and the vital role of antioxidants like the GSH system in prevention against oxidative stress and cell and tissue damage (Cuadrado et al., 2020) in SARS-CoV-2 infection and COVID-19 disease (Figure 5).
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FIGURE 5
 Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)-related glutathione (GSH) cellular depletion, repletion treatment options and a multiweapon defense approach. [1] SARS-CoV-2 exacerbates oxidative stress, inflammation and coagulation, reducing GSH levels mainly in hosts with added risk factors. [2] SARS-CoV-2 invades host cells through virus protein ligands, like trimeric spike glycoprotein interacting with cellular receptors like angiotensin converting enzyme 2 (ACE2), and host proteases, like transmembrane protease serine 2 (TMPRSS2), that proteolytically activates virus ligands, promoting virus entry, replication and ACE2 down-regulation; N-acetylcysteine (NAC) can block this interaction. SARS-CoV-2-related ACE2 downregulation facilitates angiotensin II/angiotensin types 1 and 2 receptor (AT1/2R)-mediated nicotinamide adenine dinucleotide phosphate (NADPH) oxidase activation and reactive oxygen species (ROS) production; and inhibits interaction of angiotensin 1–7 and MAS1 oncogene/G protein-coupled (MAS/G) receptor. [3] A multiweapon approach includes enhancing host response to viral particles and peptides by monocytes/macrophages and T-cells, as well as innate and adaptive B-cell/plasma cells producing antibodies to reduce cytokine production and the subsequent cytokine storm. Reactive oxygen species (ROS) cell production enhances proinflammatory cytokine release while reducing anti-inflammatory cytokines. [4] Modulation of CD4+ and CD8+ T cells will facilitate SARS-CoV-2 removal. [5] SARS-CoV-2 binding and cleavage of ACE2 receptor leads to shedding of host ACE2 receptor contributing to the loss of ACE2 function and systemic release of S1/ACE2 complex. SARS-CoV-2 reduces Nrf2 and GSH allowing ROS and RNS to damage the cell. [6] Liposomal GSH (see [2], vitamin D3 by increasing glutamate cysteine ligase and glutathione reductase activity), and N acetyl cysteine (NAC), see [2] participate in GSH synthesis. Increased intracellular GSH reduces ROS and reactive nitrogen species (RNS), as well as NF-κB activation. Sulforaphane and resveratrol enhance Nrf2 production and Nrf2 negatively regulates the endoplasmic-reticulum-resident protein stimulator of interferon genes (STING) reducing interferon secretion. Increased antioxidant defense (cystine, cysteine, NAC, liposomal GSH, vitamin D3, sulforaphane, resveratrol, and others) reestablishes cell homeostasis [7]. Increased nuclear factor-κB (NF-κB) activity enhances interleukin (IL)-6 secretion and cytokine storm, while decreased nuclear NF-κB allows activation of nuclear factor erythroid 2-related factor2 (Nrf2)-dependent antioxidant genes and enzyme transcription (HO-1, NQO-1, and others); Nrf2 inhibition of M1 and upregulation of M2 induced genes; decreased pro-inflammatory and increased anti-inflammatory cytokine expression; and decreased cytokine storm. C-Src, proto-oncogene tyrosine-protein kinase sarcoma; PKC, protein kinase C; Rac-1, Ras-related C3 botulinum toxin substrate 1; IL1RA, IL1 receptor antagonist; MCP1, monocyte chemoattractant protein-1; MIP, macrophage inflammatory protein; PDGFB, Platelet Derived Growth Factor B; VEGF-A, vascular endothelial growth factor A; iNOS, inducible nitric oxide synthase; TCR, T-cell receptor; MHCI/II, major histocompatibility complex class I/II; GCSF, granulocyte colony-stimulating factor; GMCSF, granulocyte-macrophage colony-stimulating factor; FGF, fibroblast growth factor; IP10, interferon gamma-induced protein 10; NAb, natural antibody; SOD, superoxide dismutase; HO-1, heme oxygenase-1; NQO1, NAD(P) H quinone dehydrogenase 1; β2M, β2 microglobulin; GSSG, glutathione disulfide; Keap 1, Kelch-like ECH-associated protein 1; ERK, extracellular signal-regulated protein kinase; FcμR, Fcμ receptor; IgM, immunoglobulin M.


Since oxidative stress plays an important role in the pathogenesis of viral-associated cardiovascular and lung diseases, antioxidant intervention would be a rational approach to use for treating lower respiratory tract infections (Komaravelli and Casola, 2014) and balancing oxidative damage by enhancing antioxidant defense (Banjac et al., 2008; Chen et al., 2020; Sharifi-Rad et al., 2020; Perła-Kaján and Jakubowski, 2022) could be a major strategy for a successful intervention against SARS-CoV-2 infection and COVID-19 disease. Since SARS-CoV-2 activates mitochondrial ROS-mediated feedback loops that produce long-term changes in the redox status and endothelial function of the host, leading to cardiovascular disease and lung injury (Chang et al., 2021), and endothelial cells are key players in inflammatory pathologies, such as acute respiratory distress syndrome, thrombosis, and atherosclerosis; the use of pro-GSH molecules (Fraternale et al., 2006) and/or glutathione precursors like N-acetyl cysteine (NAC), glutamine, cysteine (cystine) and glycine, as well as nuclear factor erythroid 2 p45–related factor 2 (Nrf2) inducers like sulforaphane can enhance glutathione production and increase nuclear Nrf2 translocation and antioxidant response element (ARE) transcription (Komaravelli and Casola, 2014; Atefi et al., 2020; Poe and Corn, 2020; Dominari et al., 2021; Obayan, 2021; Di Marco et al., 2022). Nrf2, a member of the “cap’n’collar” family of basic region–leucine zipper transcription factors involved in transcription of antioxidant genes in response to xenobiotic stress, is also a critical regulator of cellular oxidative stress in sepsis (Kolls, 2006) and a regulator of exacerbated proinflammatory cytokine release (cytokine storm) and loss of T lymphocytes (leukopenia) that characterize the most aggressive presentation of SARS-CoV-2-mediated COVID-19 infection (Kobayashi et al., 2016; Cuadrado et al., 2019; Olagnier et al., 2020; Calabrese et al., 2021; Herengt et al., 2021). By regulating glutathione S-transferase (GST) and intracellular glutathione (GSH) levels, Nrf2 controls the level of ROS in the cell (Kolls, 2006; Lushchak, 2012; Aquilano et al., 2014; Tu et al., 2019; Bartolini et al., 2021); and a multifaceted anti-inflammatory strategy based on pharmacological activation of Nrf2 and enhancement of GSH precursors like bonded cysteine or NAC can be deployed against the virus (Cuadrado et al., 2019; Olagnier et al., 2020; Emanuele et al., 2021; Fratta Pasini et al., 2021; Wong et al., 2021). Since Nrf2 participates in the resolution of inflammation by repressing genes for proinflammatory cytokines IL-6 and IL-1β (Kobayashi et al., 2016; Cuadrado et al., 2020) and pharmacological activation of Nrf2 might also limit NF-κB-mediated pulmonary inflammation caused by SARS-CoV-2 infection (Cuadrado et al., 2019, 2020; Chang et al., 2021; Emanuele et al., 2021; Fratta Pasini et al., 2021). NRF2 inducers, like sulforaphane modify cysteine sensors of Keap1 and inactivate its repressor function. The liberation of Nrf2 from Keap1 allows Nrf2 accumulation and translocation to the nucleus (Cuadrado et al., 2019; McCord et al., 2020; Perła-Kaján and Jakubowski, 2022). In the nucleus, following heterodimer complex formation with transcription factors, like small Maf proteins (G/F/K) and c-Jun, Nrf2 complexes bind to the antioxidant response element (ARE), a regulatory enhancer region within gene promoters that upregulate antioxidant and anti-inflammatory defense processes (Cuadrado et al., 2019; McCord et al., 2020; Perła-Kaján and Jakubowski, 2022).

Since SARS-CoV-2 mediates Nrf2 suppression and limits host anti-inflammatory response (Cuadrado et al., 2020; McCord et al., 2020; Olagnier et al., 2020; Emanuele et al., 2021; Fratta Pasini et al., 2021), targeting Nrf2 is therefore essential for the treatment of diseases characterized by enhanced oxidative stress and inflammation, such as aging and COVID-19-induced pneumonia and ARDS (Lewis et al., 2010; Lee, 2018; Robledinos-Antón et al., 2019; Schmidlin et al., 2019; Lin and Yao, 2020). Nrf2 activation suppresses ROS in antigen-presenting dendritic cells enhancing their capacity to interact with and promote the transformation of naïve CD8 T cells into cytotoxic T lymphocytes enabling cytotoxic T-cells to eliminate virally infected cells (Kesarwani et al., 2013; Moro-García et al., 2018; Calabrese et al., 2021; Emanuele et al., 2021). Nrf2 activation regulates antioxidant responses to modify cellular redox states from predominantly pro-oxidant to antioxidant, and, in an antioxidant environment, macrophage phenotypes shift from M1 pro-inflammatory to M2 anti-inflammatory, reducing the probability of cytokine storms, ARDS, and lethality (Tan et al., 2016; Bousquet et al., 2020; Calabrese et al., 2021). Cytoprotective effects against viruses like SARS-CoV-2 could be enhanced by sulforaphane, an isothiocyanate abundant in cruciferous vegetables, since sulforaphane has been found to be a powerful activator of the Nrf2 pathway by increasing Nrf2-regulated cellular antioxidant response such as induction of NAD(P)H: quinone oxidoreductase 1, glutamate-cysteine ligase (γ-glutamyl cysteine synthetase) and glutathione (Theodore et al., 2008; Lewis et al., 2010; Schmidlin et al., 2019; Bousquet et al., 2020; Cuadrado et al., 2020; Mahn and Castillo, 2021). Nrf2 activators like sulforaphane have a potential role with dual antiviral and anti-inflammatory properties in the management of viral pneumonia, a serious complication in COVID-19 disease (Bousquet et al., 2020; Cuadrado et al., 2020; Lin and Yao, 2020; Emanuele et al., 2021; Fratta Pasini et al., 2021). Nrf2-interacting nutrients can equilibrate insulin resistance and have a significant effect upon COVID-19 severity. It is then possible that intake of these nutrients may re-establish an optimal natural balance for the Nrf2 pathway and mitigate COVID-19 severity (Bousquet et al., 2020). The enhancement of Nrf2 transcription with sulforaphane or melatonin could benefit patients with “LONG COVID” (Post-Acute Sequelae of SARS-CoV-2 or Post-COVID-Syndrome), a significant proportion (approximately 40%) of individuals with COVID-19 experiencing a variety of symptoms (loss of smell and/or taste, fatigue, cough, aching pain, “brain fog,” insomnia, shortness of breath, and tachycardia) after 12 weeks (Jarrott et al., 2022; Ordonez et al., 2022). Multi-omics studies revealed that SARS-CoV-2 infection provokes significant changes in numerous metabolites including those impacting on virus propagation (one-carbon metabolism) and GSH synthesis (amino acids glutamic acid, cysteine and glycine) that could be used as early prognosis biomarkers in COVID-19 at diagnose to predict severe COVID-19 and “LONG COVID” (Doğan et al., 2021; Li C.-X. et al., 2022; Perła-Kaján and Jakubowski, 2022; Valdés et al., 2022). Therapeutic interventions aimed at normalizing GSH and Nrf2 might provide a promising approach to combat the COVID-19 pandemic.

Augmented oxidative stress secondary to increased levels of interleukin-6 and tumor necrosis factor-α in addition to decreased levels of interferons α and β are primarily believed to be the drivers of the disease process (Guloyan et al., 2020). Since it was shown that glutathione (GSH) inhibits viral replication and decreases IL-6 levels, it was suggested that liposomal GSH could be beneficial in COVID-19 patients characterized by SARS-CoV-2-induced cytokine storm and redox imbalance (Guloyan et al., 2020). SARS-CoV-2 binds to the ACE2 receptor and induces down regulation of NRF2, which leads to inhibition of GSH release. This leads to elevated inflammatory cytokines, elevated ROS, and recruitment of immune cells. The importance of thiol-reactive molecules like NAC and GSH in SARS-CoV-2 infectivity has been shown recently (Murae et al., 2022). NAC and GSH directly suppress spike protein receptor-binding domain-ACE2 binding functions of various SARS-CoV-2 variants. An intramolecular disulfide bridge in the receptor-binding domain of the SARS-CoV-2 spike protein between Cys-488 and Cys-480, considered to be important for ACE2-binding, results directly inhibited by NAC and GSH and these compounds could be used effectively against SARS-CoV-2 cell viral entry and infection (Murae et al., 2022). GSH was shown to be the main inhibitor in the active site of the main protease (Mpro), the essential protein for virus invasion, and cysteine (Cys300) glutathionylation inhibits Mpro activity by blocking its dimerization supporting the use of GSH in COVID-19 patients (Davis et al., 2021; Linani et al., 2022). GSH deficiency has been associated with increased ROS and more severe clinical COVID-19 (Guillin et al., 2019; Derouiche, 2020; Grigoletto Fernandes et al., 2020; Guloyan et al., 2020; Polonikov, 2020; Sestili and Fimognari, 2020; Silvagno et al., 2020; Suhail et al., 2020; Bourgonje et al., 2021; Forcados et al., 2021; Kozlov et al., 2021; Pérez de la Lastra et al., 2021; Kumar P. et al., 2022). SARS-CoV-2 affects intracellular GSH levels by decreasing intracellular NRF2 function, that plays a key role in protecting cells from oxidative damage by upregulating GSH production (Rahman and MacNee, 2000; Guloyan et al., 2020; Polonikov, 2020; Sharifi-Rad et al., 2020; Silvagno et al., 2020; Bartolini et al., 2021). In stressed cells NRF2 is released and taken from the cytoplasm into the nucleus by karyopherins (Theodore et al., 2008; Sims et al., 2013; Bousquet et al., 2020; Derouiche, 2020; Guloyan et al., 2020). Coronavirus inhibits karyopherin-mediated nuclear import decreasing GSH production (Sims et al., 2013; Guloyan et al., 2020). In the setting of SARS-CoV-2, COVID-19 and oxidative stress, patients with comorbidities may have altered levels of glutamate-cysteine ligase and GSH synthetase, the enzymes participating in GSH synthesis. Therefore, it is reasonable using supplementation of liposomal glutathione, instead of the N-acetylcysteine or bonded cysteine utilized as precursors for GSH cell synthesis, since patients with deficient levels of glutamate-cysteine ligase and GSH synthetase will not be able to use N-acetylcysteine or bonded cysteine as substrates to synthesize their own GSH. Replenishing the nutritional status of the host by increasing vital amino acids such as cysteine to enhance GSH levels and selenium to improve selenium deficiency and facilitate selenoprotein (GSH peroxidases, thioredoxin reductases) expression can inhibit oxidative stress, modulating inflammation, suppressing endothelial dysfunction, and protecting vascular cells against apoptosis and calcification (He et al., 2017; Guillin et al., 2019; Seale et al., 2020; Taylor and Radding, 2020; Martinez et al., 2022). The demonstration that a combination of glycine and N-acetylcysteine supplementation rapidly improves GSH deficiency, oxidative stress and oxidant damage has implications for considering the GSH importance in combating COVID-19 infected patients warranting further investigations (Kumar P. et al., 2022). Enzymes involved in GSH biosynthesis and function like γ-glutamyl-cysteine ligase and glutathione synthetase are completely dependent on ATP and require magnesium as a cofactor (Bani Younes et al., 2020; Tang et al., 2020; Arancibia-Hernández et al., 2022). Additionally, γ-glutamyl-transpeptidase uses magnesium as an enzyme activator (Arancibia-Hernández et al., 2022). Magnesium supplementation improves mitochondrial function and increases the content of GSH in those organelles (Liu et al., 2019; Mohammadi et al., 2020). Furthermore, magnesium sulfate was effective as a treatment for preeclampsia, significantly promoting GSH production and suppressing ROS generation (Kawasaki et al., 2019; Arancibia-Hernández et al., 2022). Recent studies have suggested that serum magnesium levels of critically ill patients deserve attention (Bani Younes et al., 2020; Iotti et al., 2020) and could not only prevent SARS CoV-2 infection, reduce severity of COVID-19 symptoms and facilitate disease recovery (Trapani et al., 2022) but benefit enzymatic activity of the GSH pathway in COVID-19. Molecules of nutritional value with antioxidant properties besides GSH, like selenium, zinc and polyphenols, are important in the immune response against SARS-CoV-2 that occurs primary in the lungs (Pérez de la Lastra et al., 2021) in critically ill patients with severe COVID-19 acute respiratory distress syndrome (Notz et al., 2021). The value of selenium upon glutathione peroxidase 1 activity and oxidative stress mitigation in SARS-CoV-2 infection and COVID-19 disease has been clearly emphasized recently (Seale et al., 2020; Fakhrolmobasheri et al., 2021) and can prevent atherosclerosis progression in SARS-CoV-2 infection. The recent demonstration of elevated superoxide dismutase, GSH peroxidase, and total antioxidant capacity in COVID-19 outpatients compared to controls could be interpreted as a response to excessive COVID-19-related oxidative stress (Golabi et al., 2022). Adequate levels and function of GSH and selenoproteins can prevent worsening of acute respiratory distress syndrome and atherosclerosis, two main causes of morbimortality in SARS-CoV-2 infection and COVID-19 disease.



Conclusion

COVID-19 is a historic challenge to the fields of research, infectious disease, and global healthcare (Hunter et al., 2022). The demand for detailed analysis of COVID-19 pathogenesis and clinical course is paramount. The unprecedented awareness of a rapidly spreading pandemic disease such as COVID-19 brings an opportunity to enhance international collaboration in the scientific community. As new variants like the omicron (Abdool Karim and Abdool, 2021; Callaway and Ledford, 2021) and others (Markov et al., 2022) appear, besides new vaccine trials continuously ongoing, physicians have been encouraged to utilize various treatments with established efficacy in similar viral or bacterial illnesses that also cause bilateral pneumonia and ARDS, as SARS-CoV-2 does. Here we present the antioxidant GSH as a potential unexplored way for further investigation as intervention for COVID-19, since GSH levels are correlated with disease severity and lung damage supporting the participation of GSH in disease outcome (Kryukov et al., 2021; Singh et al., 2022). Enhancing GSH, mainly through NAC, GSH precursors or pro-GSH compound administration, becomes a potential treatment option for SARS-CoV-2 infection and COVID-19 disease by reducing oxidative stress and cytokine expression especially in diabetic patients at risk of more severe disease (Singh et al., 2022). Whey protein concentrate ameliorates lung damage and inhibits lung furin activity targeting SARS-CoV-2 S1/S2 site cleavage and SARS CoV-2 spike protein-angiotensin converting enzyme binding and could be used to protect against COVID-19 inhibiting SARS-CoV-2 cell entry (Tufan et al., 2022). A combination of vitamin D and L-cysteine administration significantly augmented GSH levels and lowered oxidative stress and inflammation (Jain et al., 2018; Jain and Parsanathan, 2020). Maintaining an adequate GSH redox status and 25-hydroxy-vitamin D levels will have the potential to reduce oxidative stress, enhance immunity and diminish the adverse clinical consequences of COVID-19 especially in African American communities having glucose-6-phosphate dehydrogenase deficiency, enzyme necessary to prevent GSH exhaustion and depletion (Jain and Parsanathan, 2020; Jain et al., 2020). We propose that enhancement of the reduced form of GSH will reduce the body’s oxidation and inflammation associated with SARS-CoV-2 infection and COVID-19 disease (Karkhanei et al., 2021). Maintaining GSH levels using therapies that do not deplete the body’s GSH (Sestili and Fimognari, 2020) would be the best choice. In a patient that is overloaded with cytokine storm, the best way to fortify the immune system would be to supply it with reduced GSH, since reduced GSH is already able to provide reducing equivalents from its thiol group. This is particularly relevant when we consider GSH pathways, as well as their transcriptional regulator Nrf2, for proliferation, survival and function of T cells, B cells and macrophages (Muri and Kopf, 2021). The value of GSH and nutritional strategies like amino acids, vitamins, minerals, phytochemicals, sulforaphane to enhance cellular Nrf2, and other supplements used to restore GSH levels (Minich and Brown, 2019; Hermel et al., 2021) as adjunct treatments for SARS-CoV-2 infection needs to be further emphasized. Reestablishing the cellular metabolic homeostasis in SARS-CoV-2 infection and COVID-19 disease especially in the lungs, could become paramount to balance altered innate and adaptive immunity and cell function and reduce morbimortality (Hsu et al., 2022; Li S. et al., 2022). COVID-19 of the respiratory system appears to be a complex disease that may resist finding a single silver bullet intervention (Brosnahan et al., 2020). A multi-weaponry approach (Table 1) that includes global vaccine availability distributed without the greedy and selfish attitude of pharmaceutical company executives and shareholders or politicians, needs to bear in mind that “no one is safe until everyone is safe” (Hunter et al., 2022).



TABLE 1 Multi-weaponry approach involving glutathione (GSH) enhancers, nuclear factor erythroid 2 p45–related factor 2 (Nrf2) activators, toll-like receptor (TLR) inhibitors/immunomodulators, C-reactive protein (CRP) level reduction, natural and immune immunoglobulin M (IgM) enhancement and immune cell function recovery against SARS-CoV-2 infection and COVID-19 disease.
[image: Table1]
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LCB1 is a 56-mer miniprotein computationally designed to target the spike (S) receptor-binding motif of SARS-CoV-2 with potent in vitro and in vivo inhibitory activities (Cao et al., 2020; Case et al., 2021). However, the rapid emergence and epidemic of viral variants have greatly impacted the effectiveness of S protein-targeting vaccines and antivirals. In this study, we chemically synthesized a peptide-based LCB1 inhibitor and characterized the resistance profile and underlying mechanism of SARS-CoV-2 variants. Among five variants of concern (VOCs), we found that pseudoviruses of Beta, Gamma, and Omicron were highly resistant to the LCB1 inhibition, whereas the pseudoviruses of Alpha and Delta as well as the variant of interest (VOI) Lambda only caused mild resistance. By generating a group of mutant viruses carrying single or combination mutations, we verified that K417N and N501Y substitutions in RBD critically determined the high resistance phenotype of VOCs. Furthermore, a large panel of 85 pseudoviruses with naturally occurring RBD point-mutations were generated and applied to LCB1, which identified that E406Q, K417N, and L455F conferred high-levels of resistance, when Y505W caused a ∼6-fold resistance fold-change. We also showed that the resistance mutations could greatly weaken the binding affinity of LCB1 to RBD and thus attenuated its blocking capacity on the interaction between RBD and the cell receptor ACE2. In conclusion, our data have provided crucial information for understanding the mechanism of SARS-CoV-2 resistance to LCB1 and will guide the design strategy of novel LCB1-based antivirals against divergent VOCs and evolutionary mutants.
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Introduction

Severe acute respiratory syndrome coronavirus-2 (SARS-CoV-2) caused the global pandemic of coronavirus disease 2019 (COVID-19), which has recently resulted in more than 551 million confirmed cases with about 6.4 million deaths.1 During the spread of the virus, many variants of concern (VOCs) emerged with significantly changed infectivity and pathogenicity, leading to new waves of infection that have posed daunting challenges (Callaway, 2021; Garcia-Beltran et al., 2021; He et al., 2021; Hoffmann et al., 2021; Kuzmina et al., 2021). The previous four VOCs are Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1), and Delta (B.1.617.2); the fifth one, Omicron (B.1.1.529), was first reported from Southern Africa in late November 2021. Genome-sequencing data indicate that Omicron variant evolves with the largest number of mutations, including 32 mutations located within spike (S) protein that cover the key mutations in the receptor binding domain (RBD) or motif (RBM), such as K417N, E484A, and N501Y (Callaway, 2021; He et al., 2021; Tao et al., 2021; Yamasoba et al., 2022). Significantly, Omicron is highly transmissible and can spread several times faster than any previous variants; thus, it has quickly outcompeted Delta variant to dominate the epidemic, caused a large number of breakthrough infection or re-infection, and seriously impaired the clinical efficacies of preventive vaccines and therapeutic antibodies (He et al., 2021; Guo et al., 2022; Markov et al., 2022).

Since the outbreak of COVID-19, many efforts have been devoted to the development of antivirals that block different steps of SARS-CoV-2 life-cycle, including viral entry, replication, assembly, budding, and releasing (Yang and Rao, 2021; Yan et al., 2022). Notably, virus entry inhibitors that can inhibit the interaction between S protein and the human cellular receptor angiotensin-converting enzyme 2 (ACE2) are considered a promising strategy (Plavec et al., 2021; Sabbah et al., 2021; Xiang et al., 2021). By applying computational de novo design approaches, Cao and coworkers developed a group of miniproteins, which bound the spike RBD with affinities ranging from 100 pM to 10 nM and inhibited SARS-CoV-2 infection with 50% inhibitory concentration (IC50) values between 24 pM and 35 nM (Cao et al., 2020). LCB1, a lead miniprotein designed with 56 amino acids, showed the potent in vitro antiviral activity, and its modified versions efficiently blocked SARS-CoV-2 infection in human ACE2 (hACE2)-expressing transgenic mice when administrated as both pre-exposure prophylaxis (PrEP) and post-exposure therapy, providing an ideal candidate for drug development (Case et al., 2021). Considering the COVID-19 epidemic caused by divergent VOCs and still ongoing evolutionary mutations, it is fundamentally important to characterize LCB1 for its drug resistance and underlying mechanism. In this report, we describe our data to specifically address this question, which can guide the design strategy of novel LCB1-based antivirals against divergent VOCs and evolutionary mutants.



Materials and methods


Peptide, plasmids, and cell lines

A 56-mer LCB1 peptide was synthesized on rink amide 4-methylbenzhydrylamine (MBHA) resin using a standard solid-phase 9-flurorenylmethoxycarbonyl (FMOC) protocol as described previously (Yu et al., 2021a). Plasmids encoding the mutant S proteins of SARS-CoV-2 (Alpha, Beta, Gamma, Delta, Lambda, and Omicron) were a kind gift from Linqi Zhang at the Tsinghua University (Beijing, China). HEK293T and Huh-7 cells were purchased from the American type culture collection (ATCC) (Rockville, MD, USA); 293T/ACE2 cells stably expressing human ACE2 were generated and preserved in our laboratory. Cells were cultured in complete growth medium consisting of Dulbecco’s minimal essential medium (DMEM) supplemented with 10% fetal bovine serum (FBS), 100 U/ml of penicillin-streptomycin, 2 mM L-glutamine, and 1mM sodium pyruvate under 37oC and 5% CO2.



Circular dichroism spectroscopy

Circular dichroism (CD) spectroscopy was applied to determine the secondary structure and thermostability of LCB1 peptide as described previously (Zhu et al., 2020). Briefly, LCB1 was dissolved in phosphate-buffered saline (PBS; pH 7.2) with a final concentration of 20 μM and incubated at 37oC for 30 min. CD spectra were obtained on Jasco spectropolarimeter (model J-815) a using a 1 nm bandwidth with a 1 nm step resolution from 195 to 270 nm at room temperature. The spectra were corrected by subtracting a solvent blank, and the α-helical content was calculated from the CD signal by dividing the mean residue ellipticity [θ] at 222 nm by with a value of −33,000 deg cm2 dmol–1, corresponding to a 100% helix. Thermal denaturation was done by monitoring the ellipticity change at 222 nm from 20 to 98oC at a rate of 2oC/min, and the melting temperature (Tm) was defined as the midpoint of the thermal unfolding transition.



Site-directed mutagenesis

Spike mutants were generated by site-directed mutagenesis as described previously (Yu et al., 2021a). In brief, the forward and reverse primers with 16∼28 nucleotides were designed with specific mutations and occupied the same starting and ending positions on the opposite strands of a codon-optimized S gene cloned in a pcDNA3.1 vector. DNA synthesis was conducted by PCR in a 50-μl reaction volume using 100 ng of denatured plasmid template, 50 pM upper and lower primers, and 5 U of the high-fidelity polymerase PrimeStar (TaKaRa, Dalian, China). PCR amplification was done for one cycle of denaturation at 98°C for 5 min, followed by 25 cycles of 98°C for 10 s and 68°C for 9 min, with a final extension at 72°C for 10 min. The amplicons were treated with restriction enzyme DpnI for 3 h at 37°C, and DpnI-resistant molecules were recovered by transforming E. coli stable3 competent cells with antibiotic resistance. The required mutations were confirmed by DNA sequencing of a single clone.



Single-cycle infection assay

Infectivity of various SARS-CoV-2 pseudoviruses on 293T/ACE2 or Huh-7 cells was measured by a single-cycle infection assay as described previously (Yu et al., 2021a). Briefly, pseudoviruses were packaged by cotransfecting HEK293T cells with a wild-type (WT) or mutant S protein-expressing plasmid and pNL4-3.luc.RE plasmid that encodes an Env-defective HIV-1NL4–3 genome with luciferase as a reporter. Cell supernatants containing virions were collected after transfection 48 h and stored at −80oC. To determine the inhibitory activity of LCB1 inhibitor, a serially three-fold diluted peptide was incubated with an equal volume of pseudoviruses at 37oC for 1 h, and the peptide-virus mixture was then added to 293T/ACE2 or Huh-7 target cells at a density of 104 cells/100 μl per well in a 96-well culture plate. After incubation at 37oC for 48 h, cells were harvested, lysed in reporter lysis buffer, and measured for luciferase activity using luciferase assay reagents and a luminescence counter (Promega, Madison, WI, USA).



Biolayer interferometry

Biolayer interferometry (BLI) was used to measure the binding and blocking activities of LCB1 peptide. In brief, a recombinant His-tagged RBD protein (Sino Biological, Beijing, China) was loaded on a NTA biosensor (ForteBio, San Francisco, CA, USA) at a concentration of 10 μg/ml for 120 s in phosphate buffer saline (PBS), and LCB1 peptide was gradient-diluted in PBST buffer (PBS plus 0.2% Tween 20). The binding kinetics was guided by associating in analyte substrates for 120s and disassociating in PBST alone for 300s.



Flow cytometry assay

The blocking activity of LCB1 peptide on the interaction of ACE2 and RBD proteins was also determined by flow cytometry. Briefly, an RBD protein at 2 μg/ml was mixed with serially diluted LCB1 and incubated at 4°C for 1 h. The mixture was then added to 5 × 105 of 293T/ACE2 cells and incubated at 4°C for 1 h. After being washed twice with PBS, the cells were incubated with 1:500 diluted Alexa Fluor 488-labeled rabbit anti-His tag antibody (Cell Signaling Technology, Danvers, MA, USA) at 4°C for 1 h. After two washes with PBS, cells were resuspended by FACS buffer and analyzed with a FACS CantoII instrument (Becton-Dickinson, Mountain View, CA, USA).



Statistical analysis

The percent inhibition of virus infection and 50% inhibitory concentration (IC50) of LCB1 inhibitor were calculated using GraphPad Prism 6 software (GraphPad Software Inc., San Diego, CA, USA). Statistical comparison of divergent pseudovirus infections were conducted by one-way ANOVA with Dunnett’s multiple comparisons test (∗P < 0.05; ∗∗P < 0.01; ∗∗∗P < 0.001; ∗∗∗∗P < 0.0001; ns, not significant).




Results


Synthesis and characterization of LCB1 peptide

The previously reported LCB1 miniprotein was recombinantly expressed and purified from E. coli. Herein, we chemically synthesized a 56-mer LCB1 peptide using a standard solid-phase FMOC protocol. The peptide was acetylated at the N terminus and amidated at the C terminus, purified to a 95.15% homogeneity by reverse-phase high-performance liquid chromatography (HPLC) and characterized for amino acids with mass spectrometry (Supplementary Figure 1). The concentration of LCB1 peptide was determined by UV absorbance and a theoretically calculated molar extinction coefficient based on the tryptophan and tyrosine residues. We first characterized the structural properties of LCB1 by CD spectroscopy. As shown in Figures 1A,B, CD spectra of LCB1 displayed typical double minima at 208 and 222 nm, which indicated an α-helical content of ∼82%; however, its thermal unfolding transition could not be precisely determined due to a greater than 95oC melting temperature (Tm). Next, the antiviral activity of LCB1 was measured by a pseudovirus-based single-cycle infection assay. To this end, pseudoviruses carrying wild-type (WT) S protein of the original SARS-CoV-2 Wuhan-Hu-1 strain or a single D614G mutation (B1 strain) were packaged and characterized. As shown in Figures 1C,D, LCB1 potently inhibited infections of the WT and D614G pseudoviruses with mean IC50 values of 0.191 and of 0.062 nM, respectively, on 293T/ACE2 cells and of 0.22 and 0.073 nM, respectively, on Huh-7 cells. In comparison, LCB1 was ∼3-fold more active in inhibiting the D614G mutant relative to its inhibition on WT strain. Taken together, these results validated the structural integrity and functionality of LCB1 as a peptide-based inhibitor.
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FIGURE 1
Structural and functional characterization of LCB1 peptide. The α-helicity (A) and thermostability (B) of LCB1 peptide at a concentration of 20 μM were determined by Circular dichroism (CD) spectroscopy. The inhibitory activities of LCB1 against infections of wild-type (WT) SARS-CoV-2 and its D614G mutant on 293T/ACE2 cells (C) and Huh-7cells (D) were measured by a single-cycle infection assay. Samples were tested in triplicate and repeated, and data are presented as means.




Resistance profiles of diverse variants of concerns and variant of interest to LCB1 inhibitor

We recently reported the functionalities of S proteins derived from divergent SARS-CoV-2 variants to mediated cell-cell fusion and infectivity, as well as their susceptibility to the inhibition of fusion-inhibitory lipopeptides. Herein, we sought to characterize LCB1 peptide for its inhibitory activity on five VOCs and one VOI (Lambda, C.37). The corresponding pseudoviruses were therefore generated and used in the single-cycle infection assay. As shown in Figures 2A,B and Table 1, LCB1 infected Alpha, Beta, Gamma, Delta, Lambda, and Omicron variants with mean IC50 values of 0.899, 901.8, 204.367, 0.569, 0.301, and 956.5 nM, respectively, on 293T/ACE2 cells and of 0.69, 447.083, 70.405, 0.958, 0.47, and 761.217 nM, respectively, on Huh-7 cells. Because all the VOCs were evolved with a D614G background, here we used D614G virus as a reference strain for calculating the fold-changes of resistance. As shown, Alpha, Beta, Gamma, Delta, Lambda, and Omicron displayed about 15-, 14, 545-, 3, 296-, 9-, 5-, and 15,427-fold resistance on 293T/ACE2 cells and about 9-, 6, 124-, 964-, 13-, 6-, and 10,428-fold resistance on Huh-7 cells, respectively. Therefore, the Beta, Gamma, and Omicron variants had very high levels of resistance to the LCB1 inhibition, whereas the Alpha, Delta, and Lambda variants exhibited mild resistance.
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FIGURE 2
Inhibitory activity of LCB1 against divergent SARS-CoV-2 variants. The activities of LCB1 peptide in inhibiting VOCs and VOI (A,B) as well as the panel of mutant pseudoviruses carrying single or combined mutations (C,D) were measured by the single-cycle infection assay. Samples were tested in triplicate, the experiments were repeated three times, and data are expressed as the means with standard deviations (SD) and presented in Table 1.



TABLE 1    Resistance profile of SARS-CoV-2 VOCs and related mutants to LCB1 inhibitora.
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Identification of K417N/T mutation as a key determinant of LCB1 resistance

In order to identify the mutations responsible for the VOC resistance, we further generated a panel of S protein mutants carrying the key mutations by VOCs. The corresponding pseudoviruses were generated and their infectivity was characterized on both 293T/ACE2 and Huh-7 cells by a single-cycle infection assay (Supplementary Figure 2). In the inhibition of pseudoviruses with single mutations, we found that LCB1 inhibited the infection of K417N mutant with IC50 of 2.774 nM on 293T/ACE2 and 4.898 nM on Huh-7 cells, which indicated 45-fold or 67-fold resistance changes over D614G reference (Figures 2C,D). While N501Y mutant showed mild resistance (∼4-fold), the single mutation of E484K or P681H and the mutant with Δ69-70 deletion did not confer resistance, which were also supported by the IC50 fold-changes of three combination mutations (Δ69-70/N501Y, N501Y/P681H, and Δ69-70/N501Y/P681H). Significantly, the E484K/N501Y mutant was more resistant than the N501Y mutant and its combination with K417N or K417T sharply enhanced the resistance phenotype, as evidenced by the fold-changes of two triple mutations (K417N/E484K/N501Y and K417T/E484K/N501Y). In contrast, the triple mutant L452R/T478K/P681R had no obvious resistance to the LCB1 inhibition. These results demonstrated that K417N or K417T mutation in RBD plays a key role in the resistance profiles of SARS-CoV-2 VOCs to LCB1 inhibitor. In line with this conclusion, the Beta, Gamma, and Omicron variants contain K417N or K417T, whereas the Alpha, Delta, and Lambda variants lack this mutation.



Identification of naturally occurring receptor binding domain mutations that confer the LCB1 resistance

Considering the ongoing mutations of SARS-CoV-2 variants, we are interested in characterizing the effects of naturally occurring mutations on the inhibitory activity of LCB1. Thus, a total of 85 substitutions, which naturally occurred in the spike RBD sequence with relatively higher frequencies, were selected and the corresponding S protein mutants were generated. First, we analyzed the functionality of the S protein mutants to mediate pseudovirus infections on both 293T/ACE2 and Huh-7 cells. As shown in Supplementary Figure 3, many of the mutants displayed significantly decreased infectivity, whereas several mutations resulted in enhanced infections (L452M, I468T, Y505W, and Y508H). Herein, we determined the susceptibility of 81 pseudoviruses to the LCB1 inhibition on Huh-7 cells by the single-cycle infection assay. As indicated by the IC50 values in Table 2, there were three mutants (E406Q, K417T, and L455F) displaying high-levels of resistance with the fold-changes of IC50 at ∼31, ∼25, and ∼121, respectively, whereas the Y505W mutant conferred a mild resistance with a ∼6-fold increased IC50 value. In this experiment, we also verified that L452R and T478K mutations, which appeared in the L452R/T478K/P681R mutant above, had no resistance to LCB1, whereas some mutants (P463S, V483F, A520V, and P521R) behaved with certain degrees of increased susceptibility.


