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Editorial on the Research Topic 


Identification, function and mechanisms of interferon induced genes associated with viruses


Innate immunity, especially mediated by interferons (IFNs), is regarded as the first line of host immune protection against viral infection. As a strict intracellular parasite, the virus can enter the host cell through its receptor, thus surviving and proliferating in the cell (Figure 1). Since then, viruses and their hosts have been battling incessantly. Over evolutionary time, they have developed sophisticated and complicated regulation interactions (1, 2). The virus is constantly searching for the appropriate host and cells to replicate. Accordingly, the host has evolved strategies to eliminate these “enemies”. It uses an array of pattern recognition receptors (PRRs, such as TLRs) to detect unique pathogen-associated molecular patterns (PAMPs), followed by inducing IFNs, including type I interferons (IFNα and IFNβ) and type III interferons (IFNλ1–4). Like marshals, IFNs orchestrate and maneuver the production of hundreds of IFN-stimulated genes (ISGs). As reported, most ISGs exhibit antiviral activities, such as interferon-induced transmembrane proteins (IFITMs), Cholesterol 25-hydroxylase (CH25H), protein kinase R (PKR), etc. (1, 2). Therefore, the ISGs, like generals, are dispatched to the front line of the war to fight and inhibit viral infection in every step, from viral entry, replication, and assembly to egress. However, viruses also evolved multiple mechanisms to evade the inhibition of specific ISGs (Figure 1). To date, accumulating excellent publications have demonstrated the dynamic relationship between virus and host (3). However, many questions still need to be further uncovered.




Figure 1 | Virus and host interaction. ① Blue arrows  represent the virus life cycle. A virus first binds to its  receptor and entry cells depending on endocytic uptake, then  delivers the viral genome into the cytosol and uses a  repertoire of cellular processes to complete its replication,  assembly and release. ② Red arrows represent the interferon  induction process. The host uses an array of pattern  recognition receptors (PRRs), such as TLRs, NLRs, etc., to  detect unique pathogen-associated molecular patterns (PAMPs),  followed by inducing expression of IFNs. ③ Green arrows  represent the ISGs induction process. IFNs bind to cell  surface receptors (IFNR), triggering a signal transduction  cascade, producing hundreds of ISGs. ④ Black lines represent  ISGs interfering with virus infection. ISGs delay or inhibit  viral infection in different stages, such as entry, viral  gene expression and genome amplification, viral particle  assembly and egress, etc., with diverse mechanisms. ⑤ Purple  lines represent virus antagonism towards ISGs. Viruses have  evolved multiple evasion proteins, targeting IFN signal  pathways through various sophisticated mechanisms and  escaping IFN-ISG-mediated antiviral activities.



The goals of this collection are focused on studies of the complex interactions between ISGs and viruses. It is of great significance to elucidate the function and molecular mechanisms of action of known or new ISGs in vitro or in vivo to provide insights into viral pathogenesis, the scientific basis for novel vaccine design, and new targets for antiviral drug development.

To explore the expression of ISGs against viral infection, Song et al. performed differential transcriptomics. As a result, 90 shared upregulated ISGs were identified in porcine IPEC-J2 cells single or coinfected with porcine epidemic diarrhea virus (PEDV) and/or transmissible gastroenteritis virus (TGEV), among which 27 ISGs have antiviral activities. Furthermore, by analyzing many references and databases, they depicted the activity of ISGs in inhibiting or delaying virus proliferation at different stages of the virus cycle, indicating potential candidate targets for antiviral research. Moreover, swine IFITM3, one of the ISGs, can significantly inhibit the infection of PEDV, TGEV, and vesicular stomatitis virus (VSV) in different cells, indicating that it has broad-spectrum antiviral activity (Song et al.).

In addition, Ding et al. conducted a transcriptome analysis of primary macrophages induced by IFN-γ, a type II interferon that exhibits not only antibacterial but also antiviral activity in the Chinese sturgeon (Acipenser sinensis). A total of 4004 differential expression genes (DEGs) were enriched in the GO annotation, many of which were involved in immune-related processes. KEGG enrichment analysis showed that six signaling pathways are related to interferon regulation, emphasizing the importance of IFN-γ. Wang et al. evaluated the proteome in lung tissues of a cynomolgus monkey model in the early stage of severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection. They identified 44 proteins from all 194 significantly altered proteins, most encoded by ISGs. These results strongly indicate that IFN-ISG-mediated signaling pathways are essential in host resistance to viral infection. Besides, Dang et al. also established a high-through screening type I interferon-inducible antiviral effectors platform based on CRISPR/Cas9 knockout library with 1908 sgRNAs targeting 359 ISGs. Using VSV-eGFP as a model virus, a subset of the highest-ranking candidates, including known or novel host factors, were identified, demonstrating useful and promising methods to screen novel ISGs against a panel of porcine viruses.

As mentioned above, research on the functions and mechanisms of ISGs is crucial. Lang et al. provided a macroscopic overview of the characteristics, expressions, and mechanisms of ISGs in the central nervous system (CNS) and neurological diseases, including neurological inflammation, neuropsychiatric disorders, and neurodegenerative diseases, during viral infection. The authors also summarized up-to-date progress on viral infection in neurological disorders, exhibiting the broad promise application vision and high commercial value of ISGs as potential clinical biomarkers and therapeutic targets. Furthermore, IFITM3, a well-studied ISG, can inhibit a diverse range of pathogenic virus infections in vivo or in vitro. But the precise antiviral mechanisms remain unclear. Wen et al. reviewed the latest progress on the antiviral mechanism of IFITM3, the regulation mechanism by four post-translational modifications (PTMs), especially S-palmitoylation modification, providing helpful information for understanding IFITM3 antiviral mechanism and aiding in the design of therapeutics. An et al. reported that sterile alpha motif and histidine-aspartate domain-containing protein 1 (SAMHD1), another ISG, inhibited lipid bio-metabolic pathway to suppress flavivirus infection. Further studies showed that SAMHD1 could negatively regulate the expression of sterol regulatory element binding protein (SREBP1) and the formation of histidine aspartic acid-containing domain (HD), two critical factors associated with the lipid bio-metabolic pathway. These results revealed a novel mechanism of SAMHD1 and laid a new target for targeting lipid bio-metabolic pathway against the Flaviviridae family and other lipid-dependent viruses.

In summary, more and more antiviral ISGs have been discovered and studied with new technologies, such as unbiased screening approaches, differential transcriptome and proteome, affinity chromatography-mass spectrometry, proximity interactome, etc. The articles on this Research Topic provided new insights into the recent advances in ISGs. However, for most ISGs, the exact mechanisms of virus inhibition have not been clarified. Additionally, the vital importance of evaluating the effectiveness and safety of these ISGs in vivo models or human studies is highly summoned beyond mechanism. It may take more effort and time to get there, but it is hoped that many scientists will pay more attention to this field, solving and unveiling the most sophisticated antiviral defense systems to apply these ISGs in transgenic animal breeding or gene therapy as soon as possible.
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To further study the biological function of interferon-gamma (IFN-γ) in the Chinese sturgeon (Acipenser sinensis), we conducted a transcriptome analysis of primary macrophages induced by IFN-γ using Illumina sequencing technology. We obtained 88,879 unigenes, with a total length of 93,919,393 bp, and an average length of 1,057bp. We identified 8,490 differentially expressed genes (DEGs) between the untreated and IFN-γ-treated macrophages, with 4,599 upregulated and 3,891 downregulated. Gene ontology (GO) analysis showed that 4,044 DEGs were enriched in the biological, cellular components, and molecular function categories. Kyoto Encyclopedia of Genes and Genomes (KEGG) identified 278 immunity-related pathways enriched for the DEGs. According to the GO enrichment results, eight key immunity-related genes were screened for verification using qPCR. Results indicate that IFN-γ can activate macrophage Interferon Regulatory Factors (IRFs) and type I interferon (IFN-I), activate RIG-I-like and Toll-like receptor-related pathways, and improve the antiviral ability of macrophages in Chinese sturgeon.
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Introduction

Interferon-gamma (IFN-γ) belongs to the type II interferon (IFN-II) family. IFN-γ is secreted by various cells, such as natural killer (NK cells), NK T cells, macrophages, bone marrow monocytes, T helper type 1 (Th1) cells, cytotoxic T lymphocytes (CTLs), and B cells (1). These cells are functionally divided into two groups that participate in innate or adaptive immune responses. IFN-γ production by NK cells and macrophages might play an important role in early defense against infection, while in adaptive immune responses, IFN-γ is mainly produced by lymphocytes and secreted by Th1 cells.

In contrast to mammals, in bony fish there are two types of IFN-γ. IFN-γ was found in Fugu (Takifugu rubripes) by (2), followed by IFN-γrel was described in zebrafish (3). The gene encoding Interferon-gamma related (IFN-γrel) might have been formed by tandem gene replication (4). Although IFN-γrel lacks a classical nuclear localization signal (NLS), it shares many characteristics with IFN-γ in terms of its protein structure, cell distribution, and immune response. Among all species with duplicate IFN-γ genes, the IFN-γrel gene has more structural similarities with known vertebrate IFN-γ genes. IFN-II gene is highly conserved in most fish and mammals, with a genetic structure of four exons and three introns, and several successive codons for arginine or lysine (5). IFN-γ and IFN-γrel have been identified in at least 20 species of fish, such as Fugu (Takifugu rubripes), zebrafish, grass carp (6) and Anguilla japonica (7). The sequence homology of IFN-γ in fish and mammals is generally low; however, the tertiary structure of IFN-γ appears to be conserved from fish to mammals and the gene is genetically homologous to higher vertebrates IFN-γ genes.

Belonging to the cytokine receptor family B (CRFB), IFN-γ receptors (IFN-γR) are very conserved in terms of gene structure and loci, as well as their protein functional domains or motifs (8). IFN-γR is composed of two transmembrane proteins, IFN-γR1 and IFN-γR2. IFN-γR1 is a ligand-binding chain, and IFNyR2 is a signal transduction chain. IFN-γR2 has a JAK-2 docking site P263PSIPLQIEEYL274 motif. IFN-γR1 possesses two functionally conserved residue sequences: L266PKS269 binding to JAK-1 and Y440DKPH444 interacting with STAT1 within the receptor’s intracellular domain (9). Unlike mammals, there are two copies of IFN-γR1 in bony fish, CRFB17(IFNGR1-1) and CRFB12(IFNGR1-2). The genes encoding the two IFN-γR1 receptors are located at different loci and exhibit conserved collinearity compared to their counterparts in other vertebrates. Two isoforms of IFN-γR1, called IFN-γR1-1and IFN-γR1-2, were described in goldfish and zebrafish, tissue expression analysis showed that IFN-γR1-1 expression was significantly higher than that of IFN-γR1-2 (10). In goldfish, IFN-γR1-1 is highly expressed in the kidneys and spleen, but IFN-γR1-2 is highly expressed in the brain. Microscopic binding studies showed that IFN-γ1 binds to IFN-γR1-1, but not to IFN-γR2, and IFN-γR1-2 preferentially binds to IFN-γrel (11). IFN-γR2, also known as CRFB6, has been identified in grass carp, rainbow trout, and Dabry’s sturgeon (12). In vertebrates, including humans, IFN-γR2 is encoded by a single-copy gene, linked to transmembrane protein 50B (TMEM50B) at the conserved site of class II cytokine receptors in vertebrates (9). IFN-γ signaling is caused by the binding of the active form of IFN-γ (a non-covalent homodimer) to a receptor containing complexes (IFN-γR1, IFN-γR2) that activate the intracellular Janus kinase/signal transducer and activator of transcription (JAK/STAT) signaling pathway and initiate the expression of multiple genes in the nucleus (10, 13).