TABLE 2    Characterization of naturally occuring RBD mutations that mediate LCB1 resistance.
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The resistance mutations greatly impair the binding affinity of LCB1

To explore the mechanism underlying the LCB1 resistance, we applied biolayer interferometry (BLI) to analyze the binding affinity of LCB1 to the RBD proteins with or without resistance mutations (Figure 3). Comparing to the equilibrium dissociation constant (Kd) of wild-type RBD (WT-RBD) at 3.397 nM, only the RBD proteins carrying a single K417N or double L452R/T478K mutations exhibited slightly reduced binding affinities with Kd values of 6.805 and 6.77 nM, respectively, none of other single mutations (E406Q, K417T, L455F, and N501Y) significantly impaired the LCB1 binding. Notably, the RBD proteins with the combination mutations of K417N/E484K/N501Y or K417T/E484K/N501 had dramatically decreased binding capacities as indicated by their Kd values at 49.11 and 15.83 nM, respectively.
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FIGURE 3
The binding affinity of LCB1 with RBD proteins determined by biolayer interferometry. A recombinant His-tagged RBD protein with wild-type sequence or mutations was loaded onto an NTA biosensors and equilibrated before the baseline was set to zero at t = 0. The binding kinetics was guided by associating in different concentrations of LCB1 for 120 s and disassociating for 300 s. The equilibrium dissociation constant (Kd) was calculated.


We next determined the blocking activity of LCB1 on the binding of RBD protein with ACE2 expressed on 293T/ACE2 cells by flow cytometry. Consistent with its binding affinity above, LCB1 could effectively blocked the binding of RBD proteins with single or double mutations, but it exhibited a dramatically decreased blocking activity on the RBD with K417N/E484K/N501Y or K417T/E484K/N501Y (Figure 4).
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FIGURE 4
The blocking activity of LCB1 on the binding of RBD protein with the cell receptor ACE2. An His-tagged RBD protein was incubated with serially diluted LCB1 and then added to 293T/ACE2 cells for incubation. The bound RBD was detected by an Alexa Fluor 488-labeled rabbit anti-His tag antibody with FACS analysis.





Discussion

In this study, we focused on characterizing LCB1 inhibitor for its antiviral activities against divergent SARS-CoV-2 variants and achieved significant findings. First, we successfully synthesized and purified a 56-mer LCB1 peptide, which exhibited high α-helicity, thermostability and antiviral activity. Second, we found that while the Alpha, Delta, and Lambda variants only caused mild resistance to LCB1, the Beta, Gamma, and Omicron variants were highly resistant to the LCB1 inhibition, giving the resistance fold-changes greater than 15,000 or 3,000. Third, with a panel of SARS-CoV-2 mutants carrying the single, double or triple mutations contained in VOCs, K417N, and N501Y in the spike RBD were verified to be critical determinants for the observed resistance phenotype. Fourth, we further generated a large panel of 85 naturally occurring RBD point-mutations, which identified E406Q, K417T and L455F conferring high-levels of resistance, whereas Y505W was responsible for a mild resistance. Moreover, the results by BLI and flow cytometry demonstrated that the resistance mutations could greatly impair the RBD-binding affinity of LCB1 and thus attenuated its blocking function on the RBD-ACE2 interaction. In conclusion, our studies highlight the resistance profiles of divergent SARS-CoV-2 VOCs and natural RBD mutants as well as the underlying mechanisms, which would facilitate the development of LCB1-based antiviral drugs.

Since its first report, LCB1 inhibitor has specially attracted our attention due to its computer-aided design strategy as a miniprotein and high inhibitory potency on SARS-CoV-2 infection by targeting the spike RBD to block virus entrance (Cao et al., 2020). We are also encouraged by the preventive and therapeutic efficacies of modified LCB1 proteins in animal infection models (Case et al., 2021). Unfortunately, SARS-CoV-2 spread with persistent mutations, resulting in the emergence of divergent VOCs and VOIs that caused new waves of worldwide epidemic. Significantly, many of evolved mutations in RBD can shape the binding conformation and interacting affinity of S protein with the cell receptor ACE2 and thus affect virus’s biological properties, e.g., transmission ability and disease severity. The mutations have also affected the performances of vaccines, therapeutic drugs, and diagnostic tools significantly (Garcia-Beltran et al., 2021; Hoffmann et al., 2021; Kuzmina et al., 2021; Fan et al., 2022; Guo et al., 2022; Sun et al., 2022; Zhu et al., 2022). Omicron has emerged as the fifth VOC after Alpha, Beta, Gamma, and Delta, and it has evolved into distinct lineages: BA.1 (B.1.1.529) was responsible for the initial surge but almost replaced by BA.2 in April 2022; while BA.3 remains at low frequency, BA.4 and BA.5 have currently replaced BA.2 and are becoming prevalent globally (Qu et al., 2022; Tegally et al., 2022). In protein level, BA.4 and BA.5 bear identical S proteins, being most comparable to BA.2 but have additional mutations (Δ67-70, L452R, F486V) and wild type amino acid at position Q493, which critically determine their increased fitness and immune evasion than the earlier BA.1 and BA.2 lineages (Cao et al., 2022). In this study, we identified that single K417N or K417T mutation is a key determinant to the resistance, which occurred in Beta, Gamma and Omicron (VOCs highly resistant to LCB1) but not in Alpha, Delta, and Lambda variants (VOCs or VOI mildly resistant to LCB1). Except for Delta, other four VOCs have an N501Y mutation, which is responsible for a low resistance level when being presented in the Alpha variant alone but can markedly boost the resistance levels of three highly resistant VOCs as a combined mutation with K417N/T. The Delta variant evolved with two RBD mutations (T478K and L452R); while T478K was not associated with the LCB1 resistance, L452R did rendered the virus slightly resistant, as evidenced by ∼2-fold IC50 changes (Table 2). L452R also appeared in Delta, Omicron, and many other variants, such as Kappa (B.1.617.1), Epsilon (B.1.429), and B.1.617.3. Our studies with the large panel of naturally occurring RBD mutants also found E406Q, L455F, and Y505W being resistant to LCB1, which are not present in the current VOCs. Given that all the characterized mutations in LCB1-resistant VOCs, including K417N, K417T, T478K, L452R, and N501Y, naturally emerged during the evolution process, whether E406Q, L455F, and Y505W mutations will appear in future VOCs to cause LCB1 resistance is an intriguing question.

In order to overcome the resistance problem by LCB1, the same group of authors continued their efforts to design multivalent proteins by using a cell-free expression workflow, which combines an in vitro DNA assembly step followed by polymerase chain reaction (PCR) to generate linear expression templates that are used to drive cell-free protein synthesis and enable rapid prototyping of new minibinder designs (Hunt et al., 2022). Promisingly, a number of constructs containing LCB1 or other miniproteins displayed dramatically increased binding and inhibitory activities against divergent VOCs and related mutant viruses, and of them a homo-trimeric version of 75-residue ACE2 mimic AHB2 (TRI2-2), which was designed to geometrically match the trimeric spike architecture, conferred prophylactic and therapeutic protection against SARS-CoV-2 challenge when administered intranasally in mice, providing evidence to support LCB1-based drug development with high and broad-spectrum antiviral activities (Hunt et al., 2022). In addition to developing viral entry inhibitors that target membrane fusion step (Zhu et al., 2019, 2020, 2021, 2022; Yu et al., 2021a,b; Xue et al., 2022), our research team is also working to rationally construct LCB1-based inhibitors that have resistance to viral escape and antigenic drift, and several bispecific fusion proteins have been validated with highly potent activity against diverse SARS-CoV-2 VOCs and mutants (unpublished data). Very recently, it was also reported that the length of LCB1 could be reduced to 35 amino acids without interfering its inhibitory capacity, providing a flexible template for LCB1-based design strategies (Weissenborn et al., 2022).
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SUPPLEMENTARY FIGURE 1
Synthesis and characterization of LCB1 peptide. (A) LCB1 was chemically synthesized on rink amide 4-methylbenzhydrylamine (MBHA) resin using a standard solid-phase 9-flurorenylmethoxycarbonyl (FMOC) and its purity was determined by reverse-phase HPLC. (B) The peptide was characterized by mass spectrometry, indicating a molecular weight of 6,852.5Da.

SUPPLEMENTARY FIGURE 2
Infectivity of divergent SARS-CoV-2 variants. The infectivity of SARS-CoV-2 pseudoviruses with single or multiple mutations on 293T/ACE (A) or Huh-7 (B) cells was determined by a single-cycle infection assay. D614G mutant was treated as a reference, thus its luciferase activity (RLU) was standard as 100% and the relative infectivity of various mutants was calculated accordingly. The experiments were repeated at least three times and columns are expressed as the means ± SD. Statistical analysis was conducted to compare the differences between the D614G reference and diverse mutants.

SUPPLEMENTARY FIGURE 3
Infectivity of naturally occurring SARS-CoV-2 mutants. The infectivity of 85 SARS-CoV-2 pseudoviruses carrying natural RBD point-mutations was determined on 293T/ACE (A) or Huh-7 (B) cells by a single-cycle infection assay. Similarly, D614G mutant was treated as a reference, thus its luciferase activity (RLU) was standard as 100% and the relative infectivity of various mutants was calculated accordingly. The experiments were repeated at least three times and columns are expressed as the means ± SD. Statistical analysis was conducted to compare the differences between the D614G reference and diverse mutants.
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Introduction

Monoclonal antibodies targeting the anti-SARS-CoV-2 spike (S) protein are prescribed in high-income countries to prevent severe disease in at-risk patients. Although studies report efficacy as between 50–85% (Weinreich et al., 2021; Gupta et al., 2022; Montgomery et al., 2022), global access is currently largely inequitable (Wiltz et al., 2022). Multivariant omicron (B.1.1.529) and subvariant (BA.2 followed by BA.4 and BA.5) dominance has challenged the treatment landscape for mild-to-moderate disease, introducing considerable uncertainty on the efficacy of monoclonal antibodies (Cao et al., 2022; Yamasoba et al., 2022) and leading to changes to initial recommendations for some of them (United States Food Drug Administration, 2022). Contemporaneously, oral, direct-acting antivirals with a reported efficacy ranging from 30% (molnupiravir) (Jayk Bernal et al., 2022) to 89–90% (nirmatrelvir/ritonavir) (United States Food Drug Administration, 2021) have recently received conditional or emergency approval in some countries and been recommended in international guidelines such as the World Health Organization guidelines (World Health Organization, 2022). S-217622, also known as ensitrelvir, a 3CL protease inhibitor that has been shown to significantly reduce the infectious viral load (Mukae et al., 2022a,b), is currently in phase 3 trials and waiting for emergency approval in Japan (Otake, 2022) and should be submitted soon in China (Notice Regarding the Initiation of the Submission of Preparation Materials for a New Drug Application for S-217622, a Therapeutic Drug for COVID-19, in China, 2022). The main purpose of this opinion paper is to highlight the possible strategies to optimize and protect current and future therapeutic options to treat the most vulnerable patients.



Protecting emerging treatment options

Several crucial issues warrant urgent attention to optimize the use of these emerging treatment options (Figure 1). First, as proven to be transformational for HIV, rapid, affordable access to early antiviral treatment to slow the tide of new variants is critical to effective “test-and-treat” strategies to protect the most fragile patients and avoid a severe and/or persistent infection. After more than 2 years of pandemic, progress has been slow (Hasan et al., 2022) and public health attention has recently been attracted by the low-profile agreement during the (World Trade Organization, 2022) in Geneva in May 2022 (Financial Times, 2022). Together with vaccination, early diagnosis and treatment have the ability to reduce disease worsening, to reduce transmission and to constrain variability in viral sequences (United Kingdom Scientific Advisory Group for Emergencies, 2021).


[image: Figure 1]
FIGURE 1
 Potential impact of SARS-CoV-2 antiviral drugs optimization in protecting available antivirals in the shifting landscape of new variants.


Second, although the combined effect of omicron and increasing vaccine deployment in some regions has shifted the demand response from hospital to outpatient care, considerable uncertainty exists about who is now at risk for severe omicron disease (Skarbinski et al., 2022). While the risk/benefit ratio across at-risk subpopulations has unquestionably changed in vaccinated populations, gains made can only be preserved if those at highest risk are rapidly diagnosed and receive treatment in less than one week.

Third, high levels of antiviral efficacy will be critically important, especially in immunocompromised patients who are grossly underrepresented in registrational trials (John and John, 2020; Trøseid et al., 2022). Causes of immunosuppression are diverse (including organ/stem cell transplants, cancer, immunosuppressive medications or uncontrolled HIV) and these patients represent a significant proportion of the population, e.g., 7 million adults in the USA (Harpaz et al., 2016), but also in low- and middle-income countries due to the high prevalence of uncontrolled HIV. Overall, the mortality risk with omicron is still unclear, but protection of those who cannot be effectively vaccinated or protected by a prior SARS-CoV-2 infection remains imperative (Overvad et al., 2022). Importantly, in regions where HIV is highly prevalent, there is a clear need and opportunity to reinforce HIV epidemic control by prompt diagnosis and sustained viral suppression with antiretrovirals, key factors to also enable the control of SARS COV-2 spread in this group (Msomi et al., 2021; Meiring et al., 2022).

Although there are many other causes for variant emergence (host jump or adaptation, vaccine exposure, to name the most frequent), data confirm that immunocompromised patients with long-term SARS-CoV-2 replication are particularly susceptible to resistance and transmissible variant emergence (Clark et al., 2021; Destras et al., 2022; Quaranta et al., 2022; Sabin et al., 2022). The emergence of resistance mutation thus impacting treatment efficacy is more likely if a patient has been exposed to specific antiviral drugs. In addition, it remains unclear if the small percent rebound occurrence (2%) observed with nirmatrelvir/r in the EPIC-HR (Evaluation of Protease Inhibition for COVID-19 in High-Risk Patients) trial, performed in the delta variant era, is underestimating a risk (Boucau et al., 2022; Rubin, 2022) that would be particularly of concern in patients harboring an impaired immune system and in the omicron era. In one recent case series, one out of 7 patients who had a virologic rebound also had an immunosuppressing condition (Boucau et al., 2022). Another recent case series (Coulson et al., 2022) revealed that all three patients with viral rebound were highly immunocompromised. This potentially raises concerns about the need of longer antiviral courses, especially in these patients.

Preclinical data have clearly demonstrated that virological efficacy is higher for combinations of existing antiviral drugs than single agents (Abdelnabi et al., 2021; Jeong et al., 2022; Li et al., 2022). To achieve the goal of changing the treatment guidelines in SARS-CoV-2-infected immunocompromised individuals, independent and academic clinical trials for drug combinations should be considered as an urgent, unmet research priority. Today, collaboration with industry to allow early access to antiviral drugs to be combined has been an objective still to be achieved (Bloomberg (Europe Edition), 2022). Certain potent monoclonal antibodies, such as bebtelovimab, cannot even be accessed for research or for routine care outside of the USA (Hentzien et al., 2022).



Expert opinion

Treatment optimization has been truly transformational for other viral diseases [e.g., HIV/hepatitis C virus (Cohen et al., 2011)] and was only achieved when antiviral drug combinations became the mainstay. With few drugs currently available, the opportunity must be seized prior to the emergence of resistance to drugs deployed widely as monotherapies. Combinations of polymerase inhibitors and polymerase/protease inhibitors have proven highly successful for other viruses and in animal models for SARS-CoV-2 (Abdelnabi et al., 2021; Jeong et al., 2022). Thus, as drugs that are appropriate to combine are available, there is no good reason not to study them clinically. In addition to the opportunities that combinations present for a more potent antiviral response (individual benefit), there can be no doubt that the rate at which resistance emerges will also be reduced (public health benefit). Higher potency will result in a lower variability in sequences through a lower degree of replication. In addition, the probability of the occurrence of multiple mutations to drive resistance to multiple antivirals simultaneously is much lower than for a single agent (United States Food Drug Administration, 2021). This is particularly the case where concentrations achieved are close to the therapeutic efficacy threshold or in the case of low compliance.

It is incumbent upon the international research community and the pharmaceutical industry to pool knowledge and provide the critical information that the World Health Organization and country-level authorities so urgently require, as well as early diagnosis and increased access to vaccines and antiviral therapy. The resistance risk for existing drugs has been woefully understudied throughout development, making it extremely challenging to rationalize during policy development. Looking beyond efficacy, drug combinations will unquestionably reduce the rate at which resistance and new variants impacting treatment options emerge and could be made available and accessible to those in need if timely efforts are made.

In conclusion, we call for combination therapies to be tested in adequately powered clinical trials in the target population of immunocompromised patients, both in wealthy and in low-income countries where HIV-driven immunosuppression is prevalent. If higher efficacy is confirmed, the diversity of possible combinations will enable the tailoring of therapeutic options to individual patient needs (e.g., avoiding drug-drug interactions in transplant patients) as well as their specific regional context (e.g., oral-only combinations).
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It has been known for many years that the angiotensin-converting enzyme 2 (ACE2) is a cell surface enzyme involved in the regulation of blood pressure. More recently, it was proven that the severe acute respiratory syndrome coronavirus (SARS-CoV-2) interacts with ACE2 to enter susceptible human cells. This functional duality of ACE2 tends to explain why this molecule plays such an important role in the clinical manifestations of coronavirus disease 2019 (COVID-19). At the very start of the pandemic, a publication from our Institute (entitled “ACE2 receptor polymorphism: susceptibility to SARS-CoV-2, hypertension, multi-organ failure, and COVID-19 disease outcome”), was one of the first reviews linking COVID-19 to the duplicitous nature of ACE2. However, even given that COVID-19 pathophysiology may be driven by an imbalance in the renin-angiotensin system (RAS), we were still far from understanding the complexity of the mechanisms which are controlled by ACE2 in different cell types. To gain insight into the physiopathology of SARS-CoV-2 infection, it is essential to consider the polymorphism and expression levels of the ACE2 gene (including its alternative isoforms). Over the past 2 years, an impressive amount of new results have come to shed light on the role of ACE2 in the pathophysiology of COVID-19, requiring us to update our analysis. Genetic linkage studies have been reported that highlight a relationship between ACE2 genetic variants and the risk of developing hypertension. Currently, many research efforts are being undertaken to understand the links between ACE2 polymorphism and the severity of COVID-19. In this review, we update the state of knowledge on the polymorphism of ACE2 and its consequences on the susceptibility of individuals to SARS-CoV-2. We also discuss the link between the increase of angiotensin II levels among SARS-CoV-2-infected patients and the development of a cytokine storm associated microvascular injury and obstructive thrombo-inflammatory syndrome, which represent the primary causes of severe forms of COVID-19 and lethality. Finally, we summarize the therapeutic strategies aimed at preventing the severe forms of COVID-19 that target ACE2. Changing paradigms may help improve patients’ therapy.
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Introduction

Present in a large number of tissues, including endothelial cells of the arteries, arterioles, and venules of the heart and kidney, angiotensin-converting enzyme 2 (ACE2) is a fascinating molecule which plays a crucial role in maintaining blood pressure homeostasis. ACE2 is only one of the actors in a complex biological network known as the renin-angiotensin system (RAS). ACE2 mainly exerts its functions by regulating the ratio of two major mediators: angiotensin II (Ang II) and angiotensin-[1–7; Ang-(1–7)]. Ang II synthesis is catalyzed by angiotensin-converting enzyme (ACE) while Ang-(1–7) is obtained after hydrolysis of Ang II by ACE2. Ang-(1–7) can also be generated from Ang-(1–9) formed after the action of ACE2 on Ang I by the action of ACE itself. Despite their contrasting physiological functions, the ACE2 is considered to have evolved through ACE gene duplication and exhibits 42% amino acid homology with ACE (Donoghue et al., 2000; Turner and Hooper, 2002; Towler et al., 2004).

Besides being widely studied in cardiology, ACE2 became attractive for other fields of medical sciences and, particularly, virology (Devaux et al., 2020). In 2003 a novel coronavirus infecting humans, the severe acute respiratory syndrome coronavirus (SARS-CoV, provisionally renamed SARS-CoV-1) emerged in Asia, causing an outbreak of severe pneumopathy (Ksiazek et al., 2003; Marra et al., 2003; Rota et al., 2003). ACE2 was demonstrated to be the cellular receptor for SARS-CoV-1, as it had been previously reported for another coronaviruses infecting humans, HCoV-NL63, a coronavirus causing the common winter cold (Hofmann et al., 2005; Li et al., 2007; Ge et al., 2013; Graham et al., 2013). In 2019, new cases of severe pneumopathy were reported in China, with the disease being characterized by a multiple organ dysfunction syndrome (MODS) as well as acute respiratory distress syndrome (ARDS) sometimes requiring the need for ventilation or extracorporeal membrane oxygenation (ECMO). The severe forms of the disease lead to death in ∼ 0.5–2.5% of cases, with a high fatality risk increasing with age and the existence of underlying comorbidities (Huang et al., 2020; Zhou et al., 2020; Zhu et al., 2020). Under chest computerized tomography (CT) scans, the majority of patients show bilateral ground glass-like opacities and subsegmental areas of consolidation indicative of pneumonia. This disease was later defined as COVID-19, the aetiological agent of which was found to be a new human coronavirus named severe acute respiratory syndrome coronavirus (SARS-CoV-2). Although not highly symptomatic for the majority of those infected, the virus has spread worlwide causing more than 6 million deaths for ∼603 million reported cases of infections (World Health Organization COVID-19 Dashboard on 6 September 2022; https://covid19.who.int/). SARS-CoV-2 shares 79.5% nucleotide identity with SARS-CoV-1, and both these Sarbecoviruses isolated from humans are genetically close to coronaviruses circulating in wildlife (Ge et al., 2013; Afelt et al., 2018; Wang et al., 2020; Zhou et al., 2020; Frutos et al., 2021). Once SARS-CoV-2 was characterized, the search for its cellular receptor became a priority. Due to the sequence similarity between SARS-CoV-1 and SARS-CoV-2, studies quickly focused on ACE2 and the role of this molecule as a viral entry receptor was demonstrated (Qiu et al., 2020; Yan et al., 2020).

Due to the central role played by ACE2 in maintaining blood pressure homeostasis, the objective of this work is to review the state of knowledge regarding the possible imbalance of the RAS in the context of a SARS-CoV-2 infection and to highlight the role of ACE2 in SARS-CoV-2 infection and replication, as well as its contribution in the severity of COVID-19.



The renin-angiotensin system: A molecular network which regulates blood pressure homeostasis and ion-fluid balance

In humans and other mammals, intravascular RAS plays a key role in maintaining blood pressure homeostasis as well as fluid and salt balance, while tissue RAS is mainly involved in the pathogenesis of inflammatory diseases (Paul et al., 2006; Greenberg, 2008; de Kloet et al., 2010). The kidneys, as a sensor of ion fluid balance and producer of renin, play a fundamental role in the long-term control of arterial pressure (Tigerstedt and Bergman, 1898; Phillips and Schmidt-Ott, 1999; Yim and Yoo, 2008; Prieto et al., 2011; Gonzalez et al., 2017). Active renin is secreted into the blood circulation in response to hypotension or hypernatremia. Upon activation of the juxtaglomerular apparatus of the kidneys’ afferent arterioles, proteases (proconvertase 1, cathepsin B) catalyze the removal of the 20-amino-acid terminal prosegment of prorenin to produce a polypeptide composed of 297 amino-acids (Davis and Freeman, 1976; Hadman et al., 1984; Cohen-Haguenauer et al., 1989; Sealey and Rubattu, 1989; Neves et al., 1996; Muller et al., 1999). The active form of renin cleaves the alpha-globulin angiotensinogen (formerly angiotonin, a 118-amino-acid-long polypeptide), giving rise to angiotensin I (Ang I), the N-terminal decapeptide of angiotensinogen (Goldblatt et al., 1934; Page and Helmer, 1940; James and Sielecki, 1985). The conversion of Ang I (Asp-Arg-Val-Tyr-Ile-His-Pro-Phe-His-Leu) to the octapeptide Ang II (Asp-Arg-Val-Tyr-Ile-His-Pro-Phe), requires the cleavage of its C-terminal dipeptide catalyzed by ACE (provisionally named ACE1) expressed at the endothelial surface of the blood vessels, epithelium of the lungs and upper respiratory system (Skeggs et al., 1956; Crisan and Carr, 2000; Wakahara et al., 2007). The vasoconstrictor octapeptide Ang II was evidenced to be a substrate for ACE2, which acts as an essential factor in the RAS pathway homeostasis. By removing a single residue phenylalanine (Phe) from Ang II, the membrane form of ACE2 (mACE2) plays a central role in the synthesis of the cardiovascular protective heptapeptide Ang-(1–7) that acts by limiting the adverse vasoconstrictor and profibrotic effects of Ang II and reduces the oxidative stress of Ang II on endothelial arteries (Crackower et al., 2002; Pena Silva et al., 2012). ACE2 can also catalyze the conversion of Ang I to Ang-(1–9) by removing the C-terminal leucine (Leu) residue of Ang I, but with a catalytic efficiency ∼ 400-fold lower than the hydrolysis of Ang II to produce Ang-(1–7). Besides Ang II and Ang I, ACE2 can cleave several other substrates including des-Arg9-bradykinin (DABK), apelin-13, and dynorphin A-(1–13; Skidgel and Erdos, 1987; Ferrario et al., 1997; Vickers et al., 2002; Oudit et al., 2003) In addition to its membrane form, ACE2 can be found in a soluble form (sACE2) and increasing sACE2 has been reported in patients with cardiomyopathies and heart failure (Epelman et al., 2008). In patients with aortic stenosis, increasing levels of sACE2 associated with reduced myocardial ACE2 gene expression and severe myocardial fibrosis is considered as a death risk biomaker (Rajagopal et al., 2010). Thus, increased sACE2 plasma levels have been associated with heart failure, cardiovascular disease, and cardiac remodeling (Epelman et al., 2009; Sama et al., 2020; Garcia-Escobar et al., 2021). Using animal models, it was shown that knocking out (KO) of the ACE2 gene results in increased levels of Ang II, followed by vasoconstriction reducing coronary blood flow and leading to cardiac dysfunction (Danilczyk et al., 2003). The expression of mACE2 in the kidneys and heart is influenced by salt rich and/or glucose-rich diets, and can be correlated with pathological disorders (Reich et al., 2008; Lavrentyev and Malik, 2009; Bernardi et al., 2012; Wysocki et al., 2013). In the respiratory tract, DABK is a substrate of mACE2 and a decrease in ACE2 could lead to an increase in vascular permeability and fluid extravasation (Chung et al., 2020). Using a mouse animal model, it was found that loss of ACE2 led to activation of the DABK/braddykinin receptor B1 (BKB1R) axis associated with release of proinflammatory chemokines (e.g., CXCL5, MIP2, and TNFα) and increase in neutrophil infiltration (Sodhi et al., 2017).

Resulting from the cleavage of Ang II by the mACE2 protease, Ang-(1–7) exhibits vasodilatory, anti-proliferative, anti-inflammatory, and antifibrotic effects via the G protein-coupled receptor (GPGR) known as Mas 1 (Santos et al., 2003, 2018; Simoes e Silva et al., 2013; Patel et al., 2016; Karnik et al., 2017; Bader et al., 2018). However, biochemical studies have failed to demonstrate a direct interaction between Ang-(1–7) and Mas1 (Gaidarov et al., 2018). In addition to mACE2, several peptidases, including vascular endothelium prolyl peptidases, neprilysin (NEP), and smooth muscle thimet oligopeptidase, can produce Ang-(1–7; Chappell, 2019). NEP and thimet oligopeptides produce Ang-(1–7) directly from Ang I. Ang-(1–7) has been shown to potentiate bradykinin (BK 1–9), a potent vasodilator of the kinin system which mediates its effects through the B2 receptor (BKB2R) abundant in vascular tissue (Jackman et al., 2002). ACE2 overexpression and Ang-(1–7) infusion have beneficial effects on atherosclerosis, whereas ACE2 deficiency accentuates vascular atherosclerosis in animal models (Dong et al., 2008; Thomas et al., 2010; Yang et al., 2013). The up-regulation of the ACE2/Ang-(1–7)/MasR axis promotes the expression of E-cadherin (E-cad) adhesion molecules by suppressing the PAK1/NF-κB/Snail1 pathway (Yu et al., 2016). Moreover, Ang-(1–7) can exert cerebroprotective functions in endothelin-1-induced ischaemic stroke (Mecca et al., 2011).

For many years, it has been known that there is cross-talk between insulin and the RAS, providing possible links between hypertension, obesity, and diabetes (Alderman et al., 1991; Frederich et al., 1992; Velloso et al., 1996; Boustany et al., 2004; Schmieder et al., 2007). Moreover, a low expression of ACE2 mRNA or protein is associated with an increase in AngII levels, hypertension, diabetes and heart disease (Crackower et al., 2002; Diez-Freire et al., 2006; Tikellis et al., 2012; Velkoska et al., 2016).Interestingly, these diseases are the major comorbidities in the severe forms of COVID-19 (Bavishi et al., 2020). The occurrence of specific comorbidities associated with an RAS imbalance could be decisive for the clinical outcome of COVID-19 (Devaux et al., 2020; Rysz et al., 2021).



RAS imbalance and overproduction of harmful Ang II

Clinical investigations have provided convincing evidence that RAS imbalance is capable of stimulating atherosclerosis, which ultimately lead to the rupture of atherosclerosis plaques and thrombosis (Schmidt-Ott et al., 2000; Jacoby and Rader, 2003; Verdecchia et al., 2008). Ang II is the main harmful effector molecule synthesized in excess in situations of RAS imbalance. Ang II, inactivates the vasodilator bradykinin and can control the ion-fluid balance by acting on the adrenal cortex to stimulate the release of aldosterone, leading to sodium and water retention (Jaspard et al., 1993; Brewster and Perazella, 2004; Xue et al., 2012; Aroor et al., 2016; Nishimura, 2017). The action of Ang II (proximal tubule) and aldosterone (collecting duct) are complementary to influence sodium reabsorption across the nephron (Gurley et al., 2011). Thereby, Ang II functions as a powerful regulator of vascular tone and intravascular volume. Increased circulating levels of Ang II is associated with vasoconstriction and hypertension and accelerates thrombosis in arterioles by activating the coagulation cascade and the platelet-derived growth factor (PDGF; Gustafsson and Holstein-Rathlou, 1999; Heeneman et al., 2000; Senchenkova et al., 2010, 2014; Singh and Karnik, 2016; Samavati and Uhal, 2020). It also induces hypertrophy of vascular smooth muscle cells (Berk et al., 1989; Griendling et al., 1997; Funakoshi et al., 2002). Ang II can also exert tissue-specific actions, such as neurotransmission inducing adipocytes growth in adipose tissues (Li and Ferguson, 1993; Massiéra et al., 2001).

These multiple effects of Ang II are obtained through its ability to bind to Ang II type I and type II receptors (AT1R and AT2R, respectively) expressed in arterioles and several organs including the kidney, pancreas, heart, and the brain. The AT1R, a 359-amino-acids protein spanning cell membrane, and AT2R have a 34% nucleic acid sequence homology (Arendse et al., 2019). Ang II can bind to both to AT1R and AT2R, which are receptors with opposite effects (i.e., AT1R mediates vasoconstriction, inflammation and fibrosis while AT2R mediates opposite effects). AT2R is poorly expressed compared to AT1R, which causes the Ang II to primarily exhibit an effect through AT1R (Murphy et al., 1991; de Gasparo et al., 2000; Forrester et al., 2018; Furuhashi et al., 2020). The activation of AT1R by Ang II is transient and associated with the phosphorylation of the receptor by kinases, including PKC and GRKs. The phosphorylated AT1R is internalized through a mechanism that involves β-arrestin 2, the adaptor protein complex 2 (APC2), clathrin, and intersectin 2 (AbdAlla et al., 2000; de Gasparo et al., 2000; Gáborik et al., 2001). These AT1R-mediated signals lead to overexpression of the prorenin receptor (PRR), thereby increasing renin activity and contributing to the local accumulation of Ang II, fibrosis, and hypertension (Nguyen et al., 2002; Advani et al., 2009; Peng et al., 2013; Wang et al., 2014; Xu et al., 2016; Ichihara and Yatabe, 2019). At the opposite, Ang II also exerts a negative feedback signaling on juxtaglomerular cells that reduces the REN gene transcription and renal renin secretion (Naftilan and Oparil, 1978).

The interaction of Ang II with AT1R functions as a pluripotent mediator to enhance oxidative injury by reactive oxygen species (ROS), and endothelial injury by inhibiting nitric oxide (NO) synthesis. Ang II is a potent activator of NADPH oxidase and an inducer of ROS (Garrido and Griendling, 2009). Interestingly, CHOP−/− mice are protected from Ang II-induced NADPH oxidase activation, hypertension, and cardiovascular disease (Kassan et al., 2016). This is consistent with the observation that Ang II increases the transcription of the CHOP and ATF4 genes (Kassan et al., 2012; Spitler and Webb, 2014; Takayanagi et al., 2015). Activation of AT1R by Ang II also induces various signaling pathways, including G-protein-coupled receptors, PKC, serine/threonine kinase, serine tyrosine kinases, ERK/JNK activation, leading to proinflammatory responses characterized by the synthesis of IL-6, TNFα, and other cytokines (Sadoshima et al., 1995; Han et al., 1999; Nataraj et al., 1999; Ruiz-Ortega et al., 2001; Watanabe et al., 2005; Luther et al., 2006; Rushworth et al., 2008; Dikalov and Nazarewicz, 2013). Furthermore, Ang II activates the flow of neutrophils and macrophages to the affected tissues and inhibits the production of NO, leading to vascular injury (Nabah et al., 2004).



ACE2 tissue distribution in human

Angiotensin-converting enzyme 2 is expressed in virtually all organs with higher levels in capillary rich organs such as the lungs, heart, or kidneys (Donoghue et al., 2000; Tipnis et al., 2000; Ferrario and Varagic, 2010; Tikellis and Thomas, 2012; Figure 1). A study of ACE2 mRNA and protein in more than 150 cell types concluded that ACE2 is mainly observed in enterocytes, renal tubules, the gallbladder, cardiomyocytes, male reproductive cells, placental trophoblasts, ductal cells, eyes, and the vasculature. In the respiratory system, its expression was limited to a subset of cells (Hikmet et al., 2020).
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FIGURE 1
 Angiotensin-converting enzyme 2 (ACE2) expression throughout the body (the main ACE2+ target cells are indicated). The organs vulnerability to SARS-CoV-2 infection is also indicated (high susceptibility).


Remarkably, in the upper airway, goblet and ciliated cells show the highest expression of ACE2 and are thought to play a major role in human infection with SARS-CoV-2. The expression of the mACE2 protein is highest within regions of the sinonasal cavity and pulmonary alveoli and in the lung parenchyma (Descamps et al., 2020; Ortiz et al., 2020). In normal human lungs, the mACE2 protein is found on a very small subset of alveolar type II epithelial lung cells (Ortiz et al., 2020; Delorey et al., 2021). Alveolar epithelial type II cells (which represent ∼5% of the alveoli and serves at stem cells to generate type I alveolar epithelial cells), are thought to be a main target for SARS-CoV-2 in the respiratory tract and, consequently, can be destroyed during viral replication (Barkauskas et al., 2013). However, ACE2-positive cells are more abundant in the nasal mucosa than in the bronchus (Hikmet et al., 2020). Moreover, the mACE2 peptidase is also expressed in the arterial and venous endothelial cells present in abundance in the lungs and arterial smooth muscles (Hamming et al., 2004). Expression of ACE2 was found to be drastically increased in airway epithelial cells 24 h after SARS-CoV-1 infection (Li et al., 2020). In COVID-19 related ARDS, ACE2 was found to be upregulated in endothelial cells, but not in type II alveolar epithelial lung cells (Gerard et al., 2021).

The expression of ACE2 in the heart is higher than in the lungs and ACE2 is found in the endothelial cells of coronary arteries, arterioles, venules, and capillaries (Danilczyk et al., 2003; Robinson et al., 2020). The mACE2 is strongly expressed in cardiomyocytes, endothelial cells, cardiac fibroblasts, vascular smooth muscle cells, and was also found in cardiac pericytes, which play crucial role in the microvasculature and may be the target for SARS-CoV-2 (Chen et al., 2020; Hikmet et al., 2020). Patients with heart failure show a significant increase in ACE2 mRNA expression (Goulter et al., 2004), suggesting that ACE2 gene overexpression may explain why heart dysfunction is found within the list of COVID-19 comorbidities. In a rat model of diabetic cardiomyopathy, the overexpression of ACE2 attenuates cardiac hypertrophy, myocardial fibrosis, and dysfunction induced by diabetes (Dong et al., 2012). Post-mortem examinations of endomyocardial biopsies from COVID-19 patients highlighted the presence of SARS-CoV-2 in the myocardium (Lindner et al., 2020; Marchiano et al., 2021).

In the kidneys, ACE2 is expressed in the proximal tubule cells, epithelial cells of the Bowman’s capsule, endothelial cells, mesengial cells (glomerulus central area), glomerular podocytes, proximal cell brush border, and cells from the collecting ducts (Aragao et al., 2011; Hikmet et al., 2020; Martinez-Rojas et al., 2020). Patients with diabetic or hypertensive nephropathy had lower glomerular ACE2 expression compared to healthy controls (Mizuiri et al., 2008; Wysocki et al., 2013). Between 3 and 10% of COVID-19 patients have abnormal renal function (diagnosed with elevated creatinine or urea nitrogen), and 7% experienced acute renal injury (Fan et al., 2021). In the pancreas, ACE2 plays a major glycemia-protective role (Pedersen et al., 2013). In testis, the Sertoli cells, which protect germ cells by forming blood-testis barrier, have a high expression of mACE2, suggesting that SARS-CoV-2 might cause reproductive disorders in infected patients (Shen et al., 2020; Fan et al., 2021).

A high expression of ACE2 was reported in the epithelial cells of the oral mucosa. This is rarely seen in esophageal mucosa (mainly composed of squamous epithelial cells) and is abundantly expressed in the glandular cells of the gastric, duodenal, and rectal epithelia, possibly contributing to the oral transmission of SARS-CoV-2 and then to viral spreading into the gastrointestinal tract, a major target for the virus (Lamers et al., 2020; Xu et al., 2020; Devaux et al., 2021a; Osman et al., 2022). mACE2 is highly expressed thorough the ileum where it may cleave circulating Ang II in the mesenteric arterial blood into Ang-(1–7), which is destined for portal circulation and the liver. The mACE2 also exerts RAS-independent functions in the gastrointestinal tract through cleaving carboxy-terminal amino acids from nutrient proteins and by acting as a chaperon for the expression of the B0AT1 amino acid transporter (Crackower et al., 2002; Camargo et al., 2009; Singer and Camargo, 2011; Fairweather et al., 2012; Hashimoto et al., 2012; Vuille-Dit-Bille et al., 2015; Wang et al., 2015). The mACE2 regulates the gut homeostasis, microbiota composition, the expression of antimicrobial peptides (Reg3γ, α-defensin, such as HD5 and HD6, β-defensin, and lysozyme; Singer et al., 2012; Perlot and Penninger, 2013; Ferrand et al., 2019). This probably explains the diarrhea that is sometimes observed in SARSCoV-2 patients, and supports the use of antibiotic treatment in COVID-19 patients. In addition, it was reported that HD5 secreted by intestinal Paneth cells, interacts with ACE2 (Wang et al., 2020), suggesting that the presence of HD5 in abundance in the ileal fluid may compete with SARS-CoV-2 to bind to ACE2. The infection of Caco2 cells by SARS-CoV-2 was found to be significantly reduced when cultured in the presence of HD5 and this effect was confirmed on intestinal and lung epithelial cells and for different SARS-CoV-2 variants (Wang et al., 2020; Xu et al., 2021). Although the ACE2 regulation of gut homeostasis was considered to be RAS-independent, α-defensins expression has also been associated with atherosclerosis, being involved in the lipoprotein metabolism in the vessel wall and inhibiting fibrinolysis (Kougias et al., 2005; Nassar et al., 2007; Abdeen et al., 2021).



Structure of the human ACE2 protein

The ACE2 gene encodes a type I transmembrane glycoprotein of ∼ 100 kDa composed of 805 amino acids(Figure 2; Marian, 2013; Gheblawi et al., 2020), including six amino acids (Asn53, Asn90, Asn103, Asn322, Asn432, and Asn546), which can potentially be N-glycosylated (Lubbe et al., 2020). This metalloprotease resembles a chimera molecule composed of a single ACE-like catalytic ectodomain (41.8% sequence homology with the amino domain of ACE) fused to a collectrin-like domain (48% homology with collectrin; Donoghue et al., 2000; Zhang et al., 2001). The functional domains of ACE2 include: (i) a N-terminal signal peptide region of 17 amino acid residues; (ii) a peptidase domain (PD; amino acids 19–615) with its zinc binding metalloprotease motif (catalytic domain; amino acids 374–378); (iii) a C-terminal collectrin-like domain (CLD; amino acids 616–768 acting as a regulator of renal amino acid transport and insulin exocytosis), containing a ferredoxin-like fold “neck” domain (amino acids 615–726); and (iv) an hydrophobic transmembrane hydrophobic helix region of 22 amino acids followed by an intracellular cytoplasmic tail of 43 amino acids (Donoghue et al., 2000; Zhang et al., 2001; Cerdà-Costa and Gomis-Rüth, 2014). The C-terminal segment of mACE2 contains a PDZ-binding motif (amino acids 803–805) Thr803-Ser804-Phe805 (TSFCOOH) targeting protein-interacting domains from proteins (SNX27, SHANK3, MAST2, and NHERF2) involved in protein trafficking (Caillet-Saguy and Wolf, 2021; Kliche et al., 2021).
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FIGURE 2
 3-D model of ACE2 protein structure according to the published data PDB: 6M1D by Yan and colleagues in 2020. ACE2 is composed of 805 amino acids and characterized by an N-terminal signal peptide of 17 amino acid residues, a peptidase domain (PD; residues 19–615) with its HEXXH zinc binding metalloprotease motif, a C-terminal collectrin-like domain (CLD; residues 616–741) that includes a ferredoxin-like fold “neck” domain (616–626), that end with a hydrophobic transmembrane hydrophobic helix region (741–763) followed by an intracellular segment of 43 amino acid residues. No information is available regarding the 3-D structure of the ACE2 cytoplasmic tail (763–805), which was drawn to appear on the diagram. Some of the amino acids which are considered important for SARS-CoV-2 interaction are located in the 3-D model (amino acids in red). Arg652, Arg708, and Arg710 (not shown) are the active residues for ACE2-TMPRSS2 docking. The function of each domain is indicated on the middle right side of the figure. The biochemical pathway of the RAS and the beneficial ACE2/Ang-(1–7) arm of RAS are summarized in the right box.


The mACE2 functions predominantly as a monocarboxypeptidase, with a substrate preference for hydrolysis between a proline and a hydrophobic or basic C-terminal residue (Turner and Hooper, 2002). The catalytic domain of mACE2 consists of two subdomains (subdomains 1 and 2) forming the two sides of a long deep cleft bridged together by a hinge region. Upon substrate binding, the two catalytic subdomains undergo a hinge-bending movement and form a binding cavity required to initiate substrate hydrolysis (Towler et al., 2004). The His-Glu-X-X-His motif (or HEXXH motif where X is any amino acid), coordinates a catalytic zinc ion, characteristic of zinc-dependent metalloproteases. The zinc is co-ordinated by His374, His378, Glu402, and one water molecule in the subdomain 1, whereas a chloride ion is co-ordinated by Arg169, Trp477, and Lys481 in the subdomain 2. The Arg514 of mACE2 is considered as a residue critical for substrate selectivity (Luther et al., 2006).

Both the PD and neck domains of mACE2 contribute to dimerization, whereas each B0AT1 interacts with the neck and TM helix in the adjacent mACE2 (Yan et al., 2020). Complexes of mACE2/B0AT1 heterodimers have been evidenced at the intestinal apical membrane but did not occur in lung pneumocytes. Steric hindrance to the B0AT1 binding site on mACE2 or down-regulation of mACE2 due to the presence of SARS-CoV-2 is likely to display impaired intestinal tryptophan uptake (Devaux et al., 2021a).

Finally, the Arg652 of ACE2 is a target for the catalytic site of proteases ADAM17 and TMPRSS2, which leads to the shedding of a soluble form of ACE2 (sACE2; Heurich et al., 2014; Lanjanian et al., 2021).



The human ACE2 gene variant mRNAs

The prototype human ACE2 cDNA (or ACHE for angiotensin-converting enzyme homolog) was cloned more than 2 decades ago from a human cardiac left ventricle cDNA library and a lymphoma cDNA library (Donoghue et al., 2000; Ferrario and Varagic, 2010). The ACE2 gene, which contains 20 introns and 19 exons maps to chromosome Xp22 and spans 39.98 kb of genomic DNA (Turner and Hooper, 2002). Two isoforms of ACE2 with 18 or 19 exons (v1 and v2) that encode the same protein (805 amino acids) have been described, as well as three other smaller variants: x1–x3 (Chen et al., 2020; Khayat et al., 2020). ACE2 shows similarities with the ACE gene located at chromosome 17q23 (Hubert et al., 1991). Although ACE2 is one of the genes escaping X chromosome inactivation, there is evidence of sex bias (Tukiainen et al., 2017; Cai, 2020; Gay et al., 2021). Indeed, there is a plausible mechanism of androgen-induced expression of ACE2 that contributes to increased susceptibility or severity of COVID-19 in males (Baratchian et al., 2021). The tissue levels of mACE2 represent equilibrium between transcription/translation of mACE2 and shedding rate of sACE2. It was reported that a positive relationship exists between renin and sACE2 levels in male and female subjects, and between sACE2 levels and body mass index (BMI) in males, with possible implication for COVID-19 (Jehpsson et al., 2021). Variations in mACE2 with age were first demonstrated using animal models (Xie et al., 2006). A negative association between age and sACE2 plasma concentrations in people above the age of 55 year-old, was reported (AlGhatrif et al., 2021). The mACE2 deficiency is considered to be linked to cardiovascular disease and diabetes, suggesting that mACE2 deficiency may increase the risk of developing severe COVID-19 (Oudit and Pfeffer, 2020; Verdecchia et al., 2020; Wang et al., 2020).

The transcription of full-length ACE2 (2,721 bp mRNA) is initiated from either a proximal or a distal promoter with tissue-specific differences in their usage (Itoyama et al., 2005; Fan et al., 2021). The proximal site contains a TATA box motif at position-110/−96 of the transcription start site and a GATA motif and two HNF1 binding sites at position-165/−131. The distal site contains YY1/COUP, C/EBPβ, and STAT/FOXA motifs. Site-directed mutagenesis of the human ACE2 promoter region from position −2069 to +20, has enabled the identification of an activating domain in the −516 to −481 region (Kuan et al., 2011) and a potential binding site, ATTTGGA, homologous to that of an Ikaros-like binding domain which can be regulated by the levels of Ang II. It has also been reported that the NAD + -dependent deacetylase silent information regulator T1 (SIRT1 known for its ability to deacetylate proteins such as p53 and forkhead box O), binds to the ACE2 promoter and regulates ACE2 gene expression under condition of energy stress which increase AMP-activated protein kinase, while IL-1β treatment decreased the binding of SIRT1 to the ACE2 promoter (Clarke et al., 2014). In addition, there is a cAMP-responsive element (CREB)-binding site within an upstream region of the start site containing both p300 (a CREB co-activator that relaxes the chromatin and recruits RNA polymerase II) and the CREB site (Figure 3).
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FIGURE 3
 Schematic illustration of ACE2 transcriptional regulation. (A) A schematic diagram of the ACE2 gene structure (upper panel). The known exons (E1–E19) are depicted as black boxes. The location of the distal promotor (DP) and proximal promoter (PP) are depicted as blue boxes. The ACE2 gene can encode several transcript leading to several isoforms. An internal promoter (IP) is thought to activate the transcription of an mRNA encoding a short isoform of ACE2 which lacks the SARS-CoV-2 binding site. The 5′ region upstream of the ACE2 gene contains two promoters (proximal and distal) separated by a repetitive Alu element (lower panel). The transcription of full-length ACE2 is initiated from either the proximal or distal promoter with tissue-specific differences in their usage. Transcription factors binding to the proximal and the distal upstream promoter regions are indicated. Ang II is likely to regulate the ACE2 expression through the Ikaros activation domain. Truncated ACE2 forms (e.g., dACE2) can also be expressed. (B) ACE2 transcriptome. AR binds to the enhancer element of the ACE2 gene, connecting the regulatory circuit between the enhanceosome complex (comprising MED1, BRD4, etc.) and the promoter-bound RNA polymerase machinery to activate gene expression. P-TEFb, positive transcription elongation factor; TBP, TATA-binding protein; TAFs, TBP-associated factors; FOXA1, forkhead box A1; BRD4, bromodomain-containing protein 4; MED1, mediator complex subunit 1; SREBP, sterol regulatory element binding protein; and SIRT1, silent information regulator T1.


The in silico study of candidate binding sites within the 400 bp upstream of the transcription start site identified putative sites for various DNA-binding molecules, with different tissue expression such as CDX2 in the lungs, colon, and terminal ileum; HNF1A in the colon, kidneys, and terminal ileum; FOXA1 in the cervix, colon and terminal ileum; SOX11 in the kidneys, and TCF7/LEF1 in the lungs (Barker and Parkkila, 2020). The ACE2 promoter also contains an androgen receptor (AR) binding site, and AR antagonists (e.g., enzalutamide, apalutamide) have been reported as being able to decrease SARS-CoV-2 infection (Qiao et al., 2021). Moreover, forkhead box A1 (FOXA1; also known as HNF3α) involved in AR signaling, and bromodomain-containing protein 4 (BRD4) binding sites, overlap with open chromatin regions. Bromodomain and extra terminal domain (BET) antagonists (e.g., JQ1, OTX015), inhibit BRD4, a factor able to interact with positive elongation factor (P-TEFb) cyclin-dependent kinase required for transcription elongation through RNA polymerase II (RNA pol II), also decrease SARS-CoV-2 infection through the inhibition of BRD4. The distal-less homeobox 2 (DLX2) and CCAAT/enhancer binding protein epsilon (CEBPE) are more represented in ACE2-expressing cells (Sherman and Emmer, 2021). Evidence for additional transcription factor binding sites (e.g., SP1, CEBP, GATA3, HNF4A, USF1, etc.) has also been reported (Beacon et al., 2021).

Putative binding sites for signal transducer and activator of transcription, STATs (−662 to −647 region and −911 to −897 region), and interferon-regulatory factors, IRFs, have also been demonstrated (Ziegler et al., 2020). Indeed, interferon modulates ACE2 expression and can lead to the transcription of a truncated form of ACE2, designated as deltaACE2 (dACE2) which lacks 356 amino-terminal amino acids and fails to bind to SARS-CoV-2 (Onabajo et al., 2020). The transcription of such a truncated form of ACE2 involves the activation of a promoter located downstream of the transcription start site with a splicing event introducing a new ATG start codon. The analysis of this region identified ISGF-3-, AP-1-, and NF-κB-binding sites (Blume et al., 2021). Treating cells with IFNβ significantly induces the dominant expression of dACE2 over ACE2 (Onabajo et al., 2020). In addition, the possible role of alternatively spliced isoforms of ACE2 in SARS-CoV-2 homing, infectivity, and influence on COVID-19 evolution, should be investigated (Heyman et al., 2021; Nikiforuk et al., 2021). Polymorphisms in ACE2 gene 5′ upstream regions might influence ACE2 expression. Differences greater than 1% of minor allele frequency (MAF) in the 10 Kb region upstream to ACE2 analyzed using data from the 1,000 Genomes project, found 57 polymorphisms (Lanjanian et al., 2021). A single nucleotide polymorphism (SNP), rs5934250, with a change from G to T at approximately 5,700 bp upstream of the start codon of the ACE2 gene, presented a penetration difference among populations. This allele is almost absent in the East Asian population, while it has a MAF in almost half of Europeans (East Asians: 1%; Africans: 10%; South Asians: 22%; Americans: 29%; and Europeans: 47%). Another SNP, rs2097723, also shows a very heterogeneous distribution among populations (Africans: 7%; South Asians: 22%; Europeans: 28%; Americans: 32%; and East Asians: 42%).



Human ACE2 polymorphism

Exploration of the ACE2 genetic polymorphism was conducted to define SNPs associated with hypertension and heart diseases. Special attention was drawn to 14 SNP (rs2285666, rs1978124, rs2074192, rs2106809, rs4830542, rs4240157, rs879922, rs2158083, rs233574, rs1514282, rs1514283, rs4646155, rs4646176, and rs4646188). The best characterized SNP is a splice region variant (rs2285666, G > A, Intron 3/4), known to be associated with hypertension, coronary heart disease, and diabetes (Yang et al., 2015; Pinheiro et al., 2019; Bosso et al., 2020). A number of SNPs, including genotypes of rs2048683, rs233575, rs2158083, rs2074192, rs2106809, rs4240157, rs4646155, and rs4830542 were linked with moderate risks of hypertension, while rs4646188 and rs879922 were linked to high hypertension risks (Yi et al., 2006; Fan et al., 2009; Patnaik et al., 2014; Dai et al., 2015; Meng et al., 2015; Chen et al., 2016; Liu et al., 2018; Luo et al., 2019), and the rs2074192 and rs2106809 were associated with left ventricular hypertrophy in hypertensive patients (Fan et al., 2019). The ACE2 A1075G allele found in China was associated with hypertension and the ACE2 G8790A allele is associated with susceptibility to hypertension, type 2 diabetes, and increased plasma concentration of sACE2 (Niu et al., 2007; Wu et al., 2017; Pinheiro et al., 2019). An allele frequency heterogeneity for the rs2285666 (East Asians: 17%; South Asians: 23%; Americans: 37%; Africans: 48%; Europeans 48%; and with the highest frequency in Indians: 71%) has been reported (Khayat et al., 2020) while the rs4646140 has a MAF ranging from zero in Indians to 13% in Africans. Polymorphisms, including rs233574, rs2074192, and rs4646188 with MAF of 16, 36, and 6%, respectively, were able to induce a significant RNA secondary structure change (Pouladi and Abdolahi, 2021). These alterations may lead to dysregulations in ACE2 transcription/translation or its protein stability. Indeed, in the case of the mutated alleles, the splicing regulatory molecule ETR-3 is unable to bind to the pre-mRNA. Similarly, in the case of the mutated forms of rs2158083 and rs2285666, the binding of YB-1 and hnRNP DL, respectively, are impaired, resulting in exon retention. In the case of the mutated form of rs1514283, the SF2/ASF, and SRp40 proteins bind and lead to the creation of a new intron splicing enhancer and exon inclusion. In the case of the mutated form of rs879922, there is a possibility of interaction with the SC35 and DAZAP1 proteins that leads to exon inclusion. In addition, the binding of proteins of the hnRNP A1, A0, A2/B1, D, and DL family creates a new intronic splice silencer and intron exclusion. In the case of the mutated form of rs4646155, the NOVA-1 protein induces an exon inclusion, while SLM-2 and Sam68 lead to intron exclusion. In the case of the mutated form of rs2106809, the hnRNP H proteins lead to an intron exclusion.

As COVID-19 emerged, it was postulated that SNPs in the ACE2 gene could affect susceptibility for SARS-CoV-2 infection (Darbani, 2020; Devaux et al., 2020; Hou et al., 2020). Particular attention was paid to the impact of the G8790A mutation on the severity of COVID-19, although its role in this disease remains controversial (Gómez et al., 2020; Möhlendick et al., 2021). About 77% of GG genotype, 13% of GA genotype and 9% of AA genotype were found in Caucasian SARS-CoV-2-positive patients and 70% of GG genotype, 14% of GA genotype and 16% of AA genotype carriers in SARS-CoV-2-negative people, respectively. A meta-analysis concluded that the ACE2 variant rs190509934:C (a rare variant) characterized by a lower ACE2 expression in individuals carrying the C allele, reduces the risk of SARS-CoV-2 infection (Horowitz et al., 2021).

Analysis of inter-individual ACE2 polymorphism, based on broad genomic databases reveal a link with the susceptibility to SARS-CoV-2 and the severity of COVID-19 (Brest et al., 2020; Cao et al., 2020). The pioneering work by Cao and colleagues identified 15 unique expression quantitative trait loci variants (14 SNPs and 1 InDel) with a higher frequency of minor alleles in the Asian population than in the European population. For example, the rs143695310 variant among East Asian populations was found to be associated with elevated expression of ACE2. Moreover, it was reported that Asian men have a higher ACE2 mRNA expression in their lungs than women, and that Asian people express higher amount of ACE2 than Caucasian and African American populations according to single-cell RNA-seq analysis (Zhao et al., 2020; Figure 4). Similar data were obtained using expression quantitative trait loci (eQTL), indicating a higher expression of ACE2 in South Asian and East Asian populations compared to Europeans, while the lowest expression levels were observed for Africans (Ortiz-Fernández and Sawalha, 2020). Dozen of human ACE2 variants were identified, which could impact on protein stability (e.g., Lys26Arg, Gly211Arg, and Asn720Asp variants) or internalization (e.g., Leu351Val and Pro389His variants; Benetti et al., 2020; Cao et al., 2020; Othman et al., 2020). The rs41303171 C polymorphism, which is practically exclusive to Europeans (MAF 1.8%), is a missense SNP causing an Asn720Asp replacement, which can trigger a conformational disorder in ACE2 changing viral interactions (Khayat et al., 2020). The Pro389His variant occurs in Latino American population with an allele frequency of 0.015%. Only African Americans carry Met383Thr and Asp427Tyr variants with allele frequencies of 0.003 and 0.01%, respectively. The Arg514Gly occurs in African Americans with an allele frequency of 0.003% (Hou et al., 2020). The European population with Arg708Trp, Arg710Cys, Arg710His, or Arg716Cys variants in mACE2 may have mild symptom of COVID-19 as ACE2 lose the cleavage site by TMPRSS2 (Hou et al., 2020; Lanjanian et al., 2021). The Ser19Pro variant (rs73635825 genotype) common in African populations, may protect against COVID-19 while the Lys26Arg variant (rs75548401 genotype) might predispose to severe forms of COVID-19 (Calcagnile et al., 2021). Recently, Suryamohan and colleagues found 298 unique ACE2 variants (Suryamohan et al., 2021). Among these variants they predicted that the Lys31Arg polymorphism breaks an interaction with Gln493 in the viral RBD and destabilizes the charge-neutralizing interaction with the virus and that the Glu37Lys polymorphism disrupts the critical interactions with ACE2 Lys353 by removing the polar intramolecular interaction that stabilizes contacts with the SARS-CoV-2 RBD. Similarly, the His34Arg was predicted to result in a loss of interface polar contact. Thus, individuals carrying these variants are predicted to be less susceptible to SARS-CoV-2 infection. Fourteen human ACE2 variants (Ile21Val, Glu23Lys, Lys26Arg, Asn64Lys, Thr92Ile, Gln102Pro, Asp206Gly, Gly211Arg, Arg219Cys, Glu329Gly, His378Arg, Val447Phe, Ala501Thr, and Asn720Asp) which could enhance susceptibility to SARS-CoV-2 were found to have an higher allele frequencies in European populations than East Asian populations, while two additional ACE2 variants (Glu35Lys and Phe72Val) possibly conferring resistance to the virus, have higher allele frequencies in East Asian populations, while they are low or not expressed in European populations (Chen et al., 2021). Recently, a total of 570 genetic variations (SNP and InDel) on the ACE2 gene were reported in the Iranian population (Lanjanian et al., 2021).
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FIGURE 4
 Human ACE2 polymorphism. (A) Schematic representation of the cell surface of the human ACE2 molecule and its major domains is drawn on left side of the figure. The amino acid positions are in black. Some of the amino acids considered to be important for viral tropism are marked in red. S, sugar; P, phosphorylation. The right part of the figure is a compilation of the main substitutions described in the literature. To simplify the figure, we used the single letter amino acids code instead of multiple letters code. The ACE2 substitutions in blue are considered neutral. The ACE2 substitutions in red are predicted to increase cell susceptibility to SARS-CoV-2. The ACE2 substitutions in black are predicted to decrease cell susceptibility to SARS-CoV-2. Polymorphisms in intronic regions might modify ACE2 regulation. Polymorphisms were able to induce a significant RNA secondary structure change. These alterations may lead to dysregulations in ACE2 transcription/translation or its protein stability. (B) The main geographical distribution of ACE2 protein polymorphisms in human populations. Representative substitutions in the human mACE2 per geographic areas.




ACE2 production and regulation inside human cells

Angiotensin-converting enzyme 2 surface abundance differ among cell types, indicating a complex epigenetic regulation of the ACE2 gene. The interaction between tissue or cell type specific enhancer/repressor is required for gene expression (Andersson et al., 2014). The ACE2 gene expression is also increased in individuals with pulmonary arterial hypertension, chronic obstructive pulmonary disease, obesity, diabetes, and older people (Muus et al., 2020; Pinto et al., 2020). In patients with hypertensive cardiopathy a marked ACE upregulation and ACE2 downregulation associated with Ang II/AT1R induced activation of the ERK1/2 and p38 MAP kinase, was reported (Koka et al., 2008). DNA methylation (5mC) was found to be involved in the silencing of ACE2 gene expression and CpG methylation was greater in patients with hypertension compared to healthy controls (Fan et al., 2017; Chlamydas et al., 2020; Cardenas et al., 2021). In contrast, enhanced ACE2 expression might also be protective in COVID-19 if it increases the peptidase activity of ACE2 thereby reducing Ang II concentration. Hypomethylation of specific sites in the ACE2 promoter was reported to correlate with increased ACE2 gene expression (Corley and Ndhlovu, 2020). Three CpGs (cg04013915, cg08559914, and cg03536816) at the ACE2 gene were reported as having lower methylation in lung epithelial cells compared to the other tissues (Beacon et al., 2021). The search for ACE2 topologically associating domains (TADs) with active histone markers, including H3 acetylated at K27 (H3K27ac) and H3 trimethylated at K4 (H3K4me3) or repressive histone markers (H3K27me3), revealed the presence of H3K4me3 at the promoter and after the first exon of ACE2, and the presence of H3K27ac in human kidneys (Beacon et al., 2021). The association of H3K4me3 correlates with ACE2 gene expression in the kidneys, heart, and small intestine. In contrast, H3K4me3 peaks are not detected in lung tissues.

MicroRNAs (miRNAs) are non-coding RNAs which can bind the 3′-untranslated regions (3’-UTRs) of target mRNAs, thereby regulating gene expression at a post-transcriptional level. Lysine-specific demethylase 5B, JARID1B, is responsible for the downregulation of several miRNAs that target ACE2 (Henzinger et al., 2020). Putative miRNA-binding sites were identified in the 3′-UTR of the ACE2 transcript thereby repressing translation. Both the miR-421, an miRNA implicated in the development of thrombosis and the miR-200c-3p were found to downregulate the ACE2 mRNA expression (Hirano and Murakami, 2020). In contrast the increases ACE2 mRNA expression (Sato et al., 2013; Siddiquee et al., 2013; Zhang et al., 2017). Other miRNAs predicted to bind to ACE2 mRNA 3’-UTR, such as miR-9-5p and miR-218-5p, were found to be differentially expressed in different cell types (Pierce et al., 2020). Moreover, the repression of the Xu and Li, 2021; Figure 5).An in silico studies aimed at predicting miRNAs that regulate ACE2-related networks with a possible impact on COVID-19 outcome, suggests that the top miRNAs regulating ACE2 networks are miR-27a-3p, miR-26b-5p, miR-10b-5p, miR-302c-5p, hsa-miR-587, hsa-miR-1305, hsa-miR-200b-3p, hsa-miR-124-3p, and hsa-miR-16-5p (Wicik et al., 2020). sACE2 shed into systemic circulation maintains its ability to generate Ang-(1–7). This process is fine-tuned by ADAM17 (also known as TACE), the metalloprotease ADAM10, and the transmembrane protease serine 2 (TMPRSS2), but only TMPRSS2 increases the entry of both SARS-CoV-1 and SARS-CoV-2 into susceptible cells (Lambert et al., 2005; Heurich et al., 2014; Hoffmann et al., 2020; Qiao et al., 2021). The ADAM17 and ADAM10 sheddases can trigger ACE2 ectodomain shedding by cleavage between amino acids 716 and 741 near the predicted transmembrane domain (Xiao et al., 2014), while TMPRSS2 trigger cleavage between amino acids 697 and 716 (Lanjanian et al., 2021). Phorbol ester and ionomycin as well as the proinflammatory cytokines IL-1β and TNF-alpha, can induce cellular proteases to catalyze sACE2 shedding (Jia et al., 2009). A study of plasma samples from 534 subjects indicated that up to 67% of the phenotypic variation in sACE2 shedding could be accounted for by genetic factors (Rice et al., 2006). mACE2 also interacts with several PDZ-binding proteins such as NHERF, involved in the internalization and recycling of mACE2 (Zhang et al., 2021). The in silico study of proteins belonging to the ACE2 interactome and which could be affected by SARS-CoV-2 infection, highlighted that the most affected interactions were associated with microtubule-associated serine and threonine kinase 2 (MAST2), and [Calmodulin 1 (CALM1; Wicik et al., 2020]. It was previously reported that CALM1 inhibitors increase sACE2 shedding by preventing calmodulin binding to the cytoplasmic tail of mACE2 (Lambert et al., 2008).
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FIGURE 5
 Schematic representation of the regulation of ACE2 expression. The transcription of the Ace2 gene is under control of several DNA-binding proteins that bind the Ace2 gene promotor (see Figure 3). In patients with hypertension (hypertensive cardiopathy and hypertensive nephropathy) a down-regulation ACE2 is observed. Angiotensin II was shown to down-regulate ACE2. The inhibition of ACE2 expression was shown to be associated with the activation of ERK and p38 MAP kinases (however this signaling pathway also activates NF-κB which is an activator of ACE2, suggesting a complex regulation of positive and negative signals which remains to be characterized). The binding of AngII to AT1R induces the hypoxia-inducible factor (HIF)-1α, which regulates several genes involved in the RAS (e.g., ACE1). Post-transcriptional regulation by miRNA (e.g., miRNA143 and miRNA421) could occur. Following translation the newly synthesized ACE2 proteins are target of post-transcriptional modifications such as phosphorylation of Ser680 by AMPK that enhances the stability of ACE2, and N-glycosylations (seven potential N-glycosylation sites). Once expressed at the cell membrane the mACE2 protein can be regulated by sheddases (e.g., ADAM10 and ADAM17) that cleave the ACE2 extracellular domain and release a circulating soluble form, sACE2. IFNβ is likely to induce dominant expression of dACE2 over ACE2.




ACE2 through the ages

Structural comparisons of genes indicated that ACE2 and ACE arose by duplication from a common ancestor (Riordan, 2003). Although the evolutionary tree of ACE2 genes from 36 representative vertebrates is consistent with the species evolutionary tree, certain differences found in coelacanths and frogs may suggest a very slow evolutionary rate in the initial evolution of ACE2 in vertebrates (Lv et al., 2018; Damas et al., 2020; Lam et al., 2020; Luan et al., 2020; Lubbe et al., 2020; Liu et al., 2021). Orthologs of ACE2 and ACE also exist in bacteria, chordates and tunicates, suggesting an early origin of the RAS (Fournier et al., 2012). Although intriguing, the observation that the ACE2-like carbopeptidase from Paenibacillus sp. B38 catalyzes the conversion of Ang II to Ang-(1–7) and can suppress Ang II-induced hypertension, cardiac hypertrophy, and fibrosis in mice does not necessarily mean that the origin of the RAS goes back to bacteria but that a molecule with an ACE2-like carbopeptidase activity was maintained during speciation (Minato et al., 2020). ACE2-ancestors may then have acquired important new functions in tissues during speciation, as evidenced in humans. Beside the ACE2-like carbopeptidase, bacteria also express the neutral amino acid transporter SLC6A19, the homologous of B0AT1 in human, suggesting that SLC6A19 and the bacterial ACE2 ortholog may have already been molecular partners in bacteria (Gallucio et al., 2020). It is remarkable to note that an ACE-like bacterial protein named XcACE from Xanthomonas axonopodis pv. citri, hydrolyses Ang I into Ang II (Rivière et al., 2007). Other bacteria belonging to Lactococcus (L. lactis, L. helveticus, L. acidophilus, and L. casei) and Bifidobacterium species, release peptides with in vitro ACE-inhibitory activity (Fuglsang et al., 2003; Donkor et al., 2007).

The Ance genes from Drosophila melanogaster shares similarities with the human ACE2 (Burnham et al., 2005). In Acyrthrosiphon pisum, expression of the insect ACE2-ortholog is inducible upon feeding (Wang et al., 2015). The simultaneous KO of A. pisum ACE2 and ACE resulted in enhanced feeding and increased aphid mortality. It was also reported that the challenging of Anopheles gambiae with Staphylococcus aureus and Staphylococcus typhimurium upregulated the transcription of the Anopheles homolog of ACE, named AnoACE (Aguilar et al., 2005). Moreover, it was reported that treatment of A. gambiae with an ACE inhibitor resulted in larval death (Abu Hasan et al., 2017).

While searching for the zoonotic origin of SARS-CoV-2, special attention has been drawn to bats, minks and hamsters ACE2 molecules, as they might serve as viral receptors. Using multiple sequence alignments, we found that the bat ACE2 protein polymorphism grouped in the dendrogram according to the 18 subspecies of bats studied (Devaux et al., 2021c). The ACE2 from Rhinolophus bats appeared to be an appropriate candidate for interacting with SARS-CoV-2-related viruses, despite species polymorphism (i.e., R. sinicus with Lys31, Tyr41His, Asn82, Asn90, and Lys353). The Lys31Asp variant found in R. ferrumequinum may possibly alter the binding of the SARS-CoV-2 spike to the bat mACE2 receptor. The mACE2 sequences from other bat species showed increasing amino acid substitutions at positions considered to be required for SARS-CoV-2 spike binding (e.g., D. rotundus with Lys31Asn, Tyr41, Asn82Thr, Asn90Asp., and Lys353Asn). The mACE2 proteins from Myotis bats examined were characterized by Lys31Asn, Tyr41His, Asn82Thr, Asn90, and Lys353, including substitutions incompatible with SARS-CoV-2-like viruses binding. Regarding the ACE2 from minks we found that the mink ACE2 sequences from Neovison vison and Mustela lutreola displayed 99.51% similarity to one another, but shared only 83.73 and 83.48% amino acid identity with the human ACE2, respectively (Devaux et al., 2021b). The similarity between human ACE2 and mink ACE2 dropped to 63.34% in the region described to be involved in the interaction with the SARS-CoV-2 spike protein (regions 30–41, 82–93, and 353–358). Despite the fact that more than 130 substitutions out of 805 amino acids were observed between the human ACE2 and mink ACE2 (e.g., 131 substitutions and 133 substitutions for N. vison ACE2 and M. lutreola ACE2, respectively), including an Asn90Asp substitution possibly impacting the affinity of mink ACE2 for the virus, the Lys31, Tyr41, and Lys353 amino acids required for human ACE2 interaction with the SARS-CoV-2 spike protein are conserved in minks mACE2. This amino acids triad is also conserved in hamsters. The Figure 6A, illustrates a comparison of ACE2 amino acid sequences from humans, mink, hamsters, mice and bats.
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FIGURE 6
 Interspecies viral circulation. (A) ACE2 multiple sequence alignment. The consensus ACE2 sequence from humans (Homo sapiens; GeneBank BAB40370.1) was compared to ACE2 sequences from mink (Neogale vison NCBI ref. sequence XP_044091953.1), hamsters (Mesocricetus auratus; NCBI ref. sequence XP_005074266.1), mice (Mus musculus; NCBI ref. sequence NP_081562.2), and bats (Rhinolophus sinicus; GeneBank: AGZ48803.1), using the Clustal Omega multiple sequence alignment (EMBL-EBI bioinformatic tool; Copyright © EMBL 2020; https://www.ebi.ac.uk/Tools/msa/clustalo/). The human ACE2 sequence is highlighted in yellow. Amino acids that differ from the human ACE2 sequence in ACE2 from other species are highlighted in cyan. The (*) symbol indicates sequence identity between the ACE2 of the five species. Some of the amino acids found to be important for viral tropism in previous studies (in particular amino acid residues 31, 34, 41, 90, and 353 are important for viral spike binding). (B) SARS-CoV-2 is spreading on their ability to recognize a receptor and circumvent the host immune defenses. This principle accounts for the circulation of SARS-CoV-2 between species. Species living in various ecosystem show different amino acid substitutions at positions considered to be required for SARS-CoV-2 spike binding to ACE2. The ACE2 from minks shares 83% amino acid identity with the human ACE2 (63% in the region described to be involved in the interaction with the SARS-CoV-2 spike protein). Despite more than 130 substitutions out of 805 amino acids the interspecies transmission of SARS-CoV-2 from humans to minks and back to humans is possible and generates specific amino acid substitutions in each species, which improved the affinity for the ACE2 receptor as observed in Denmark’ farms. The same applies in the case of the hamster-adapted Delta variant recently described in Hong Kong. SARS-CoV-2 (Wuhan-HU1 strain) cannot use mouse ACE2. It was reported that the B1.1.7 (20I/501Y.V1; UK variant), (B) 1.351 (20H/501Y.V2; South Africa variant) and P1 (20J/501Y.V3, Brazilian variant) SARS-CoV-2 variants and other N501Y-carrying variants exhibit extended host range to mice. Moreover, it has been postulated that the new lineage SARS-CoV-2 Omicron (BA.1, BA.2) could have a murine origin. Omicron variants (e.g., BA.5) are the SARS-CoV-2 lineages that currently cause the most cases of human infections. The amino acid differences in residues 30–41 of the N-terminal region of the ACE2 of humans, minks, hamsters, and mice, are indicated. Arrows indicate interspecies circulation of SARS-CoV-2 strains.




ACE2 as SARS-CoV-2 receptor

Severe acute respiratory syndrome coronavirus is an enveloped single-stranded positive-sense RNA virus (its genome contains ∼32 kb). The SARS-CoV-2 viral envelope consists of a lipid bilayer, where the viral membrane (M), envelope (E), and spike (S) structural proteins are anchored. The S proteins surrounding the viral particles consist of two subunits, S1 and S2. This S protein determines the cellular tropism of the virus. In 2020, ACE2 was identified as the main entry receptor for the SARS-CoV-2 virus (Zhao et al., 2020; Zhuang et al., 2020; Baggen et al., 2021). SARS-CoV-2 is the third human coronavirus after SARS-CoV-1 and HCoV-NL63 which use the human mACE2 as a cellular receptor (Li et al., 2003, 2007). A unique feature of SARS-CoV-2 compared with SARS-CoV-1 is the presence of a polybasic motif (RRAR) at the S1/S2 boundary, which can be cleaved by furin (Walls et al., 2020), resulting in a C-terminally exposed RRAR peptide. Two independent studies showed that this peptide directly binds to neuropilin-1 (NRP1) and that NRP1 promotes SARS-CoV-2 infection (Cantuti-Castelvetri et al., 2020; Daly et al., 2020).