IFN-γ is a typical Th1 cytokine that helps to activate macrophages and promote the Th1 response. Th1 immunity is an important immune defense mechanism against intracellular pathogens such as viruses and bacteria. IFN-γ also induces apoptosis, especially during viral infection, and inhibits cell proliferation (14–16). The antiviral function of IFN-γ has been explored in various fish, and can inhibit the proliferation of a variety of viruses in cells. For example, intramuscular injection of an IFN-γ expression plasmid in turbot (Scophthalmus maximus) inhibited the proliferation of viral hemorrhagic septicemia virus, VHSV, in vivo and effectively reduced mortality and the expression levels of a large number of pro-inflammatory factors and IFN-I is induced (17). In the Chinese black porgy (Acanthopagrus schlegelii), infection with red-spotted grouper nervous necrosis virus (RGNNV) not only induces IFN-γ expression in most tissues in vivo, but also significantly induces IFN-γ expression in vitro.

Meanwhile, Overexpression of IFN-γ in AsB cells (Acanthopagrus schlegelii brain cell) can effectively inhibit RGNNV proliferation in AsB cells and induce Mx1 and ISG15 expression (18, 19). In crucian carp, exposure of crucian carp Hematopoietic necrosis virus (CHNV) directly to infected gill tissue can induce IFN-γ significantly expression in gill and kidney and inhibit CHNV virus replication in gill and kidney (20). In the Chinese sturgeon, recombinant IFN-γ could effectively inhibit the pathological effect in endothelial progenitor cells (EPCs) infected with Spring viremia of carp virus (SVCV) and inhibit the expression of the P, G, and N genes of SVCV (21).

However, the mechanism of IFN-γ regulating the immune system of Acipenser sinensis remains unclear. This study used transcriptome sequencing to analyze differential gene expression in macrophages stimulated by IFN-γ. We found that IFN-γ significantly upregulated RIG-I and Toll-like receptor-related pathways and activated macrophages to form antiviral status.



Materials and Methods


Experimental Material

Chinese sturgeons (30–500g) were provided by the Yangtze River Fisheries Research Institute (Taihu Lake, Jingzhou, China). Recombinantly expressed Chinese sturgeon IFN-γ protein was preserved in our laboratory (21).



Separation of Primary Macrophages

Chinese sturgeon was euthanized by MS-222, then the body surface of a Chinese sturgeon in a good growth state was swabbed with alcohol, and the head kidney and middle kidney were dissected. The excised kidneys were rinsed three times with 1 × phosphate-buffered saline (PBS). After cleaning, the kidneys were placed in 75% medical alcohol for 45 s. The tissues were ground and filtered into a 15 mL centrifuge tube. M199 complete medium (Invitrogen, Carlsbad, CA, USA) was added while grinding. After grinding, tissues were centrifuged at 500 × g for 15 min, and the supernatant was discarded. The centrifugation step was repeated twice, and the cells were resuspended in M199 complete medium. Three new 15 mL centrifuge tubes were taken, and 4 mL of 52% Percoll (Solarbio, Beijing, China) and 4 mL of 34% Percoll were added successively. Finally, the cell suspension was slowly added to the upper layer of 34% Percoll. The cells were centrifuged at 500 × g at room temperature for 50 min (with slow increases and decreases in the centrifuge speed). After centrifugation, the cells formed six layers, with the macrophages forming layer four. The supernatant was removed, and the fourth layer was slowly extracted into a new 15 mL centrifugation tube. M199 medium (10 mL) was added, the cells were centrifuged at 500 × g for 15 min, the supernatant was discarded, and M199 (containing 10% fetal bovine serum (FBS; Invitrogen)) was added for re-suspension. The cells were successively divided into six-well plates and cultured normally. When the cell coverage reached 80% and growth appeared normal, the experimental groups were treated with 100 ng/mL IFN-γ in PBS (labeled as AM 1, 2, and 3, respectively), and the control groups were treated with an equal volume of PBS (labeled as AMC 1, 2, and 3, respectively); the cells were collected after 24 h of induction.



Total RNA Extraction and Quality Detection

The cells with a coverage rate of more than 80% of the 25 cm2 cell culture flask and in a good growth state were washed three times with 1 × PBS, the residual liquid was discarded, 1 ml of Trizol (Invitrogen) was added for lysis, and the cells were mixed by aspiration into a 1.5 ml RNase-free EP tube (Axygen, SFO, USA), and left at room temperature for 5 min to fully lyse. Then, 200 μl of chloroform (Sinopharm Chemical Reagent Co. LTD, Shenzhen, China) was added, the mixture was shaken vigorously for 30 s to mix the aqueous phase and organic phases left to stand at room temperature for 5 min, after centrifugation for 10 min at 10000 × g at 4°CC, the samples were divided into three layers (upper layer of RNA, middle layer of protein, and lower layer of cell debris). The upper aqueous phase was carefully removed into a new 1.5 ml RNase-Free EP tube, and pre-cooled isopropyl alcohol (Sinopharm Chemical Reagent Co. LTD) was added to the tube. After gentle and full mixing, the tube was stored at -20°CC for 15 min. The supernatant was discarded after centrifugation at 10000 × g at 4°CC for 10 min. Pre-cooled 75% ethanol (Sinopharm Chemical Reagent Co. LTD) was added to wash the precipitate 1-2 times (with centrifugation for 10 min at 7500 × g and 4 °CC; after adding 75% ethanol, it was only necessary to gently reverse the EP tube to precipitate and float the RNA). Put the RNA precipitation into the ultra-clean workbench, turn on the fan and blow for 2-3 min, so that the alcohol can be quickly swept away. DiethyI pyrocarbonate (DEPC; Takara, Dalian, China) water was added to dissolve the precipitate. The RNA concentration and quality in the samples were determined using a spectrophotometer and agarose gel electrophoresis, and the RNA was stored at −80 °CC for later use. High-quality RNAs were used to synthesize cDNA for quantitative real-time PCR.



Construction of cDNA Libraries

After DNA digestion using DNase, the mRNA was enriched using Oligo(dT) magnetic beads. The fragmentation buffer was added to break the mRNA into short fragments. Reverse transcription PCR and random six-base primers were used to generate first-strand cDNA using the fragmented mRNA as a template, followed by a second-strand synthesis reaction to produce double-stranded cDNA, which was purified using PCR cleanup and gel extraction kits (Takara). After end repair and the addition of poly(A), the short fragments were linked with sequencing adapters, PCR amplification was performed after the fragment size was selected. After the constructed libraries were quantified with Agilent 2100 Bioanalyzer (Agilent, Santa Clara, CA, USA), they were sequenced using Illumina HiSeq 2500 sequencer (Illumina, San Diego, CA, USA) to produce 125 bp or 150 bp paired-end reads.



Data Preprocessing, Quality Control, and Assembly

Raw reads in the FASTA format sequences were subjected to quality filtration to obtain high-quality reads for subsequent analysis. Firstly, Trimmomatic software (22) was used for quality control and removal of adapters. Low-quality bases and N bases were filtered out to obtain high-quality clean reads. Trinity (version: 2.4) (23) was used to splice the clean reads to produce transcript sequences using the paired-end method. The longest transcript was selected as a unigene according to their sequence similarity and length. Then, CD-HIT software (24) clustering was used to remove redundancies to obtain a final set of unigenes, which was used as the reference set for subsequent analysis.



Unigene Functional Annotation

Using BLASTX (http://www.ncbi.nlm.nih.gov/BLAST/) with an E-value threshold of 1e-5 performed the unigene functional annotation. The databases being utilized include non-redundant (NR) (http://www.ncbi.nlm.nih.gov), Clusters of Orthologous Groups (COG)/eukaryotic Orthologous Groups (KOG) (http://ftp://ftp.ncbi.nih.gov/pub/COG/KOG/), and Swiss-Prot protein (http://www.expasy.ch/sprot) databases. Based on the result of Swiss-Prot, we mapped Swiss-Prot IDs to gene ontology (GO) terms to obtain GO annotation of the unigenes. Finally, the unigenes were subjected to Kyoto Encyclopedia of Genes and Genomes (KEGG) (25) using diamond software (26), and HMMER (27) was used to compare the Pfam database (28) for functional analysis of unigene.



Unigene Quantification, Differential Unigene Screening, Functional Enrichment, and Cluster Analysis

The FPKM (fragments per kilobase of transcript per million mapped reads) and count values of the unigene were analyzed using bowtie2 (29) and eXpress (30). The DEGs were identified using the DESeq functions estimate Size Factors and nbinom Test (31). DEGs (P-value < 0.05 and foldchange > 2) were picked out, and DEGs GO enrichment and KEGG pathway enrichment analyses were performed. Unsupervised hierarchical clustering of the DEGs was carried out, and their expression patterns among different samples were displayed in the form of heat maps.



Identification and Expression Analysis of Immunity-Related Genes

The transcript levels of eight immunity-related genes (AsIFN-e1-3, AsIFN-γ, IRF1, 2, 3, and 7) were screened using quantitative real-time RT-PCR (qPCR) for verification. The specific primers are shown in Supplementary Table 1.




Results


Transcriptome Data Statistics and De Novo Assembly

Raw reads were obtained by high-throughput sequencing, and 268,120,424 and 280,376,796 reads were detected in the experimental group (AM 1, 2, and 3) and the control group (AMC 1, 2, and 3), respectively. After further quality control and filtering of raw reads, high-quality clean reads were obtained by Trimmomatic. There were 272,115,614 reads in the AM group and 273,895,990 reads in the AMC group. The average sequences numbers in the AM and AMC group were 90,705,204 and 210,075,147, respectively. The Q30 of the original data for each sample was 92.99-93.28%, the effective data volume was 12.00-13.40 G, and the average GC content was 46.29% (Supplementary Table 2). The filtered clean reads were spliced into 88,879 unigenes, with a total length of 93,916,393 bp, a longest length of 26,838 bp, an average length of 1,057 bp, and an N 50 value of 1,727 bp (Supplementary Table 3). The main length distribution was 23,506 (301~400 bp), 13,380 (401~ 500 bp) and 12,525 (>2,000 bp) (Figure 1). The above data indicated that the library of primary macrophages induced by Chinese sturgeon IFN-γ is reliable and can be further studied and analyzed.




Figure 1 | Unigene Length distribution. X-axis is the sequence length range, Y-axis is the number.





Unigene Function Annotation

The database annotation results of the unigene were as follows: 27679 (31.14%) genes were annotated to the NR database; 23190 (26.09%) genes were annotated to the Swiss-Prot database; 16011 (18.01%) genes were annotated to the KEGG database; 17081 (19.22%) genes were annotated to the KOG database; 25138 (28.28%) genes were annotated to the eggNOG database; 20900 (23.52%) genes were annotated to the GO database; and 16700 (18.79%) genes were annotated to the Pfam database (Figure 2A and Table 4). The annotation distribution of NR species showed that the similarity between Chinese sturgeon and Lepisosteus oculatu in terms of genomic homology and phylogenetic analysis was the highest, which was consistent with the homology rate of 38.42% of Lepisosteus oculatus in this experiment. Latimeria chalumnae, Scleropages formosus, and Chinese sturgeon all belong to the Osteichthyes, which occupy an extremely important position in the evolutionary history from fish to vertebrates, the homology rates between the two species and the Chinese sturgeon were 4.12% and 5.46%, respectively. Chinese sturgeon, Cyprinus carpio, Salmo salar, and zebrafish belong to the Actinopterygii, among which, Cyprinus carpio, Salmo salar and Chinese sturgeon are similar to each other and have a migratory life habit. As a model organism, zebrafish has a higher genetic homology with human, up to 87% (Figure 2B). Therefore, the homology of Chinese sturgeon with Cyprinus carpio, Salmo salar and Oncorhynchus mykiss was 1.57%, 1.23%, and 1.61%, respectively. In addition, 40.07% of unigene were homologous to other vertebrate genes.




Figure 2 | The database annotation results of the unigene. (A) Venn diagram of each database annotation. the number on the top of the bar represents the result of the intersection of the databases with black dots in the following matrix, and the column on the left represents the number of unigene annotated in all databases. (B) Species comparison distribution of unigenes in NR database.