A critical step in the SARS-CoV-2 infection cycle is the binding of the homotrimeric viral spike protein through RBD to the peptidase domain of mACE2 (Lan et al., 2020; Shang et al., 2020; Yan et al., 2020). Despite high similarity between the RBD of SARS-CoV-1 and SARS-CoV-2, several amino acid variations in the binding domain of SARS-CoV-2, increase its affinity for ACE2 (Lan et al., 2020; Yan et al., 2020). The interaction is driven by two domains in the S1 subunit of the molecule, namely the RBD and the N-terminal domain (NTD). The NTD displays a flat electropositive ganglioside binding site enabling the virus to interact with lipid rafts of the cell membrane (Fantini et al., 2021). At the N terminus of the viral spike, Gln498, Thr500, and Asn501 of the RBD form a network of H-bonds with Tyr41, Gln42, Lys353, and Arg357 of the human mACE2. In addition, in the middle of the bridge, Lys417 and Tyr453 of the RBD interact with Asp30 and His34 of ACE2, respectively. Moreover, Gln474 of the RBD is H-bonded to Gln24 of ACE2, whereas Phe486 of the RBD interacts with Met82 of ACE2 through van der Waals forces (Yan et al., 2020). Binding of S1 to the mACE2 receptor triggers an ACE2 ectodomain cleavage by ADAM17 (Lambert et al., 2005; Heurich et al., 2014; Oarhe et al., 2015). The ACE2 cleavages by ADAM17 and a serine protease (TMPRSS2 or TMPRSS4) induce the shedding of cellular ACE2 and systemic release of S1/sACE2 complex, and primes for cellular viral entry (Hoffmann et al., 2020). When S1 binds to mACE2, another site on S2 is exposed and cleaved by host proteases. S2 does not interact with mACE2 but harbors the functional elements which guides membrane fusion. So, SARS-CoV-2 can therefore utilize two pathways to infected ACE2 positive cells: the virus can either fuse at the plasma membrane (early pathway) or, it can fuse at the endosomal membrane (late pathway). The privileged pathway is determined by the proteases present at the cell membrane (Wicik et al., 2020; Caillet-Saguy and Wolf, 2021). When the fusion occurs at the cell membrane, this process is followed by the formation of a funnel like structure built by two heptad repeats in the S2 protein in an antiparallel six-helix bundle, facilitating the fusion and release of the viral genome into the cytoplasm. When the protease is absent, SARS-CoV-2 can be endocytosed via clathrin-and non-clathrin-mediated internalization and the virion is then activated in endosomal vesicles by the action of low pH-dependant protease Cathepsin L (Tang et al., 2020). Thus, the expression and polymorphism of both ACE2 and TMPRSS2 are likely to dictate SARS-CoV-2 tissue tropism (Hou et al., 2020; Zou et al., 2020). Whether overexpression of mACE2 would facilitate infection (increasing the number of receptors available for the virus) or restrict the risks of developing the most severe forms of the disease, has long been a source of controversy (Vaduganathan et al., 2020). Once bound to mACE2, SARS-CoV-2 down-regulates the cellular expression of the ACE2 gene and mACE2 protein and the unopposed action of Ang II was deemed responsible for worsening the outcome of COVID-19 (Hendren et al., 2020).

The ACE2 key residues at the ACE2/S-protein-RBD interface include Ser19, Gln24, Thr27, Phe28, Asp30, Lys31, His34, Glu35, Glu37, Asp38, Tyr41, Gln42, Leu45, Leu79, Met82, Tyr83, Thr324, Gln325, Gly326, Glu329, Asn330, Lys353, Gly354, Asp355, Arg357, Pro389, and Arg393 (Suryamohan et al., 2021). The Lys31 and Lys353 residues in human mACE2 form hydrogen bonds with the main chain of Asn501 and Gln493 in the RBD. ACE2 variants Ser19Pro, Ile21Val, Glu23Lys, and Lys26Arg (which stabilizes core ACE2 α-helical interactions), Thr27Ala (which removes interactions between Thr27 and Glu30), Asn64Lys, Thr92Ile, Gln102Pro and His378Arg were predicted to increase cell susceptibility to SARS-CoV-2. In contrast, ACE2 variants Lys31Arg (which breaks an interaction with Gln493 in the SARS-CoV-2 spike RBD), Asn33Ile, His34Arg (which results in a loss polar contact at the interface with SARS-CoV-2 spike RBD), Glu35Lys (which affects the critical polar contact with SARS-CoV-2 spike Gln493), Glu37Lys, Asp38Val (which compromises the Asp38-Lys353 interaction), Tyr50Phe, Asn51Ser, Met62Val, Lys68Glu, Phe72Val, and Tyr83His (which prevents insertion of SARS-CoV-2 spike residue Phe486 into an hydrophobic pocket driven by residue Tyr83), Gly326Glu, Gly352Val, Asp355Asn, Gln388Leu, and Asp509Tyr were predicted to be less sensitive to SARS-CoV-2 (Procko, 2020; Suryamohan et al., 2021). When considering ACE2 variants, high mACE2 cell-surface expression can mask the effects of impaired binding while low cell surface expression reveals a range of infection efficiencies across variants, supporting a major role for binding avidity during viral entry (Shukla et al., 2021). Using an in vitro model of infection of cells expressing suboptimal surface ACE2, it was found that the mACE2 variants Asp355Asn, Arg357Ala, and Arg357Thr abrogated entry of SARS-CoV-2 while Tyr41Ala showed only a slight effect on SARS-CoV-2 entry although it inhibited SARS-CoV-1. The NTD and RBD domains in the viral S protein act synergistically to insure virus adhesion (Fantini et al., 2021). Moreover, an inverse correlation was established between ACE2 expression and COVID-19 severity (Chen et al., 2021).

Particular attention was drawn to polymorphism of ACE2 in bat (considered to be a reservoir of SARS-CoV-related virus; Zhou et al., 2020; Wacharapluesadee et al., 2021) this species, and in minks (because they have been shown to be susceptible to infection by SARS-CoV-2 from humans and then to be a source of the virus being able to reinfect humans; Boklund et al., 2021; Oude Munnink et al., 2021; Shuai et al., 2021). It was found that when SARS-CoV-2 of human origin become host-adapted to mink, a Tyr453Phe substitution located in the RBD was selected. This process is driven by the fact that mink mACE2 has a Tyr34 instead of the H34 found in human mACE2 and that the Tyr453Phe substitution improves the virus binding to the mink mACE2 (Ren et al., 2021). The hamster is another species of interest for ACE2, because hamster-adapted SARS-CoV-2 Delta variants were isolated in Hong Kong, and the virus was transmitted back to human and further human-to-human transmission was then demonstrated (Kok et al., 2022; Yen et al., 2022). We found that once adapted to the hamster ACE2, the variant virus show mutations (e.g., Asp427Gly) that could make this virus more efficient at infecting humans (Fantini et al., 2022). Although a large number of animal species were considered to be susceptible to infection by SARS-CoV-2 (Stawiski et al., 2020), SARS-CoV-2 (Wuhan-HU1 strain) cannot use mouse ACE2 (Zhou et al., 2020). The presence of Asn30 (instead of Asp30) and Asn31 (instead of Lys31) in mouse ACE2 is likely to cause the lack of salt bridges and the critical H-bond at the mouseACE2-SARS-COV-2 RBD interface. In addition, the presence of His353 (instead of Lys353), leads to unfavorable interactions with the SARS-CoV-2 S protein RBD (Brooke and Prischi, 2020; Gao and Zhang, 2020). However, this does not rule out the possibility of low efficiency mouse infection through an alternative receptor. It was reported that the expression of human basigin/CD147 in mice, enabled SARS-CoV-2 infection with detectable viral loads in the lungs (Wang et al., 2020). However, this model remains controversial (Shilts et al., 2021). It has been reported that the B1.1.7 (20I/501Y.V1; United Kingdom variant), B.1.351 (20H/501Y.V2; South Africa variant), and P1 (20J/501Y.V3; Brazilian variant) SARS-CoV-2 variants and other N501Y-carrying variants exhibit extended host ranges to mice (Montagutelli et al., 2021; Shuai et al., 2021). Moreover, it has been postulated that the new lineage SARS-CoV-2 Omicron variant (BA.1, BA.2), has a murine origin (Wei et al., 2021). Indeed, the interspecies conservation of ACE2 turns out to be sufficient to allow viruses that use this receptor to circulate between animal hosts and humans. Viruses do not spread based on species but based on their ability to recognize a receptor and circumvent the host immune defenses. We have proposed that this general principle accounts for the circulation of SARS-CoV-2 between species (Frutos et al., 2021, 2022; Figure 6B).



Immune response against SARS-CoV-2 and auto-antibodies against ACE2 in COVID-19 patients

Infection with SARS-CoV-2 initiates an antiviral immunoglobulin (Ig)M and IgA response, detectable during the first week of symptoms, whereas IgG are found later. The antibody titres reaches a plateau within 6 days after seroconversion (Guo et al., 2020; Kellam and Barclay, 2020; Long et al., 2020; Zhao et al., 2020). The serum level of SARS-CoV-2 specific IgA is positively correlated with the severity of COVID-19 (Ma et al., 2020; Yu et al., 2020). The state of hyperstimulation of the immune system that occurs in severely ill patients contributes to autoimmune manifestations and is associated with an increased need for oxygen therapy (Gagiannis et al., 2020). Moreover, it was recently reported that Ang II induces ROS release from monocytes able to induce DNA damages and apoptosis in neighboring T-cells leading to lymphopenia in certain patients with severe forms of COVID-19 (Kundura et al., 2022). It is neither the purpose of this paragraph to discuss the complex pattern of immune response in COVID-19 (e.g., a decrease in the total number of CD4+ and CD8+ T cells, B cells, and NK and a recruitment of neutrophils; a massive increase in the release of inflammatory cytokines or ‘cytokine storm’, and chemokines such as IL-2, IL6, IL-7, IL-8, IL-10, TNF, IFN; Amor et al., 2020; Campbell and Kahwash, 2020; Han et al., 2020; Luo et al., 2020; Mehta et al., 2020; Tay et al., 2020; Vitte et al., 2020; Zheng et al., 2020), nor is it to review the abnormal expression of Ag II in COVID-19 patients that could stimulate proinflammatory processes (Naftilan and Oparil, 1978; Moore et al., 2015; Varanat et al., 2017; Silva et al., 2020; Raghavan et al., 2021; Vandestienne et al., 2021; Yamamoto et al., 2021), but rather to briefly summarize the contribution of anti-ACE2 and anti-AT1R auto-antibodies in COVID-19, since these molecules could play an important role in the immunological puzzle of clinical variability of the disease.

What was intriguing in SARS-CoV-2 infected patients with respect to the RAS, was the report of the development of ACE2 auto-antibodies. Among 53 patients who had detectable anti-SARS-CoV-2 RBD, 40 (75%) had anti-ACE2 antibodies (Arthur et al., 2021). Among them, 26 (81%) belonged to the convalescent group and 14 (15; 93%) were patients hospitalized for symptoms of COVID-19. Healthy controls with no history of SARS-CoV-2 were all negative for anti-ACE2 antibodies. The median activity of sACE2 in patients with ACE2 auto-antibodies was 263 pmol/min/ml compared to 1,056 pmol/min/ml for those who did not develop an anti-ACE2 immune response. The binding of anti-ACE2 antibodies to ACE2 in normal cells could have the potential to mediate profound pathophysiological effects long after the original antigen itself has disappeared, particularly in the long term COVID-19 patients (e.g., possibly inducing myocarditis or neurological illnesses; Figure 7).
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FIGURE 7
 Schematic representation of the clinical course of SARS-CoV-2 infection and COVID-19. It illustrates the immune response of SARS-CoV-2 infected people, including anti-SARS-CoV-2 IgM, IgA, and IgG responses and the induction of auto-immune Ig (anti-phospholipid A, anti-PF4/heparin, anti-ACE2, and anti-AT1R).


Considering the similarities between vasculopathy in severe COVID-19 and antibody-mediated rejection after lung transplantation induced by auto-antibodies against AT1R (Cozzi et al., 2017), the presence of AT1R auto-antibodies in COVID-19 patients was investigated and compared to patients with a favorable disease course. A significant increase (42%) of anti-AT1R Ig was found in COVID-19 patients with an unfavorable disease course (Miedema et al., 2021). These AT1R auto-antibodies are expected to mimick the proinflammatory effect of Ang II, as previously reported (Dragun et al., 2005). Tissue transglutaminase (TG2)-mediated modification of AT1R contributes to AT1R auto-antibody production and hypertension associated with preeclampsia; the post-translational modification of Gln187 in the second extracellular loop of the AT1R loop creates a neo-epitope that induces the production of an autoantibody that can activate the receptor (Liu et al., 2015). Endothelin receptor type A (ETAR) auto-antibodies were also more frequent in severe COVID-19 patients (Miedema et al., 2021). These antibodies are known to stimulate chemotactic activity and neutrophils trafficking (Cabral-Marques et al., 2018). Both anti-AT1R and anti-ETAR antibodies could be associated with cardiovascular disease and hypertension in severe COVID-19 patients (Philogene et al., 2019).

Among other auto-antibodies found in COVID-19 patients, anti-interferon Ig was found in patients with severe COVID-19 while no such auto-antibodies were found in patients with mild disease (Bastard et al., 2020). Anti-phospholipid antibodies have also been observed as being associated with thrombotic events in COVID-19 cases (Bertin et al., 2020; Daviet et al., 2020; Harzallah et al., 2020; Helms et al., 2020; Manne et al., 2020; Siguret et al., 2020; Tan et al., 2020; Xiao et al., 2020; Zhang Y. et al., 2020; Zuo et al., 2020; Brodard et al., 2021).



SARS-CoV-2 triggers a vascular and coagulation disease

Venous thromboembolism is a relatively common side effect of SARS-CoV-2 infection. It is characterized by an acute pulmonary embolism or intravascular coagulopathy that predisposes the patients to thrombotic events (Faggiano et al., 2020; Leonard-Lorant et al., 2020; Middeldorp et al., 2020). After the first month of infection, individuals with COVID-19 are at an increased risk of cardiovascular disease, including cerebrovascular disorders, dysrhythmias, ischemic and non-ischemic heart disease, pericarditis, myocarditis, heart failure, and thromboembolic disease (Xie et al., 2022). A nationwide cohort found an increased risk of a deep vein thrombosis up to 3 months after COVID-19, pulmonary embolisms up to 6 months, and bleeding events up to 2 months, with the risk of pulmonary embolism being especially high (Katsoularis et al., 2022). Elevated D-dimers (which reflects the degradation of fibrin and a process of hypercoagulation) upon admission of patients is a marker of hypercoagulation and pulmonary embolism and is associated with increased mortality in severe COVID-19 patients (Lippi and Favaloro, 2020; Sakka et al., 2020; Stefely et al., 2020; Smadja et al., 2021). High levels of D-dimers are found in ∼ 20–40% of critically ill COVID-19 patients (Poissy et al., 2020; Zhang Y. et al., 2020; Zhang S. et al., 2020; Xie et al., 2022). Usual thrombosis prophylaxis is often not sufficient to prevent thrombotic coagulopathy in patients with severe forms of COVID-19 (Berthelot et al., 2020). These lesions usually start with intimal proliferation, followed by fragmented and discontinuous internal elastic lamina (Carvelli et al., 2020; Hofman et al., 2021). Perivascular inflammation was reported to be patchy and scattered, composed mainly of lymphocytes, with thrombi in the branches of the pulmonary artery and focal areas of congestion in the alveolar septal capillaries, as well as septal capillary lesions with wall and luminal fibrin deposition (Deshmukh et al., 2020).

The pathological manifestation of COVID-19 has a strong vascular component, with exacerbated effects on the microvasculature comprising the arterioles, capillaries, venules, and microthrombosis events. The increased occurrence of microvascular thrombi provides a good explanation for the sometimes sudden development of hypoxemia in COVID-19 patients, since the thrombi prevent gas exchange in the oxygenated areas of tissues. Beside the formation of fibrin thrombi, ARDS is characterized by increased alveolar capillary permeability and exudation into the alveoli, where inflammatory cells are present in abundance, as well as coagulation factors including fibrinogen. Regarding COVID-19, it was suggested to name severe pulmonary COVID-19 as “MicroCLOTs” for “microvascular COVID-19 lung vessels obstructive thromboinflammatory syndrome” (Ciceri et al., 2020). The analysis of autopsy lung specimens from COVID-19 patients has shown inflammatory perivascular lymphocyte infiltration, the presence of microvascular thrombi containing platelets, fibrin and numerous neutrophil extracellular traps (NETs) releasing (Carsana et al., 2020; Hofman et al., 2021). Deposits of complement components C3, C4d and C5b-9 were found in the microvasculature of the lungs (Magro et al., 2020). Patients diagnosed with elevated D-dimer and thrombosis during severe forms of COVID-19 have higher blood levels of markers of NETs and calprotectin (Zuo et al., 2020). The formation of NETs in turn, perpetuates complement activation. When activated by proinflammatory cytokines, or NETs, the vascular endothelial cells produce von Willebrand factor (vWF) that retains platelets and leucocytes to the vessel wall and activates coagulation leading to the repair of local damage. Finally, microangiopathic vessel occlusions and endothelium damage has been described in the kidneys (Goshua et al., 2020).

Among the mechanisms implicated in this thrombo-inflammation, AngII seems to have pleiotropic effects. Indeed, regarding the central role played by ACE2 as the viral entry receptor, and its role in the regulation of Ang II blood levels, the balance between ACE2 expression and the accumulation of Ang II in the blood stream may contribute to explain the immunothrombosis. The analysis of RAS dysfunction and Ang II side effects is critical for the understanding of the pathophysiological changes due to SARS-CoV-2 infection. Ang II has a significant effect on the platelet and coagulation/fibrinolytic system and causes mild activation of the coagulation cascade with increases in plasma levels of the thrombin–antithrombin complex and prothrombin (Brown and Vaughan, 2000; Larsson et al., 2000; Fletcher-Sandersjöö and Bellander, 2020; Gando and Wada, 2021). The platelet activation described after COVID-19 is thought to be due in part to the binding of AngII to AT1R. Moreover, SARS-CoV-2 can directly activate platelets by binding to platelet ACE2 (Zhang S. et al., 2020). Through binding to AT1R, Ang II stimulates the expression of Tissue Factor (TF), which triggers coagulation cascade (Nemerson, 1988; Nishimura et al., 1997; Muller et al., 2000; Felmeden et al., 2003; He et al., 2006; Brambilla et al., 2018). Ang II also induces expression of plasminogen activator inhibitor-1(PAI-1), the main inhibitor of tissue plasminogen activator and urokinase-type plasminogen activator, in cultured endothelial cells (Fogari et al., 2011). Increased levels of PAI-1 can occur locally upon SARS-CoV-2 infection, leading to the formation of plugs in the body.

The binding of SARS-Cov2 to ACE2 at the surface of endothelial cells (ECs) of blood and lymph vessels, leads to activation of the complement system, promoting a pro-coagulative state, leukocyte infiltration, vascular dysfunction, and thrombosis (Jin et al., 2020). In severe COVID-19 patients, the plasma levels intercellular adhesion molecule 1 (I-CAM-1), vascular cell adhesion molecule-1 (VCAM-1), and vascular adhesion protein-1 (VAP-1), are elevated (Escher et al., 2020; Tong et al., 2020), indicating that the endothelial barrier is damaged consecutive to viral infection. Soluble E-selectin, soluble ICAM-1, and soluble platelet endothelial adhesion molecule 1 (sPECAM-1) correlate with disease severity (Li et al., 2021; Vassiliou et al., 2021). ICAM-1 promotes fibrin adhesion and leukocyte transmigration and increased thrombus formation. Disruption of the vascular barrier is associated with the inhibition of protein C, a major anticoagulant (Dahlbäck and Villoutreix, 2005). The plasma levels of vWF, angiopoietin-2, Fms-related tyrosine kinase 3 ligand (FLT-3L), and PAI-1 are significantly elevated in patients with COVID-19 (Liu and Zhang, 2021; Figure 8). Moreover, a decrease ADAMTS13, which ensure vWF hemostatic function, has been reported in severe forms of COVID-19 (Bazzan et al., 2020; Rodriguez Rodriguez et al., 2021). It was also reported that the SARS-CoV-2 main protease Mpro causes microvascular brain pathology by cleaving NEMO (an essential modulator of NF-κB) in infected brain ECs (Wenzel et al., 2021).
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FIGURE 8
 Under physiological conditions, the vascular endothelium, composed of vascular endothelial cells (VECs), functions as an integral barrier with intercellular junctions ensured by adhesion molecules such VE-cadherin. It maintains blood fluidity by acting as an anticoagulant through the suppression of platelet activation and the induction of fibrinolysis, a mechanism including heparan sulfate proteoglycans and CD39. During SARS-CoV-2 infection, innate and acquired immune defense mechanisms are activated with the overproduction of cytokines such as IL-1, IL-2, IL-6, IL-8, IL-17, and TNFα (a phenomenon known as the “cytokine storm”), which disrupts blood vessel walls and provokes tissue damage in the lung parenchyma and the immediately adjacent bronchial alveolar lymphoid tissue. The endothelial cells express the ACE2 molecule that acts as a cell-surface-receptor, facilitating SARS-CoV-2 entry into these cells. The SARS-CoV-2 induced increased concentrations of Ang II have mild platelet-activating effects, thereby enhancing coagulation and are also associated with monocyte and macrophage accumulation, which produces proinflammatory cytokines and worsen hypertension. When blood vessels are strained due to high blood pressure, the endothelial cells of the blood vessels are damaged, and the function of the endothelium at preventing arteriosclerosis is lost. When activated by proinflammatory cytokines, or neutrophil extracellular traps, endothelial cells produce von Willebrand factor, which retains platelets and leucocytes to the vessel wall and activates coagulation systems resulting in the rapid activation of mechanisms leading to the repair of local damage, the accumulation of immune cells to prevent infection, and the aggregation of platelets for primary and secondary hemostasis. Anti-PF4/polyanion (heparin) complex immunoglobulins directly activate platelets via their Fc gamma type 2 receptor A (FcγRIIA). The hyper-reaction set up in response to vascular damage, can influence a propensity toward local vascular micro-thrombosis. COVID-19 patients suffer from prominent alveolar oedema, intra-alveolar proteinosis, cell infiltration (including lymphocytes), apoptosis of virally-infected pneumocytes, and fibrin deposition. aPL, antiphospholipids immunoglobulins; aACE2 Ig, anti-ACE2 immunoglobulins; aAT1R Ig, anti-AT1R immunoglobulins; aPF4/H Ig, anti-PF4/heparin immunoglobulins; AnxA5, annexinA5 (or annexin V or anchorin CII; anticoagulant, interact with phospholipids); Ag, antigen; Ang II, angiotensin II; AT1R, angiotensin II receptor type 1; IFN, interferon; CD39/ENTPD1, ectonucleoside triphosphate diphosphohydrolase-1 (also known as P2 receptors: P2X receptors are ion channels that open upon binding of ATP; P2Y receptors mediate cellular response to purine and pyrimidine, such as ATP, ADP, and UTP; in physiological conditions CD39 catalyzes the reduction of ATP and ADP pool to AMP and CD73 transform AMP to adenosine whereas nucleotides released during cell activation/injury bind to P2 receptors to activate thrombo-inflammatory programs); IL-6, interleukin-6; LDLR, low density lipoprotein receptor (bind LDL/cholesterol); NETs, neutrophil extracellular traps; TcR, T-cell receptor; TLR, toll like receptor; TNF, tumor necrosis factor; TXA2, Thromboxane A2 (induce platelets aggregation); TPR, thromboxane A2 prostanoid receptor: VE-cad, VE-cadherin; TBM, thrombomodulin prevents thrombosis; upon endothelial cell activation a soluble form of TBM (sTBM) is released in plasma further promoting procoagulant mechanisms. VWF, von Willebrand factor; Fibrin, fibrin is formed from blood plasma fibrinogen (produced in the liver) by the action of thrombin; red thrombus is composed of erythrocytes enmeshed in a fibrin network.


In response to COVID-19, the activation of ECs was also associated with the overexpression of proangiogenic factors, such as vascular endothelial growth factor (VEGF), basic fibroblast growth factor (FGF-2), and placental growth factors (PlGF; Smadja et al., 2021). Soluble Flt-1 (sFlt-1), a circulating truncated form of the VEGF-A receptor, was markedly increased in severe forms of COVID-19 (Rovas et al., 2020). Damage to ACE2+ pericytes and ECs leads to vascular permeability in severe COVID-19 (Cardot-Leccia et al., 2020; Afzali et al., 2021). The viral Spike induces oxidative stress, ERK1/2 activation through the CD147 receptor and NF-κB nuclear translocation in pericytes, thereby prompting dysfunction of the vascular pericytes (Avolio et al., 2021; Khaddaj-Mallat et al., 2021). CD147, considered to have a potential proatherosclerotic effect (Wang et al., 2015), is upregulated in COVID-19 patients and can act as a receptor for SARS-CoV-2 in cells expressing low ACE2 (Radzikowska et al., 2020). Interestingly, statins, the action of which partly relies on CD147 downregulation, have been recommended in the therapeutic arsenal against COVID-19 (Zhang X.J. et al., 2020).



Modulation of ACE2 and other actors of the RAS in COVID-19 patients

Coronavirus disease 2019 is a systemic disease characterized by a cytokine storm associated with high levels of C reactive protein (CRP), high fibrinogen, high fibrin degradation to D-Dimers, microvascular injury, and obstructive thrombo-inflammatory syndrome. As knowledge grows, the need for a deeper understanding of the molecular cross-talk leading to thrombosis appears as a research priority in order to gain a better understanding of ARDS and MODS associated with severe COVID-19.

In a pioneer study it was demonstrated that SARS-CoV-1 infection was associated with ACE2 downregulation and impaired degradation of Ang II (Kuba et al., 2005). Since both SARS-CoV-1 and SAR-CoV-2 enter cells through ACE2 and induce simimlar diseases, attention rapidely focused on the consequences of virus-ACE2 interaction on the dysregulation of RAS. This is complexified by the fact that SARS-CoV-2 infection triggers IFN activation, which in turn can upregulate ACE2 (Garvin et al., 2020). Another element of complexity resides in the fact that a greater number of ACE2+ cells seems to circulate in the lungs of patients with severe COVID-19 (Ackermann et al., 2020). Using a swine animal model it was demonstrated that blocking ACE2 (or infusing Ang II) leads to increased pulmonary artery pressure, reduced blood oxygenation, increased coagulation, diffuse alveolar damage, and acute tubular necrosis (Aroor et al., 2016).

Despite efforts that have been made to quantify the compound of the RAS in COVID-19 patients, this exploration remained incomplete and debatable. An early study found no difference in the Ang II/Ang I ratio in the plasma sample of 31 COVID-19 patients, but reported that the plasma sACE2 activity was increased in patients treated with an ACE inhibitor (Kintscher et al., 2020). Another study reported increased plasma levels of Ang II in 12 patients with severe COVID-19 pneumonia (Liu et al., 2020). Furthermore, no alteration of RAS was found in a cohort of nonsevere COVID-19 patients (Rieder et al., 2021). More recently, a sevenfold ACE2 increase was found in patients with COVID-19 and Ang II as well as Ang-(1–7) concentrations was significantly higher in patients with severe COVID-19 (Reindl-Schwaighofer et al., 2021). Another investigation in a cohort of 306 COVID-19 patients revealed that elevated plasma sACE2 from COVID-19 patients was significantly associated with severe forms of disease, particularly in hospitalized patients intubated at the time of sample collection (Kragstrup et al., 2021). ARDS in patients with COVID-19 was found associated with an increase in blood pressure and decrease in serum potassium concentration (Vicenzi et al., 2020). Surprisingly, another recent report suggests a significant reduction of Ang II concentration and increased Ang-(1–7) in COVID-19 patients (Martins et al., 2021). The divergent results reported concerning the variation of RAS molecules in plasma from SARS-CoV-2-positive patients could either be explained by the differing severity of COVID-19 in the groups of patients tested and/or by the method used for quantification of the molecules (Figure 9).
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FIGURE 9
 Signaling pathways that are activated during SARS-CoV-2 infection and replication. SARS-CoV-2 infects human cells expressing the ACE2 receptor and the serine protease TMPRSS2. This process results in the downregulation of ACE2 mRNA expression, the reduced expression of mACE2, dysfunction of the RAS and increasing levels of AngII in the circulation. High Ang II levels trigger signaling through AT1R. This activates a number of signaling pathways, such as G protein–mediated (Gq and Gi), Janus kinase/signal transducers and activators of transcription, extracellular signal-regulated kinase (ERK), IFN regulatory factor (IRF)3, NF-κB, NLRP3 procaspase 1 pathways leading to induction of IFNs and pro-inflammatory cytokines, and the HIF-1α pathway. In addition, G protein–independent signaling takes place through the adapter proteins β-arrestin 1 and β-arrestin 2 that can have distinct functional and physiological consequences (not shown). Crosstalk between AT1R and AT2R was evidenced and stimulation of one receptor modulates the expression of the other. Ang II can bind both to AT1R and AT2R, which are receptors with opposite effects but the low expression of AT2R compared to AT1R, account for a privilegied effect of Ang II through AT1R when the plasma levels of Ang II increase. The single AT1R gene in humans encodes a 359-amino-acid protein and AT1R is widely expressed and well conserved between species The MAS receptor can interact with AT1R, explaining that it is the physiological antagonist of Ang II signaling. Mas1 activation induces the second-messenger cAMP, phospholipase A2 pathway, and the phosphoinositide 3-kinase/AKT pathway, and mediates antiapoptotic, anti-inflammatory, vasodilatory, and antithrombotic effects. Excess of Ang II results in organ damage, hypertension, thrombotic microangiopathy, progression to fibrosis, and cardiovascular remodeling.


Recently, by exploring different biomarkers in a cohort of COVID-19 patients (30 prolonged viral shedders and 14 short viral shedders) we found that circulating blood cells (in particular monocytes) from COVID-19 patients expressed less ACE2 mRNA than cells from healthy volunteers (Osman et al., 2021). Moreover, although we found the expression of sACE2 to be heterogenous among individuals from each group, the sACE2 plasma concentrations were found to be lower in prolonged viral shedders than in healthy controls, while the concentration of sACE2 returned to normal levels in short viral shedders. In the plasma of prolonged viral shedders, we also found higher concentrations of Ang II and Ang I. However, the plasma levels of Ang-(1–7) were found to be almost stable in prolonged viral shedders, but seemed insufficient to prevent the adverse effects of Ang II accumulation, strongly suggesting that increased levels of Ang II contribute to thrombotic events associated with the severe forms of COVID-19.



Targeting ACE2 for the therapeutic prevention of severe forms of COVID-19

In COVID-19 patients, the downregulation of ACE2 and the reduced capacity to counteract the detrimental effects of Ang II are likely to play a critical role in the development of severe forms of the disease. In experimental animal models, ACE2 KO mice experienced more severe forms of acute lung injury than wild type mice, highlighting the protective role of ACE2 (Imai et al., 2005). The loss of ACE2 resulted in enhanced vascular permeability, neutrophils accumulation and increased lung edema. Both angiotensinogen-specific antisense oligonucleotides and small interfering RNA (siRNA) lowered blood pressure in rat models of hypertension (Mullick et al., 2017; Uijl et al., 2019). In humans with weight excess and hypertension, renin inhibitors (e.g., aliskiren) and ACEi (e.g., ramipril), improve renal and systemic hemodynamics and reduce arterial pressure (Kwakernaak et al., 2017). Thus, therapeutic solutions for reducing COVID-19 severity could be found in the pharmacopeia used by cardiologists to intervene on the RAS.

All FDA approved drugs for treatment of patients with high blood pressure (renin inhibitors, ACEi, and ARBs) are primarily designed to block or reduce the detrimental effects of Ang II (Wright, 2000; Mentz et al., 2013; Arendse et al., 2019; Figure 10A). Reducing the formation of Ang II by ACEi or antagonizing its effect by blocking the AT1R through ARBs may be a suitable strategy for reducing symptoms of COVID-19 patients (Schiffrin et al., 2020). ARBs (e.g., losartan) were found to protect against acute lung injury through the reduction of Ang II/AT1R stimulation (Shen et al., 2009; Meng et al., 2020). Hypertensive patients taking ARBs presented a lower risk of severe COVID-19 (Sarzani et al., 2020). However, the interpretation of the benefits and harmful effects of ACEi and ARBs may be premature due to the multiple effects of such molecules on the RAS (Kai et al., 2021; Tereshchenko et al., 2022). Indeed, it has been reported that ACEi and ARBs increase ACE2 (Ferrario et al., 2005; Furuhashi et al., 2015), which could also increase the binding of SARS-CoV-2. However, it has been reported that ACE2 is not increased by ACEi or ARBS in the respiratory cilia (Lee et al., 2020). We recently reported that in vitro treatment of SARS-CoV-2 permissive ACE2+/AT1R+ Vero E6 cells with various ARBs resulted into ∼50% increase in SARS-CoV-2 production correlated with the ARBs-induced up-regulation of ACE2 expression (Pires de Souza et al., 2022). However, we also observed a downregulation of AT1R, suggesting that Ang II harmful effects should be strongly reduced (Pires de Souza et al., 2022). The upregulation of ACE2 can have opposed effects on SARS-CoV-2 infection and organ pathophysiology (Devaux, 2020). The study of large cohorts support the beneficial effects of RAS inhibitors in patients with COVID-19 (Bean et al., 2020; Zhang P. et al., 2020). In patients, ARBs is preferred over ACEi for first line hypertension treatment and discontinuing treatment is not required (Abbasi, 2021; Lopez et al., 2021). Since, the activation of AT1R by Ang II induces ROS through the NADPH oxidase pathway and activates the hypoxia-inducible factor (HIF)-1α leading to the synthesis of the transient receptor potential channel ankyrin repeat (TRPA1) which controls intracellular calcium increase and potentially contributes to pulmonary inflammation, it was also suggested to use calcium channel blokers as an alternative to ACEi and ARBS (Fang and Karakiulakis, 2020; Tignarelli et al., 2020; Devaux and Raoult, 2022; Zhang et al., 2022). Moreover, acting on HIF-1α, may improve the outcome of COVID-19 by decreasing hypoxia (Devaux and Raoult, 2022).
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FIGURE 10
 Schematic representation of the historical discovery of the main components of the renin-angiotensin system (RAS) and ACE2 candidate therapeutic molecules. (A) In 1898, renin was the first component of the RAS to be discovered. Vasoconstriction of the renal artery was then shown to lead to high blood pressure, thus driving the discovery of hypertensin and angiotonin (a compound later termed angiotensin). Angiotensin was subsequently characterized, as well as two downstream conpounds, the Ang I and Ang II, respectively. The ACE peptidase responsible for processing of Ang I into Ang II was subsequently characterized in 1956. The first orally active angiotensin-converting enzyme inhibitor, captopril, was used as antihypertensive therapy in patients with high blood pressure from the early 80s. The AT1R receptor was cloned in 1991, followed by the cloning of AT2R. Then, the counter-regulatory pathway of RAS was described in 2000, with the discovery of ACE2 by two independent research groups and identification of the Ang-(1–7)/Mas receptor interacting partners was achieved two decades later. The cardioprotective effects of ACE2 were discovered as was its ability to process Ang II into Ang-(1–7). Finally, studies have identified the ACE2 protease domain as the receptor for severe acute respiratory syndrome-coronavirus (SARS-CoV-1) in 2003, HCoV-NL63 in 2005, and, more recently (2020), SARS-CoV-2. (B) The ACE2 peptidase extracellular domain known to bind the SARS-CoV-2 Spike can be produced as a recombinant soluble molecule able to neutralize SARS-CoV-2. Various amino acid substitutions can be introduced in the sequence of the ACE2 extracellular domain by genetic engeneering to change the affinity of the recombinant molecule for the viral spike. However, hrsACE2 appears to have a short half-life the efficiency of which could be improved by engineering fusion proteins. The fusion of the rhACE2 extracellular domain with the nontoxic subunit B of cholera toxin (ACE2-CTBS) improves transmucosal transport. The recombinant ACE2-Ig fusion protein consists of a homodimer of the ACE2 extracellular domain linked to an Fc domain of human IgG increasing the stability of the molecule but could also act as cargo for the virus through the Fc-Tag to attach cells like macrophages that express high levels of the Fc receptor. The addition of an albumin binding domain in fusion with ACE2 extend the duration of ACE2 action.


In silico methods of molecular docking have been used to develop allosteric activators of ACE2 such as xanthenone (XNT), the antiprotozoal dimiazene aceturate (DIZE) drug, and resorcinolnaphthalein (Hernández Prada et al., 2008; Gjymishka et al., 2010). Activation of ACE2 by XNT, prevented elevated right ventricular systolic pressure, ventricular hypertrophy, and increased pulmonary vessel wall thickness (Ferreira et al., 2009; Fraga-Silva Rodrigo et al., 2013; Cole-Jeffrey et al., 2015). DIZE was found to reduce the severity of hyperoxic lungs injury by inhibiting the inflammatory response and oxidative stress, to attenuate the myocardial infarction, and to prevent atherosclerosis by increasing ACE2 mRNA expression (Kulemina and Ostrov, 2011; Qi et al., 2013; Shenoy et al., 2013; Haber et al., 2014; Qiu et al., 2014; Goru et al., 2017; Fang et al., 2019; Qaradakhi and Gadanec, 2020). Various FDA-approved molecules are under study for evaluating their ability to reduce COVID-19 severity (Albini et al., 2020; Lubbe et al., 2020; Qaradakhi and Gadanec, 2020). For example, the virtual screening of 2,456 approved drugs as inhibitors of SARS-CoV-2 spike-ACE2 interaction highlighted the properties of riboflavin (a vitamin), fenoterol (a bronchodilator), vidaranine (an anti-neoplastic agent), and cangrelor (an anti-platelet agent; Prajapat et al., 2020).

A better understanding of the role of the ACE2, encouraged the use of human recombinant soluble ACE2 (hrsACE2) in medicine (Kuba et al., 2005; Oudit et al., 2010; Johnson et al., 2011). In a tolerability study in healthy volunteers, doses up to 1.2 mg/kg hrsACE2 were administered intraveinously and the plasma half-life of the molecule was in the range of 10 h (Haschke et al., 2013). Despite a fast clearance rate, the administration of hrsACE2 alleviated the severity of influenza A H7N9 and respiratory syncytial virus (RSV)-induced lung injury (Yang et al., 2014; Gu et al., 2016). This hrsACE2 was also found to reduce IL-6 when given to healthy volunteers suffering from ARDS (Khan et al., 2017; Zhang and Baker, 2017). Through its binding to the viral S protein, sACE2 could act as a decoy receptor and could reduce the harmful effect of Ang II by making mACE2 available for the conversion of Ang II (Patel et al., 2014; Devaux et al., 2020; Issa et al., 2021; Krishnamurthy et al., 2021). The infusion of a single dose of hrsACE2 (GSK2586881 at 0.4 mg/kg i.v.), was found to be well-tolerated and to have potential haemodynamic benefits in pulmonary arterial hypertension (Hemnes et al., 2018). A hrsACE2 clinical trial is ongoing (NCT00886353) for the treatment of cardiovascular diseases (Ghatage et al., 2021). It has been reported that ACE2 S680D gain-function knock-in mice are protected against hypoxia-induced pulmonary hypertension (Zhang et al., 2018). This has also opened the way to modified ACE2 for gene transfer (Guignabert et al., 2018). It was recently demonstrated that recombinant ACE2 is effective for treating SARS-CoV-2 RBD protein-aggravated LPS-induced acute lung injury in a mouse experimental model and that the protection occurs by acting on the ACE2-AngII-AT1R-NOX1/2 axis that is otherwise overactivated by the SARS-CoV-2 infection (Zhang et al., 2022).

A proof-of-concept of the efficiency of the hrsACE2 therapeutic approach in COVID-19 was described in a case report of a 45-year-old woman infected by SARS-CoV-2 who was admitted to hospital with a 7-day history of severe symptoms. Two days after hospital admission, she was treated with 0.4 mg/kg of hrsACE2 intravenous infusion twice daily. Surprisingly after the first injection the patient became afebrile, the biological investigation indicated a marked reduction of Ang II, an increase of sACE2 in plasma, and her clinical condition improved gradually (Zoufaly et al., 2020). A large phase II clinical trial has been initiated by the Austrian pharmaceutical company APEIRON to treat COVID-19 patients with APN01-rhACE2. More recently, hrsACE2, in combination with sub-toxic remdesivir, was found to reduce viral load by 60% in a model of SARS-CoV-2 infected kidney organoids (Monteil et al., 2021).

Given such encouraging results, it seemed important to design molecules with improved activity against SARS-CoV-2 (Maiti, 2021; Figure 10B) A fusion molecule consisting of murine rACE2 with a Fc fragment (rACE2-Fc), demonstrated a long-lasting ability to protect organs in mice models of Ang II-dependent hypertension (Liu et al., 2018). It was also reported that Lactobacillus paracasi probiotic expressing a hrACE2 extracellular domain in fusion with the nontoxic subunit B of cholera toxin, resulted in increased ACE2 activities in serum of mice treated with this compound (Verma et al., 2019). Another molecule, rACE2 extracellular domain fused to the FC region of the IgG1, has been shown to neutralize viruses pseudotyped with SARS-CoV-2 spike proteins in vitro (Lei et al., 2020). A new set of molecules named “ACE2 receptor trap” that contain the extracellular domain residues 18–614 (including the SARS-CoV-2 RBD), and collectrin domain of ACE2 fused to human IgG1 Fc fragment for increased stabilization and avidity, were designed (Glasgow et al., 2020). In silico, ACE2 variants Lys26Arg and Thr92Ile were predicted to have increased affinity for the viral S protein when compared to wildtype ACE2. Consistent with this, soluble ACE2 Lys26Arg and Thr92Ile were more effective in blocking the entry of the SARS-CoV-2 S protein pseudotyped virus (Suryamohan et al., 2021). Another type of therapeutic molecules containging the hrsACE2 fused with a 5 kD albumin binding domain and bridged via a dimerization hinge-like peptide motif (termed ACE2 1-618-DDC-ABD) was first tested in an animal model prevented mortality in the treated group while untreated animals became severely hill and were found to have extensive pulmonary hemorrhage and mononuclear infiltrates (Hassler et al., 2021). The very rapid accumulation of three-dimensional structural data is likely to greatly accelerate the development of molecules aimed at treating COVID-19 patients (Sorokina et al., 2020).



Discussion

For virologists, ACE2 is the receptor for Sarbecoviruses. But to see ACE2 as a simple receptor necessary to initiate the replication cycle of the virus would be to ignore the essential role of ACE2 in the pathophysiology of COVID-19. ACE2 was not maintained during species evolution to wait for an unlikely meeting with a spike of Sarbecovirus. The regulatory function of the RAS pathway naturally devolved to ACE2 is the key element to be considered. The imbalance of the RAS pathway followed by the uncontrolled elevation of Ang II levels in SARS-CoV-2 infected patients and signaling through AT1R is the triggering event that can lead to severe forms of COVID-19. Thereby, COVID-19 is primarily a vascular rather than a respiratory disease and Ang II/AT1R blockade might attenuate progression to COVID-19.

The global COVID-19 Host Genetics Initiative (HGI) was set up to bring together international experts in human genetics and epidemiology to explore the genetic determinants of COVID-19 susceptibility, who have shed light on several host factors including ACE2, ACE, TMPRSS2, several chemokine receptors, the IL-6 receptor, IFN, and HLA, which are likely at the forefront of parameters affecting the disease severity (Correale et al., 2020; Ellinghaus et al., 2020; Initiative, 2020; Karaderi et al., 2020; Lorente et al., 2020; Nguyen et al., 2020; Strafella et al., 2020; Zhang Q. et al., 2020; Fricke-Galindo, 2021; Goujon et al., 2021; Martin-Sanchos et al., 2021; Pairo-Castineira et al., 2021). The list of genes possibly involved in the severity of COVID-19 continues to grow and indicates that the predisposition to severe COVID-19 is multifactorial. Understanding these pathways may help identifying targets for COVID-19 therapy and prophylaxis. Although the implication of a multiplicity of genes in the severity of COVID-19 is oubvious when considering the heterogenity in patient’s cases, we consider members of RAS as the main actors of the pathophysiological process. Besides ACE2 and Ang II, RAS can also be regulated by insertion/deletion (I/D) polymorphism of the ACE gene increasing the risk of severe forms of COVID-19 (Marshall et al., 2002; Harrap et al., 2003; Sayed-Tabatabaei et al., 2006; Gupta et al., 2009; Yamamoto et al., 2021). Association between the I/D polymorphism and blood pressure status has been reported (Jeunemaitre et al., 1992; Schmidt et al., 1993; Duru et al., 1994; Kario et al., 1999; Giner et al., 2000; Martinez et al., 2000; Agachan et al., 2003). Infusion of Ang I into normosensitive men was followed by higher venous levels of Ang II and increase in blood pressure in D/D carriers compared with I/I carriers (Ueda et al., 1995). Moreover, it has been reported that higher plasma IL-6 levels can be detected in ST segment elevation myocardial infarction patients, when the D allele is present (Dai et al., 2019). The possible association between the ACE genotype and the severity of COVID-19 should be further explored (Celik et al., 2021; Verma et al., 2021). One report indicates that the prevalence of D/D polymorphism is higher in COVID-19 patients with pulmonary embolism (PE) than patients without PE (Calabrese et al., 2021).

Our review highlights that the most important factors associated with severe COVID-19 outcome are related to the RAS and the regulation of blood pressure and coagulation. By focusing our attention to ACE2, we have come to the conclusion that this molecule may potentially play contrasting roles at different stages of the disease, with its ability to enable viral entry into the cell at early stages of infection thereby increasing disease susceptibility and later by decreasing Ang II/AT1R signaling thereby reducing the severity of the disease. Revisiting the structure and function of this molecule highlights the crucial role of ACE2 in the pathophysiology of sarbecoviruses-induced diseases, particularly in the context of inflammation and thrombosis. A low expression of ACE2 in the respiratory tract (e.g., epithelial cells, arterial and venous endothelial cells present in abundance in the lungs, and arterial smooth muscles) is associated with increased circulating levels of Ang II. The interaction of Ang II with AT1R and activation of various AT1R-dependent signaling pathways induce ROS release from monocytes able to trigger DNA damages and apoptosis in neighboring T-cells leading to lymphopenia, and endothelial injury by inhibiting NO synthesis. It is associated with vasoconstriction, hypertension, vascular permeability, fluid extravasation, and accelerated thrombosis in arterioles by activating hemostasis and the complement system. This process is accompanied by a recruitment of neutrophils and macrophages to the affected tissues leading to the “cytokine storm” (e.g., IL-6, MIP2, TNFα, and IFN responses). Perivascular inflammation is composed mainly of lymphocytes, with thrombi in the branches of the pulmonary artery and focal areas of congestion in the alveolar septal capillaries, as well as septal capillary lesions with wall and luminal fibrin deposition. Taken as a whole, these observations lead us to assume that instead of considering COVID-19 as respiratory tract diseases, we should rather see this disease as a clinical picture of hypercoagulopathy, microvascular immunothrombosis, and hyperinflammation. The loss of ACE2 function after the binding of SARS-CoV-2 is driven by mACE2 receptor endocytosis, activation of proteolytic cleavage of mACE2 and ACE2 gene transcriptional downregulation. Accurate quantification of RAS biomarkers should be added to the collection of tools aimed at monitoring COVID-19 infection both at pre-clinical and clinical levels.

According to the literature and our own observations, ACE2 and Ang II are the most relevant host factors in later stages of the disease and ACE2 should be seen as an ally in the global fight against COVID-19 and should be considered when designing appropriated drugs for COVID-19 therapy. It now appears that we can see the direction in wich work to deal with this disease should head. It requires treatment consisting in maintaining the homeostasis of the RAS pathway by preventing the elevation of the circulating levels of Ang II through sufficient biodisponibility of ACE2 to hydrolyze Ang II (including the use of human recombinant soluble ACE2), by inhibiting the Ang II/AT1R axis using ARBs which decrease the surface expression of AT1R, and/or by using calcium channel blokers as an alternative to ACEi and ARBS.
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Porcine epidemic diarrhea virus (PEDV) in the Coronavirus family is a highly contagious enteric pathogen in the swine industry, which has evolved mechanisms to evade host innate immune responses. The PEDV-mediated inhibition of interferons (IFNs) has been linked to the nuclear factor-kappa B (NF-κB) pathway. MicroRNAs (miRNAs) are involved in virus–host interactions and IFN-I regulation. However, the mechanism by which the PEDV regulates IFN during PEDV infection has not yet been investigated in its natural target cells. We here report a novel mechanism of viral immune escape involving miR-615, which was screened from a high-throughput sequencing library of porcine intestinal epithelial cells (IECs) infected with PEDV. PEDV infection altered the profiles of miRNAs and the activities of several pathways involved in innate immunity. Overexpression of miR-615 increased PEDV replication, inhibited IFN expression, downregulated the NF-κB pathway, and blocked p65 nuclear translocation. In contrast, knockdown of miR-615 enhanced IFN expression, suppressed PEDV replication, and activated the NF-κB pathway. We further determined that IRAK1 is the target gene of miR-615 in IECs. Our findings show that miR-615 suppresses activation of the NF-κB pathway by suppressing the IRAK1 protein and reducing the generation of IFN-IIIs, which in turn facilitates PEDV infection in IECs. Moreover, miR-615 inhibited PEDV replication and NF-κB pathway activation in both IECs and MARC-145 cells. These findings support an important role for miR-615 in the innate immune regulation of PEDV infections and provide a novel perspective for developing new treatments.
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Introduction

The emerging and re-emerging Coronavirus family member porcine epidemic diarrhea virus (PEDV) attacks neonatal piglets and causedto cause acute watery diarrhea, with a substantial mortality rate. The global swine industry has sustained tremendous financial losses as a result of PEDV infections (Akira et al., 2006; Li et al., 2012; Dong and Soong, 2021). The target cells for PEDV are porcine intestinal epithelial cells (IECs), and PEDV strain CV777 could successfully infect an immortalized IEC line (Cao et al., 2015b; Lin et al., 2015; Wang et al., 2016). Previous studies have shown that type-I interferons (IFN-Is), which are produced by the host innate immune response, are crucial in limiting PEDV replication by eliciting an innate antiviral response (Zhang et al., 2016; Jegaskanda et al., 2018). IFN-Is also promote adaptive immunity during influenza virus infections by enhancing natural killer cell function (Hoffmann et al., 2015).

Type-III interferons (IFN-IIIs) are believed to employ the same antiviral mechanism as IFN-Is and induce IFN-stimulated gene expression, with IFN-III receptors being distributed primarily in gastrointestinal and respiratory epithelial cells (Li et al., 2016). Studies on PEDV-infected IECs (IPEC-J2), as well as several other reports, have shown that IFN-IIIs play an important role in inhibiting PEDV infection in IECs (Li et al., 2016; Lui et al., 2016). IFN-IIIs also exhibit strong antiviral activity in Vero cells (Ma et al., 2018; Xue et al., 2018). Therefore, IFN-IIIs may be key factors regulating PEDV infection.

Viruses generally develop diverse mechanisms to evade the host innate immune response, such as by antagonizing IFN production (Li et al., 2017a; Zhang et al., 2018b). IFN antagonism and production have also been implicated in PEDV mechanisms for evading innate immunity (Annamalai et al., 2015; Li et al., 2017b). Therefore, identification of the antiviral factors of the innate immune system is crucial for the control of PEDV infection. IRF3, nuclear factor kappa B (NF-κB), and IRF7 activation are crucial for the release of IFN-IIIs. IFN-λ1, −λ4, and -λ3 have been identified in IPEC-J2 cells (Li et al., 2017b; Zhang et al., 2018b). In small intestinal epithelial cells (IPEC-J2), PEDV inhibited IFN-III secretion through interfering with IRF and NF-κB (Zhang et al., 2018b). However, PEDV regulates small intestinal epithelial cells of different origins in different ways. In IECs, PEDV could induce NF-κB activation through the Toll-like receptor (TLR)2, TLR3, and TLR9 pathways in porcine intestinal epithelial cells at 24 h.

The NF-κB pathway has been reported to affect the secretion of IFN-IIIs more potently than IFN-I pathways (Pu et al., 2017). Additionally, the majority of TLRs use myeloid differentiation primary response 88 (MyD88), which participates in the recruitment of interleukin-1 receptor-associated kinase (IRAK)1 and 4 (Fisher et al., 2021). Tumor necrosis factor (TNF) receptor-associated factor 6 (TRAF-6) is triggered by IRAK1 phosphorylation, which activates NF-κB and mitogen-activated protein kinase (MAPK; Akira et al., 2006). Furthermore, PEDV-infected cells were found to alter the activity of the NF-κB pathway (Wang et al., 2016).

MicroRNAs (miRNAs) are small RNAs that are 18–23-nucleotides in length and exhibit various effects on cell proliferation, differentiation, and apoptosis, and in viral infections (Huang et al., 2018). Viral infections result in the dysregulated expression of miRNAs, and these changes in miRNA abundance can in turn affect viral infection and cellular physiological processes by regulating innate immunity. Several reports have shown that miRNAs inhibit PEDV infection by downregulating different target genes that are required for innate immunity (Wu et al., 2013; Zheng et al., 2018; Qi et al., 2021). In particular, miR-221-5p was found to decrease the rate of PEDV replication in MARC-145 cells by boosting activation of the NF-κB pathway (Zheng et al., 2018). In addition, miR-129-3p, which was identified in the process of studying porcine circovirus 2-infected cells, inhibited PEDV replication by targeting the NF-κB pathway in IPEC-J2 cells (Annamalai et al., 2015). By suppressing the expression of the proteins acting downstream of the NF-κB pathway in porcine kidney (PK) cells, miR-30c-5p reduces the expression of IFN-IIIs (Zhao et al., 2012; Buggele and Horvath, 2013; Song et al., 2015). However, the role and underlying mechanism of the miRNA-mediated regulation of the NF-κB pathway in PEDV infection in IECs have not yet been elucidated.

In this study, to ascertain the function of miRNAs in the innate immune response to PEDV infection, we performed high-throughput sequencing on PEDV-infected IECs, revealing a change in miRNA expression and innate immunity pathways under infectious conditions. Among the screened miRNAs, miR-615 was predicted to function in the NF-κB pathway and facilitate PEDV replication. We further found that miR-615 inhibits IFN-III expression and NF-κB pathway activation by targeting IRAK1. Conversely, miR-615 induced PEDV replication and inhibited the NF-κB pathway in two different types of cells (IECs and MARC-145). These data imply that miR-615 is a crucial PEDV target, and thus may be a potential target for PEDV treatment and prevention strategies.



Materials and methods


Cells and viruses

MARC-145 cells, which are kidney cells from an African green monkey, were grown in Dulbecco’s modified Eagle medium (DMEM; Hyclone, Logan, UT, USA) with 10% heat-inactivated fetal bovine serum (FBS; PAN-Biotech), and 100-times diluted penicillin and streptomycin (Hyclone). MARC-145 cells were used to validate the effect of miR-615 during PEDV infection. The IECs were cultivated in DMEM-F12 (Hyclone) supplemented with 10% FBS, penicillin, and streptomycin at the same concentrations as indicated above. All cells were kept in an incubator with 5% CO2 at 37°C as previously described (Wang et al., 2014). PEDV strains CV777 (GenBank accession number KT323979.1) and NW-17 (GenBank accession number MF782686.1) were provided by Nuoweilihua Biotechnology Co., which have an S gene from the epidemic strain group II. Strain NW-17 could infect IECs without trypsin and was therefore selected as an optimal strain for IEC infection. Vero cells were used to prepared the PEDV stock by three cycles of freezing and thawing, and were stored at −80°C.



Immunofluorescence assays (IFAs)

After 20 min of fixation at a 4:1 ratio of cold acetone and methanol, the cell samples were washed three times in phosphate-buffered saline (PBS). The cells were incubated with a monoclonal antibody (mAb) against the PEDV N or NF-κB p65 protein for 2 h. The cells were then rinsed three times with PBS and incubated for 1 h with a fluorescein isothiocyanate-conjugated AffiniPure Goat Anti-rabbit/Mouse secondary antibody (Sungene Biotech, Tianjin, China). Hoechst 33258 was utilized to stain the nucleus, and the cell samples were analyzed with a laser-scanning confocal microscope after three PBS rinses (Olympus). The experiment was performed at room temperature.



Mirna microarray and predicting the mRNA targets of differentially expressed miRNAs (DEMiRs)

Deep sequencing was carried out at Novogene (Beijing, China). IECs were infected in triplicates for 24 h with CV777, NW-17, or a mock infection at a multiplicity of infection (MOI) of 1. The mock group was treated with PBS. Total RNA was isolated using Trizol reagent (Invitrogen). Nine small RNA libraries (triplicate samples of the control mock-, CV777-, and NW-17-infected groups) were generated for Illumina sequencing. The microarray assay was conducted as previously described (Hallman et al., 2013). The prediction of target genes of DEMiRs was performed using miRanda (John et al., 2004; version 3.3a), PITA1, and RNAhybrid.2 Gene Ontology enrichment analysis was performed to screen the potential functions of the significantly enriched target genes. Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analysis was applied to identify the potential pathways associated with the target genes of the DEMiRs (Kanehisa et al., 2008). p-values were corrected using the Benjamini–Hochberg strategy (Benjamini and Hochberg, 1995). Statistical significance was defined as a corrected p-value <0.05.



Validation of DEMiRs using reverse transcriptase-quantitative polymerase chain reaction (RT-qPCR)

Total RNA was extracted from IECs 24 h after infection at an MOI of 1. The Real-time Quantitative PCR Detection System and SYBR PrimeScript™ miRNA RT-PCR Kit were used to perform RT-qPCR. One microliter of each primer, 2.0 μl of diluted cDNA, and 12.5 μl of SYBR Green Premix Ex Taq II were included in each 25 μl reaction mixture. The thermocycling conditions comprised 95°C for 30 s, followed by 40 cycles of 95°C for 5 s and 60°C for 20 s. Each sample was processed in triplicates. Fifteen miRNAs were selected for testing. The expression of the U6 small RNA was used as the reference for data normalization. Table 1 contains the primer sequences for each miRNA and gene.



TABLE 1 Sequences of the miRNA mimic and inhibitor primers used in this study.
[image: Table1]



Transfection of miRNA mimics, miRNA inhibitors, and siRNAs

A miRNA mimics is a chemically synthesized double-stranded RNA identical to a mature miRNA sequence. A miRNA inhibitor is a chemically modified single-stranded RNA that is complementary to the mature miRNA sequenc. After 12 h of culture, MARC-145 cells and IECs were transfected for 24 h using Lipofectamine 3000 (Invitrogen) with mimic control (MC), miR-615 mimics, miR-615 inhibitor (miR-615 inhi; 100 nM), inhibitor control (IC; 100 nM), small interfering RNA (siRNAs; si-IRAK1), or siRNA control (SC; 50 nM), which were synthesized at RiboBio (Guangzhou, China). Subsequently, the cells were infected with PEDV at an MOI of 1.0. After 24 h of infection, the cells were examined for indirect immunofluorescent labeling, or collected for RNA quantification or western blotting.



Plasmids

pCDNA3.1+ plasmid was used to clone the Flag-IRAK1 plasmid at Genecreate using the BamHI and EcoRI restriction sites (Wuhan, China). The miRNA reporter plasmids, WT-pmirGLO-IRAK1 (wild-type, WT), and MuTpmirGLO-IRAK1 (mutant type; MuT) were subcloned into pmirGLO using the Nhel and SalI sites at Genecreate. pNiFty-luc plasmids is composed of a minimal Promoter, five NF-κB repeated transcription factor binding sites and a Luc (Luciferase) reporter gene of mammal.



Dual-luciferase reporter assays

The potential miR-615 target genes in the 3′-untranslated region (3′-UTR) of IRAK1 were identified using the luciferase vector pmirGLO (Promega, Madison, WI, USA). The wild-type (WT-pmirGLO-IRAK1) or mutant (MuTpmirGLO-IRAK1) 3′-UTR sections of IRAK1 were subcloned into the pmirGLO vector and co-transfected into 293 T cells with miR-615. NF-κB activity was detected using pNiFty-luc and pRL-TK plasmids with the Dual-Luciferase Reporter Assay System (Promega, Madison, WI, USA) according to the manufacturer instructions.



Western blotting

The cells were lysed using radioimmunoprecipitation assay buffer (Beyotime, Shanghai, China) and centrifuged at 4°C for 12,000 rpm. The concentration of the lysate was evaluated using a bicinchoninic acid (Thermo Scientific) protein assay kit. Each sample was diluted with 5Хloading buffer, boiled for 10 min, resolved on a sodium dodecyl sulfate-polyacrylamide gel electrophoresis gel, and then deposited onto polyvinylidene fluoride membranes at equal amounts. The membranes were blocked with 5% skim milk for 1 h and incubated overnight at 4°C with the primary antibodies against β-actin (1:1,000; 5,057; Cell Signaling Technology, Danvers, MA, USA), phospho-NF-κB p65 antibody (1:1,000; 3,033; Cell Signaling Technology), NF-κB p65 (1:1,000; 6,956; Cell Signaling Technology), and MyD88 (1:1,000; NB100-5698SS; RDSC). Proteins were detected using enhanced chemiluminescence detection reagents after being treated with secondary antibodies, HRP-conjugated goat anti-mouse IgG or goat anti-rabbit IgG (Beyotime). All samples were incubated along with β-actin as an internal standard. PEDV anti-nucleocapsid (N) protein antibody (1:1,000) was gifted by Prof. Tong Guangzhi, Shanghai Veterinary Research Institute.



Statistical analyses

All data were statistically analyzed using Student’s t-test in Graphpad Prism 9.3.1 for analysis of variance (ANOVA).




Results


Dysregulated expression of miRNAs in circulating and vaccine strain-infected IECs

Villous epithelial cells are the primary target cells of PEDV infection; therefore, IECs are a suitable model for studying virus–cell interactions in the intestinal epithelia (Wang et al., 2014). IECs have been found to be susceptible to certain PEDV strains such as CV777, independent of high concentrations of trypsin (Cao et al., 2015b).

The IFA results of the IECs at 24 h post-inoculation (hpi) with CV777 and NW-17 (MOI = 1) suggested significantly higher fluorescence in the CV777- and NW-17-infected groups than that in the mock-infected group (Figure 1A). This observation confirmed that CV777 and NW-17 could infect IECs effectively.
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FIGURE 1
 PEDV infection changes cellular microRNA profiles. (A) Immunofluorescence showing PEDV N protein expression in IECs (green). IECs were infected with the CV777 and NW-17 strains at a multiplicity of infection (MOI) of 1. Cells were fixed and stained with a mouse anti-N monoclonal antibody (mAb). Scale bar = 20 μm. (B) Venn diagrams showing the differentially expressed microRNAs (DEMiRs) among CV777-infected vs. mock-infected cells and NW-17-infected vs. mock-infected cells. (C) Heatmap showing the high abundance of DEMiRs. (D) Verification of the miRNA microarray assay using RT-qPCR. Data from RT-qPCR are shown as the mean ± SD of three independent experiments. U6 mRNA was detected as a control. (E and F) KEGG pathway enrichment analysis of the main DEMiRs for the CV777- and NW-17-infected groups, respectively. (G) Transfection of miRNAs inhibited or enhanced viral replication. IECs were transfected with the miR-671-5p, miR-708-5p, miR-615, or MC mimics at 50 nmol, followed by infection with PEDV (MOI = 1). Cells were collected for RT-qPCR at 24 h post-infection (hpi). PEDV genomic RNA was determined by RT-qPCR. Asterisks indicate statistical significance. *p < 0.05; **p < 0.01; ***p < 0.001.


To identify whether miRNAs play a role in virus–cell interactions, we performed high-throughput sequencing to obtain the miRNA profiles of mock-infected or PEDV (CV777 and NW-17)-infected IECs at an MOI of 1 at 24 hpi. In comparison to the mock-infected group, 102 known miRNAs were found to be differentially expressed in the CV777-infected group and 98 known miRNAs were differentially expressed in the NW-17-infected group. Among them, 78 miRNAs were commonly differentially expressed in both infection groups (Figure 1B).

A total of 55 high-abundance miRNAs were selected by setting the read count to >250 (p < 0.05; Figure 1C). Of these miRNAs, 28 were upregulated and 27 were downregulated. To validate the high-throughput results of the DEMiRs, RT-qPCR was used to analyze the expression of 13 DEMiRs that were common to both groups (Figure 1D).

Using the KEGG pathway database, the roles of the DEMiRs in response to the PEDV strains were predicted, showing enrichment in several pathways, including the NF-κB, apoptosis, MAPK, TNF, and TLR signaling pathways, which participate in antiviral activities (Figures 1E,F). The high enrichment scores for the NF-κB and TLR signaling pathways indicated that innate immunity plays an important role in PEDV infection.

The DEMiRs enriched in the NF-κB pathway, miR-615, miR-708, miR-221-5p, and miR-671-5p, were selected for further investigation. Three miRNAs (miR-708, miR-671-5p, and miR-221-5p) were found to exert inhibition on PEDV replication by RT-qPCR. In particular, miR-615 overexpression significantly boosted viral replication compared to that in the MC group (p < 0.01; Figure 1G).



Mir-615 promoted PEDV infection and replication in IECs and MARC-145 cells

To further evaluate the interaction between miR-615 and PEDV in IECs and MARC-145 cells during PEDV infection, PEDV genomic and miR-615 RNA were detected using RT-qPCR. In IECs, the expression of miR-615 showed a downward trend (p < 0.01; Figure 2A). In MARC-145 cells, miR-615 expression was up-regulated at 12 h and was down-regulated at 24 h (p < 0.001; Figure 2B). The overexpression of miR-615 promoted viral replication in IECs (p < 0.01; Figure 2C) and MARC-145 cells (p < 0.001; Figure 2E). Conversely, the downregulation of miR-615 expression inhibited viral replication compared to that in the IC group in the IECs (p < 0.001; Figure 2D) and MARC-145 cells (p < 0.001; Figure 2F).
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FIGURE 2
 miR-615 facilitates PEDV infection in MARC-145 cells and IECs. (A and B) PEDV regulated miR-615 expression in IECs and MARC-145 cells. IECs (A) and MARC-145 cells (B) were infected with PEDV at a multiplicity of infection (MOI) of 1 and samples were collected at 6, 12, and 24 h post-infection. RT-qPCR was used to assess miR-615 expression. (C–F) IECs and MARC-145 cells were transfected with the MC, miR-615 mimic, IC, or miR-615 inhibitor (100 nmol). After 24 h, the cells were infected with PEDV at an MOI of 1. After 18 h, the PEDV genomic RNA of the MC, miR-615 mimic, IC, and miR-615 inhibitor in the IECs (A,B) and transfected MARC-145 cells (C,D) were assessed using RT-qPCR. PEDV N protein level was measured using western blotting following transfection with the MC or miR-615 mimic for 6 and 12 h in the IECs (G) and MARC-145 cells (H). The intensity represents PEDV N protein levels normalized against that of β-actin across three independent experiments in IECs and MARC-145 cells, respectively. The data are presented as the mean ± SD of three independent experiments, performed with technical duplicates. *p<0.05, **p < 0.01, ***p < 0.001.


Western blotting showed that the level of PEDV N protein expression increased in IECs (Figure 2G) and MARC-145 cells (Figure 2H) after transfection with the miR-615 mimic for 6 and 12 h.



Mir-615 inhibited the expression of IFN-IIIs in IECs and IFN-Is in MARC-145 cells

Recent studies suggested that IFN-III has an important effect on the antiviral activity of small IECs (Zhang et al., 2018b). Consistently, we found that PEDV replication could be inhibited by IFN-λ3 (Figure 3A). Therefore, we hypothesized that miR-615 affects the expression of IFN-IIIs or IFN-Is, which in turn enhances viral replication. To test this hypothesis, we assessed the expression of IFN-IIIs in PEDV-infected IECs and of IFN-I in MARC-145 cells.
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FIGURE 3
 miR-615 downregulated the levels of IFN-Is in MARC-145 cells and of IFN-IIIs in IECs. (A) IFN-λ3 inhibited PEDV replication in IECs and MARC-145 cells. IECs and MARC-145 cells were seeded and treated with 100 ng/ml IFN-λ3 for 12 h, followed by infection with PEDV at a multiplicity of infection (MOI) of 1 with incubation for 2 h and replenished with fresh infection medium containing the IFN-λ3. Cell culture supernatants were collected at 12 and 24 h post-infection and titrated to determine the TCID50. MARC-145 and IECs were transfected with miR-615 for 24 h and then stimulated with poly (I:C; 10 μg/ml) for 24 h during PEDV infection. The cells were then harvested for RT-qPCR to determine the levels of (B) IFN-λ1 and (C) IFN-λ3 in the IECs, and of (D) IFN-α and (E) IFN-β in MARC-145 cells. The data are representative of three independent experiments (mean ± SD). ***p < 0.001, **p < 0.01.


miR-615 mimics were transfected into the cells and/or poly (I:C) was used to stimulate the cells for 24 h. RT-qPCR was used to examine the expression of the two IFN-III subtypes, IFN-λ1 and-λ3. IFN-λ1 and λ3 expression was upregulated after stimulation with poly (I:C), which served as a positive control; however, the expression levels of IFN-λ1 and -λ3 significantly decreased following miR-615 transfection in IECs (p < 0.01; Figures 3B,C).

We also evaluated IFN-β and -α levels in miR-615-transfected MARC-145 cells. Poly (I:C) stimulation upregulated IFN-β and -α expression, whereas miR-615 transfection significantly downregulated their expression (p < 0.01; Figures 3D,E). The downregulation of IFN-Is and -III expression suggests that miR-615 may affect the IFN pathway in these two types of cells when infected with PEDV.



Mir-615 inhibits NF-κB pathway activation in IECs and MARC-145 cells

Based on our preliminary findings, we hypothesized that miR-615 restricts the NF-κB pathway from being activated. The expression of IFNs is induced when NF-κB binds to the positive regulatory domain (PRD) II in the nucleus after translocation. Thus, we further examined NF-κB activity to explore whether the pathway was inhibited by miR-615 or miR-615 inhibitors. The NF-κB reporter luciferase plasmid (pNiFty-luc; containing five PRDII sites), thymidine kinase promoter-Renilla luciferase reporter plasmid (pRL-TK; an internal control plasmid), and miR-615 mimics or inhibitors were co-transfected into IECs, followed by poly (I:C) stimulation; thereafter, cell lysates were collected to detect luciferase activity at 24 hpi. The luciferase reporter assays showed that miR-615 markedly inhibited poly (I:C)-induced PRDII activity in IECs (p < 0.01; Figure 4A). Conversely, miR-615 inhibitors increased PRDII activity (p < 0.01; Figure 4B). Comparable results were observed in MARC-145 cells (Figures 4C,D). These results verified our hypothesis that miR-615 inhibits NF-κB pathway activity in both IECs and MARC-145 cells.
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FIGURE 4
 miR-615 inhibits NF-κB activation. Luciferase activity in IECs and MARC-145 cells. Cells were co-transfected using a dual-luciferase reporter system (pNiFty-luc and pRL-TK vectors, the activities of which indicate NF-κB-promoter activation) and miR-615 mimics or inhibitors for 24 h, and stimulated with poly (I:C) for 24 h during PEDV infection at a multiplicity of infection (MOI) of 1. Luciferase reporter activity of the miR-615 mimics in IECs (A) and MARC-145 cells (C). Luciferase reporter activity of the miR-615 inhibitors in IECs (B) and MARC-145 cells (D). The data are representative of three independent experiments (mean ± SD). ***p < 0.001.




Mir-615 inhibits NF-κB activation by suppressing p65 nuclear translocation

Next, we explored the mechanism of NF-κB inhibition. The IFA results revealed a significant reduction in the nuclear abundance of p65 protein in the miR-615 transfection group as compared to that in the MC-transfected group in both IECs (Figure 5A) and MARC-145 cells (Figure 5C). The abundance of p-p65 was found to decrease following transfection with miR-615 mimics in both the poly (I:C)-induced and non-poly (I:C)-induced groups (Figure 5B). We further examined p-p65 proteins upstream of MyD88 to investigate the mechanism underlying NF-κB downregulation. The results showed that p-p65 expression was downregulated, whereas MyD88 expression was not changed with the transfection of miR-615 in IECs (Figure 5B) and MARC-145 cells (Figure 5D). These results suggested that miR-615 inhibits the NF-κB pathway by repressing p65 nuclear translocation.

[image: Figure 5]

FIGURE 5
 miR-615 inhibits the nuclear translocation and downregulates the phosphorylation of p65. (A,C) Immunofluorescence analysis of the nuclear translocation of p65 protein after transfection of miR-615 mimics during PEDV infection in IECs and MARC-145 cells. IECs and MARC-145 cells were transfected with miR-615. Poly (I:C) stimulation was added for 24 h during PEDV infection. Cells were fixed and stained with a rabbit anti-phosphorylated (p)-p65 and MyD88 monoclonal antibodies. Scale bar = 15 μm. (B,D) Western blot analysis for detection of the (p)-p65 and MyD88 proteins.




Identification of IRAK1 As a target gene of miR-615 in IECs

To explore the mechanism whereby miR-615 inhibits NF-κB activation, target gene prediction was conducted using miRanda3, PITA4, and RNAhybrid5, which identified 167 target genes (Supplementary Table S1). The most interesting candidate target gene was IRAK1 as it had the highest prediction score (174) and was enriched in the NF-κB pathway. Therefore, we hypothesized that IRAK1 is a target gene of miR-615.

Two reporter gene plasmids were constructed containing WT and seed region-Mut target sites (MuT) with matching or mutated target gene seed sites of miR-615 in the 3′-UTR of IRAK1 (Figure 6A). miR-615 inhibited the luciferase activity of the WT reporter plasmid when compared with that in the MC-transfected group; however, miR-615 did not repress the activity of the mutated dual-luciferase reporter gene plasmid (Figure 6B). Moreover, transfection with miR-615 mimics downregulated IRAK1 protein expression, whereas transfection with miR-615 inhibitors upregulated its expression (Figure 6C).
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FIGURE 6
 miR-615 targets IRAK1. (A) Bioinformatic prediction of the interactions between miR-615 and the 3′-UTR of swine IRAK1. For each schematic, the upper sequence is the sequence of mature miR-615, the middle sequence is the sequence in the binding site of miR-615 in the 3′-UTR of swine IRAK1, and the lower sequence is the mutated sequence of the IRAK1 3′-UTR. The seed sequence is underlined. (B) Luciferase activity in 293 T cells co-transfected with miR-615 mimics (or MC) and luciferase reporter gene plasmids containing the WT and Mut 3′-UTRs of IRAK1 for 48 h. Data are normalized against firefly luciferase activity. Comparisons between groups were determined using Student’s t-tests. ***p < 0.001, **p < 0.01. (C) The level of the IRAK1 protein during transfection with miR-615 mimics or inhibitors in IECs detected using western blotting during PEDV infection. Western blotting was conducted using anti-IRAK1 antibody at 24 h post-infection (hpi).




Mir-615 inhibits activation of the NF-κB pathway and promotes viral replication by targeting IRAK1

To determine whether repression of the NF-κB pathway by miR-615 is dependent on the regulation of IRAK1 expression, we first examined the effect of IRAK1 on the NF-κB pathway using a dual-luciferase reporter assay with overexpression and knockdown of IRAK1 in PEDV-infected IECs stimulated with poly (I:C). The NF-κB pathway was activated by IRAK1 overexpression (Figure 7A) and was downregulated by knockdown of IRAK1 (Figure 7B). In addition, IRAK1 overexpression upregulated IFN-λ1 and -λ3 expression during viral infection (Figures 7C,D).
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FIGURE 7
 miR-615 inhibits NF-κB pathway activation by regulating IRAK1. (A) IRAK1-flag or negative control (NC) and (B) si-IRAK1 or siRNA control (SC) were co-transfected with pNiFty-luc and pRL-TK into IECs. Cells were then stimulated with poly (I:C) and infected with PEDV (MOI = 1) at 24 h post-infection (hpi) or left untreated (unstimulated). Cells were then collected for the dual-luciferase reporter assay. (C,D) IECs were transfected with IRAK1-flag (or NC) or si-IRAK1 (or SC) for 24 h. Poly (I:C) stimulation and viral infection were then induced. After 24 h, IECs were collected for RT-qPCR to determine (C) IFN-λ1 and (D) IFN-λ3 expression. (E) Rescue experiment. Luciferase activity was rescued by IRAK1 overexpression. IECs were co-transfected with miR-615 (or MC) and IRAK1-flag (or NC). At 24 hpi, poly (I:C) stimulation and viral infection were induced. After 24 h of stimulation, cells were collected and the luminescence activity was determined. (F) IRAK1 knockdown and overexpression were confirmed using western blotting. The data are representative of three independent experiments (mean ± SD). ***p < 0.001.