Analysis of Differentially Expressed Genes

A total of 8490 DEGs were screened out. The distribution of DEGs was represented by a volcano map (Figure 3A). Among the DEGs between the experimental group (AM) compared with the control group (AMC) 4599 were upregulated, 3891 were downregulated, and with false discovery rate value of P < 0.05 & | log2FC | > 1 (Figure 3B). There may be differences between different groups under the same experimental conditions. Therefore, we analyzed the correlations among the DEGs in the three replicates in each group, which showed a strong correlation among the AM1, 2, and 3, and most of the genes with high expression were clustered in the same branch. AMC1 and AMC3, but not AMC2, showed very strong correlation in the control group. In addition, the correlation between genes in the AM group and those in the AMC group was low and the difference was large (Figure 3C), indicating that the screened DEGs were reliable and convincing.




Figure 3 | Analysis results of differentially expressed genes. (A) Distribution of DEGs volcanoes. X-axis is the display of log2 foldchange, Y-axis is -log10P-value; Red represents upregulation unigene, green represents downregulation unigene, gray represents non differentiation unigene. (B) Statistical chart of the number of DEGs. The abscissa is DEGs, and the ordinate is the number of difference genes; Red represents upregulation unigene, green represents downregulation unigene. (C) Clustering diagram of different groups. Red indicates high expression of unigene and blue indicates low expression of unigene.





GO Enrichment Analysis of DEGs

After the DEGs were selected, GO enrichment analysis was performed to determine which biological processes were mainly affected by the DEGs. 4004 DEGs were detected in the GO enrichment, 1300 GO annotations were obtained, 830 were upregulated, and 470 were downregulated. The unigene annotated by the GO database can be divided into biological processes (biological processes, BP), Cellular Component (CC), molecular function (MF). The GO level 2 results were further divided into 64 subcategories. BP was divided into 23 subcategories, among which the three categories with the largest number of DEGs were: cellular process (77.54%), regulation of biological process (53.61%), metabolic process (53.08%); CC was divided into 20 subgroups, and the components with the largest proportion of DEGs were: cell (85.69%), cell part (85.38%), organelle (62.69%), membrane (42.23%); MF was divided into 21 subtypes, and the three most important ones were: binding (71.92%), catalytic activity (41.69%), molecular sensing activity (41.69%) (Figure 4A). The differences between the enriched DEGs and all unigenes in BP, CC, and MF were compared and analyzed to maximize the visualization of the regulatory effect of Chinese sturgeon IFN-γ on the transcription of Chinese sturgeon in GO enrichment function annotation. In BP, the expression rate of DEGs enriched in biological functions such as cell process, metabolic process, biological regulatory process, and stimulus-response was greater than 50%; in CC, the differential expression rate of DEGs in cells, cell parts and organelles was the highest; in MF, the expression rate was the highest only in the binding process (Figure 4B). The results indicated that Chinese sturgeon IFN-γ is involved in the three biological processes of BP, CC, and MF, and had a certain immune regulation effect in all three categories.




Figure 4 | Differential unigenes were analyzed by GO enrichment. (A) Comparison of distribution of differentially expressed unigene and all unigene at GO level2. Blue represents all unigene enriched GO level 2 items, red represents differential unigene enriched GO level 2 items, the horizontal axis represents the items name, and the vertical axis represents the number and percentage of unigene of corresponding items. (B)  Comparison of upregulation and downregulation of unigene at GO level 2. Red indicates up regulation of go level 2 items enriched by DEGs, blue indicates down regulation of go level 2 items enriched by DEGs, the horizontal axis is the item name, and the vertical axis is the number and percentage of unigene of corresponding items.





KEGG Enrichment Analysis of the DEGs

KEGG is a major public database related to pathways. Pathway entries with significantly enriched unigenes were found through Pathway analysis of DEGs, providing clues as to which cell pathways might be related to the differences in unigene expression between the samples. In this study, 16011 unigenes annotated by KEGG were combined, 1300 DEGs were enriched for 278 pathways, 222 pathways were significantly downregulated, and 248 pathways were significantly upregulated. The top 20 pathways with the largest number of DEGs were screened. The -log10 P-value corresponding to each entry was sorted from large to small (Figure 5A and Supplementary Table 5). Among them, six signaling pathways related to interferon regulation were identified: The RIGI-like receptor signaling pathway (35 unigenes) and Cytosolic DNA-Sensing Pathway (28 unigenes), NOD-like receptor signaling pathway (41 unigenes), Toll-like receptor signaling pathway (TLR) (27 unigenes), and the JAK-STAT signaling pathway (16 unigenes). Pathways enriched for DEGs and all unigenes at KEGG Level 2 level were divided into six categories: Organic systems (5297, 57.05%), metabolism (3027, 32.59%), human diseases (7187, 77.4%), genetic information processing (2229, 24.01%), environmental information processing (3277, 35.3%), cellular processes (3021, 32.54%) (Figure 5B). In terms of the expression trends of the unigenes, 143 unigenes were upregulated in human infectious diseases, followed by 131 unigene that were upregulated in the immune system of the organic system, and 58 unigenes were downregulated in signal transduction in environmental information processing (Figure 5C). These results indicated that the recombinant IFN-γ protein of Chinese sturgeon could regulate the immune pathways of Chinese sturgeon to exert its related biological functions, and these data provide a certain theoretical basis for further in-depth studies of the mechanism of IFN-γ related to immune regulation of the Chinese sturgeon.




Figure 5 | Enrichment analysis of differential gene Unigene. (A) KEGG enrichment top20 pathway bubble chart. The X-axis is the enrichment score, the bubble size indicates the number of unigene contained in the item, and the color of the bubble from purple to red indicates P-value. (B) Distribution comparison of DEGs and all unigene at KEGG level 2. The vertical axis represents the name of level 2 pathway, and the number to the right of the column represents the number of DEGs annotated to that level 2 pathway. (C) Distribution of upregulated and downregulated unigene at KEGG level 2.





Identification and Expression Analysis of Immunity-Related Genes

To further analyze the function of IFN-γ in Chinese sturgeon and verify the transcriptome data, eight immunity-related genes were screened from the transcriptome, namely, AsIFN-e1, 2, 3, AsIFN-γ, IRF1, 2, 3, and 7, and analyzed using qPCR. The results showed that IFN-γ could induce the expression of IRF1, 2, 3, and 7 at 1, 8, and 24 h with the same significantly upregulated trend as observed in the transcriptome data. From 1 h to 24 h, their expression increased to a maximum of 20.75 times, 2.76 times, 8.12 times, and 20.63 times, respectively (Figure 6A). AsIFN- e1, 2, 3, and AsIFN-γ were induced in Chinese sturgeons. Except for AsIFN-e1, the expression of AsIFN-e2, 3, and AsIFN-γ showed the same upregulation trend as observed in the transcriptome data. The expression levels of AsIFN-e1, 2, 3, and AsIFN-γ were all lower at 1 h; however, IFN-e1, 2, 3, and IFN-γ expression levels were all upregulated to the highest degree at 24 h, by 6.25 times, 7.84 times, 1.69 times, and 4.88 times respectively (Figure 6B); In addition, qPCR results were similar to the up-regulation multiple of transcriptome differential genes (Figure 6C). The above results indicated that AsIFN-γ induced primary macrophages of Chinese sturgeons and had strong immunomodulatory effects on interferon (AsIFN-e1,2,3 and AsIFN-γ) and interferon regulatory factors (IRF1, 2, 3, and 7). The qPCR results were similar to the transcriptome data, within the range of allowable error, demonstrating the transcriptome data reliability and validity.




Figure 6 | Immunity-related genes expression induced by IFN-γ of Acipenser sinensis. (A) Relative expression of IRF1, 2, 3 and 7 induced by IFN-γ of Acipenser sinensis. (B) Relative expression of IFN–γ, IFN-e1,2,3 induced by IFN - γ of Acipenser sinensis. (C) Fold change of 8 immune genes DEG screened by qPCR and transcriptome. The vertical axis represents the name of the gene and the horizontal axis represents the multiples, red represents qPCR data and blue represents transcriptome data results. P-values of less than 0.05 were considered statistically significant (*P<0.05, **P<0.01, ***P<0.001).






Discussion

Accurately describing the signaling pathways that cause gene expression and activation, and fully exploring the structure, classification, and function of the transcriptome information. As an effective technique to study gene expression and analyze differentially expressed genes and their functions, high-throughput sequencing has been used widely to study a variety of vertebrates, such as soiny mullet (Liza haematocheila), grass carp (Ctenopharyngodon idella), orange-spotted grouper (Epinephelus coioides), and Siamese fighting fish (Betta Splendens) (32–35). Based on the protection of genetic resources of the endangered species Chinese sturgeon and the deep exploration of the biological function of IFN-γ in Chinese sturgeon, this study described the effect of IFN-γ on primary macrophages of Chinese sturgeon at 24 h, and analyzed the expression changes of IFN-γ-related, immunity-associated genes and pathways, which is crucial to understanding the immune mechanism of IFN-γ.

Through transcriptomic analysis, 888879 unigene were obtained, 8490 DEGs were screened, and 4004 DEGs were enriched in the GO analysis, many of which were involved in immune-related processes, such as immune response, innate immune response, regulation of apoptosis process, inflammatory response, cytokine-mediated signaling pathway, and viral defense response. These results indicate that IFN-γ has strong immune stimulation or immunomodulatory ability on macrophages. Meanwhile, KEGG annotation results showed that almost all IFN-γ induced DEGs were significantly associated with the three most common pathways, including the immune system, cellular processes, and metabolism. Further analysis of 278 KEGG enriched signaling pathways identified the main pathways as the TNF signaling pathway, the chemokine signaling pathway, the RIG I-like receptor signaling pathway, and the TLR signaling pathway. qPCR verified that the expression patterns of immune pathway-related DEGs were consistent with the transcriptomic results, indicating that the transcriptomic sequencing results were reliable.

TLRs and RIG-I are key molecules to identify pathogens such as ssRNA/dsRNA virus, LPS, Cytosolic DNA, which can be detected in most tissues (36). Recombinant IFN-γ induced upregulation of toll-like receptors TLR2, TLR7, TLR8, and TLR13 in macrophages. In mice, TLR2 plays an important role in Listeria resistance, including enhancing the phagocytosis of macrophages, promoting the production of TNF-α, IL-12, and NO, and promoting the expression of costimulatory molecules CD40 and CD60 (37). TLR7 and TLR8 play a critical role in sensing viral ssRNA in the endosome, in which TLR13 specifically recognizes single-stranded RNA. After recognizing their respective PAMPs, TLRs recruit a set of specific adaptor molecules containing TIR domains, such as MyD88, and initiate downstream signaling events, leading to the secretion of inflammatory cytokines, type I IFN, chemokines, and antimicrobial peptides, the recruitment of neutrophils, the activation of macrophages, and the induction of interferon-stimulating genes, thus killing the infected pathogen directly (38). In this experimental group, TLR4, TRAF6, P38, and AP1 were down-regulated in different degrees, indicating that IFN-γ also had a certain degree of inhibition on TLR4-activated related genes in Chinese sturgeons. In human macrophages, IFN-γ selectively suppresses a subset of TLR4-activated genes and enhancers to potentiate macrophage activation. RIG-I receptor-related genes RIG-I, MDA5, and TRIM25 were also significantly upregulated. As the primary cytoplasmic RNA monitoring mechanism, the RIG-I-MAVS signaling pathway has been intensively studied as a natural immune protection system for antiviral infection (39). RIG I-like receptors (RLRs), including RIG-I, MDA5, and LGP2, are a series of cytoplasmic RNA helicases that detect the accumulation of multiple viral RNAs during viral infection or replication (40). In most cell types except pDCs, RLRs are essential for antiviral responses. Thus, IFNγ maintains antiviral status in macrophages through RIG-I and Toll-like receptor-related signaling pathways and up-regulation of related enzymes.

Interestingly, Chinese sturgeon IFN-γ can also induce the expression of a large number of C-X-C motif family genes, and these chemokines are involved in the activation, adhesion, and recruitment of leukocytes to inflammatory sites, promoting immune response, stem cell survival, and angiogenesis by binding to G protein-coupled cell surface receptors. Normally undetectable in most non-lymphoid cells, which IFN-γ can strongly induce during infection or inflammation. In mice, IFN-γ can induce the expression of CXCL10 significantly in primary macrophages, reaching a peak at 3–6 h; IFN-γ in rainbow trout can also stimulate the significant expression of CXCL9, CXCL10, and CXCL11 in RTS-11 cells. In addition, the combination of IFN-γ and lipopolysaccharide, IL1β or TNFα produces a synergistic effect in a variety of cell types, which strongly induce the expression of various chemokines (41). In an in vitro study of rainbow trout IFN-γ, TNFα combined with IFN-γ induced the expression levels of CXCL9, CXCL10, and CXCL11 in RTS11 cells to more than 50 times higher than that induced by TNFα alone (42).

The result of stimulation of Acipenser dabryanus with LPS and polyI:C, type I interferon AdIFNe1, e2 and e3 showed higher antiviral activity than AdIFN-γ, AdIFN-γ showed more antibacterial than type I interferon. The amino acid sequence similarity between (AdIFNe1 and AsIFNe1, AdIFNe2 and AsIFNe2, AdIFNe3 and AsIFNe3, AdIFN-γ and AsIFN-γ) are more than 95%, which indicated that the two types interferon functions of these two species were very similar.

In this study, transcriptomic data on many key genes and pathways were obtained, revealing that IFN-γ induces the expression of relevant immune genes or proteins, activates intracellular signaling pathways, regulates cellular and humoral immune systems, and is involved in the regulation of metabolism. These data provide a theoretical reference for further study of the biological function of IFN-γ in Chinese sturgeon and the analysis of the biological evolution and immune gene evolution of ancient Chinese sturgeon species.
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Porcine epidemic diarrhea (PED) and transmissible gastroenteritis (TGE) caused by porcine epidemic diarrhea virus (PEDV) and transmissible gastroenteritis virus (TGEV) are two highly contagious intestinal diseases in the swine industry worldwide. Notably, coinfection of TGEV and PEDV is common in piglets with diarrhea-related diseases. In this study, intestinal porcine epithelial cells (IPEC-J2) were single or coinfected with PEDV and/or TGEV, followed by the comparison of differentially expressed genes (DEGs), especially interferon-stimulated genes (ISGs), between different groups via transcriptomics analysis and real-time qPCR. The antiviral activity of swine interferon-induced transmembrane protein 3 (sIFITM3) on PEDV and TGEV infection was also evaluated. The results showed that DEGs can be detected in the cells infected with PEDV, TGEV, and PEDV+TGEV at 12, 24, and 48 hpi, and the number of DEGs was the highest at 24 hpi. The DEGs are mainly annotated to the GO terms of protein binding, immune system process, organelle part, and intracellular organelle part. Furthermore, 90 ISGs were upregulated during PEDV or TGEV infection, 27 of which were associated with antiviral activity, including ISG15, OASL, IFITM1, and IFITM3. Furthermore, sIFITM3 can significantly inhibit PEDV and TGEV infection in porcine IPEC-J2 cells and/or monkey Vero cells. Besides, sIFITM3 can also inhibit vesicular stomatitis virus (VSV) replication in Vero cells. These results indicate that sIFITM3 has broad-spectrum antiviral activity.
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Introduction

Porcine epidemic diarrhea (PED) and transmissible gastroenteritis (TGE) caused by porcine epidemic diarrhea virus (PEDV) and transmissible gastroenteritis virus (TGEV), respectively, are two highly contagious intestinal diseases in the swine industry worldwide, which are characterized by acute gastroenteritis, watery diarrhea, and vomiting in pigs of almost all ages. Both viruses belong to the family Coronaviridae and genus Alphacoronavirus (1), with a positive-sense single-stranded RNA genome of about 28 kb encoding at least six open reading frames (ORFs): ORF1a, ORF1b, spike (S), envelope (E), membrane (M), and nucleocapsid (N) (2, 3).

TGEV has been spread in pigs for decades, whereas PEDV is considered as a new coronavirus detected in pigs (2, 3), especially the highly virulent PEDV that has recently emerged and caused great losses worldwide. Furthermore, coinfection of TGEV and PEDV is common in piglets with diarrhea (4–7). During infection, TGEV mainly infects the small intestine by interacting with host receptor amino peptidase N (APN, also named as CD13), sialic acid, and/or other cofactors (1, 8, 9). PEDV can directly infect the villous intestinal epithelial cells of the small intestine or nasal epithelial cells followed by dissemination from the nasal cavity to the intestinal mucosa by binding with sialic acid and other receptors (1, 10, 11). However, whether porcine APN is a functional receptor for PEDV infection is still controversial (1). Moreover, TGEV can damage the barrier integrity of intestinal porcine epithelial cells (IPEC-J2) in the early stage of infection by downregulating proteins related to tight and adhesion junction, while PEDV impairs the integrity of the cellular epithelial barrier (12). Both viruses can also affect the remodeling of microfilaments in IPEC-J2 cells, and the coinfection of PEDV and TGEV can increase the damage of tight junction and the remodeling of microfilaments (12). Besides, TGEV or PEDV infection reduced NHE3 activity and Na+ uptake of IPEC-J2 cells, which may be associated with the imbalance of Na+ in intestinal tissues, thus resulting in diarrhea in the infected animals (13). The differentially expressed genes (DEGs) in IPEC-J2 cells infected with virulent PEDV virus are mainly related to autophagy and apoptosis, while the DEGs were strongly enriched in immune responses/inflammation in the avirulent PEDV group (14). TLR3 inhibited the replication of avirulent PEDV by increasing the IFIT2 expression (14). Notably, a recent investigation showed that coinfection of TEGV and PEDV leads to recombinant chimeric swine enteric coronavirus (SeCoV) in Italy, Germany, and Slovakia (15–18), which implies the urgency of prevention and control of virus-related diseases. It was reported that viral nucleocapsid from different porcine enteric coronaviruses can differentially modulate PEDV replication by competitively interacting with PEDV nucleocapsid (19). Nucleocapsid from porcine deltacoronavirus (PDCoV) can significantly decrease PEDV replication, while overexpression of the TGEV nucleocapsid enhanced the virus replication (19). These results indicate that coinfection of different enteric coronaviruses may have different results on virus infection and host responses. However, little is known about the cell responses, especially host immune responses, after single or coinfection of PEDV and TGEV.

The ability of the host to inhibit virus infection largely depends on the effectiveness of the antiviral innate immune response, which leads to the upregulation of interferon (IFN), followed by activation of signal transduction cascades, and thus leading to the induction of hundreds of interferon-stimulated genes (ISGs) (20, 21). ISGs work alone or cooperatively to achieve one or more cellular outcomes, including antiviral defense, antiproliferative activity, and stimulation of adaptive immunity (20, 21). However, although the specific antiviral functions of some ISGs have been characterized, the functions of other ISGs have yet to be determined. Moreover, Zhao et al. found that IFN-λ1 has a stronger ability to induce ISGs against PEDV infection than IFN-α (22). TGEV infection stimulates the JAK-STAT1 signaling pathway and ISG expressions (23). However, the expression of ISGs after the infection of PEDV and TGEV alone or together remains to be studied.

In the present study, porcine IPEC-J2 cells were single or coinfected with PEDV and/or TGEV, followed by the comparison of differentially expressed genes, especially ISGs, between different groups via transcriptomics analysis and real-time qPCR. The antiviral activity of interferon-induced transmembrane protein 3 (IFITM3) on PEDV and TGEV infection was also evaluated.



Materials and Methods


Cells and Viruses

IPEC-J2 cells (kindly provided by Dr. Shuqi Xiao), Vero E6 cells, and ST cells were maintained in Dulbecco’s modified Eagle medium (DMEM) (HyClone, Logan, UT, USA), supplemented with 10% fetal bovine serum (FBS, Gibco, Grand Island, NY, USA) and penicillin–streptomycin mixtures at 37°C and 5% CO2 atmosphere. Human lung epithelial (A549) cells, Baby hamster kidney cells (BHK-21), and chicken fibroblast cells (DF-1) were grown in complete DMEM with 10% fetal bovine serum (Gibco, USA) at 37°C in a 5% CO2 incubator (24, 25).

The PEDV strain (GenBank No.: OM814174) and the TGEV strain (GenBank No.: OM802899) were isolated in our laboratory previously. The PEDV was cultured in Vero cells supplemented with 5 μg/ml trypsin. Moreover, the TGEV was cultured in ST cells with DEME (2% FBS without penicillin–streptomycin). Vesicular Stomatitis Virus carrying green fluorescent protein gene (rVSV-GFP) was kindly provided by Professor Zhigao Bu as described previously (24, 25).



Antibodies and Reagents

Mouse anti-PEDV N mAb (FITC) was purchased from Medgene Labs (Brookings, SD, USA). Mouse anti-PEDV S and Mouse anti-TGEV S polyclonal antibodies were prepared in our laboratory. Rabbit anti-IFITM3 polyclonal antibody was purchased from Proteintech (Wuhan, China). Rabbit anti-β-actin mAb was purchased from Cell Signaling Technology (Danvers, MA, USA). Lipofectamine 3000 Transfection Reagent and Lipofectamine™ RNAiMAX Transfection Reagent were purchased from Invitrogen (Carlsbad, CA, USA).

pLV-sIFITM3-Flag was constructed by our laboratory. Briefly, swine interferon-induced transmembrane protein 3 (sIFITM3) was amplified using primers sIFITM3-F and sIFITM3-R (Supplemental Table 1) and subcloned into pLV-EGFP (Inovogen Tech, Beijing, China) with EcoR I and Xho I, resulting in pLV-sIFITM3-Flag. Furthermore, sIFITM3 was also amplified using primers sIFITM3-F2 and sIFITM3-R2 (Supplemental Table 1), and subcloned into pCAGGS-Flag (Inovogen Tech, Beijing, China) with EcoR I and Xho I, resulting in pCAGGS-sIFITM3-Flag. The recombinant plasmids were verified by PCR and sequencing.

TRIzol reagent was purchased from Sangon Biotech (Shanghai, China). M-MLV Reverse Transcriptase RNase and GoTaq® were purchased from Promega (Madison, WI, USA). HRP-labeled Goat Anti-Rabbit IgG (H+L) purchased from Beyotime (Shanghai, China) Pierce ECL Western Blotting Substrate was purchased from Thermo Scientific (Waltham, MA, USA).



One-Step Growth Curve

IPEC-J2 cells were infected with 1 MOI (multiplicity of infection) of PEDV or TGEV at 12, 24, 36, 48, and 60 hpi. The supernatant was collected, followed by the 50% tissue culture infectious dose (TCID50) evaluation with the Reed Muench method as follows.

Briefly, Vero (for PEDV) or ST (for TGEV) cells were cultured in 96-well plates at a density of 1 × 105 cells/well for 12 h, followed by washing with PBS three times. The collected supernatant was 10-fold diluted (10-1 to 10-10) with cell maintenance solution containing trypsin (final concentration of 10 μg/ml). Thereafter, cells were inoculated with the diluted virus at 37°C, 5% CO2 for 12, 24, 36, 48, and 60 hpi, and the cytopathic effect (CPE) was observed daily using an inverted microscope. TCID50 of each virus was calculated as described by Reed and Muench (26).



Virus Infection

IPEC-J2 cells (2 × 105/ml) were plated in 6-well plates, incubated overnight to reach 70%–80% confluency. Then, cells were inoculated with PEDV (MOI = 1), TGEV (MOI = 1), or PEDV+TGEV (MOI = 1 for each virus) supplemented with 10 μg/ml trypsin and cultured at 37, 5% CO2 for 12, 24, and 48 h. Cells were collected for lysis and extraction of RNA.

A549, BHK21, and DF-1 cells were transfected with pCAGGS-sIFITM3-Flag using Lipofectamine 3000 reagent (Thermo Fisher Scientific, USA) according to the manufacturer’s instruction. 24 h post-transfection, the expression of IFITM3 was examined by Western blot with anti-FLAG antibody. Then the cells were infected with rVSV-GFP at 0.1 MOI and the replication of rVSV-GFP was analyzed by examining via fluorescence microscope and flow cytometry at 24 hpi.