To further examine whether the effect of miR-615 on the NF-κB pathway was dependent on its regulation of IRAK1 expression, miR-615 and IRAK1 were overexpressed and the effects on the NF-κB pathway activity were examined. Porcine IECs were co-transfected with pNif-TK, pRL-TK, miR-615 mimics, or Flag-IRAK1, and poly (I:C) was used to induce NF-κB pathway activation. The rescue experiment showed that IRAK1 overexpression promoted NF-κB pathway activation and reversed the miR-615-dependent repression of the NF-κB pathway (Figure 7E). Collectively, these data indicate that miR-615 inhibits the NF-κB pathway by targeting IRAK1. The knockdown and overexpression of IRAK1 protein were further confirmed using western blotting (Figure 7F).




Discussion

PEDV infection has been reported to antagonize innate immunity (Annamalai et al., 2015; Cao et al., 2015a). The main factors involved in antiviral innate immunity are IFN-Is and -IIIs. Notably, IFN-IIIs are involved in innate immunity in IECs. Multiple PEDV-encoded proteins inhibit the production of IFNs (Ding et al., 2014; Zhang et al., 2017). miRNAs have been reported to play a pivotal role in the regulation of viral infections by targeting the viral genome or regulating host cytokines to modulate the cellular environment (Bartel, 2009). To further examine the mechanisms and interactions between miRNAs and PEDV in porcine IECs, deep-sequencing techniques were used to analyze miRNA expression profiles. We found that PEDV infection altered cellular miRNA expression profiles in IECs. Furthermore, the innate immunity pathway was confirmed to be involved in PEDV infection. miR-615 was enriched in this pathway, and its overexpression promoted viral replication by inhibiting IFN-III expression and targeting IRAK1 in the NF-κB pathway. To the best of our knowledge, this is the first report of an miRNA targeting IRAK1 during PEDV infection in IECs to function as a negative regulator of IFN-IIIs production.

PEDV infection has previously been shown to affect miRNA profiles and innate immunity (Huang et al., 2016; Zhang et al., 2018a; Qi et al., 2021). High-throughput sequencing of miRNAs in PEDV-infected IPEC-J2 cells revealed few identical differential miRNAs were expressed compared to our study. However, the KEGG pathway analysis showed that TLRs, Janus kinase-signal transducer and activator of transcription (JAK–STAT), retinoic acid-inducible gene I (RIG-I), and autophagy were involved in the response to PEDV infection. Our deep-sequencing KEGG analysis showed enrichment in the primary pathways involved in innate immunity (NF-κB and TLR signaling pathways; Zhang et al., 2018a). Another study using miRNA-mRNA high-throughput sequencing in PEDV-infected ST cells showed that innate immunity pathways were enriched following PEDV infection. Moreover, infection with different strains can induce the activation of different signaling pathways (Zhang et al., 2021). In PEDV-infected PK cells, high-throughput sequencing revealed few similar DEmiRNAs compared to those identified in other studies (Huang et al., 2016). However, PEDV-infected IECs (Cao et al., 2015b) showed activation of the NF-κB pathway. This may suggest that cells from the same source will have similar immune regulatory mechanisms after being infected by different PEDV strains. Our results thus provide insight into the mechanism of NF-κB pathway activation after PEDV infection of IECs. The inconsistency between our results and those of other studies may be attributed to different mechanisms of PEDV infection regulation in cells of different origins and the effects of different PEDV strains. Thus, our sequencing results provide insight on PEDV infection at the RNA level.

IFN-IIIs play a key role in antiviral innate immunity in the gut and at the mucosal surface. Compared with IFN-Is, IFN-IIIs preferentially inhibit PEDV infection in IECs (Li et al., 2017b). The robust activation of JAK–STAT signaling is induced to a greater degree by IFN-λ3 than by IFN-α. IFN-λ3 further plays a critical role in PEDV infection (Li et al., 2019). Similarly, IFN-λ1 exhibited strong anti-PEDV effects on IECs by activating the JAK–STAT signaling pathway. Furthermore, both IRF1 and NF-κB are related to PEDV-mediated IFN-IIIs suppression (Xue et al., 2018). In this study, we found that miR-615 downregulated IFN-λ1 and -λ3 expression by repressing the NF-κB pathway to facilitate PEDV replication. These results provide new insight into the mechanism by which IECs and PEDV interact through the NF-κB pathway. In addition, the transcription of IFN-III genes is more dependent on the NF-κB pathway than on the IRF system (Zhang et al., 2018b). This suggests that miR-615 is an important factor in cellular antiviral responses and an important anti-PEDV target. Notably, we did not identify changes in IFN-λ4 in IECs, which may be attributable to the low expression of IFN-λ4.

The inhibitory effect of miR-615 on the NF-κB pathway has been suggested in many other studies. In non-small cell lung cancer cells, miR-615-3p has been shown to be crucial in preventing cancer cell proliferation and metastasis by targeting insulin-like growth factor 2 (Liu et al., 2018). In breast cancer research, miR-615 was reported as a potential anti-onco-miR by targeting AKT serine/threonine kinase 2 expression (Bai et al., 2015). However, both the insulin-like growth factor 2 and AKT serine pathways could have an effect on the activity of the NF-κB pathway. In our study, miR-615 inhibited activation of the NF-κB pathway. This further suggests that miR-615 could exert its biological function by affecting the NF-κB pathway. It is worth noting that the NF-κB pathway is often activated in certain tumor cells, which further supports the role of miR-615 in affecting the NF-κB pathway. Finally, miR-615 promoted viral replication and inhibited the activation of the NF-κB pathway in both IECs and MARC-145 cells, suggesting the conserved role of miRNAs in different cells.

IRAK1 plays a critical role in TNF-α-induced NF-ĸB activation (Kim et al., 2012). The miRNAs miR-21, miR-146, miR-223, and miR-142a-3p have been reported to repress the NF-κB pathway by targeting IRAK1 (Chen et al., 2013; Hung et al., 2013; Xu et al., 2013). In this study, we strongly suggest that miR-615 inhibited activation of the NF-κB pathway by targeting IRAK1. This further demonstrated the key role of IRAK1 in NF-κB pathway activation and also supports that the same target gene can be regulated by multiple miRNAs.

Collectively, our study showed that PEDV infection affects the NF-κB pathway and other innate immune-related pathways by changing the miRNA profiles. Our data further revealed the mechanism by which PEDV infection inhibits the secretion of IFN-IIIs in IECs and provides a new perspective for understanding the function of miR-615. Furthermore, we provide novel information regarding the intricate interplay between PEDV and cellular innate immunity in IECs during PEDV infection, which may offer new targets for the development of effective therapies to control PEDV and other coronaviruses.
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Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV), Middle East Respiratory Syndrome (MERS), and the recent SARS-CoV-2 are lethal coronaviruses (CoVs) that have caused dreadful epidemic or pandemic in a large region or globally. Infections of human respiratory systems and other important organs by these pathogenic viruses often results in high rates of morbidity and mortality. Efficient anti-viral drugs are needed. Herein, we firstly take SARS-CoV-2 as an example to present the molecular mechanism of CoV infection cycle, including the receptor binding, viral entry, intracellular replication, virion assembly, and release. Then according to their mode of action, we provide a summary of anti-viral peptides that have been reported in peer-reviewed publications. Even though CoVs can rapidly evolve to gain resistance to the conventional small molecule drugs, peptide-based inhibitors targeting various steps of CoV lifecycle remain a promising approach. Peptides can be continuously modified to improve their antiviral efficacy and spectrum along with the emergence of new viral variants.
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Introduction

Coronaviruses are membrane enveloped virus particles, which contain a single-stranded positive-sense ribonucleic acid (RNA) genome and a matrix of RNA-associated capsid proteins (Zhou et al., 2020; Li et al., 2022). Taxonomically, four genera are classified within the coronaviridae family, including alpha-, beta-, gamma-, and delta-coronaviruses. Among them, seven alpha-and beta-CoV species have been identified as zoonotic coronaviruses (HCoVs). The highly pathogenic members are Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV), Middle East Respiratory Syndrome Coronavirus (MERS-CoV), and the recently emerged SARS-CoV-2, all of which are capable of causing severe respiratory tract infections and acute respiratory distress syndrome (ARDS). Infections by the intensively pathogenic HCoVs, especially SARS-CoV-2, have been the top concern of public health in recent years. The other HCoVs, HCoV-229E, HCoV-NL63, HCoV-OC43, and HCoV-HKU1 that normally cause mild respiratory illness have circulated within human populations for centuries. Although numerous drugs and vaccines have been developed and applied to combating SARS-CoV-2 or subsequent variants, drug resistance raises great concern (Rawson et al., 2020; Tannock et al., 2020; Kasuga et al., 2021; Şimşek-Yavuz and Komsuoğlu elikyurt, 2021). For example, the SARS-CoV-2 B.1.617.2 (delta) variant can rapidly gain resistance to monoclonal antibody after treatment (Rockett et al., 2022). The more recent B.1.1.529 (Omicron) variant is highly resistant to the majority of existing SARS-CoV-2 neutralizing antibodies (Cao et al., 2022; Hoffmann et al., 2022) as well as mRNA vaccines (Cele et al., 2022; Edara et al., 2022). Therefore, effective broad-spectrum antiviral therapeutics are still needed.

Recent observations indicated that peptides of diverse sources (either natural or synthetic) represent a class of promising antivirals. Peptides are small fragments of proteins typically comprising of 2–50 amino acid residues. These peptides achieve viral inhibition through various modes of actions, including direct binding to virions or host cell-surface receptors, blocking viral entry, interfering enzymatic activity to inhibit intracellular replication, and indirectly modulating immune responses(Schütz et al., 2020; Ghosh and Weinberg, 2021; Heydari et al., 2021). Compared to the conventional small molecule drugs, peptide synthesis can be quickly launched and modified (Vagner et al., 2008; Gao et al., 2018). More importantly, the chemical composition makes peptides highly specific and effective to their targets, even at nanomolar or picomolar concentrations (Cao et al., 2020; Schütz et al., 2020; Heydari et al., 2021; Shah et al., 2022; Yang et al., 2022).

Herein, we take SARS-CoV-2 as an instance to introduce the structural and functional properties of coronaviruses, and the viral infection process. Then, a state-of-the-art overview is provided to summarize recent researches that report the anti-CoV efficacy of peptides and their potentials in clinical use.



CoV genome structure and viral infection mechanism


Structural and functional dissection of SARS-CoV-2 genome encoded proteins

The full-length genome of SARS-CoV-2 consists of 29,870 bases with a 5′-cap and a 3′- poly(A) tail of variable length (Wu et al., 2020; Zhu N. et al., 2020; Figure 1A). Three functional types of proteins are encoded by the viral genome (Bai et al., 2022), including (1) structural proteins spike (S), membrane (M), envelop (E), and nucleocapsid (N) that constitute virions; (2) non-structural proteins that are mainly responsible for proteolysis and RNA synthesis; and (3) accessory proteins that are mainly involved in immune evasion (Figure 1B).
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FIGURE 1
 Molecular and structural bases of SARS-CoV-2 infection. (A) Proteins encoded by SARS-CoV-2 genome. Three quarters of the genome at the 5′-terminus encode the replicase polyproteins pp1a and pp1ab, which can be cleaved to generate 16 nonstructural proteins; pp1ab is derived from minus 1 site programmed ribosomal frameshift at the stop codon during the synthesis of pp1a. The 3′-terminus one quarter of the viral genome encode four structural proteins and accessory proteins. S, spike; E, envelope; M, membrane; and N, nucleocapsid. (B) Schematic diagram of SARS-CoV-2 virion structure. (C) Protein structure of spike protein and nucleocapsid protein. NTD, N-terminal domain; RBD, receptor-binding domain; CTD, C-terminal domain; FP, fusion peptide; HR, heptad repeat; CD, connector domain; TM, transmembrane domain; and CT, cytoplasmic tail. (D) The infection lifecycle of SARS-CoV-2. TMPRSS2, Type II transmembrane serine protease; ACE2, angiotensin-converting enzyme 2.


The 5′-proximal three quarters of the genome encode the replicases pp1a and pp1ab (Figure 1A), which can be further cleaved by the virus-encoded proteases papain-like protease (PLpro) and chymotrypsin-like or main protease (Mpro), to generate 16 nonstructural proteins (NSP 1–16). The yield balance between pp1a and pp1ab is controlled through a fine-tuning regulatory mechanism named programmed ribosomal frameshifting, which has been nicely summarized elsewhere (Malone et al., 2022). Nonstructural proteins have multiple roles in genome replication, transcription, viral morphogenesis, and dysregulation of host immune responses (Malone et al., 2022; Yan et al., 2022). For example, when mature NSP1 is released from the replicase polyproteins following proteolytic cleavage, it rapidly induces host mRNA degradation and shuts down translation of host proteins (Huang et al., 2011; Thoms et al., 2020), while the other NSPs come to form the replication-transcription complex (RTC). NSP12, in synergy with its auxiliary co-factors NSP7 and NSP8, constitutes the RNA-dependent RNA polymerase complex (RdRp) and serves as the replication/transcription machinery to replicate viral genome, rather than host polymerase (Kirchdoerfer and Ward, 2019; Yan et al., 2021).

The 3′-proximal one quarter of the viral genome is transcribed into a nested set of sub-genomic RNAs that are in turn translated to structural proteins and accessory proteins. As with all CoVs, SARS-CoV-2 structure proteins include S, M, E, and N proteins. The S protein, protruding from the viral surface, binds to the angiotensin-converting enzyme 2 (ACE2) to initiate viral entry into host cells, a vital process for CoV infection (Huang et al., 2020; Walls et al., 2020). Thus, as the most easily accessible but also an indispensable viral component, the S protein has become an attractive target of anti-coronavirus peptides in a vast number of researches (Huang et al., 2020; Schütz et al., 2020). Structurally, S protein possesses two subunits, S1 and S2. The S1 subunit consists of N-and C-terminal domains and an important receptor-binding domain (RBD), while the S2, involved in membrane fusion and viral entry, contains a fusion peptide (FP), two heptapeptide repeat (HR1 and HR2), a transmembrane (TM), and cytoplasmic (CT) domains (Huang et al., 2020; Figure 1C). The E protein is a transmembrane protein responsible for viral assembly, budding, morphogenesis, and trafficking (Schoeman and Fielding, 2019). E protein directly contributes to the viral pathogenesis since it not only activates the host NACHT, LRR, and PYD domain-containing protein 3 (NLRP3) inflammasome (Nieto-Torres et al., 2015), but also undermines the tight junction protein complex of the lung epithelium (Chai et al., 2021; Javorsky et al., 2021). The M protein is the major component of the viral envelop, conferring the virion size and spherical structure. M protein is involved in interaction and trafficking of multiple viral proteins, as well as assembly and release of virion particles (Yan et al., 2022). The SARS-CoV M protein can stimulate the host to produce a specific CD8+ T cell immune response (Li et al., 2021). Owning to the high sequence identity (90.5%) of the M protein gene between SARS-CoV-2 and SARS-CoV (Mahtarin et al., 2022), the SARS-CoV-2 M protein is likely to have similar immunogenic effects (Su et al., 2021). The main role of the N protein is binding to genomic RNA to form a ribonucleoprotein complex, which is related to viral replication and assembly (Mcbride et al., 2014; Guo et al., 2016). Compared to the other structure proteins, the gene encoding N protein is highly conserved and stable with few mutations over time (Hodge et al., 2021; Figure 1C). The C-terminal region of N protein favors viral immune evasion by antagonizing the host interferon-beta (IFN-β) pathway (Lu et al., 2011). Given these basic findings, the N protein is a great potential target for diagnosis and therapy against CoV infection.

Eleven genes encoding accessory proteins also locate within the 3′- proximal part of SARS-CoV-2 genome and they are interlaced with structural protein genes. Although the characterization of these accessory proteins is relatively limited, they appear to have important roles in pathogenesis and immune evasion, rather than virus replication (Redondo et al., 2021). Mutations are frequently detected in accessory proteins among variants of concern, indicative of increasing transmissibility and immune evasion (Shang et al., 2020). In light of their frequent mutations, accessory proteins might not be favorable targets of the broad-spectrum anti-coronavirus peptides. Functional analysis of those proteins substantiates the bioinformatic indication. Through diverse strategies, the accessory proteins, ORF3b (Konno et al., 2020), ORF6 (Miorin et al., 2020), ORF7a (Cao et al., 2021), and ORF8 (Lei et al., 2020), can antagonize the type I IFN response, an important host defense reaction against viral infection.



Infection mechanism of SARS-CoV-2—binding, entry, intracellular replication, virion assembly, and release

The SARS-CoV-2 infection involves multiple steps (Figure 1D). Initially, the S protein is cleaved and activated by the host proprotein convertase furin, leaving the protruding extracellular S1 subunit and the transmembrane S2 subunit non-covalently bounded (Peacock et al., 2021). The cleavage exposes the RBD in S1, which directly interacts with the peptidase domain of ACE2 and induces drastic transformational alteration of S2 (Cai et al., 2020; Liu et al., 2020). The cleavage of S2 by Type II transmembrane serine protease (TMPRSS2) further exposes the fusion peptide, thus facilitating its insertion into cellular membrane (Fraser et al., 2022; Iwata-Yoshikawa et al., 2022). Simultaneously, the HR1 and HR2 in S2 form a six-helix bundle fusion core, which acts as a hinge to bring the viral and host cell membrane in close proximity (Yao H. et al., 2020; Xia et al., 2020b). Alternatively, the pH-dependent enzyme cathepsin L can also implement the cleavage of S2 when viral entry is dependent on endocytosis (Matsuyama et al., 2020; Hoffmann et al., 2020b). After the membrane fusion or endocytosis, the SARS-CoV-2 gRNAs are released into cytosol, and soon translated into two replicase polyproteins pp1a and pp1ab, by hijacking the host cell ribosomes. pp1a and pp1ab are digested by the viral proteases, Mpro and PLpro, into 16 non-structural proteins, which further form the RTCs for RNA synthesis (Malone et al., 2022). NSP3 and NSP4 drive the rearrangement of the endoplasmic reticulum (ER) into double membrane vesicles (DMVs; Snijder and Limpens, 2020), where the RTCs produce new gRNA and a set of sub-genomic mRNAs that are finally translated into four structural proteins and a few accessory proteins. SARS-CoV-2 assembly commences as the gRNAs are coated with nucleocapsid proteins, resulting in RNA-nucleocapsid complexes that bud into the endoplasmic reticulum-Golgi intermediate compartment (ERGIC) to form mature virions (Boson et al., 2021). Finally, the virus particles are released via the budding of the Golgi apparatus and exocytosis of the cell membrane for a new round of infections.




Peptides working at different infection stages are potent anti-CoV agents


Peptides targeting initial binding of S protein to the ACE2 receptor

Targeting the RBD domain in S protein to inhibit its binding to ACE2 has been so far an intensively popular strategy against CoVs (Figure 2A). The charged amino acids between residues 22 and 57 of ACE2 are predicted to be the critical interaction site (Han et al., 2006). In an early work, two peptides P4 and P5 that mimicked this region can bind to SARS-CoV S1 RBD and inhibit pseudo-virion infection with a high half-maximal-inhibitory concentration (IC50) of 50 and 6 μM, respectively. Interestingly, another peptide comprised of two discontinuous segments of ACE2 (a.a. 22–44 and 351–357) showed higher antiviral efficacy (IC50: 0.1 μM) in a HeLa cell model (Han et al., 2006). The S proteins of SARS-CoV and SARS-CoV-2 share 76% sequence homology while their RBDs share 75% similarity (Jaimes et al., 2020). Although SARS-CoV-2 has greater ACE2 binding affinity (Wrapp et al., 2020) and higher transmissibility (Zhou et al., 2020), the high sequence similarity indicates that peptides effectively blocking the S1 RBD of SARS-CoV might also inhibit SARS-CoV-2 infection. To address the SARS-CoV-2 infection, a series of RBD-targeting peptides have been synthesized or discovered (Cao et al., 2020; Jaiswal and Kumar, 2020; Tavassoly et al., 2020; Wang et al., 2021). Using ACE2 as the scaffold, researchers synthesized two peptides AHB1 and AHB2, which neutralized SARS-CoV-2 with IC50 values of 35 and 16 nM, respectively (Cao et al., 2020). Surprisingly, another two peptides (LCB1 and LCB3) based on de-novo sequencing of the RBD-binding motifs showed a much higher potency in preventing SARS-CoV-2 infection of mammalian Vero-E6 cells, with IC50 values of 23.54 and 48.1 pM, respectively (Cao et al., 2020). Except the abovementioned synthetic peptides, a natural peptide produced by airway epithelium, human cathelicidin LL37, can bind to the S1 RBD and inhibit SARS-CoV-2 S pseudo-virion infection with a IC50 value of 4.74 μg/ml (Wang et al., 2021). Notably, the RBD is not the exclusive ACE2-interaction site, since peptides targeting other regions in S1 were also able to neutralize SARS-CoV (Zheng et al., 2005) and, thus potentially SARS-CoV-2.
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FIGURE 2
 Peptides as potent inhibitors against coronavirus. (A) Anti-CoV peptides can work with diverse modes of actions by targeting the binding of S protein to host receptor, or the proteolytic processing of S proteins by host proteases, or the host-viral membrane fusion, or the viral proteases that are responsible for cleavage of replicase polyproteins into non-structural proteins. (B) The X-ray crystal structures of membrane-fusion inhibitory peptide EK1 shown as green in complex with the S protein HR1 regions of various CoVs shown as white (Xia et al., 2019b). (C) The X-ray crystal structures of membrane-fusion inhibitory peptide HR2-anti-P shown as red binding to the SARS-CoV-2 HR1 region shown as green (Ling et al., 2020).


HCoV-NL63, SARS-CoV, and SARS-CoV-2 employ ACE2 as the entry receptor, thus peptides targeting ACE2 can shield the binding of S proteins (Figure 2A). Based on this, different inhibitors cloaking the ACE2 have been therefore synthesized, but their antiviral efficacy varies considerably, with IC50 values ranging from nanomolar to millimolar concentrations (Huang et al., 2003; Hu et al., 2005; Ho et al., 2006; Struck et al., 2012). Of note, recent studies discovered that some natural peptides can also target ACE2 to inhibit SARS-CoV-2 infection (Wang et al., 2020; Beddingfield et al., 2021). Human defensin 5 (HD5), a natural lectin-like α-defensin produced by the Paneth cells, can stably bind to ACE2 and prevent infection of S protein-expressing pseudo-virions at concentrations as low as 10 μg/ml (Wang et al., 2020). ATN-161, a fibronectin derivative, might also bind to ACE2 to significantly reduce SARS-CoV-2 infection (IC50: 3 μM; Beddingfield et al., 2021). However, clinical use of such ACE2-blocking peptides or drugs warrants serious attention, as ACE2 belongs to the renin-angiotensiongen system where it promotes vasodilation, while interference might have life-threatening side effects.



Peptides targeting proteolytic activation of S protein

As mentioned above, cleavage and activation of S proteins by host proteases are crucial to establish CoV infection, while peptides targeting them can efficiently inhibit viral infection (Figure 2A). Although proteins of multiple viruses can be activated by the proprotein convertase furin (Volchkov et al., 1998; Sugrue et al., 2001; Braun and Sauter, 2019), this feature distinguishes SARS-CoV-2 from SARS-CoV (Matsuyama et al., 2018; Schütz et al., 2020). Two recent studies showed that treatment by the furin inhibitors decanoyl-RVKR-chloromethylketone and MI-1851 can abolish furin cleavage and inhibit SARS-CoV-2 infection of mammalian cells (Bestle et al., 2020; Cheng et al., 2020). Different from furin, TMPRSS2 is involved in proteolytic activation of more CoV species (Shen et al., 2017; Böttcher-Friebertshäuser, 2018), while inhibitors blocking its enzymatic activity could be promising broad-spectrum antivirals. A previous work demonstrated that three different TMPRSS2 inhibitors strongly prevented SARS-CoV-2 and SARS-CoV multiplication in Calu-3 cells in a dose-dependent manner (Bestle et al., 2020). More excitingly, Shapira and coworkers recently synthesized a more potent TMPRSS2 inhibitor N-0385, which can act as a pan-SARS-CoV-2 prophylactic and therapeutic agent and inhibit the cellular entry of multiple SARS-CoV-2 variants of concern at nanomolar concentrations (Shapira et al., 2022). Cellular entry of CoVs might occur through either membrane fusion or endocytosis. In the latter case, the S protein should be activated by proteolysis of cathepsin L, a lysosome-associated protease (Gomes et al., 2020; Zhao M. M. et al., 2021). Blocking the cathepsin L to inhibit SARS-CoV-2 has been tested. P9, a derivate peptide of mouse β-defensin-4, exhibited broad antiviral activities against SARS-CoV, SARS-CoV-2, MERS-CoV and influenza virus, via interfering cathepsin L and preventing endosomal acidification (Zhao et al., 2016, 2020). In the follow-up works, this peptide was further optimized into P9R and 8P9R, which showed higher level of anti-SARS-CoV-2 potency, with IC50 values of 0.9 and 0.3 μg/ml, respectively (Zhao et al., 2020; Zhao H. et al., 2021). In sum, inhibition of host proteases seems a promising antiviral strategy. However, as with the case of ACE2, interference of the physiologically relevant proteases may induce unwanted adverse effect. This calls for sufficient trials in the future to test the potential cytotoxicity and global impact if the protease inhibitors are to be applied to clinical use.



Peptides targeting membrane fusion process

In the past 2 decades, a vast number of studies have synthesized diverse anti-viral peptides that target the membrane fusion step (Schütz et al., 2020; Heydari et al., 2021). These fusion inhibitors have been so far the most extensively studied and the most promising ones to be translated into therapeutic peptides. Mechanistically, they were designed to mimic one of the HR regions in the S2 subunit, interact with the complementary HR, block formation of the HR1-HR2 helix bundle, and thus interfere with virus-host membrane fusion (Figure 2A). Comparatively, peptides derived from HR1 (that target HR2) appear often poorly active (Bosch et al., 2004; Liu et al., 2004; Xia et al., 2020b), likely owing to their propensity to self-aggregation. A large number of peptides have been synthesized to address the previous SARS-CoV and MERS-CoV pandemics, mostly showing strong anti-CoV activity with IC50 values ranging in micromolar concentrations (Barnard et al., 2004; Liu et al., 2004; Yuan et al., 2004; Zheng et al., 2005; Chu et al., 2008; Ujike et al., 2008; O'keefe et al., 2010; Lu et al., 2014; Channappanavar et al., 2015; Zhao et al., 2016; Sun et al., 2017; Wang et al., 2018; Huang et al., 2019; Xia et al., 2019a). Since the HR1 amino acid sequences of SARS-CoV and SARS-CoV-2 share 92.6% similarity and their HR2 is almost identical (Xia et al., 2020b), peptides derived from SARS-CoV HR2 are very likely to inhibit SARS-CoV-2 infection. In agreement with this suggestion, a pan-coronavirus fusion inhibitor EK1, which was previously identified as a potent antiviral agent against SARS-CoV and MERS-CoV (Figure 2B), also reduced SARS-CoV-2 infection of TMPRSS2-negative Vero-E6 cells with an IC50 value of 2.5 μM (Xia et al., 2019b, 2020a). Of interest, the IC50 value was 10-fold lower in TMPRSS2-positive Caco-2 cells (Conzelmann et al., 2020; Xia et al., 2020a), reinforcing again the importance of S protein processing in CoV infection. Computational analysis is a powerful tool in designing the potent SARS-CoV-2 inhibitors. For instance, at the onset of the COVID-19 pandemic, researchers used the in silico approaches to design a potent HR1-targeting peptide to prevent membrane fusion (Figure 2C; Ling et al., 2020). In another work, two potent peptides Fp13-HR1 and Fp14-HR1, that were screened from 17 SARS-CoV HR2-derived fusion inhibitors, were predicted to have a high binding affinity to SARS-CoV-2 HR1, thus they might be effective fusion inhibitors of SARS-CoV-2 (Efaz et al., 2021). To improve antiviral efficacy and stability, rational modifications of the existing inhibitory peptides are also of great importance. This has been nicely exemplified by the modification of the abovementioned EK1 into EK1C4 by linking a cholesterol group to the C-terminus. The optimized peptide displayed more than 19–190-fold potency in preventing the infection of several CoVs, including SARS-CoV-2 (Xia et al., 2020a). Another representative is IPB-02, which was modified from the HR1-targeting peptide IPB-01 by conjugation of a cholesterol group. The refined peptide showed stronger antiviral effect against SARS-CoV-2 with the IC50 value decreasing from 22 to 0.08 μM (Zhu Y. et al., 2020). Optimization of fusion inhibitors is not limited to linkage of current peptides to functional groups. Although previously reported HR1-derived peptide inhibitors exhibit poor inhibitory activities, foldon-mediated trimerization of the C-terminus conferred a HR1-derived peptide with higher inhibitory activity against SARS-CoV-2, SARS-CoV-2 variants of concern (VOCs), SARS-CoV, and MERS-CoV (Bi et al., 2022). Moreover, an inspirational work identified that the extended N-terminus of HR2 also involves in interacting with HR1, and a synthetic peptide including this region achieved single-digit nanomolar inhibition of several SARS-CoV-2 variants (Yang et al., 2022).



Peptides targeting intracellular replication and assembly of coronavirus

Coronavirus infection can also be impeded intracellularly. For example, several chemical compounds Boceprevir, GC-376, calpain inhibitors II and XII had a wide range antiviral activity, via a dual mechanism of action by targeting both viral Mpro and host cell cathepsin L (Fu et al., 2020; Hu et al., 2020; Ma et al., 2020). These findings indicated that the viral components necessary for RNA replication and assembly are also favorable targets for the anti-CoV peptide design (Figure 2A). Indeed, an early study showed that a Mpro-targeting octapeptide impeded replication of the SARS-CoV at the concentration of 1 mg·L−1 (Gan et al., 2006). Another research reported that Cbz-AVLQ-CN, a broad-spectrum peptide, effectively inhibited six different CoV species with IC50 values of 1.3–4.6 μM (Chuck et al., 2014). Interestingly, several active peptides that can bind to both Mpro and monoamine oxidase A of SARS-CoV-2 can be generated from hydrolysis of fish proteins, representing potential inhibitors from food source against CoV (Yao Y. et al., 2020). Blocking other enzymes of CoVs is an alternative strategy. Two synthetic peptides K29 and K12 could markedly inhibit the activity of SARS-CoV nsp16 (methytransferase) in a dose-dependent manner, thus disrupting its role in viral RNA synthesis, but viral inhibition assays are still needed (Ke et al., 2012).

In addition to S protein, the N protein might also be a rational target for the anti-CoV peptide design. The C-terminal domains (CTDs) of the N proteins mediate the self-association of the protein to form high-order oligomers, and deletion of 13 amino acids in the HCoV-229E N protein CTD appeared incapable of forming a high degree of oligomerization (Chang et al., 2005). In line with this notion, a C-terminal tail peptide N377–389 interfered with the oligomerization of the CTD of HCoV-229E N protein and inhibited viral replication at 300 μM (Lo et al., 2013). This finding provides insights that blocking the formation of the N protein-RNA higher-order oligomers and in turn the virion assembly can contribute to viral inhibition.




Perspectives and conclusion

To conclude, peptides that can target various steps in CoV lifecycle have shown great potential in combating CoV infection. In some cases, the peptide-based inhibitors seem to have lower possibility to cause drug resistance (Zhao et al., 2020), and they rarely induce detectable cytotoxicity (Gan et al., 2006). Some peptides exhibit significantly strong and broad-spectrum effect against multiple CoV species. More importantly, combination of peptides with different antiviral mechanisms could generate synergistic impact (Bestle et al., 2020; Hoffmann et al., 2020a). However, to translate the peptides into clinical therapeutics, they should be safe and stable in vivo, while many works need more effort on this aspect. Therefore, a future perspective is to refine current peptides to be more effective and long-lasting, as with the case of EK14C, which was subject to two rounds of optimization from OC43-HR2P. To this end, a database containing comprehensive and precise information of 214 unique anti-CoV peptides would contribute to more rational design or modification (Zhang et al., 2022).
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Serine incorporator protein 5 (SERINC5) is a key innate immunity factor that operates in the cell to restrict the infectivity of certain viruses. Different viruses have developed strategies to antagonize SERINC5 function but, how SERINC5 is controlled during viral infection is poorly understood. Here, we report that SERINC5 levels are reduced in COVID-19 patients during the infection by SARS-CoV-2 and, since no viral protein capable of repressing the expression of SERINC5 has been identified, we hypothesized that SARS-CoV-2 non-coding small viral RNAs (svRNAs) could be responsible for this repression. Two newly identified svRNAs with predicted binding sites in the 3′-untranslated region (3’-UTR) of the SERINC5 gene were characterized and we found that the expression of both svRNAs during the infection was not dependent on the miRNA pathway proteins Dicer and Argonaute-2. By using svRNAs mimic oligonucleotides, we demonstrated that both viral svRNAs can bind the 3’UTR of SERINC5 mRNA, reducing SERINC5 expression in vitro. Moreover, we found that an anti-svRNA treatment to Vero E6 cells before SARS-CoV-2 infection recovered the levels of SERINC5 and reduced the levels of N and S viral proteins. Finally, we showed that SERINC5 positively controls the levels of Mitochondrial Antiviral Signalling (MAVS) protein in Vero E6. These results highlight the therapeutic potential of targeting svRNAs based on their action on key proteins of the innate immune response during SARS-CoV-2 viral infection.

KEYWORDS
 SARS-CoV-2, viral miRNAs, SERINC5, MAVS, innate immune response


1. Introduction

Host restriction factors are a set of cell proteins that limit the replication of viruses at various stages through different mechanisms (Colomer-Lluch et al., 2018). Many host restriction factors are induced in response to type I interferon (IFN-I), whose expression is stimulated in the detection of viral pathogens by the activation of pattern recognition receptors (PRRs), such as retinoic acid-induced gene I (RIG-I) and melanoma differentiation-associated protein 5 (MDA5). Serine incorporator protein 5 (SERINC5) is a member of a protein family that participates in lipid biosynthesis and/or transport in mammalian cells (Inuzuka et al., 2005). Although it is not induced by IFN-I, SERINC5 has also been considered a restriction factor since it impairs the infectivity of several retroviruses, such as murine leukemia virus (MLV), human immune deficiency virus (HIV), equine infectious anemia virus (EIAV) (Ahi et al., 2016; Chande et al., 2016; Trautz et al., 2017), and other viruses (Ahi et al., 2016; Firrito et al., 2018). To date, there is limited knowledge of the mechanism of action of the SERINC5 protein (Matheson et al., 2015). Incorporation of this protein into HIV-1 virions has been shown to block the formation of the virus-cell fusion pore, preventing virus entry into new target cells (Matheson et al., 2015; Rosa et al., 2015; Usami et al., 2015). On the other hand, two recent studies have shown two additional antiviral activities for SERINC5. One describes that SERINC5 inhibits Hepatitis B virion (HBV) secretion by interfering with the glycosylation of HBV envelope proteins (Liu et al., 2020), and the other demonstrates that SERINC5 can interact with the outer mitochondrial antiviral signaling protein (MAVS) and the E3 ubiquitin ligase/adaptor protein TRAF6, resulting in MAVS aggregation and polyubiquitination of TRAF6. These events are critical for IFN-I signaling and nuclear factor kappa B (NFkB) activation (Zeng et al., 2021).

Conversely, viruses have developed different strategies to antagonize most of the host restriction factors (Goujon et al., 2013; Kane et al., 2013; Simon et al., 2015; Colomer-Lluch et al., 2018; Ghimire et al., 2018). In the case of SERINC5, its antiviral functions are counteracted by several virus-encoded proteins including, HIV-1 Nef, the glycogag protein of MLV, and the EIAV S2 protein. These viral proteins alter the subcellular localization of SERINC5 and prevent its insertion into viral particles (Chande et al., 2016). For instance, HIV-1 Nef decreases levels of SERINC5 at the plasma membrane and relocates it into the lysosomal compartments to avoid its incorporation in the HIV-1 virions, thus, facilitating the HIV-1 infectivity (Chande et al., 2016). Moreover, mutations in the HIV-1 envelope glycoprotein present in some strains were shown to alter the sensitivity of the virus to SERINC5 (Usami et al., 2015; Ahi et al., 2016; Chande et al., 2016; Beitari et al., 2017). Although the main reported viral mechanism to antagonize the antiviral activity of SERINC5 is to relocate SERINC5 within the cell, it has been shown that expression of SERINC5 can also be down-regulated upon the infection both in vitro and in vivo (Li et al., 2020). For instance, the infection by the classical swine fever virus (CSFV), which causes a highly contagious viral disease in pigs (Becher et al., 2003), reduces SERINC5 expression by an unknown mechanism (Li et al., 2020). This fact again supports the key role of SERINC5 in the host defense against viral infection.

It has been proved that both DNA and RNA viral genomes can encode non-coding small viral RNAs (svRNAs) like miRNAs (Skalsky and Cullen, 2010; Nanbo et al., 2021). miRNAs are small (19–28 nucleotides) non-coding single-stranded RNAs that bind to the 3′ untranslated regions (3′ UTR) of target mRNA/s, regulating their stability and translation. These elements can be considered more strategic than viral proteins in terms of regulation of gene expression due to their small size, their absence of immunogenicity and their multi-target hit with rapid evolution capacity. When viral miRNAs are expressed in host cells, they can optimize the cellular environment and promote viral replication and survival by targeting host genes involved in proliferation, apoptosis and immune defense (Skalsky and Cullen, 2010; Kincaid and Sullivan, 2012). It was generally believed that RNA viruses would not encode miRNAs to avoid excision of their genomes or transcriptome by the miRNA processing machinery. However, there are RNA viruses that express small regulatory RNAs such as miRNAs. For example hav-miR-1-5p and hav-miR-2-5p are expressed during Hepatitis A virus (HAV) infection (Shi et al., 2014). Moreover, the deep sequencing analysis of small RNAs from lungs of mice infected with severe acute respiratory syndrome coronavirus (SARS-CoV) revealed three 18-22 nt svRNAs originated from the nsp3 and N genomic regions of SARS-CoV. Authors found that one of them, svRNA-N, contributes to SARS-CoV pathogenesis by regulating the production of proinflammatory cytokines (Morales et al., 2017). Despite these examples in RNA viruses, these small RNAs do not seem to possess the canonical stem-loop structure of miRNAs, and their biogenesis and mechanism of action are not completely clear (Varble and ten Oever, 2011; Mishra et al., 2019).

SARS-CoV-2 is an enveloped positive-sense, single-stranded RNA virus, that belongs to the Sabecovirus subgenus (Coronaviridae Study Group of the International Committee on Taxonomy of Viruses, 2020) and is behind the current pandemic of Coronavirus disease 2019 (COVID-19). This virus causes symptoms of the common cold (fever, coughing, etc.), unusual symptoms (loss of smell or taste), breathing problems, and gastrointestinal symptoms (nausea, vomiting, etc.). The condition can change into a serious respiratory illness such as severe pneumonia and acute respiratory distress syndrome (ARDS), finally causing death (Redd et al., 2020; Yang et al., 2020). The RNA viral genome (about 30,000 nt) carries two overlapping open reading frames (ORF 1a and 1b) that encode for the main components of the transcription-replication complex and genes encoding for the structural and genus-specific proteins (S, 3a, 3b, E, M, 6, 7a, 7b, 8, N, and 10) (Hartenian et al., 2020; Mittal et al., 2020; Wu et al., 2020; Zhu et al., 2020). Recently, several studies also demonstrated the existence of miRNAs encoded in the SARS-CoV-2 genome and their biological relevance (Grehl et al., 2021; Pawlica et al., 2021; Singh et al., 2022). Also, by using computational approaches, several studies have predicted the possible existence of viral miRNAs with diverse roles in the pathogenicity of this virus (Abedi et al., 2021).

Based on the key role of SERINC5 in virus infection, we have analyzed the expression of SERINC5 during SARS-CoV-2 infection in two distinct cell lines from a GEO dataset. The in silico study revealed a decrease of SERINC5 mRNA during the infection course, suggesting that SARS-CoV-2 antagonizes SERINC5 activity by downregulating its expression. Given that no SARS-CoV-2 protein capable of controlling the expression of SERINC5 has been described so far and considering the emerging evidence pointing to the existence of miRNAs encoded in the genome of the SARS-CoV-2, as occurs in other viruses, we wanted to address the hypothesis that SERINC5 expression can be regulated by svRNAs. Using two different in silico approaches, we identified two svRNAs, as putative miRNA-like regulators of SERINC5. We found an anti-correlative expression between these two svRNAs and SERINC5 in different biological samples, including samples from COVID-19 patients. Furthermore, we proved that silencing of both svRNAs during the course of infection of Vero E6 cells restores SERINC5 expression and enhances the levels of its direct interacting partner, MAVS, a master protein involved in antiviral response. We also showed that these molecular changes were accompanied by a reduction in the expression of the viral proteins N and S.



2. Materials and methods


2.1. Human samples and ethics statement

Swabs and saliva samples were provided by Hospital Universitario de la Ribera (Valencia, Spain). All samples were collected from COVID-19 patients or healthy subjects and written informed consent was obtained from the participants. All procedures were approved by the Ethics Committee of Hospital Universitario de la Ribera (Valencia, Spain) and performed under the guidelines set forth by the Declaration of Helsinki.



2.2. Biosafety

All the experiments with SARS-CoV-2 were approved by the National Centre for Biotechnology (CNB-CSIC) Institutional Biosafety Committee (IBC) and were carried out in an appropriate biosafety level 3 (BSL3) laboratory at CNB following the safety guidelines and procedures approved for this kind of laboratory.



2.3. Cells and viruses

Vero E6 cells (African green monkey kidney epithelial cells) were obtained from the American Type Culture Collection (ATCC; CRL-1586). HEK293T-hACE2 cells, expressing the human angiotensin I converting enzyme 2 (ACE2), were kindly provided by Dr. Martinez-Sobrido (Texas Biomedical Research Institute, San Antonio, United States).

Vero E6 negative control cells and Vero E6 cells overexpressing SERINC5 were obtained by transfection of Vero E6 cells with 1 μg/mL of the empty plasmid pIRES2 ZsGreen1 or the plasmid pIRES2 ZsGreen1 containing the Chlorocebus SERINC5 cDNA, using Lipofectamine 2000 reagent (Invitrogen) and Opti-MEM medium according to manufacturer’s instructions. Forty-eight hours after transfection, cells were sorted by ZsGreen signal using SONY sorter and selected with 1 mg/mL G-418 for 48 h and then grown with 0.5 mg/mL G-418.

In all cases, cells were cultured in high glucose Dulbecco’s modified Eagle medium (DMEM, Gibco) supplemented with 25 mM HEPES, 10% Fetal Bovine Serum (FBS), 1 mM sodium pyruvate, 100 U/mL penicillin, 100 μg/mL streptomycin, 2 mM glutamine and 1 mM non-essential amino acids (growth medium). They were kept at 37°C in a humidified atmosphere with 5% CO2.

SARS-CoV-2 MAD6 isolate was kindly provided by Dr. Luis Enjuanes (CNB-CSIC, Madrid, Spain). This virus was obtained in March 2020 from the nasal sample of a COVID-19 patient hospitalized in Hospital 12 de Octubre (Madrid, Spain), after obtaining the patient’s informed consent and Regional Government permits. The genome sequence is identical to that of Wuhan-Hu-1 (GenBank MN908947) except for three mutations: C3037T (silent), C14408T (P214L in Nsp12), and A234303G (D614G in S). From the nasal sample, the virus was cloned by plaque assay and amplified in confluent Vero E6 cells to generate a working virus stock. This virus stock was used to infect Vero E6 and HEK293T-hACE2 cells using virus growth medium (growth medium containing 2% FBS). A multiplicity of infection (MOI) of 1 plaque forming unit (PFU) per cell was used in most of the experiments.



2.4. Virus titration

Confluent monolayers of Vero E6 cells seeded in 12-well plates were infected with 300 μL of serial 10-fold dilutions of the virus in virus growth medium for 1 h at 37°C. After viral adsorption, the viral inoculum was removed and the cells overlaid with 2 mL virus growth medium containing 1% DEAE-Dextran (Sigma-Aldrich) and 0.6% low-melting-point agarose. After 3 days of incubation at 37°C, the cells were fixed with 10% formaldehyde for 1 h at room temperature, the overlaid removed, and the viral plaques visualized by staining with 0.1% crystal violet in 20% methanol. Visible plaques were counted and virus titer was calculated as PFU/mL.



2.5. Plasmids construction

The plasmid pIRES2-ZsGreen 1 (PT3824–5, Clontech) was used to insert the Chlorocebus SERINC5 cDNA into its NheI and EcoRI sites. On the other hand, to clone the 3′ end of the 3′UTR of SERINC5 gene, a 1Kb PCR product insert was purified using the PCR Clean-Up kit. Linearization of pMir was performed with MluI according to the manufacturer’s instructions. The purified PCR insert was cloned into linearized pMir with the In-Fusion HD Cloning Plus enzyme mix and then transformed into the provided Stellar Competent Cells. Both plasmid constructs were verified by DNA sequencing. The oligonucleotides used to amplify the full cDNA and the 3’UTR of SERINC5 are indicated in Table 1.



2.6. Cell transfections

We used two classes of oligonucleotides in transfection experiments. mirVana miRNA mimics are oligonucleotides designed for their use in in vitro and in vivo gain-of-function experiments. mirVana miRNA mimics are small, double-stranded RNAs that mimic endogenous precursor miRNAs (pre-miRNAs). One strand is identical to and effectively mimics a known mature miRNA. The manufacturer’s design of these oligonucleotides and their chemical modifications optimize selection of the active strand for uptake and activation by the RNA-induced silencing complex (RISC). On the other hand, mirVana miRNA inhibitors are designed for their use in in vitro and in vivo loss-of-function experiments. mirVana miRNA inhibitors are single-stranded RNA-based oligonucleotides that are designed to bind to, and inhibit the activity of endogenous miRNAs when introduced into cells. The design coupled to chemical modifications improves potency and specificity for miRNA inhibition.

In particular, we used the custom version of mirVana miRNA mimics and inhibitors since they are synthesized by the manufacturer basing on the unpublished mature miRNA sequences provided by the customer (svRNA 1: ACTCATGCAGACCACACAAGGCAG; svRNA2: CAAAACATTCCCACCAACAGAGCC) (Table 1). Previously, the sequence input passes the design requirements established by manufacturer’s design tool (GeneAssist™ miRNA Workflow Builder). Both, custom mimics and inhibitors, incorporates the same chemical modifications as the manufacturer’s predesigned mirVana mimics and inhibitors. The complete sequences from custom mirVana miRNA mimics, inhibitors or their respective controls require a confidential disclosure agreement. 1–100 nM is the concentration range recommended by the manufacturer for optimization experiments. We observed maximum effects at 60 nM.

For the transfections with the above oligonucleotides, Vero E6 or HEK293T-hACE2 cells were seeded at 500,000 cells/well in 6 well plates. After 24 h, transfection mix for each well was prepared by adding drop by drop with a 100 μL-pipette a mix containing 2.4 μL of 50 μM of one of the above oligonucleotides [mimic molecules (custom mirVana miRNA mimic; Thermofisher) of svRNA 1 (pre-svRNA 1), svRNA 2 (pre-svRNA 2), or antisense oligonucleotides (custom mirVana miRNA inhibitor; Thermofisher) targeting svRNA 1 (anti-svRNA 1), svRNA 2 (anti-svRNA 2) or their respective negative controls (NC) [mirVana miRNA Mimic Negative Control #1 (NC-pre-svRNA; 4,464,058, Thermofisher) and mirVana™ miRNA Inhibitor Negative Control #1 (NC-anti-svRNA; 4,464,076, Thermofisher)]] and 250 μL of Opti-MEM medium to a mix containing 4 μL of Lipofectamine 2000 reagent (Invitrogen) and 250 μL of Opti-MEM medium. After 30 min of incubation, the 500 μL-transfection mix was added to the cells from the well in which the growth medium was previously replaced by 1.5 mL of Opti-MEM medium. The medium was replaced by fresh growth medium 6 h after transfection and cells were infected 24 h after transfection with SARS-CoV-2 at a MOI of 1 UFP/cell.

The same conditions were used for the transfection of HEK293T-hACE2 cells with Sigma siRNAs targeting Dicer (SASI-Hs01-00160748, SASI_Hs01_00130221) or Ago2 (SASI-Hs01-00343736, SASI_Hs01_00161740) or with negative control (NC) siRNA (SIC001).



2.7. RNA isolation and RT-qPCR

Total RNA from saliva, from preservation solution in contact with the swab or from cell pellet was isolated using TRI reagent (Sigma) following the manufacturer’s protocol.

To quantify mRNA levels, one-step RT-qPCRs were performed in an Applied Biosystems Step-One Real-Time PCR System. To that end, 25 ng of total RNA were reverse-transcribed and amplified by qPCR in a 12 μL total volume reaction containing specific primers (Table 1), Power SYBR Green PCR Master Mix, MultiScribe Reverse Transcriptase, and RNase Inhibitor (all from Applied Biosystems), according to the manufacturer’s instructions. The amplification efficiency values were very close to 100%. Relative quantitation of mRNA levels was calculated using the ΔΔCt method and ribonuclease P/MRP subunit p30 (RPP30) mRNAs as endogenous control. The viral titer of each sample was estimated by determining the viral E mRNA copies/mL. They were calculated by interpolation in a standard curve (Ct vs. amount) prepared from a serial dilution of a SARS-CoV-2 genome standard [1.05 × 108 genome equivalents/mL (NR-52285, bei Resources)].



TABLE 1 Oligonucleotides used in the study.
[image: Table1]

For svRNA quantification, 10 ng of total RNA were reverse-transcribed in 15 μL total reaction volume using the MultiScribe reverse transcriptase and custom miRNA-specific stem-loop RT primers (Table 1). Then, 1.33 μL of the reverse transcription reaction was subjected to a custom TaqMan miRNA assay (Table 1), in a total reaction volume of 12 μL, using specific primers and probes for the svRNAs and U6 snRNA (Table 1), according to the manufacturer’s protocol. Expression values were calculated using the ΔΔCt method and U6 snRNA, the most commonly used endogenous control gene in miRNA RT-qPCR assays. When the expression value was calculated with respect to uninfected samples (reference or control), we used the Ct value of the product detected in the PCR reaction (non-specific product) as the Ct value for the reference sample.



2.8. Western blot analysis

Cell extracts were prepared in Laemmli sample buffer (2% SDS, 10% glycerol, 5% 2-mercaptoethanol, 0.004% bromophenol blue and 0.0625 M Tris HCl pH 6.8) containing 0.1 mM leupeptin and 1 mM phenylmethanesulphonyl fluoride, and boiled at 95°C for 10 min. Then, 15 μL of lysates were resolved by SDS/PAGE (12% polyacrylamide) and transferred to PVDF membranes (GE Healthcare, Amersham Biosciences) following the manufacturer’s recommendations. Membranes were blocked for 1 h at room temperature with 5% dried skimmed milk in TBS (20 mM Tris–HCl pH 7.5, 150 mM NaCl) and then probed overnight at 4°C with specific antibodies diluted in TTBS (TBS containing 0.1% Tween 20) containing 3% dried skimmed milk. We used the following primary antibodies: 1:5,000-diluted anti-SARS-CoV-2 N protein (40143-MM05, Sino Biological), 1:1,000-diluted anti-SARS-CoV-2 S protein (GTX632604, GeneTex), 1:500-diluted anti-SERINC5 (ab204400), 1:500-diluted anti-MAVS (24,930, Cell Signaling), and 1:10,000-diluted anti-Tubulin (ab6160). The blots were then incubated with the secondary antibodies anti-rabbit (A0545) or anti-mouse (A9044) IgG-horseradish peroxidase-conjugated (Sigma-Aldrich) diluted in TTBS-3% dried skimmed milk for 1 h at room temperature, and the immune complexes were detected using Lumi-light Western Blotting substrate (Roche) or ECL prime western blotting detection system (Amersham), according to the manufacturer’s instructions. Protein bands were quantified by densitometric analysis with an Image Quant ECL (GE Healthcare).



2.9. Fluorescence microscopy

Vero E6 cells were cultured on coverslips in 24-well plates. Twenty-four hours post-seeding, cells were rinsed with PBS, fixed with 4% paraformaldehyde in PBS for 20 min at room temperature, washed with PBS, permeabilized with 0.5% Triton X-100 in PBS for 10 min and washed twice with PBS. Then, they were blocked with a solution containing 4% FBS in PBS for 30 min at room temperature, and incubated with 1:100-diluted anti-SERINC5 (ab204400), rabbit anti-MAVS (24,930, Cell Signaling) or mouse anti-MAVS (sc-166,583) in blocking solution for 1 h at room temperature. After three washes with PBS, bound antibodies were detected by incubation, as appropriate, with AlexaFluor 594-conjugated anti-mouse (A11020, Invitrogen) or AlexaFluor 633-conjugated anti-rabbit (A21072, Invitrogen) secondary antibodies in blocking solution for 1 h at 37°C. Slides were mounted in Prolong Gold antifade reagent with DAPI (Molecular Probes, 936,576) and images were obtained with an Apotome-equipped Axio Observer Z1 microscope (Carl Zeiss AG).



2.10. Luciferase reporter assay

Vero E6 cells were seeded in 24-well plates at 50,000 cells/well. After 24 h, transfection mix for each well was prepared by adding, drop by drop with a 100 μL-pipette, a mix containing 500 ng of a Firefly Luciferase reporter plasmid, 25 ng of Renilla Luciferase control vector (Promega; internal control), 0.5 μL of 50 μM of one of the svRNA mimics (pre-svRNA 1, pre-svRNA 2) or NC-pre-miR and 50 μL of Opti-MEM medium to a mix containing 1 μL of Lipofectamine 2000 reagent (Invitrogen) and 50 μL of Opti-MEM medium. After 30 min of incubation, the 100 μL-transfection mix was added to the cells from the well in which the growth medium was previously replaced by 400 μL of Opti-MEM medium. The medium was replaced by fresh growth medium 6 h after transfection. 48 h post-transfection, cells were washed with PBS and lysed by shaking the plate/s during 20 min at room temperature with 100 μL of 1X Passive Lysis buffer per well. 20 μL of each cell lysate were transferred into the luminometer plate. Firefly and Renilla luciferase activities from the cell extracts were respectively measured in the luminometer (settings: a 2-s premeasurement delay, followed by a 10-s measurement period for each reporter assay) after sequential addition of 100 μL of Luciferse Assay reagent II and 100 μL of Stop and Glo reagent from the Dual-luciferase Reporter Assay System (Promega).



2.11. Reanalysis of deposited sequencing data and selection of svRNA candidates

To analyze SERINC5 expression in Calu3 and Caco2 cells, SRA files were downloaded from GSE148729. We used for this study SRA files from the sequencing of polyA RNA from Calu3 cells and Caco2 cells, infected or not with SARS-CoV and SARS-CoV-2. Normalized read counts from the SRA files were rescaled to avoid negative values and subsequently logarithmic transformed. Expression levels of SERINC5 at the different time points were plotted for each sample collection.

Data from small RNA were collected from GSE148729 and fastq files were downloaded using SRA-Toolkit. Sequences from these files were trimmed with cutadapt. We removed (i) the Truseq adapter for small RNA (TGGAATTCTCGGGTGCCAAGG), (ii) the first three 5′ nucleotides from the reads, (iii) the reads with a phred below 30, (iv) polyA tails and (v) the very short reads. Then, the DEUS tool for R was used to detect unique reads (human and virus) and to perform differential expression (only reads with zero values in the non-infected condition). Sequence annotation [Homo sapiens (human) GRCh38 (hg38)] and SARS-CoV-2 isolate Wuhan-Hu-1 (NC_045512.2) genomes were used as a reference for the blast and clustering of selected similar sequences. svRNA 2 was one of the most represented in number of counts and also one of the most differentially expressed svRNAs (Supplementary Table S1).

svRNA 1 was selected after exploring the intergenic regions of the SARS-CoV-2 isolate Wuhan-Hu-1 (NC_045512.2) genome with RNA central to find similar non-coding RNA sequences in the human genome. A region from pre-miR-431 was found to be highly similar to the region between N and Orf10 genes from the SARS-CoV-2 genome. This result was also confirmed by searching for similarity with miRBase (search sequences: stem-loop sequences, search method: BLASTN, E-value cutoff: 100, maximum number of hits: 100).

Binding sites for svRNA 1 and 2 were found in the 3’UTR of SERINC5 mRNA using the Diana MR-microT tool.



2.12. Statistical analysis

Statistical analysis was performed using Student’s t-test and was conducted using GraphPad Prism 8 (GraphPad Software, Inc., San Diego, CA). The statistically significant differences between the means were indicated by asterisks (*p < 0.05, **p < 0.01, or ***p < 0.001), and non-significant differences by ns.




3. Results


3.1. Levels of SERINC5 mRNA are reduced in COVID-19 patients and this reduction is inversely proportional to the level of two svRNAs predicted to bind SERINC5 mRNA

SERINC5 was identified as a critical restriction factor for the infectivity of certain viruses such as HIV-1 (Ahi et al., 2016; Chande et al., 2016; Trautz et al., 2017). To explore whether the expression of SERINC5 is affected during SARS-CoV-2 infection, the level of SERINC5 mRNA was analyzed from transcriptomic data of Calu3 cells infected with SARS-CoV-2 deposited in GEO (GSE148729) and from nasopharyngeal and saliva samples from COVID-19 patients. The analysis of GSE148729 data (Supplementary Figure S1) showed that SERINC5 mRNA levels progressively decrease with the time of infection in Calu3 cells. Similar results were obtained with Caco2 cells (data not shown). Then, we evaluated the level of SERINC5 mRNA in nasopharyngeal (swabs) and saliva samples from patients with COVID-19 and controls. RT-qPCR analysis of SERINC5 mRNA levels showed a significant reduction in both types of samples from patients compared to controls (Figure 1A). When the correlation between SERINC5 expression and viral titer (assessed in terms of subgenomic E mRNA expression) was analyzed (Figure 1B), we found a clear inverse correlation in the swabs samples. However, in saliva this correlation was not significant, likely due to the complex nature of this sample type, with many contaminants (proteins, complex organic molecules, and bacteria) and RNAses that may affect the quality of RNA. Altogether, these data indicated that the infection of SARS-CoV-2 induced a reduction in the levels of SERINC5 mRNA.

[image: Figure 1]

FIGURE 1
 Analysis of the levels of SERINC5 mRNA in nasopharyngeal and saliva samples of COVID-19 patients. (A) RT-qPCR analysis of the expression of SERINC5 mRNA in nasopharyngeal (swabs) and saliva samples from COVID-19 patients (P) with respect to healthy patients (C). The control value represents the mean of all control samples. The ΔΔCt method was used for relative quantification using RPP30 mRNA as an endogenous control. Data are represented as log2 fold change with respect to control samples. (B) Correlation analysis between log2 fold changes obtained for SERINC5 mRNA and log2 viral titers in swabs (top) and saliva (bottom) samples. Viral titer was expressed as E mRNA copies/mL sample. Differences from control values were found to be statistically significant at *p < 0.05, **p < 0.01, and ***p < 0.001.


In SARS-CoV-2 no viral protein capable of repressing the expression of SERINC5 in host cells has been identified. Therefore, we investigated the hypothesis that the genome of the virus harbors small RNA regulators of host gene expression, similar to miRNAs, that could be responsible for the reduction of SERINC5 levels during infection. Through an in silico study, we identified two svRNAs (svRNAs 1 and 2) with predicted binding sites in the 3’UTR region of the SERINC5 gene (Figure 2). svRNA 1 was identified from the analysis of the intergenic regions of the SARS-CoV-2 genome with the RNA central program. RNA Central Resources can identify, in a sequence query, any small non-coding RNA (sncRNA) sequence similar to those deposited in the database. This database houses all types of ncRNA from a wide range of organisms. RNA central provided a 24 nt sequence, located in the intergenic sequence between N and ORF10 genes at the 3’-end of the SARS-CoV-2 genome (29,534 nt–29,557 nt; Figure 2A), which was similar to the cellular microRNA precursor pre-miRNA-431. This sequence was conserved among several mammalian species, including humans, and showed a binding capacity to the 3’UTR region of SERINC5 mRNA according to the Diana MR-microT tool (Figure 2C). On the other hand, svRNA 2 was selected as one of the most expressed small RNAs from the reanalysis of a small RNA dataset deposited in GEO (GSE148729) that was generated from Calu3 cells infected with SARS-CoV-2 (Figure 2B; Supplementary Table S1). This 24 nt long svRNA mapped in the N gene (29,353 nt–29,376 nt) and its sequence also showed binding sites to the 3’UTR region of SERINC5 mRNA (Figure 2C). Both svRNA candidates were confirmed by the miRNA fold tool, which allows the prediction of microRNA hairpin structures using a genome sequence as Input (Supplementary Table S2). Moreover, the conservation of svRNA sequences among different classes of coronavirus was also analyzed, showing that svRNA 1 and 2 exhibited high conservation grades among coronaviruses SARS-CoV, SARS-CoV-2 and the SARS-like betacoronavirus Bat coronavirus RaTG13, known as the closest relative of SARS-CoV-2 (Figure 2D). Altogether, these in silico studies suggested the existence of two SARS-CoV-2 svRNAs predicted to interact with the 3’UTR region of SERINC5 mRNA.
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FIGURE 2
 In silico prediction of SARS-CoV-2 svRNAs interacting with SERINC5 mRNA. (A) Identification of svRNA 1 using RNA Central Resources. Sequence and genomic location of svRNA 1 and alignment of svRNA 1 sequence with those of pre-miRNA-431 from different species are shown. The mature miRNA sequences are in grey shadow and the conserved nucleotides among species are in bold letters. (*) ORF10 has so far little experimental support as a protein-coding gene (B) Identification of svRNA 2 by reanalysis of GSE148729 dataset. Count coverage of small RNA sequences from SARS-CoV-2-infected Calu3 cells aligning with the SARS-CoV-2 genome is indicated. The top panel shows the region’s count coverage containing the svRNA 2 at 24 hpi. The red shadow indicates the svRNA 2 sequence. (C) Predicted interaction of svRNAs 1 and 2 with the 3’UTR of SERINC5 mRNA according to the Diana MR-microT tool. Grey shadow indicates nucleotides involved in the interaction. (D) Alignment of SARS-CoV-2 genome-encoded svRNA 1 and 2 sequences (dark shadow) with the genomes of other coronaviruses: MERS-CoV, SARS-CoV, HCoV-229E, HCoV-HKU1, HCoV-OC43, and the SARS-like betacoronavirus Bat coronavirus RaTG13. A higher intensity of the blue shade denotes higher conservation.


To confirm the existence of svRNA 1 and svRNA 2 in COVID-19 patients, the presence of both svRNAs was analyzed in both nasopharyngeal and saliva samples by RT-qPCR, using specific TaqMan probes (Table 1). Both svRNAs were detected in both types of samples (Figure 3A). Although their levels among the samples were heterogeneous, they showed a significant correlation with the viral titer (Figure 3B). Interestingly, when we studied the correlation between svRNA 1 and 2 levels and SERINC5 mRNA levels, we found an inverse correlation that was significant for svRNA 1 and svRNA 2 in both sample types (Figure 3C).
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FIGURE 3
 Analysis of the levels of svRNA 1 and 2 in nasopharyngeal and saliva samples of COVID-19 patients. (A) RT-qPCR analysis of the expression of svRNA 1 and svRNA 2 in nasopharyngeal (swabs) and saliva samples from COVID-19 patients (P) with respect to control samples (C). The control value represents the mean of all control samples. The ΔΔCt method was used for relative quantification with U6 snRNA as an endogenous control. Data are represented as log2 fold change with respect to control samples. (B) Correlation analysis between log2 fold changes obtained for svRNA 1 or svRNA 2 and log 2 viral titers in swabs (top) and saliva (bottom) samples. (C) Correlation analysis of log2 fold changes obtained for svRNA 1 or svRNA 2 and SERINC5 mRNA in swabs (left) and saliva (right) samples. Differences from control values were found to be statistically significant at *p < 0.05, **p < 0.01, and ***p < 0.001.


Altogether, these data indicated that in SARS-CoV-2-infected patients, the level of SERINC5 mRNA was reduced and this reduction was inversely proportional to the viral titer and the level of svRNA 1 and svRNA 2.



3.2. Levels of SARS-CoV-2 svRNAs 1 and 2 are inversely correlated with the levels of SERINC5 in Vero E6 and HEK293T-hACE2 infected cells

After the identification of SARS-CoV-2 svRNAs in patient samples and demonstrating an inverse correlation with SERINC5 expression, we performed similar studies in vitro using the cell lines Vero E6 and HEK293T-hACE2 (Figure 4). To that end, Vero E6 and HEK293T-hACE2 cells were infected with SARS-CoV-2 with a MOI of 1 PFU/cell and at 4, 8, and 16 h post-infection (hpi) the expression of svRNAs 1 y 2 and SERINC5 mRNA was analyzed by RT-qPCR. Based on the RT-qPCR data, we found that both svRNAs progressively accumulated in both cell lines and this accumulation directly correlated with the viral titer (Figure 4A). Interestingly, when the levels of SERINC5 mRNA were analyzed, we detected a progressive reduction throughout the infection until extremely low values at 16 hpi in both cell lines (Figure 4B), which was inversely correlated with the virus titer. To confirm this reduction, the expression of SERINC5 at the protein level was also analyzed by western blot. A clear reduction in the levels of SERINC5 protein throughout the infection was detected, with their lowest values at 16 and 20 hpi in both cell lines (Figure 4C). These results indicated that the infection of SARS-CoV-2 reduces the level of SERINC5, that this reduction is inversely proportional to the levels of SARS-CoV-2 svRNAs 1 and 2, and that this effect is independent of the cell type and species.
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FIGURE 4
 Analysis of the expression of svRNAs 1 and 2 and SERINC5 in Vero E6 and HEK293T-hACE2 infected cells. (A) RT-qPCR analysis of svRNAs 1 and 2 expression and correlation analysis between log2 fold changes obtained for svRNA 1 and svRNA 2 and log 2 viral titers in SARS-CoV-2-infected (MOI, 1 PFU/cell) Vero E6 (left panels) and HEK293T-hACE2 (right panels) cells at 4, 8, and 16 hpi. The ΔΔCt method was used for relative quantification, with U6 snRNA as an endogenous control. Data are represented as log2 fold change with respect to mock values and are the mean ± SD of at least three independent experiments. Viral titer was expressed as E mRNA copies/mL sample. (B) RT-qPCR analysis of SERINC5 mRNA expression in SARS-CoV-2-infected (MOI, 1 PFU/cell) Vero E6 (left panel) and HEK293T-hACE2 (right panel) cells at 4, 8, and 16 hpi. The ΔΔCt method was used for relative quantification with RPP30 mRNA as an endogenous control. Data are represented in logarithmic scale as fold change with respect to mock values and are the mean ± SD of at least three independent experiments. (C) Western blot analysis of SERINC5 protein in SARS-CoV-2-infected (MOI, 1 PFU/cell) Vero E6 (left panels) and HEK293T-hACE2 (right panels) cells at 8, 16, and 20 hpi. Blots are representative of at least three independent experiments. The scatter plot shows the densitometric analysis of the protein normalized to β-tubulin and represented as fold change relative to mock. Differences from mock values were found to be statistically significant at *p < 0.05, **p < 0.01, and ***p < 0.001.




3.3. svRNAs 1 and 2 can bind the 3’UTR of SERINC5 mRNA and reduce SERINC5 expression in vitro

Once the existence of svRNA 1 and 2 during SARS-CoV-2 infection was demonstrated and the levels of these svRNAs inversely correlated with the level of SERINC5, we explored the ability of these svRNAs to post-transcriptionally regulate endogenous SERINC5 expression. To that end, Vero E6 and HEK293T-hACE2 cells were transfected with svRNA 1 or svRNA 2 mimic molecules (Pre-svRNA 1 and 2) and the levels of SERINC5 mRNA were determined by RT-qPCR. As shown in Figure 5A, a clear reduction in SERINC5 mRNA levels was observed in both Vero E6 and HEK293T-hACE2 cells transfected with either of the two Pre-svRNAs, confirming that both svRNAs are responsible for the downregulation of SERINC5 observed during SARS-CoV-2 infection. Then, we analyzed whether the svRNAs effect was dose-dependent. To this end, we co-transfected HEK293T-hACE2 cells with a GFP-expressing plasmid and the svRNA 1 mimic, and then sorted the cells into three populations: non-expressing, moderately expressing, and highly expressing GFP. The analysis of these three populations showed that the expression of SERINC5 was inversely proportional to the expression of GFP, confirming that, at least for svRNA 1, the level of expression of this svRNA mimic within the cell influences the expression of SERINC5 in a dose-dependent way (Figure 5B).
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FIGURE 5
 Analysis of the levels of SERINC5 mRNA in Vero E6 and HEK293T-hACE2 cells transfected with svRNAs 1 and 2 mimics. (A) RT-qPCR analysis of SERINC5 mRNA level in Vero E6 (left panel) and HEK293T-hACE2 (right panel) cells transfected with an oligonucleotide that mimics the precursor of svRNA 1 or 2 (Pre-svRNA 1 and 2, respectively) or an irrelevant precursor svRNA (NC-pre-svRNA) as a negative control. Data are represented as fold change with respect to values from control samples. (B) RT-qPCR analysis of SERINC5 mRNA level in HEK293T-hACE2 cells co-transfected with Pre-svRNA 1 and a GFP-expressing plasmid. The study was performed on these cells after sorting them into three populations, non-expressing (−GFP), intermediate expressing (+GFP), and highly expressing (++GFP) GFP cells. Data are represented as fold change with respect to values from negative control-transfected cells.


Finally, we evaluated the ability of svRNAs 1 and 2 to bind to the 3′UTR of SERINC5 mRNA target using a luciferase reporter assay. To this end, we cloned a portion of the 3′UTR of SERINC5 mRNA downstream of the Firefly Luciferase reporter gene in the pMIR plasmid in direct (+) or reverse (−) direction [pMIR-Luc-SERINC5-3’UTR(+) and pMIR-Luc-SERINC5-3’UTR(−), respectively]. Then, we co-transfected each plasmid into Vero E6 cells together with the control plasmid expressing Renila Luciferase and the respective svRNA mimic or its negative control. As shown in Figure 6, co-transfection of the wild-type SERINC5 3′UTR reporter [pMIR-Luc-SERINC5-3’UTR(+)] with svRNAs 1 or 2 mimics reduced significantly the luciferase activity when compared with the mimic control transfected cells (Figure 6, left panel), whereas no effect was observed when the reporter carried the 3′UTR cloned in the reverse direction [pMIR-Luc-SERINC5-3’UTR(−)] (Figure 6, right panel). Altogether, these data indicate that svRNAs 1 and 2 function as a miRNA-like regulators of SERINC5, directly targeting the 3′UTR of the SERINC5 mRNA.
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FIGURE 6
 Study of the binding capacity of svRNA 1 and 2 to the 3’UTR of SERINC5 mRNA. Vero E6 cells were co-transfected with a negative control oligonucleotide (NC-pre-svRNA), the oligonucleotide mimic of svRNA 1 or 2 (pre-svRNA 1 and 2) together with the reporter constructs containing the Firefly Luciferase gene fused with the SERINC5-3′UTR in the direct (+) (left panel) or reverse (−) direction (right panel), and the Renilla Luciferase control vector. At 48 h post-transfection the luciferase activity was analyzed and the data obtained were normalized to the levels of Renilla Luciferase (Control of transfection). Differences from control values were found to be statistically significant at *p < 0.05, **p < 0.01, and ***p < 0.001.




3.4. Treatment with antisense oligonucleotides against svRNA 1 and 2 recovers SERINC5 expression and reduces the levels of SARS-CoV-2 N and S viral proteins

To explore the biological function of svRNAs 1 and 2, we performed overexpression or silencing experiments. To that end, Vero E6 cells were transfected with specific mimic (overexpression) or anti-svRNA (silencing) oligonucleotides (Table 1). At 36 h post-transfection, the cells were infected with SARS-CoV-2 at a MOI of 1 PFU/cell and at 20 hpi the levels of svRNAs, viral N and S proteins, and SERINC5 were analyzed. Previously, we confirmed the overexpression and silencing of svRNAs 1 and 2 by RT-qPCR. Levels of svRNA 1 and 2 were increased 4- and 2-fold, respectively, in pre-svRNA 1 or 2-transfected cells compared to cells transfected with a non-related mimic sequence [negative control (NC-Pre-svRNA)] (Figure 7A, left panel). Conversely, they were reduced by almost 75% in anti-svRNA 1 and 2-transfected cells compared to cells transfected with a non-related sequence inhibitor [negative control (NC) anti-miR] (Figure 7A, right panel). Interestingly, in cells where svRNA 1 had been silenced we also noted a moderate reduction of svRNA 2 level, suggesting that svRNA 1 biogenesis positively regulates the generation of svRNA 2. After that, we analyzed the effect of the mimic svRNAs and anti-svRNAs on virus replication by analyzing the expression of N and S proteins by western blot (Figure 7B). No significant differences were found in the levels of S and N proteins when cells were treated with mimic molecules. In contrast, when cells were treated with the anti-svRNAs a significant reduction in the levels of S and N proteins was detected, being more evident in the case of N protein (40% reduction; Figure 7B). In addition, we also analyzed the effect of the mimic svRNA and anti-svRNA molecules on virus production (24 hpi). No significant differences were detected between cells treated or untreated with the mimic molecules. In contrast, a very moderate reduction was observed in cells treated with anti-svRNA 1 (1.50 fold decrease) or 2 (1.75 fold decrease), which could be in concordance with the reduction observed in the levels of N and S proteins (Figure 7C). Although these differences are very low, they are statistically significant.

[image: Figure 7]

FIGURE 7
 Expression levels of svRNAs 1 and 2, viral proteins and cellular SERINC5 in Vero E6 cells treated with mimic or anti-sense molecules for svRNA 1 and 2 and infected with SARS-CoV-2. Vero E6 cells were transfected with specific oligonucleotides mimic for svRNA 1 or svRNA 2 (Pre-svRNA 1 and 2), or specific antisense oligonucleotides for svRNA 1 or svRNA 2 (Anti-svRNA 1 and 2), and at 36 h post-transfection the cells were infected with SARS-CoV-2 (1 PFU/cell). The levels of svRNAs, N, S and SERINC5 proteins were analyzed at 20 hpi and the virus production in the cell supernatants at 24 hpi. (A) RT-qPCR analysis of svRNAs 1 and 2 levels in cells transfected with Pre-svRNA 1 and 2 (left panel), or Anti-svRNA 1 and 2 (right panel). Data are represented as fold change respect to the negative control (NC-pre-svRNA or NC-anti-svRNA)-transfected and SARS-CoV-2-infected cells (control samples). The control value represents the mean of all control samples. (B) Western blot analysis of viral N and S proteins. The scatter plot shows the densitometric analysis of N and S proteins normalized to β-tubulin and represented as fold change relative to negative control-transfected cells. The control value represents the mean of all control samples. (C) Virus production. The viral titers in the cell supernatants were determined at 24 hpi by plaque assay. Data are represented as fold change respect to the negative control (NC-pre-svRNA or NC-anti-svRNA)-transfected and SARS-CoV-2-infected cells (control samples). (D) Western blot analysis of SERINC5. The scatter plot shows the densitometric analysis of SERINC5 protein normalized to β-tubulin and represented as fold change relative to SARS-CoV-2-infected, negative control-transfected cells. The control value represents the mean of all control samples. Differences from negative control values were found to be statistically significant at *p < 0.05, **p < 0.01 and ***p < 0.001.