RNA Extraction

Total RNA was extracted from virus-infected cells or mock cells using TRIzol Reagent according to the manufacturer’s instruction. The total RNA was dissolved in 50 μl of RNase-free ddH2O and stored at -20°C.



Real-Time Quantitative PCR

Reverse transcription was performed using M-MLV Reverse Transcriptase RNase according to the manufacturer’s instruction. Thereafter, SYBR Green quantitative real-time PCR was performed using the ABI7500 Real-Time PCR Detection System and the GoTaq® kit. The real-time PCR primers are listed in Supplemental Table 1. For each sample, the GAPDH gene was amplified and used as an internal control. The relative transcript levels of target genes were equal to the 2(-ΔΔCt) threshold method and were shown as fold changes relative to the respective untreated control samples.



RNA-Seq Analysis

To prepare the cDNA library, total RNA was treated with RNase-free DNase I. Then, mRNA was purified using magnetic oligo (dT) beads and evaluated using the Agilent 2100 bioanalyzer (Agilent Technologies, Santa Clara, CA, USA) for RNA integrity. mRNAs with RNA integrity numbers (RINs) > 8 were subjected to subsequent analysis. The purified mRNA was used to construct libraries using TruSeq PE Cluster Kit v3-cBot-HS (Illumina, San Diego, CA, USA) according to the manufacturer’s instructions. Then, these libraries were sequenced on an Illumina Novaseq platform (Illumina, USA).



GO and KEGG Enrichment Analysis

Gene Ontology (GO) enrichment and Kyoto The Encyclopedia of Genes and Genomes (KEGG) pathway analysis of DEGs were conducted according to the protocols described by Cao et al. and Xie et al. previously (27, 28). Briefly, GO functional enrichment was performed using the Blast2GO software; the enriched genes were further classified by the GO analysis, with a p-value < 0.05.

The KEGG pathway database was accessed using the KOBAS software via a hypergeometric distribution test with the Phyper function in the R software package. Significantly enriched unigenes were selected based on a corrected p-value < 0.05. The distribution of DEGs within each GO/pathway category was determined by mapping all DEGs to terms in the GO and KEGG databases.



STRING Pathway Analysis

GO and KEGG pathway enrichment analyses were analyzed by STRING (https://string-db.org/). The protein list was submitted for multiple protein searches. GO terms and KEGG pathway results were exported in the STRING analysis module. Terms and pathways with p <0.05 were significantly enriched. Appropriate terms and pathways were manually selected for visualization.



Overexpression or Knockdown of IFITM3

IPEC-J2 cells were seeded in 6-well plates at a density of 2 × 105/ml overnight to reach 70%–80% confluency. Then, cells were transfected with 4 μg of pLV-sIFITM3-Flag using Lipofectamine 3000 or 50 μM siRNAs targeting sIFITM3 (si-ssc-IFITM3_001, si-ssc-IFITM3_002, si-ssc-IFITM3_003) (Supplemental Table 1) using Lipofectamine RNAiMAX Reagent for 48 h.

For Vero cells, cells were transfected with 4 μg of pLV-sIFITM3-Flag using Lipofectamine 3000 or 50 μM siRNAs targeting monkey IFITM3 (si-csa-IFITM3_001, si-csa-IFITM3_002, si-csa-IFITM3_003) (Supplemental Table 1).



Western Blot

Cells were harvested in IP lysis buffer containing the proteinase inhibitor cocktail (Sigma), frozen-thawed, and centrifuged to remove insoluble components. The total protein concentration was determined using a BCA protein assay kit (Beyotime Biotechnology, China). Protein samples were separated with 12% sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and transferred onto PVDF membranes, followed by blocking in 5% non-fat milk. Then, the membranes were incubated with antibodies in TBST containing 5% non-fat milk overnight at 4°C or 1 h at room temperature. After washing three times with TBST, the membranes were incubated with HRP-labeled goat anti-rabbit (or anti-mouse) IgG(H+L) IgG secondary antibodies (Beyotime Biotechnology) at room temperature for 30 min. Followed by washing, the membrane was visualized using Pierce ECL Western Blotting Substrate (Thermo Scientific).



Flow Cytometry (FCM) Analysis

After trypsin incubation, the transfected cells were collected and washed with PBS twice. The cells were centrifuged at 3,000 rmp, at 4°C for 5 min, and subsequently resuspended in 5% PBS buffer at 4°C for 30 min. After centrifugation, the cells were incubated with the mouse anti-PEDV N mAb (FITC) in PBS buffer at 4°C for 30 min. After washing with PBS 3 times, the cells were resuspended in 200 ml PBS buffer at least 2.0 × 104 cells per sample. Fluorescent intensity was determined and analyzed on CytoFLEX (Beckman, Brea, CA, USA).



Crystal Violet Staining Assay

The Vero cells were washed with distilled water 3 times, fixed with 4% paraformaldehyde at room temperature for 20 min. After washing with distilled water 3 times, cells were stained with 0.1% crystal violet at room temperature for 15 min. The stained cells were washed with distilled water and air-dried for taking macrographic images.



Statistical Analysis

The Student’s t-test was used for all experiment analyses. Data are presented as the mean ± standard deviation (SD) of 3 times experiments. p-values < 0.05 were considered statistical significance.




Results


Phylogenetic Analysis and Proliferation Kinetics of PEDV and TGEV in IPEC-J2 Cells

Phylogenetic analysis of the PEDV and TGEV strains from our lab was constructed based on the S gene and is depicted in Figure 1. The PEDV strain was clustered with the PEDV classic strains (G1 cluster) (Figure 1A), whereas the TGEV strain was clustered into group III (Figure 1B).




Figure 1 | Phylogenetic analysis and proliferation kinetics of PEDV and TGEV in IPEC-J2 cells. (A) Phylogenetic trees of PEDV based on the S gene. (B) Phylogenetic trees of TGEV based on the S gene. (C) qPCR analysis of PEDV and TGEV infection in IPEC-J2 cells. IPEC-J2 cells were infected (MOI = 1) of PEDV or TGEV. The cells were collected at 0, 12, 24, 36, and 48 hpi respectively, followed by RT-PCR analysis.  *, p-value <0.05; **, p-value <0.01; ***, p-value <0.001. (D) Western blot analysis of PEDV and TGEV replication in IPEC-J2 cells at 48 and 60 hpi. Unprocessed original images is found in Supplementary Figure S1. (E) One-step growth curve of PEDV and TGEV in Vero or ST cells, respectively. Viruses were collected from IPEC-J2 cells, followed by TCID50 evaluation.



To determine the infectivity and kinetics of the PEDV and TGEV propagation in the IPEC-J2 cells, levels of viral genes and viral titers were monitored after the virus infection. As shown in Figures 1C, D, both viruses were gradually increased in IPEC-J2 cells (Figure 1C). The results of Western blot showed that spike proteins of PEDV and TGEV were detected at 48 and 60 hpi (Figure 1D). Moreover, the titer of two strains was evaluated in Vero (for PEDV) or ST (for TGEV) cells, respectively. These results demonstrated that the titer of two strains at 48 hpi exceeded 106/0.1 ml of TCID50 (Figure 1E). These results indicate that both viruses can effectively replicate in IPEC-J2 cells.



Transcriptional Profile in IPEC-J2 Cells Induced by PEDV, TGEV, and PEDV+TGEV

Cells were infected with PEDV, TGEV, and PEDV+TGEV, followed by sampling at 12, 24, and 48 hpi for whole genomic transcriptomics analysis (NCBI Accession No.: PRJNA796631, Figure 2A).




Figure 2 | The differentially expressed genes in all transcriptome groups. (A) Schematic diagram of sampling. (B) The number of DEGs at different times. (C, E) DEGs of different groups at different times. (D, F) DEGs of the coinfected group at different times.



In total, 24,617 different genes were annotated from the transcriptome data, including 12,731 upregulated genes and 11,886 downregulated genes (Supplemental Table 2). As shown in Figure 2B and Supplemental Table 2, the total differential genes of PEDV, TGEV, and PEDV+TGEV were 1,400, 1,590, and 1,415 in three groups at 12 hpi, respectively, which was more than previously reported by Hu et al. (29). This shows that the amount of data in this study is more abundant than previous reports. At 24 hpi, the total differential genes of PEDV, TGEV, and PEDV+TGEV were 7,350, 5,878, and 4,005, respectively, while at 48 hpi, the total differential genes of PEDV, TGEV, and PEDV+TGEV were 597, 858, and 1,524, respectively. Notably, no matter the single infection or co-infection, the numbers of up- and downregulated DEGs in 24 hpi were more than that in 12 and 48 hpi, demonstrating that the interaction between virus and cell reached the maximized at 24 hpi.

Furthermore, the DEGs of the different viruses at different times were different. The shared DEGs were the most at 24 hpi, which was consistent with the above results (Figure 2C). Moreover, at the same time point, the shared DEGs of PEDV+TGEV-coinfected cells, including 78 upregulated DEGs and 12 downregulated DEGs, were more than those of the single infected groups (Figure 2D), indicating that coinfection of PEDV+TGEV may stimulate more DEGs.

Moreover, unique and shared DEGs in the coinfected group were analyzed via a Venn diagram. Both up- (1550) and downregulated (1,274) shared DEGs at 24 hpi were obviously increased in the PEDV+TGEV-coinfected group than that of the coinfected groups at 12 and 48 hpi (Figure 2E and Supplemental Table 2). Interestingly, the shared DEGs of the same infection groups at different times are less than the former (Figure 2F and Supplemental Table 2). These results suggest that the time point with the most DEGs was 24 hpi. Therefore, we focused on the DEGs in the coinfected cells at 24 hpi and analyzed the biological processes and molecular functions of upregulated genes and downregulated genes in the following studies.



GO and KEGG Pathway Enrichment Analysis of the Shared DEGs

To analyze the function of the shared DEGs in the coinfected cells at 24 hpi, GO enrichments were performed and possible biological interactions of DEGs were examined. The results of GO analysis showed that 2,833 DEGs were identified (Figure 3A), including 1,637 upregulated DEGs and 1,196 downregulated DEGs. Furthermore, 2,146 of 2,833 DEGs belonged to the biological process (BP), with 1,264 upregulated and 882 downregulated. 318 of 2,833 DEGs were cellular components (CC), containing 164 upregulated and 154 downregulated. 369 of 2,833 DEGs were molecular function (MF), including 209 upregulated and 160 downregulated. The most annotated GO terms were protein binding (MF), immune system process (BP), organelle part (CC), intracellular organelle part (CC), etc. (Figures 3A, B). These results indicate that the biological process and molecular function of the upregulated and downregulated DEGs were different in the coinfected cells at 24 hpi.




Figure 3 | Top 20 pathways of the shared DEGs. (A, B) GO annotation of up- (A) and downregulated (B) DEGs. (C, D) KEGG analysis of up- (C) and downregulated (D) DEGs.



Moreover, KEGG classification showed that the upregulated DEGs included Disease-Associated Pathway and Immune Response Associated Pathway, while the downregulated DEGs were annotated to Growth-Associated Pathway, Disease-Associated Pathway, Reproduction-Associated Pathway, and Amino acid metabolism-Associated Pathway (Figures 3C, D). The enriched pathways of upregulated DEGs were inconsistent with those of the downregulated DEGs.



Evaluation of the Interferon-Stimulated Genes

Interferon-stimulated genes (ISGs) are molecules regulated by interferon, which has important influences on the host’s natural immunity and virus infection. Therefore, we further analyzed the ISGs of the shared genes. Among the upregulated DEGs, 90 ISGs were identified in this study, which were associated with PEDV or TGEV infection (Supplemental Table 3). Based on the biological function, the identified ISGs can be classified into several groups, including antiviral, antigen presentation, AMP sensing+IFN pathway, miscellaneous, cell signaling and apoptosis, and Ubiquitin-related groups (Supplemental Table 3).

Furthermore, the subcellular location of the ISGs demonstrated that most of the ISGs were in the nucleus (68 ISGs) and cytosol (58 ISGs) (Figure 4A). Enrichment analysis showed that the ISGs were involved in virus infection and immune response-related pathways, including NOD-like/RIG-I/Toll-like receptor signaling pathways, JAK-STAT signaling pathway, antigen processing and presentation, and pathways induced by other viruses’ infection (Figure 4B). Especially, 27 ISGs play antiviral roles in these ISGs (Table 1). As shown in Figure 4C, these ISGs inhibit or delay the process of virus proliferation in different infection stages, such as entry, replication, transcription and translation, packing, and budding. Notably, most of the ISGs mainly target the replication–transcription complex/system. These results indicate that these ISGs are suitable candidate targets for antiviral research.




Figure 4 | Analysis of 90 ISGs. (A) Subcellular localization. (B) KEGG classification. (C) Antiviral activities of ISGs.




Table 1 | Antiviral interferon-induced genes in this study.



Moreover, STRING analysis was used to assess the potential interaction network of the ISGs related to response to the virus. As shown in Figure 5A, most ISGs interacted with other proteins to form a complex protein–protein interaction network. It is worth noting that interferon-induced transmembrane proteins (IFITMs), especially IFITM1 and IFITM3, were also included in the identified ISGs, which have been widely studied for their antiviral mechanism in the last decade. Among the ISGs, IFITM1 (Figure 5B) and IFITM3 (Figure 5C) exerted antiviral activities by interacting with various ISGs, which suggests that IFITM1 and IFITM3 are critical in resisting virus immune responses. Therefore, we focused on IFITMs to clarify whether these molecules are involved in the antiviral activities against PEDV and TGEV infection.




Figure 5 | Protein–protein interaction networks.





Confirmation of the Identified ISGs by Real-Time qPCR

To further confirm the above results, levels of ISGs with antiviral activities, such as IFITM and IRF genes, were evaluated using real-time PCR. As shown in Figure 6, IFITM1, IFITM3, IRF1, and IRF7 genes were significantly upregulated at 24 hpi compared with that of the mock-infected group, which were consistent with the RNA-seq data.




Figure 6 | Differentially expressed key genes. IPEC-J2 cells were infected with 1 MOI of PEDV, TGEV, and PEDV+TGEV for 24 hpi. The expression levels of IFITM1 (A), IFITM3 (B), IRF1 (C), and IRF7 (D) were compared at 24 hpi with RT-PCR. GAPDH was used as the internal control. *, p-value <0.05; **, p-value <0.01; ***, p-value <0.001; ****, p-value <0.0001. NS, no significant.





Knocking Down IFITMs Enhanced Virus Infection, While Overexpression of IFITMs Inhibited Virus Infection

To evaluate the effect of IFITM3 on PEDV and TGEV infection, porcine IPEC-J2 cells were transfected with si-ssc-IFITM3s or pLV-sIFITM3-Flag for 48 h, followed by infection with PEDV or TEGV (MOI = 1). The results showed that the expressions levels of sIFITM3 (sIFITM3) were significantly decreased in the si-ssc-IFITM3s-transfected cells and increased in the pLV-sIFITM3-Flag-transfected cells compared to that of the control groups (Figures 7A, B). Expectedly, the expression levels of PEDV and TEGV genes were significantly increased in the si-ssc-IFITM3s-transfected cells (Figures 7C, D) and decreased in the pLV-sIFITM3-Flag-transfected cells compared to that of the control groups (Figures 7E, F). These results indicate that sIFITM3 has antiviral activity against PEDV and TGEV infection.




Figure 7 | Evaluation of PEDV and TGEV in IFITM3-overexpressed and knocked-down cells. Porcine IPEC-J2 cells were transfected with si-ssc-IFITM3s or pLV-sIFITM3-Flag for 48 h, followed by infection with PEDV or TEGV (MOI = 1). The expressions levels of sIFITM3 were evaluated by Western blot at 48 h post-transfection (A, B), and the levels of viral genes were quantified at 24 h postinfection using real-time PCR (C–F). (A, C, D) IPEC-J2 cells transfected with siIFITM3s. (B, E, F) IPEC-J2 cells transfected with pLV-sIFITM3-Flag. Unprocessed original images are found in Supplementary Figure S2. *, p-value <0.05; **, p-value <0.01; ****, p-value <0.0001.



To further confirm the above results, Vero cells, a heterogeneous cell line, were transfected with pLV-sIFITM3-Flag or si-csa-IFITM3s for 48 h, followed by infection with PEDV (MOI = 1) for 48 h. As shown in Figure 8, the expression levels of IFITM3 were increased in the pLV-sIFITM3-Flag-transfected cells and significantly decreased in the si-csa-IFITM3s-transfected cells compared to that of the control groups (Figures 8A, B). Meanwhile, the expression levels of PEDV genes were significantly decreased in the pLV-sIFITM3-Flag-transfected cells and increased in the si-csa-IFITM3s-transfected cells compared to that of the control groups (Figures 8C, D). Furthermore, the proliferation of PEDV in IFITM3-overexpressed and knocked-down Vero cells was evaluated using flow cytometry assay and crystal violet staining assay. The results showed consistency with real-time PCR results (Figures 8E, F). The cell viability was significantly increased in the sIFITM3-overexpressed and decreased in the knocked-down Vero cells compared with the control groups, respectively (Figures 8G, H). These results further confirmed that knocking down IFITM3 enhanced virus infection, while overexpression of sIFITM3 inhibited virus infection.




Figure 8 | Proliferation of PEDV in IFITM3-overexpressed and knocked-down Vero cells. Vero cells were transfected with pLV-sIFITM3-Flag or si-csa-IFITM3s for 48 h, followed by infection with PEDV (MOI = 1) for 48 h. The proliferation of PEDV in IFITM3-overexpressed and knocked-down Vero cells was evaluated at 24 h postinfection using real-time PCR, flow cytometry assay, and crystal violet staining assay. (A, B) Western blot. (C, D) Real-time PCR. (E, F) flow cytometry assay. (G, H) Crystal violet assay. Unprocessed original images are found in Supplementary Figure S3. *, p-value <0.05; **, p-value <0.01; ***, p-value <0.001.



Additionally, A549, BHK21, and DF-1 cells were transfected with pCAGGS-sIFITM3-Flag, followed by infection with rVSV-GFP. As shown in Figure 9A, the sIFITM3 can be efficiently expressed in these cells. The replication of rVSV-GFP was significantly inhibited in the sIFITM3-expressed cells (Figures 9B, C). These results further suggest that the antiviral activity of sIFITM3 is broad-spectrum in vitro.




Figure 9 | sIFITM3 antagonizes rVSV-GFP proliferation in different cells. A549, BHK21, and DF-1 cells were transfected with pCAGGS-sIFITM3-Flag using Lipofectamine 3000 reagent. 24 h post-transfection, the expression of IFITM3 was examined by Western blot (A) with anti-FLAG antibody. Then the cells were infected with rVSV-GFP at 0.1 MOI and the replication of rVSV-GFP was analyzed by examining via fluorescence microscopy (B) and flow cytometry (C) at 24 hpi. *, p-value <0.05.






Discussion

Porcine diarrhea-associated viruses including PEDV, TGEV, porcine deltacoronavirus (PDCoV), and porcine rotavirus (PoRV) are four common causative agents for viral diarrhea in pigs worldwide (1–3, 6, 7). During 2012–2020, PEDV and TGEV are the top two viruses reported from pig farms in China, responsible for porcine diarrhea and devastating economic losses to the swine industry. It was reported that both TGEV and PEDV infection can activate the JAK-STAT1 signaling pathway and ISGs (23, 30). Moreover, differential protein expressions were detected in cells infected with PEDV pandemic and classical strains, including antiviral pathways and proteins, such as RLRs, autophagy, MAPK pathways, and ISGs (30–33). Coinfection of TGEV and enterotoxigenic Escherichia coli K88 (ETEC) regulated host proteins, thus enhancing the persistence of pathogen infection, which was partly due to the inhibition of TGEV-induced inflammatory cytokines by ETEC (34). However, differentially expressed genes in cells coinfected with PEDV and TGEV have not been reported to date. In this study, we evaluated the comparative transcriptomics between PEDV and TGEV single and coinfection. The results showed that DEGs can be detected in the cells infected with PEDV, TGEV, and PEDV+TGEV at 12, 24, and 48 hpi, and the number of DEGs was the highest at 24 hpi (Figure 2). Furthermore, coinfection of PEDV+TGEV leads to more DEGs than that of the single infection, which mainly annotated to the GO terms of protein binding (BP), immune system process (MF), organelle part (CC), intracellular organelle part (CC), etc. (Figure 3). KEGG classification showed that the upregulated DEGs included Disease-Associated Pathway and Immune Response Associated Pathway (Figure 3). Therefore, we chose the shared DEGs associated with immune responses for further study.

Type I interferons, including IFN-α and IFN-β, are critical antiviral cytokines of host immune responses. However, the IFN responses induced by enteric coronaviruses in the intestinal epithelial cells are different from that of the other epithelial cells, which is partly due to the distinct characteristics of the intestinal epithelial mucosal surface and gut microflora (35). Meanwhile, type III interferon (IFN-λ) plays a vital role against infections of enteric coronaviruses (35–37). On the contrary, PEDV, especially nsp1, suppressed IFN-λ activities and interferon regulatory factor 1 (IRF1) signaling via inhibiting IRF1 nuclear translocation and reducing the number of peroxisomes, thus blocking the IRF1-mediated type III IFNs (37), suggesting that PEDV can escape the IFN-λ responses in intestinal epithelial cells. Furthermore, TGEV infection can stimulate endoplasmic reticulum (ER) stress and IFN-I production. However, TGEV can also evade the type I IFN antiviral response via IRE1α-mediated modulation of the miR-30a-5p/SOCS1/3 axis (38). Here, 90 ISGs were upregulated during PEDV or TGEV infection, which were subcellularly located in the nucleus and cytosol. Among the upregulated ISGs, 27 ISGs, including IRF1, IRF7, IFITM1, and IFITM3, play antiviral roles in different stages of virus proliferation, thus inhibiting or delaying the process of virus infection by interacting with other proteins or ISGs to form a complex protein–protein interaction network.

IFITMs are kinds of small-molecule transmembrane proteins induced by interferon, which are important restriction factors and play broad-spectrum antiviral activities (39–41). IFITMs mainly target viral-to-cellular membrane fusion to block the early stage of virus infection and/or trigger the production of novel virions with decreased infectivity (40). IFITMs can inhibit the feline foamy virus at the late step of viral replication (42). Meanwhile, IFITM1 also exerts antiviral activity by regulating host lipid metabolism (43). We previously found that IFITM3 inhibited vaccinia virus and thrombocytopenia syndrome virus (SFTSV) infection (44, 45). Another group reported that both IFITM1 and IFITM3 can be induced by IFN-α and IFN-λ in IPEC-J2 cells in a dose-dependent manner (36). However, functional heterogeneity was detected in mammalian IFITMs, and critical domains of IFITMs with antiviral activity were conserved among mammalian IFITMs (40). As reported, human and mouse IFITM1, IFITM2, and IFITM3 restricted SARS-CoV-2 infections with a distinct mechanism (46). The amphipathic helix and its amphipathic properties of IFITM3 were critical for virus restriction, but its mutation will be converted into an enhancer for SARS-CoV-2 infection and cell-to-cell fusion (46). Moreover, a recent report indicated that several viruses may escape IFN- and IFITM-mediated inhibition, especially cell-to-cell spread, leading to chronic and persistent infections and illness (47). Therefore, we further evaluated the antiviral activity of sIFITM3 in cells infected with PEDV and TGEV. As a result, sIFITM3 can significantly inhibit PEDV and TGEV infection in both porcine IPEC-J2 cells and monkey Vero cells. Also, sIFITM3 can significantly inhibit VSV-EGFP infection in different species cells, such as human A549 cells, mouse BHK21 cells, and avian DF-1 cells. These results further confirm that sIFITM3 has broad-spectrum antiviral activity. In addition, IFITMs are S-palmitoylated proteins in vertebrates that restrict a diverse range of viruses (48–50). S-palmitoylated IFITM3 in particular engages incoming virus particles, prevents their cytoplasmic entry, and accelerates their lysosomal clearance by host cells (48, 50). However, how S-palmitoylation modulates the structure and biophysical characteristics of IFITM3 to promote its antiviral activity remains unclear. The research on the mechanism of sIFITM3 inhibiting virus infection as well as the function of S-palmitoylated sIFITM3 in virus infection is still in progress.