Finally, we explored by Western-blot whether the overexpression or silencing of SARS-CoV-2 svRNAs affected the levels of SERINC5 protein (Figure 7D). As expected, we observed that the treatment with either svRNA 1 or svRNA 2 mimics reduced SERINC5 expression while anti-svRNA 1 and 2 treatments achieved a moderate increase in SERINC5 levels compared to NC-transfected cells.

Altogether, these data confirm the regulation of SERINC5 by the SARS-CoV-2 svRNAs and indicate that anti-svRNA 1 and 2 have only a moderate effect on virus production, possibly by increasing the levels of SERINC5, the target of the viral svRNAs.



3.5. Anti-svRNAs treatment modifies the levels of MAVS in SARS-CoV-2 infected cells

A novel antiviral activity of SERINC5 has been recently described (Zeng et al., 2021). SERINC5 has been shown to translocate to the mitochondrial membrane after viral infection, where it associates with MAVS and promotes its oligomerization. Aggregated MAVS acts as a central hub for signal transduction, leading to changes in the expression of several genes involved in inflammation, apoptosis and cell cycle as part of the cellular response against viral infection (Zhang et al., 2020; Zeng et al., 2021). However, there are several viruses, including SARS-CoV-2, that are capable of controlling the MAVS cascade by establishing interactions between the elements of this cascade and several viral proteins. This strategy allows them to escape and over-activate the innate immune response during the course of infection (Fu et al., 2021; Fung et al., 2021; Han et al., 2021; Liu et al., 2021; Zotta et al., 2021; Li et al., 2022; Thorne et al., 2022; Zheng et al., 2022).

In a first approach, we evaluated the control of SERINC5 on the levels of endogenous MAVS protein in uninfected Vero E6 cells, by examining its levels in cells that overexpress SERINC5. We found that these cells exhibited a 5-fold increase of endogenous MAVS protein (Supplementary Figure S2). Furthermore, we observed, as described before (Zeng et al., 2021), that SERINC5 partially co-localized with mitochondria (Supplementary Figure S3) and with MAVS (Supplementary Figure S4) in Vero E6 cells.

Based on this regulation and considering that SARS-CoV-2 infection of Vero E6 and HEK293T-hACE2 cells triggers a decrease in SERINC5 protein levels, a reduction in MAVS protein levels would be expected under these conditions. To verify this, Vero E6 and HEK293T-hACE2 cells were infected with SARS-CoV-2 (MOI of 1 PFU/cell) and the expression of SERINC5 and MAVS was analyzed at 8, 16, and 20 hpi by Western blot. Surprisingly, in both cell types the levels of MAVS protein increased when those of SERINC5 decreased during viral infection (Figure 8A), suggesting the involvement of a SERINC5-independent and positive regulatory mechanism of MAVS. In this line, it has been reported that the viral protein nsp5 increases the stability of MAVS by promoting its SUMOylation and, consequently, increasing its levels (Li et al., 2021). Based on our findings, although both SERINC5-dependent and -independent mechanisms coexist during the infection, positive regulation of MAVS by the SERINC5-independent mechanism apparently has a greater effect on MAVS expression than the negative effect of reducing SERINC5 (SERINC5-dependent mechanism).
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FIGURE 8
 Analysis of MAVS expression during SARS-CoV-2 infection of Vero E6 and HEK293T-hACE2 cells treated or not with anti-sense molecules for svRNA 1 and 2. (A) Western blot analysis of SERINC5 and MAVS in Vero E6 (left) or HEK293T-hACE2 cells (right) mock-infected or infected with SARS-CoV-2 (MOI of 1 PFU/cell) at 8, 16, and 20 hpi. The scatter plot shows the densitometric analysis of MAVS protein normalized to β-tubulin and represented as fold change relative to non-infected (mock) cells. (B) Western blot analysis of MAVS in Vero E6 cells mock-transfected or transfected with anti-svRNA 1, anti-svRNA 2, or NC-anti-svRNA for 36 h and then infected with SARS-CoV-2 with a MOI of 1PFU/cell for 20 h. The scatter plot shows the densitometric analysis of MAVS and SERINC5 proteins normalized to β-tubulin, represented as fold change relative to non-transfected mock-infected (mock) cells. Differences from control values were found to be statistically significant at *p < 0.05, **p < 0.01, and ***p < 0.001.


Then we explored whether anti-svRNA 1 and 2 treatments had any effect on MAVS expression. In particular, we examined the levels of MAVS protein after SARS-CoV-2 infection of Vero E6 cells transfected with the anti-svRNA 1 or 2 and we compared them with those of NC-anti-svRNA-transfected cells. As shown in Figure 8B, the increase in MAVS levels after SARS-CoV-2 infection was significantly reinforced by the anti-svRNA treatments. This reflects an accumulative effect on MAVS by the SERINC5-dependent pathway when SERINC5 is recovered.



3.6. Anti-svRNA 1 treatment lowers the induction of innate immune-related genes

SERINC5 has recently been considered as a key factor in the innate immune response (Firrito et al., 2018; Li et al., 2020; Zeng et al., 2021). Since we observed that the anti-svRNA treatment recovers the expression of SERINC5 in Vero E6 cells infected with SARS-CoV-2 (Figure 7D), we evaluate the expression of certain innate immune related genes under these conditions. In particular, we analyzed by RT-qPCR the mRNA levels of interferon β (IFNβ), an interferon-stimulated gene [interferon stimulated exonuclease gene 20 (ISG20)] and a chemokine [chemokine (C-C motif) ligand 20 (CCL20)] after the SARS-CoV-2 infection of VeroE6 cells previously transfected with anti-svRNA 1, the most efficient svRNA inhibitor recovering SERINC5 (Figure 7D), or with the negative control (NC) anti-svRNA The oligonucleotides used are described in Table 1. We found that SARS-CoV-2 infection induced the mRNA expression of IFNβ, ISG20, and CCL20 and that this induction was partially counteracted when the cells recover SERINC5 expression by treatment with anti-svRNA 1 (Figure 9). These data suggests that SERINC5 is a negative regulator of the innate immune response. To confirm this negative role of SERINC5, the expression of IFNβ, ISG20, and CCL20 was evaluate in VeroE6 cells over-expressing SERINC5 in comparison to control cells. We found that VeroE6 cells over-expressing SERINC5 showed reduced levels of IFNβ, ISG20, and CCL20 mRNAs when compared to control cells (Supplementary Figure S5). Overall, our results suggest that recovery of SERINC5 by anti-svRNA treatment lowers the host innate response triggered by the virus.
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FIGURE 9
 Expression levels of IFNβ, ISG20, and CCL20 mRNAs in Vero E6 cells treated or not with anti-sense molecules for svRNA 1. Vero E6 cells were mock transfected or transfected with either a specific antisense oligonucleotide for svRNA 1 (Anti-svRNA1) or an irrelevant oligonucleotide (NC-anti-svRNA) as a negative control. At 36 h post-transfection the cells were infected with SARS-CoV-2 (1 PFU/cell) and the levels of IFNβ, ISG20 and CCL20 mRNAs were analyzed at 18 hpi by RT-qPCR. The ΔΔCt method was used for relative quantification with RPP30 mRNA as an endogenous control. Data are represented as fold change relative to non-transfected mock-infected (mock) cells and are the mean ± SD of at least three independent experiments. Differences from control values were found to be statistically significant at *p < 0.05 and **p < 0.01.





4. Discussion

SERINC5 is an unconventional restriction and cell-associated innate immunity factor required to restrict the infectivity of certain viruses such as HIV-1, MLV, simian immunodeficiency virus (SIV), EIAV, vesicular stomatitis virus (VSV), and Zika virus (ZIKV) (Rosa et al., 2015; Chande et al., 2016; Heigele et al., 2016; Timilsina et al., 2020; Zeng et al., 2021). These studies have shown that when SERINC5 is over-expressed within the cell, it effectively suppresses the viral particle infectivity. It incorporates into nascent viral particles and compromises the formation of the virus-cell fusion pore for viral entry into new target cells. Recent work has demonstrated that SERINC5 operates in the same way during SARS-CoV-2 infection of Calu3 cells (Timilsina et al., 2022). SERINC5 inhibits SARS-CoV-2 infection by binding to SARS-CoV-2 S protein, thus blocking the fusion step during virus entry. Furthermore, two additional roles have recently been attributed to this protein. In the case of the Hepatitis B virus (HBV), SERINC5 inhibits virion secretion by interfering with the glycosylation of HBV envelope proteins (10). In contrast, in HIV-1, VSV, and ZIKV, SERINC5 inhibits virus infection by interacting with the outer mitochondrial membrane protein MAVS facilitating its aggregation and, consequently, triggering the activation of downstream signaling pathways (Zeng et al., 2021).

In many of the viruses described above, different mechanisms to counteract the antiviral effect of SERINC5 have been described. HIV-1, MLV, and EIA encode viral proteins to counteract SERINC5 activities (Usami et al., 2015; Ahi et al., 2016; Chande et al., 2016). In SARS-CoV-2 (Timilsina et al., 2022), it has been demonstrated that protein 7a counteracts SERINC5 by blocking SERINC5 incorporation in budding virions and by forming a complex with SERINC5 and SARS-CoV-2 S protein, hindering the activity of the SERINC5 molecules incorporated in budding virions. Interestingly, these studies with SARS-CoV-2 were performed in Calu3 cells at 2 and 6 hpi, a period in which authors did not observed changes in SERINC5 mRNA levels. A similar result was also obtained here at 4 hpi in the in silico study using GSE148729 data for that cell line, where no major changes in the mRNA level were detected (Supplementary Figure S1). However, we revealed in the in silico study that levels of SERINC5 mRNA started to decline from 12hpi. Moreover, we have confirmed that reduction of SERINC5 mRNA levels during SARS-Cov2 infection also occurred in VeroE6 and HEK293T-hACE2 cells (Figure 4), mainly at late stage, and in COVID-19 patient samples (Figure 1).Therefore, these data suggest that SARS-CoV-2 infection counteracts SERINC5 protein activity by protein 7a in the first stage and SERINC5 mRNA/protein levels at late stage by repression in the expression of this gene, highlighting the importance of the host factor in virus restriction.

Here, we demonstrated that levels of SERINC5 were reduced during the infection by SARS-CoV-2 both in cell cultures and in COVID-19 patients. Since no viral protein capable of repressing the expression of SERINC5 in host cells was identified, we hypothesized that svRNAs encoded in the SARS-CoV-2 genome could be responsible for this repression during infection. Through an in silico study, we identified two viral small RNAs (svRNAs 1 and 2) with predicted binding sites in the 3’UTR region of the SERINC5 gene. svRNA 1 is a 24 nt-long RNA, located in the intergenic sequence between N and ORF10 genes at the 3’end of the SARS-CoV-2 genome, that showed a sequence similar to a region of the cellular microRNA precursor pre-miRNA-431. Interestingly, this conservation is maintained among several mammalian species, including humans. As described for other viral miRNAs with high homologies to host miRNAs in seed sequence, this strategy could allow the virus to mislead host cells or take control of pre-existing regulatory pathways of host miRNAs (Gottwein et al., 2007; Skalsky et al., 2007; Kincaid et al., 2012). On the other hand, svRNA 2 is a 24 nt-long RNA located in the N gene. Both svRNAs exhibited high conservation grades among different coronaviruses and showed in silico-binding capacity to the 3’UTR of SERINC5 mRNA.

First, we proved the existence of both svRNAs in nasopharyngeal and saliva samples from COVID-19 patients and SARS-CoV-2-infected cell lines. In both cases, the level of SERINC5 mRNA was reduced and this reduction was inversely proportional to the viral titer and to the level of svRNA 1 and svRNA 2. This effect was independent of the cell type and species according to the experiments with Vero E6 and HEK293T-hACE2 cells. Moreover, we explored whether SARS-CoV-2 svRNA production was dependent on the cellular miRNA pathway by the analysis of svRNAs expression in HEK293T-hACE2 cells, in which Dicer and Argonaute 2 (Ago2) proteins were silenced (Supplementary Figure S6). We found that knocking down the expression of Dicer and Ago2 did not significantly affect the expression of either svRNA in infected cells (Supplementary Figure S6). These data are consistent with the previous results reported in SARS-CoV (Morales et al., 2017) and suggest that svRNAs are generated by alternative pathway/s.

Then we demonstrated that both svRNAs down-regulate the levels of endogenous SERINC5 mRNA and that this regulation occurs directly through the binding of the svRNAs to the 3’UTR. This regulation was demonstrated by overexpression and silencing experiments. Overexpression of svRNA 1 or svRNA 2 in cells infected with SARS-CoV-2, promoted the reduction of SERINC5 protein levels, and their partial silencing with antisense oligonucleotide against these svRNAs, partially recovers SERINC5 expression. In these conditions, SERINC5 recovery was accompanied by a reduction in the levels of SARS-CoV-2 N and S proteins and by a very moderate decrease in virus production. This slight impact on viral production is possible because the anti-svRNAs effect on viral proteins did not reach compromised levels in these cell lines in which virus infection and replication are very favorable.

Then we showed that SERINC5 controlled the levels of MAVS in uninfected Vero E6 cells, as SERINC5 overexpression (~2-fold) triggered a marked increase in MAVS protein (~5-fold). This phenomenon was previously observed in the HEK293T cells (Zeng et al., 2021). However, during infection in Vero E6 and HEK293T-hACE2 cells, even though SERINC5 levels were reduced by the action of svRNAs, the levels of MAVS did not decrease in parallel. On the contrary, they progressively increased, suggesting that a SERINC5-independent mechanism would be responsible for the augmentation in MAVS during infection. In this line, recent work has shown that the SARS-CoV-2 nsp5 protein increases the stability of MAVS by promoting its SUMOylation (Li et al., 2021). As MAVS increases during infection, the positive regulation by this SERINC5-independent mechanism apparently prevails over the negative effect of reducing SERINC5 (SERINC5-dependent mechanism). On the other hand, we have observed that the recovery of SERINC5 by anti-svRNA treatment during infection was accompanied by a greater increase in MAVS than that normally induced by SARS-CoV-2 infection alone, thus showing an accumulative effect. Altogether, these data suggest that SARS-CoV-2 expresses svRNAs to block host control over MAVS by reducing SERINC5 expression and favoring control of MAVS by viral proteins such as nsp5. Through treatment with anti-svRNAs, we were able to restore the SERINC5-dependent regulation of MAVS and reduce the levels of SARS-CoV-2 viral proteins N and S.

Different studies have described how SARS-CoV-2 proteins nsp5, N, M, ORF6, ORF9b, and ORF10 interfere with IFN production by targeting components of RIG1/MDA5-MAVS-IFN signaling pathways (Fu et al., 2021; Fung et al., 2021; Han et al., 2021; Liu et al., 2021; Zotta et al., 2021; Li et al., 2022; Thorne et al., 2022; Zheng et al., 2022). These findings suggest that SARS-CoV-2 proteins exert important control over the MAVS cascade. The interactions between those viral proteins and components of the MAVS cascade could condition the activity of MAVS in different pathways during the course of the infection, facilitating the evasion of the virus from the innate immune response and favoring its pathogenicity (Mattoo et al., 2022).

The innate immune system functions as the first line of defense against SARS-CoV-2; however, dysregulated innate immune responses can induce aberrant inflammation, cytokine storm, tissue damage, and acute respiratory distress syndrome in the host (Karki and Kanneganti, 2022). We found that anti-svRNA 1 treatment, which recovers SERINC5, lowers the induction of innate immune-related genes (IFNβ, ISG20 and CCL20; Figure 9; Supplementary Figure S5), indicating that SERINC5 acts as a negative regulator of these genes during SARS-CoV-2 infection. Overall, our data suggest that anti-svRNA treatment partially mitigates the innate immune response and promotes the reestablishment of basal levels of these immune signals. Although we still need further experiments to assess the therapeutic role of the use of antisense oligonucleotides against these svRNAs, our findings highlight potential therapeutic targets based on their action on key genes of the innate immune response.

Finally, considering that svRNAs 1 and 2 were easily detected in COVID-19 patient samples and that their levels correlated well with SARS-CoV-2 viral titer, svRNAs could be good candidate biomarkers in the diagnosis of the disease. A higher cohort of COVID-19 patient samples will allow testing of this possibility.
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Oligonucleotides used for mRNA level quantitation (RT-qPCR)

Name Sequence Provider
IFNp Fwd CATGAGCTACAACTTGCTTGG IEND DT

IFNp Rev TCCTCCTTCTGGAACTGCTG

15G20 Fwd TGACAAGTTTGCCCTGAGTG 15G20 DT

15G20 Rev ATGCTTTAACTGGCGTCACC

CCL20 Fwd GCTTTGATGTCAGTGCTGCTAC ccL20 DT

CCL20 Rev TTGGATTTGCGCACACAG

SERINCS Fud ATCGAGTTCTGACGCTCTGC SERINCS DT
SERINGS Rev GCTCTTCAGTGTCCTCTCCAC

RPP30 Fd CTATTAATGTGGCGATTGACCGA RPP30 DT

RPP30 Rev TGAGGGCACTGGAAATTGTAT

Sequences used to order the custom TagMan miRNA assays

Name
SYRNA 1
SVRNA 2

Target sequence
ACTCATGCAGACCACACAAGGCAG

CCAAAACATTCCCACCAACAGAGCC

TagMan miRNA control assay

Name

Assay ID

SVRNA 1
SVRNA 2

Provider

‘Thermo Fisher Scientific

‘Thermo Fisher Scientific

Provider

U6 snRNA U6 snRNA. ‘Thermo Fisher Scientific

Oligonucleotides used for the cloning of the 3 UTR of SERINCS5 into pMIR

Name Sequence Restriction Provider

enzyme
GAAacgegt TGATATCGGCGGTCCCCT SERINGS
GAAacgegtTTGCACACCACAGATATATATCT

SERINC5_3UTR_F
SERINC5_3UTR_R

Oligonucleotides used for the cloning of SERINC5 cDNA into pIRES2 ZsGreen1 plasmid

Restriction Provider
enzyme

GGACGAgetageATGTCAGCTCAGTGCTGTGCAGGCCAGCT Nhel SERINCS DT

Name Sequence

mSERINCS Fywd
mSERINCS Rev GTATTAgaateTCACACAGAGAACTCCCGGGTGGGGCAGCAGA EcoRI SERINCS

The lowercase letter

indicate restriction enzyme sites introduced for cloning.
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Variants
name

B.1351

B.1.1.28/

triple mutant

B.1LT

B.1.429

Wuhan

Epitopes

FANPVLPEN

GLPQGFSAL

NIADYNYKL

KGENCYFPL

VENSVAYSN

SQCVNLTTR

SPGSASSVA

FQPTYGVGY

NIADYNYKL

EILDITPCS

FQPTYGVGY

EGENCYFPL

RDIDDTTDA

FTISVTTED

ITTHNTEV

CMESEFRVY

RYRLFRKSN

FQECNDPFL

VVELHVTYV

GKQGNEKNL

GIYQTSNER

VSPTKLNDL

FKNHTSPDV

Epitopes position
S-protein  S-protein

domain  chain
NTD 79-87
NTD 215-223
RBD 417-425
RBD 484-492
SD2 701-709
NTD 13-21
SD1 680-688
RBD 197-505
RBD a7-25
SD1 583-591
RBD 497-505
RBD 481-489
SD1 564-572
SD2 715-723
CD L111-1,119
NTD 152-160
RBD 452-460
NTD 132-140
HR2 1,060-1,068
NTD 181-189
NTD 311-319
RBD 382-390
CD 1,156-1,164

VaxiJen
score

02328
(Non-antigen)
0.1868
(Non-antigen)
15325
(Antigenic)
05711
(Antigenic)
0a71
(Antigenic)
15476
(Antigenic)
0.4250
(Antigenic)
04935
(Antigenic)
10536
(Antigenic)
04935
(Antigenic)
15485
(Antigenic)
05453
(Antigenic)
07902
(Antigenic)
08535
(Antigenic)
04351
(Antigenic)
04587
(Antigenic)
~06465
(Non-antigen)
~02493
(Non-
antigen)
15122
(Antigenic)
10607
(Antigenic)
05350
(Antigenic)
14610
(Antigenic)
0.4846
(Antigenic)
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Pseudovirus PV infection on 293T/ACE2 PV infection on Huh-7

1C5¢ = SD (nM) Fold change 1C5¢ = SD (nM) Fold change
D614G 0.062 + 0.001 1 0.073 + 0.008 1
Alpha 0.899 4 0.139 14.500 0.69 £ 0.075 9.452
Beta 901.8 + 68.826 14545.161 447.083 + 1.061 6124425
Gamma 204.367 + 0.189 3296.242 70.405 + 17.067 964.452
Delta 0.569 + 0.133 9.177 0.958 + 0.319 13.123
Lamda 0.301 + 0.078 4855 0.47 +0.029 6.438
Omicron 956.5 & 43.982 15427.419 761.217 + 69.367 10427.630
£69-70 0.101 + 0.011 1.629 0.137 4 0.005 1.877
K417N 2774+ 0.191 44742 4898 + 0.357 67.096
E484K 0.059 + 0.001 0.952 0.07 +0.013 0.959
N501Y 0.228 + 0.022 3.677 0.282 + 0.037 3.863
P681H 0.071 + 0.002 1145 0.069 + 0.011 0.945
A69-70/N501Y 0.209 + 0.004 3371 0.392 4 0.032 5.370
E484K/N501Y 0.579 + 0.069 9.339 0.525+0.15 7.192
N501Y/P681H 0199+ 0.014 3.210 0.31+0.048 4247
A69-70/N501Y/P681H 0.148 £ 0.03 2387 0.293 + 0.052 4014
K417N/E484K/N501Y 250.634 + 26.257 4042.484 323.017 + 5.775 4424.890
K417T/E484K/N501Y 59.937 + 2.497 966.726 68.525 + 8.03 938.699
L452R/T478K/P681R 0.146 + 0.003 2355 0.113 + 0.021 1.548

?The experiments were performed in triplicate and repeated three times, and data are expressed as the means + SD.
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Pseudovirus 1C5¢ == SD (nM) Fold change Pseudovirus 1C5¢ = SD (nM) Fold change

D614G 0.081 =+ 0.025 1.000 G446V 0.039 + 0.015 0.485
P3308 0.100 £ 0.014 1.250 L452M 0.084 + 0.024 1.695
P3378 0.058 £ 0.019 0.714 L452R 0.136 + 0.014 1.052
F338L 0.081 =+ 0.026 1.013 Y453F 0.114 + 0.026 1.424
G339D 0.035 £ 0.021 0.350 L455F 9.802 + 0.686 121.012
V3411 0.116 £ 0.026 1.448 S$459Y 0.039 + 0.003 0.489
A344S 0.077 £ 0.021 0.964 P463S 0.018 + 0.015 0.219
A348S 0.042 =+ 0.006 1.752. 1468T 0.068 + 0.019 0.843
A3528 0.114 £ 0.012 1.419 T470A 0.044 + 0.006 0.552
N354D 0.083 £ 0.021 1.032 E471Q 0.042 + 0.007 0.519
N354K 0.066 =+ 0.039 0.828 1472V 0.063 + 0.015 0.784
N3548 0.077 £ 0.012 0.956 A475V 0.061 + 0.017 0.764
S359N 0.077 £ 0.019 0.959 G476S 0.092 + 0.014 1.152
V367F 0.088 =+ 0.028 1.103 S4771 0.060 + 0.015 0.748
V367L 0.098 =+ 0.008 1.590 S477N 0.092 + 0.023 1.155
N3708 0.077 £ 0.012 0.956 S477R 0.049 + 0.004 0.609
A372T 0.082 =+ 0.038 1.022 T4781 0.078 + 0.008 0.974
S373L 0.082 =+ 0.036 1.021 T478K 0.078 + 0.009 0.975
F377L 0.050 =+ 0.003 0.630 P479S 0.070 + 0.017 0.880
K378N 0.086 =+ 0.009 1.070 G482S 0.057 &+ 0.007 0.716
V382L 0.054 £ 0.026 0.675 V483A 0.066 + 0.005 0.823
P384A 0.084 £ 0.015 1.046 V483F 0.016 + 0.007 0.199
P384L 0.088 £ 0.014 1.105 V4831 0.084 + 0.005 1.044
P384S 0.049 + 0.024 0.617 G485S 0.083 + 0.013 1.043
T385A 0.096 £ 0.011 1.231 G485R 0.045 + 0.014 0.560
T3851 0.092 =+ 0.003 1.145 F486L 0.096 + 0.026 1.200
T393P 0.082 £ 0.011 1:157 F490S 0.041 + 0.009 0.512
V3951 0.091 £ 0.018 1.134 F490L 0.049 + 0.010 0.617
1402V 0.088 =+ 0.052 1.097 Q493L 0.046 + 0.013 0.580
E406Q 2.489 + 0.299 31.125 $494pP 0.083 + 0.019 1.043
R4081 0.096 + 0.033 1.200 N501T 0.105 + 0.009 1.306
Q409E 0.077 £ 0.020 0.956 V503F 0.064 + 0.005 0.798
A411S 0.042 =+ 0.006 0.527 Y505W 0.479 4 0.030 5914
Q414R 0.029 =+ 0.002 0.361 Y508H 0.101 + 0.011 1.263
K417T 1.988 =+ 0.558 24.543 E516Q 0.070 + 0.005 0.879
D427Y 0.080 = 0.040 0.998 A5208 0.076 + 0.006 0.954
A435S 0.045 £ 0.011 0.565 A520V 0.013 + 0.006 0.167
N439K 0.033 £ 0.008 0.416 P521R 0.023 + 0.003 0.289
N440K 0.069 £ 0.012 0.860 P5218 0.053 + 0.017 0.657
K444N 0.042 £ 0.013 0.528 A5228 0.039 + 0.004 0.488
K444R 0.046 £ 0.013 0.570 A522V 0.032 + 0.016 0.404

“The experiments were performed in triplicate and repeated three times, and data are expressed as the means =+ SD. The resistance mutations are highlighted in bold.
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Proinflammatory effects

GSH is fundamental to sustain an adequate function
of the immune system, particularly affecting the
Iymphocyte activity since low GSH levels inhibit
“T-cell proliferation and immune response (Droge and
Breitkreutz, 2000; Ghezzi, 2011; Moro-Garcia etal,,
2018; Kelly and Pearce, 2020; Khanfar and Al Qaroot,
2020; Shyer et al. 2020). GSH levels in macrophages,
directly affect the Th1/Th2 cytokine response
(Fraternale et al, 2006). GSH is capable of scavenging
ROS through Nrf2-mediated heme oxygenase-1
induction and enhancing M1-like macrophage
polarization regulation, showing that GSH may be a
useful strategy to increase the human defense system
(Mittal et al, 2014; Kon et al, 2019; Funes et al.,
2020). GSH increases activation of cytotoxic T cells in
vivo, and adequate functioning of T lymphocytes and
other cells depends upon cellular supplies of cysteine
(Edinger and Thompson, 2002; Garg et al., 2011;
Levring et al., 2015)

Nrf2 activation suppresses ROS in antigen-presenting
dendritic cells enhancing their capacity to interact
with and promote the transformation of naive CD8 T
cells into eytotoxic T lymphocytes enabling cytotoxic
T-cells to eliminate virally infected cells (Kesarwani
etal., 2013; Moro-Garcia et al, 2018; Calabrese etal,
2021; Emanuele etal., 2021)

TLR4 in the heart and lungs causing aberrant TLR4
signaling favors the proinflammatory MyD88-
dependent (canoni

alternative TRIF/TRAM-dependent anti-

1) pathway instead of the

inflammatory and interferon pathway (Aboudounya

and Heads, 2021). TLR4 activation in platelets

whether by pathogen- (viremia) or damage-associated
‘molecular patterns induces a prothrombotic and
proinflammatory state (Schattner, 2019). Activation of
endosomal TLR7/8 during SARS-CoV-2 may increase
the inflammatory response resulting in severe and
potentially lethal immunopathological effects in
COVID-19 patients as consequence of the
simultaneous release of pro-inflammatory cytokines

and chemokines (Dai et al, 2022)

Pentameric native (n)CRP-FeyRI/FcyRIla: increases
inflammatory cytokine release; nCRP-FeyRIlb
‘maintains a predominant anti-inflammatory effect;
non-native (nn)CRP enhances inflammation and
complement activation; induces atherogenesis; mostly
proinflammatory; monomeric (m)CRP promotes
chemotaxis; increases IL-8, MCP-1 and nitric oxide;
induces ROS; mCRP-FeyRIIT induce inflammation;
promotes adhesion molecule expression, thrombosis
and atherogenesis (Labarrere and Kassab, 2021)
Lack of innate and adaptive IgM allows cell necrosis
and inflammation and prevents apoptotic cell

clearance (Labarrere and Kassab, 2021)

Innate immune cells use pattern recognition receptors
to phagocytize microorganisms and apoptotic/
infected cells, produce cytokines and activate adaptive
immune cells; they also promote phagocytosis, tissue
repair, immunoregulation, antigen presentation, and
cytokine production. Excessive cytokine production
during cytokine storm in SARS-CoV-2 infection
causes macrophage dysregulation, severe tissue
damage and organ failure (Labarrere and Kassab,
2021)

Low affnity high valency IgM antibodies neutralize/
remove virus and bacteria and lack of IgM
neutralizing antibodies enhances inflammation

(Labarrere and Kassab, 2021)

T helper type 1 cells (Th1 cells; CD4+ T cells) regulate
‘macrophage recruitment and activation enhancing

defense agai

t pathogens, and cytotoxic CD8+ T
cells eliminate infection (Labarrere and Kassab, 2021)

Anti-inflammatory effects

‘GSH inhibits production of most
inflammatory cytokines, and itis needed to

keep an adequate interferon gamma

production by dendritic cell, essential for
intracellular pathogen host defense (Ghezzi,
2011; Lee and Ashkar, 2018; Calder 2020;
Fraternale et al, 2021). The principal
function of endogenous GSH is not to limit
inflammation but to fine-tune the innate
immune response to infection (Diotallevi
etal., 2017; De Flora et al., 2020; Silvagno
etal., 2020; Ferreira et al., 2021)

Nif2 activation regulates antioxidant
responses to modify cellular redox states,
from predominantly pro-oxidant to
antioxidant, and, in an antioxidant
environment, macrophage phenotypes shift
from M1 pro-inflammatory to M2 anti-

inflammatory, reducing the probability of

cytokine storms, ARDS, and lethality (Tan
etal, 2016; Bousquet et al., 2020; Calabrese
etal, 2021)

TLRs play a key role in microorganism and
viral particle recognition and activation of
the innate immune system and although
pathogen-associated molecular pattern
(PAMP) recognition by TLRs is crucial for
host defense responses to pathogen
infection, aberrant activation of TLR
signaling by PAMPs, mutations of TLR
signaling molecules, and damage-associated
molecular patterns (DAMPs)-mediated TLRs

signaling activation are responsible for the

development of chroni
diseases (Sasai and Yamamoto, 2013;
Kawasaki and Kawai, 2014; McClure and
Massari, 2014; Sartorius et al., 2021; Manik
and Singh, 2022)

flammatory

Pentameric nCRP bound to
phosphorylcholine (PC) or lysoPC-apoptotic
cells, C1q and factor H: enhance
phagocytosis; nCRP-FeyRs: M2 response;
nnCRP binds atherogenic LDL, reduces foam
cell formation and could also

be atheroprotective; mCRP is mainly
proinflammatory and not anti-inflammatory

(Labarrere and Kassab, 2021)

Non-inflammatory clearance of apoptotic
cells; enhances virus and bacteria

phagocytosis (Labarrere and Kassab, 2021)

Monocyte-derived tissue macrophages are
normally involved in phagocytosis, clearance
of apoptotic cells, immunoregulation and
antigen presentation, and pattern
recognition proteins like CRP, innate IgM
and complement facilitate phagocytosis of
infected apoptotic cells promoting tissue
repair. Dendritic cells and macrophages are
involved in linking innate and adaptative
immunity against viral infections and
participate in antigen presentation, cytokine
production and immune cell recruitment

(Labarrere and Kassab, 2021)

B-lymphocytes/plasma cells generate innate
and adaptive IgM antibodies to neutralize/
remove virus/bacteria (Labarrere and
Kassab, 2021)

Th2 cells mediate and maintain humoral
(antibody-mediated) immune response
against pathogens but unsuccessful control
of the cytokine storm by Th2 cells in SARS-
CoV-2 infection is associated with severe
COVID-19 disease (Labarrere and Kassab,
2021)

‘Treatment effects on SARS-CoV-2/
COVID-19

Administration of free radical scavengers could
benefit the most vulnerable SARS-CoV-2-
infected patients (Laforge et al 2020). Many.
antioxidants like GSH, and NAC inhibit viral
replication (Fraternale et al,, 2006). GSH
precursors like NAC, glutamine, cysteine
(eystine) and glycine, and Nrf2 inducers like
sulforaphane can enhance GSH production and
increase nuclear Nrf2 translocation and
antioxidant response element (ARE)
transcription (Komaravelli and Casola, 2014;
Atefi etal., 2020; Poe and Corn, 2020; Dominari
etal, 2021; Obayan, 2021; Di Marco etal., 2022).
Since GSH inhibits viral replication and
decreases IL-6 levels,liposomal GSH could
benefit COVID-19 patients having SARS-CoV-2-
induced cytokine storm and redox imbalance
(Guloyan et al., 2020). NAC and GSH directly
suppress spike protein receptor-binding domain-
ACE2 binding functions of various SARS-CoV-2
variants (Murae etal., 2022)

Antioxidants (GSH, GSH enhancers) or Nrf2
inducers (sulforaphane, melatonin) are potential
viable therapies for viral-induced diseases; Nrf2
activators like sulforaphane have a potential role
with dual antiviral and anti-inflammatory
properties in the management of COVID-19
‘prieumonia (Bousquet et al, 2020; Cuadrado
etal,, 2020; Lin and Yao, 2020; Emanuele etal.,
2021; Fratta Pasini et al., 2021) and LONG
COVID (Jarrott et al., 2022; Ordonez et al, 2022)
GSH and GSH enhancers could neutralize

oxidation radicals generated during TLR-

mediated mitochon:
directly affect SARS-
and tissue damage (Aboudounya and Heads,

2021); TLR inhibitors/immunomodaulators could

ROS production and

‘oV-2-mediated cellular

become promising treatments for severe

COVID-19 (Jung and Lee, 2021; Dai et al., 2022)

Binding of CRP to SARS-CoV-2 virus and/or the
cell membrane can impair subsequent virus
attachment and entry into the cell (Labarrere and
Kassab, 2021). CRP apheresis could reduce CRP
levels and inflammation (Ringel et al., 2021;
Torzewski et al,, 2020), and reduced GSH, which
has the anti-inflammation and anti-oxidation
effects, can significantly decrease the plasma

concentrations of CRP (Tang et al,, 2011)

Since IgM NAbs enhance pulmonary alveolar late
‘apoptotic cell dearance (Litvack and Palaniyar, 2010),
intravenous administration of IgM NAbs will
intensifyantiviral protection and late apoptotic cell
removalin the lungs by alveolar macrophages
(Litvack and Palaniyar, 20105 Labarrere and Kassab,
2021). Cysteine supplementation will improve
immunological functions by enhancing GSH levels
(Drisge and Breitkreutz, 2000; Ghezzi, 2011)
Hyperinflammation in severe COVID-19.
infection, causes a dysregulated macrophage
response, excessive cytokine production and
tissue damage (Labarrere and Kassab, 2021).
Dendritic cell dysfunction and dendritic cell
depletion during SARS-CoV-2 infection are
associated with lower Interferon I response and
poorer prognosis. Dendritic cell changes
contribute to COVID-19 pathogenesis and
increased susceptibilty to worst outcomes
especially in the elderly (Cerqueira Borges etal,
2021; Labarrere and Kassab, 2021). GSH,
enhanced by cysteine supplementation Nrf2
activation, is essential to reestablish innate and
adaptive immune functions including.
T-lymphocyte proliferation, phagocytosis and
antigen presentation by macrophages and
dendritic cells (Droge and Breitkreutz, 2000;
Ghezzi, 2011)

SARS-CoV-2 infection is characterized by an
excessive inflammatory response associated with
a cytokine storm and a prominent lymphopenia
affecting CD4+ T cells, CD8+ T cells, B cells and
natural killer cells. Both lymphopenia and the
cytokine storm determine increased COVID-19
disease severity and enhanced mortality. Cysteine
supplementation will improve immunological
functions by enhancing GSH levels (Drige and.
Breitkreutz, 2000; Ghezzi, 2011)

SARS-CoV-2 infection is characterized by an
excessive inflammatory response associated with
a cytokine storm and a prominent lymphopenia
affecting CD4+ T cells, CD8+ T cells, B cells and
natural killer cells

(Chen and Wherry, 2020; Labarrere and
Kassab, 2021). Both lymphopenia and the
cytokine storm determine increased COVID-19
disease severity and enhanced mortality
(Labarrere and Kassab, 2021). Cysteine
supplementation improves T-cell functions by
enhancing GSH levels (Drige and Breitkreutz,
2000; Ghezzi, 2011)

SARS-CoV-2, severe acute respiratory syndrome coronavirus 2; COVID-19, coronavirus disease 19; MyDS8, Myeloid differentiation primary response 88; TRIF/TRAM, TRIF (TLR4
clanalivg)-elited adapter molecale CTRAM).
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