Conclusion

In this study, transcriptomes especially shared DEGs and ISGs are different in cells single or co-infected with PEDV and TGEV, suggesting that cells have different responses to virus infection. We firstly identified that sIFITM3 inhibits PEDV, TGEV, and VSV-EGFP, which suggests that sIFITM3 has broad-spectrum antiviral activity. Further studies are needed to elucidate the antiviral function and molecular mechanism of sIFITM3. Our research enriched the knowledge of cells against PEDV and TGEV infection and confirmed that IFITM3 is one of the important antiviral ISGs.
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The interferon-induced transmembrane protein 3 (IFITM3), a small molecule transmembrane protein induced by interferon, is generally conserved in vertebrates, which can inhibit infection by a diverse range of pathogenic viruses such as influenza virus. However, the precise antiviral mechanisms of IFITM3 remain unclear. At least four post-translational modifications (PTMs) were found to modulate the antiviral effect of IFITM3. These include positive regulation provided by S-palmitoylation of cysteine and negative regulation provided by lysine ubiquitination, lysine methylation, and tyrosine phosphorylation. IFITM3 S-palmitoylation is an enzymatic addition of a 16-carbon fatty acid on the three cysteine residues within or adjacent to its two hydrophobic domains at positions 71, 72, and 105, that is essential for its proper targeting, stability, and function. As S-palmitoylation is the only PTM known to enhance the antiviral activity of IFITM3, enzymes that add this modification may play important roles in IFN-induced immune responses. This study mainly reviews the research progresses on the antiviral mechanism of IFITM3, the regulation mechanism of S-palmitoylation modification on its subcellular localization, stability, and function, and the enzymes that mediate the S-palmitoylation modification of IFITM3, which may help elucidate the mechanism by which this IFN effector restrict virus replication and thus aid in the design of therapeutics targeted at pathogenic viruses.
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Introduction

When pathogens invade the host cells, pattern recognition receptors (PRRs), presenting in the host endosomes and within the cytoplasm, could recognize the microbial components as pathogen-associated molecular patterns (PAMPs) to induce an innate immune response.

In total, six PRRs have been discovered so far, including retinoic acid-inducible gene-I-like receptors (RLRs), Toll-like receptors (TLRs), NOD-like receptors (NLRs), C-type lectin receptors (CLRs), cyclic GMP-AMP synthase (cGAS), and absent in melanoma 2 (AIM2). RLRs locate in the cytoplasm, and they can recognize long or short double-stranded RNAs; TLRs sense double-stranded RNA, single-stranded RNA, double-stranded DNA, and bacterial lipopolysaccharide (1); NLRs could detect microorganisms and parasites; CLRs are a class of calcium-dependent glycol-binding proteins presenting on the surface of immune cells such as macrophages, neutrophils, and immature dendritic cells, and they could distinguish β-glucan and mannan structures in fungal cell walls; cGAS predominantly distributes throughout the cytoplasm and binds to microbial DNA (2); AIM2, a member of the HIN-200 family, mainly responses to cytoplasmic dsDNA (3).

Upon binding to PRRs, PAMPs trigger signaling cascades culminating in the secretion of numerous pro-inflammatory cytokines, including type I interferon that contributes to the host antiviral response. Type I interferon acts in both autocrine and paracrine mode by binding to its receptor to activate Janus kinase (JAK), which results in activation of the downstream STAT proteins (STAT1 and STAT2), by phosphorylating their Tyr residues. The activated STAT proteins bind to IRF9 and the trimeric complex, IFN-stimulated gene factor 3 (ISGF3), translocate into the nucleus (4). ISGF3 in the nucleus induces the transcription of hundreds of IFN- Stimulated genes (ISGs) by binding to their ISRE sequences in the nucleus. These ISGs encode various of known effector proteins with different biological characteristics. They play antiviral roles during different stages of the viral life cycle, including invasion, replication, protein translation, packaging, and release (5, 6). Recent studies on innate immune response mechanisms have suggested hundreds of IFN-stimulated genes (ISGs) that could inhibit the replication of human and animal viruses (7).

For instance, Interferon-stimulated gene 15 (ISG15), which encodes ubiquitin-like proteins, can be strongly upregulated by Type I interferon treatment or pathogen infection. It mainly regulates intracellular innate immune signal transduction, therefore inducing immune tolerance and antiviral immune response through ubiquitination (8). Another example of well-studied ISGs is oligoadenylate synthetase-like proteins (OASL). OASL are a class of protein kinases induced by double-stranded RNA and could inhibit viral protein synthesis depending on their kinase activity (9, 10). Activated OASL induce ATP hydrolysis to produce (2′-5′) oligoadenylate acid and activate endoribonuclease. Once activated, endoribonuclease degrades viral nucleic acid, thereby inhibiting viral protein synthesis and viral replication. It has been shown that down-regulating the expression of OASL restrains RIG-I signaling and promotes viral replication. Conversely, overexpression of OASL can prevent the replication of a range of viruses in a RIG-I-dependent manner and promote RIG-I mediated IFN induction (11).

Among the IGSs endowed with antiviral activity, the interferon-induced transmembrane proteins (IFITMs), especially IFITM3, are the most well-characterized due to their most potent restriction of IAV, Dengue virus, etc. IFITMs are a family of conserved small transmembrane proteins in vertebrates, expressed on cytoplasmic and endolysosomal membranes (5). The human IFITMs family contains five members located on chromosome 11, including IFITM1, IFITM2, IFITM3, IFITM5 and IFITM10 genes (12). The five homologous IFITM genes in chicken are located on chromosome 5. Whereas in mice, there are seven IFITM genes, including IFITM1-3, IFITM5-7 and IFITM10. IFITM7 is located on chromosome 16 and the other six genes are on chromosome 7. Homologous IFITM genes have also been found in many other species, such as fish, cattle, birds, marsupials and reptiles, implicating conserved function for IFITM proteins (12–14).

IFITM proteins are composed of five domains based on their structural characteristics. Human IFITM3 contains a hydrophobic and variable N-terminal (NTD, 1-57 aa), a hydrophobic and conserved intramembrane domain (IMD, 58-80 aa), a conserved intracellular cyclic domain (CIL, 81-104 aa), a hydrophobic transmembrane domain (TMD, 105-126 aa), and a highly variable C-terminal (CTD, 127-133 aa) (15). IMD and CIL together comprise the CD225 domain, which presents in more than 300 proteins (16).

Previous studies showed that there were three models of IFITM topological structure on the membrane. Initially, IFITM was recognized as a kind of transmembrane protein with transmembrane NTD and CTD facing extracellular (Figure 1, Model I) (17). Subsequent studies showed that NTD, CTD, and CIL were all located in the cytoplasm, and the two hydrophobic domains (IMD and TMD) folded back in the membrane but did not cross the membrane (Figure 1, Model II) (18). Recently, Bailey CC et al. suggested that IFITM3 has a type II transmembrane topology, with its NTD and CIL located in the cytoplasm, while the CTD is located in the extracellular domain (Figure 1, Model III) (19). This model was also confirmed by some other researchers (20, 21). However, the precise topological structure of IFITM is still uncertain and needs further confirmation by crystal structure analysis.




Figure 1 | The proposed models of IFITM protein topology. The first model suggests a kind of transmembrane protein with transmembrane NTD and CTD facing extracellular. The second model shows NTD, CTD, and CIL were all located in the cytoplasm, and the two hydrophobic domains (IMD and TMD) folded back in the membrane but did not cross the membrane. The third model proposes a type II transmembrane topology, with its NTD and CIL located in the cytoplasm, while the CTD is located in the extracellular domain. NTD, N-terminal domain; CTD, C-terminal domain; TM, transmembrane domain; CIL, intracellular cyclic loop; ER, endoplasmic reticulum.



IFITM1-3 proteins possess broad-spectrum antiviral activity against partial DNA viruses, enveloped RNA viruses, and non-enveloped RNA viruses (15, 22, 23). They can reduce the fluidity and stability of cell lipid membrane, block the fusion of the viral envelope and cell membrane to inhibit virus invasion (24). Evidence implicating IFITM3 as an innate immune protein with broad-spectrum antiviral activity accumulates rapidly. This review will summarize recent progress on the innate antiviral mechanism of IFITM3, focusing on the regulation mechanism of S-palmitoylation modification on its subcellular localization, stability, and function, and the enzymes that mediate the S-palmitoylation modification of IFITM3. This article may help elucidate how IFITM3 restricts virus replication and thus aid in developing novel therapeutic approaches to enhance the immune response against pathogenic virus infection.



Antiviral Activities of Interferon-Induced Transmembrane Proteins

Interferon-induced transmembrane proteins (IFITM) are widely expressed and highly conserved in mammalian cells. They can be up-regulated by interferon stimulation to participate in antiviral immune responses. In recent years, small interfering RNA (15) and overexpression-based screens (25) have confirmed that IFITM1, IFITM2, and IFITM3 possess broad-spectrum antiviral effects. It has been reported that IFITM proteins, when expressed in target cells, significantly inhibit more than ten families of viruses including Alphaviridae (Semliki Forest virus, Sindbis virus) (26), Arteriviridae (Porcine reproductive and respiratory syndrome virus), Asfarviridae (African swine fever virus) (27, 28), Bunyaviridae (Rift valley fever virus, La Crosse virus, Andes virus, Hantaan virus) (29–32), Caliciviridae (Mouse norovirus) (33), Coronaviridae (SARS coronavirus) (22, 30, 34, 35), Filoviridae (Marburg virus, Ebola virus) (22, 36, 37), Flaviviridae (Dengue virus, West Nile virus, Yellow fever virus, Zika virus, Omsk hemorrhagic fever virus, Hepatitis C virus, Classical swine Fever Virus, Japanese encephalitis virus and tick-borne encephalitis virus) (23, 30, 31, 38–44), Iridoviridae (Singapore grouper iridovirus and frog iridovirus) (45–48), Nodaviridae(red spotted grouper nervous necrosis virus) (45, 46), Orthomyxoviridae (Influenza A virus) (49, 50), Paramyxoviridae (Respiratory Syncytial Virus) (51–54), Poxviridae (Vaccina virus) (55) Reoviridae (Reovirus) (56), Retroviridae (HIV-1 and Jaagsiekte sheep retrovirus) (24, 30, 57, 58), Rhabdviridae (Vesicular stomatitis virus) (57, 59, 60), Phenuiviridae (Severe fever with thrombocytopenia syndrome virus) (33).

It has been shown that IFITM1 in mammalian cells is located in the plasma membrane and early endosomes, while IFITM2 and IFITM3 are mainly expressed in the late endosomes and lysosomes (61). Due to different subcellular localization, the antiviral spectrum of the three IFITM molecules also varies. IFITM1 mainly inhibits replication of viruses that enter cells by fusing with the plasma membrane. Whereas, IFITM2 and IFITM3 mainly inhibit viruses invading cells through late endosomal and lysosomal pathways (22). Compared with IFITM1 and IFITM2, IFITM3 is considered to have the strongest antiviral activity (62). Furthermore, IFITM3, when released by the virus-infected cells into the intercellular space as a component of exosomes, could provide antiviral protection to the uninfected cells (63).

The abnormality of the IFITM3 gene in vivo is involved in severe clinical symptoms caused by pathogenic viral infection. Some studies have suggested that the morbidity and mortality of IFITM3 knockout mice infected by H3N2 or H1N1 increased (64–66). In addition, the naturally occurring single nucleotide polymorphism in IFITM3 (SNP RS12252), which is the truncated N-terminal type of IFITM3 in human may be associated with the severe outcomes following infection by IVA (64, 67), human cytomegalovirus (HCMV) (68), and human enterovirus 71 (69), as well as increased incidence and mortality caused by COVID-19 (70–72). Given the circumstance, some researchers suggested predicting the severity of COVID-19 infection among ethnic minorities based on IFITM3-rs12252 (73). Another IFITM3 SNP rs34481144 identified in the 5 ‘UTR of the IFITM3 gene was reported to decrease the transcription level of its mRNA and the CD8+T cell number in the airways of influenza-infected individuals. As a result, it weakens the antiviral effect of IFITM3 and leads to severe illness in adults infected by 2009 IAV (74). These studies further attest to the physiological importance of IFITM3 in the innate immune response to pathogenic viral infections.


The Antiviral Mechanism of IFITM3

IFITM3 may inhibit the release of viral protein and nucleic acid into the cytoplasm and accelerate the trafficking of incoming viral particles to lysosomes for destruction (Figure 2). However, the antiviral mechanism of IFITMs remains unclear till now. IFITM3 mainly plays an antiviral role in the early stage of virus infection, and at least four antiviral mechanisms are suggested based on current studies.




Figure 2 | Possible antiviral mechanisms of IFITM3. IFITM3 may inhibit the release of viral protein and nucleic acid into the cytoplasm by blocking the formation of fusion pores following virus-endosome hemifusion and before forming of an enlarged fusion pore. Whereafter, it accelerates the trafficking of incoming viral particles to lysosomes for destruction. IFITM3 can bind itself to multiple host proteins, interact with cholesterol, or packages into virions to reduce their infectious activity.



The first possible mechanism is that FITM3 clusters on virus-containing vesicles. This IFITM3 oligomerization increases membrane lipid order (increasing rigidity and decreasing fluidity) in cells, thus blocking fusion pore formation following virus-endosome hemifusion and before forming an enlarged fusion pore (75, 76). The overexpression of IFITM3 expands Rab7- and LAMP1-positive late endocytic compartments and accelerates the trafficking of incoming viral particles to lysosomes for destruction (77).

Moreover, IFITM3 may be incorporated into nascent virion particles during viral assembly to decrease their infectivity (39, 78, 79). The third possible mechanism is that IFITM3 may also bind itself to multiple host proteins essential to its antiviral activities. For example, a previous study showed that IFITM3 protein interacts with Vesicle-membrane-protein-associated protein A (VAPA) and inhibits its association with oxysterol-binding protein (OSBP). This effect leads to the accumulation of cholesterol in the late endosomes, and thus inhibits the cytosolic release of virions (80). Likewise, it has been reported that PRRSV was arrested in IFITM3 positive endosomes, followed by the accumulation of cholesterol in endosomes or lysosomes, resulting in obstruction of PRRSV-endosome fusion (79). However, the antiviral mechanism of IFITM3 mediated by VAPA and cholesterol has been questioned by some researchers (81–84). In addition, hABHD6A, capable of inhibiting the influenza virus by itself, has been purported to act as a cofactor required for the anti-IVA effects of IFITM3 during the diseases process (49).

Another example of a putative cofactor for IFITM3 is VCP (valosin-containing protein, also called p97). The hexametric AAA-type ATPase participates in diverse cellular processes, including endoplasmic reticulum-associated degradation (ERAD), membrane fusion, nuclear factor κB (NF-κB) activation, and chromatin-associated degradation. It has been proven to enable the antiviral function of IFITM3 by modulating its intracellular localization (85).

IFITM3 also interact with the Atp6v0b subunit of the v-ATPases within the cell to form a functional v-ATPase complex. This complex contributes to the stability of the v-ATPases and appropriate localization of clathrin, which is required for the antiviral effect of IFITM3 (86). Finally, Zinc metalloproteins STE24 (ZMPSTE24; also known as ACE1), constitutively expressed and localized to the inner nuclear membrane and cytoplasmic organelles, is an intrinsic broad-spectrum antiviral protein, which is suggested to be essential for the antiviral activity of IFITM3 through interacting with IFITM3 (37).

Finally, a recent study showed that cholesterol could change the conformation of IFITM3 in membrane bilayers and interact with S-palmitoylated IFITM3 directly. CARC domain lies on N-terminus of IFITM3, a conserved motif that mediates direct interaction between this transmembrane protein and cholesterol. Further study suggested that the CARCΔ construct of IFITM3 showed a significant loss of antiviral activity against IAV and SARS-CoV-2 infection compared with IFITM3 WT (87). In addition, cholesterol can facilitate the negative membrane curvature induced by IFITM3 resulting in increased lipid order and membrane stiffness (75). Therefore, cholesterol may play a crucial role in blocking virus fusion and the release of genetic material into the cytosol.



The Antiviral Activity of IFITM3 Was Regulated by at Least Four PTMs

IFITM3 is a highly regulated protein with at least four PTMs occurring on multiple residues reported till now (Figure 3). For example, ubiquitination, the addition of the 9kDa ubiquitin polypeptide to proteins, occurring on the four lysines has been suggested to be a negative regulator of IFITM3 stability and activity by targeting the protein away from endolysosomes for degradation (18). Once all four lysines were mutated into alanine, IFITM3 became more stable and was completely located in the endosomal membrane. Meanwhile, its co-localization with endoplasmic reticulum markers also disappeared, indicating that ubiquitinated IFITM3 was recruited to the endoplasmic reticulum for degradation.




Figure 3 | Post-translational modification sites of human IFITM3. The human IFITM3 protein was phosphorylated on tyrosine20; Ubiquitinated on Lysine24, 83, 88 and 104; methylated on Lysine88; and S-palmitoylated on cysteine71,72 and 105.



Another negative regulator of IFITM3 activity has been reported to be the protein-tyrosine kinase FYN-dependent phosphorylation on tyrosine 20 (Tyr20) (88). Mutation of Tyr20 resulted in decreased antiviral activity against vesicular stomatitis virus and enrichment of IFITM3 at the plasma membrane (88). Interestingly, cross-regulation of phosphorylation and ubiquitination of IFITM3 was observed in a previous study. It is generally expected that IFITM3 phosphorylation may enhance its ubiquitination level because phosphorylation normally serves as a signal for E3 ubiquitin ligases. However, the opposite was observed in that IFITM3 ubiquitin was attenuated by phosphorylation (89). How ubiquitin and phosphorylation co-regulate the antiviral effect of IFITM3 deserves further study.

Finally, single lysine (Lys88) methylation of IFITM3 mediated by SET7 has also been described to negatively regulate IFITM3 antiviral activity (90). In this study, methylation of IFITM3 was up-regulated by SET7 overexpression leading to a loss of antiviral activity. In contrast, knockdown of SET7 decreased IFITM3 methylation and resulted in enhanced IFITM3 antiviral activity against influenza virus and vesicular stomatitis virus.

Except for the three PTMs, S-palmitoylation of IFITM3 is the only one that can positively regulate its antiviral activity by multiple mechanisms discussed in the following.




Protein S-Palmitoylation

Palmitoylation is the posttranslational process by which a 16-carbon palmitic acid is covalently attached to eukaryotic and viral proteins. It is catalyzed by a family of proteins known as DHHC acyltransferases. The most common forms of palmitoylation are S-palmitoylation and N-palmitoylation. S-palmitoylation, a reversible modification, occurs on cysteine residues via a thioester bond and is commonly found in most palmitoylated proteins. N-palmitoylation reactions occur on the amino terminus or the epsilon amino group of lysine.

Recently, improved proteomic of cellular proteins has identified tens to hundreds of proteins as substrates for S-palmitoylation. Many lines of evidence suggest that S-Palmitoylation is implicated in various physiological processes, including intracellular trafficking, the activity of ion channels, localization of neuronal scaffolding proteins Ras signaling, and host-pathogen interactions (91–95). As a posttranslational modification, S-palmitoylation was first reported in 1979 (96). However, the enzymes that catalyze protein S-palmitoylation were not discovered until 2002 in yeast (97, 98). A family of low-abundance and polytopic eukaryotic integral membrane enzymes responsible for modifying proteins with palmitate on the cytoplasmic face of cellular membranes is DHHC-palmitoyl transferase. They are so named because they share a signature DHHC (Asp-His-His-Cys) motif, the catalytic center of the enzyme, within a cysteine-rich domain.

Many intracellular soluble and membrane proteins can undergo S-palmitoylation modification, generally occurring in intracellular-membrane contact. S-palmitoylation modifies the hydrophobicity of proteins, affects their membrane-binding properties, intracellular sorting, stability, and thus regulates a series of cellular physiological and pathological processes.


S-Palmitoylation and Viral Infection

It has been suggested that S-palmitoylation modification is also involved in the host defense against pathogens. Some pathogens use palmitoyl transferase of host cells to modify their virulence proteins to enter host cells (95, 99). In 1979, S-palmitoylation of Sindbis virus envelope glycoprotein and vesicular stomatitis virus glycoprotein G were firstly identified (96, 100). With the development of technologies, many other viral proteins have also undergone S-palmitoylation modification as well. Previous studies have shown that S-palmitoylation of influenza virus HA contributes to the recruitment of the viral protein to membrane lipid raft, the budding process of new virus particles, and the fusion of virus particles and membrane to promote virus invasion (101–103). Recent studies have shown that S-palmitoylation modification of HA regulates the membrane curvature and promotes the interaction between HA and matrix protein (M1) during viral particle assembly (104), which promotes the expansion of fusion pores (102). The highly conserved amphiphilic helical region of M2 is also S-palmitoylated to regulate the membrane curvature, promote the separation of the virion from the membrane, and virion release (105, 106).



S-Palmitoylation and Innate Immunity

Chesarino et al. found that S-palmitoylation of TLR2 (a member of the TLR family) mediated its membrane localization, NF-κB activation and inflammatory factor release. Once inhibited, its response to all microbial ligands were restrained. Palmitoyl transferases ZDHHC2, 3, 6, 7, and 15 are responsible for the TLR2 S-palmitoylation (107).

In 2016, Mukai’s lab proved that S-palmitoylation of interferon gene stimulator protein (STING) affects its ability to regulate innate immune signals. STING was S-palmitoylated in the Golgi and is restricted to the trans-Golgi network (TGN). The general S-palmitoylation inhibitor 2-BP can selectively inhibit STING-mediated cytoplasmic DNA sensing and its downstream interferon response. In addition, a STING Cys88/91Ser double mutant that significantly reduced S-palmitoylation could not induce STING-dependent host defense after infection with DNA viruses, and palmitoyl transferases ZDHHC3, 7, and 15 are responsible for STING modification (108).

Studies have shown that S-palmitoylation of Rac1(the Rho family Small Guanosine triphosphatase SE) inhibits the ubiquitination activation of E3 ubiquitin ligase TRIM31 on MAVS, thereby negatively regulating the RLR signaling pathway. However, it remains unclear which ZDHHC protein is responsible for the S-palmitoylation of Rac1 (109).

Recently, Lu and colleagues suggested that targeting NOD1 and NOD2 to bacterial-containing endosomal membranes requires them to be S-palmitoylated by ZDHHC5. They identified pathogenic bacterial-derived peptidoglycan components in the cytoplasm that promote intracellular NOD1/2-mediated immune responses, including autophagy and release of inflammatory factors (110). However, the precise mechanism that ZDHHC5 recruits bacteria to the entry site remains unclear.

It was found that S-palmitoylation of cysteine residues at position 463 near the cytoplasmic end of the IFN AR1 transmembrane region is necessary for phosphorylation activation of STAT1 and STAT2 (downstream of IFNAR1). Blocking S-palmitoylation of IFNAR1 inhibits the nuclear translocation of STAT and thus affects the transcription of ISGs. However, S-palmitoylation of IFNAR1 has no effect on its in vivo endocytosis, intracellular distribution, stability on the cell surface, and the formation of IFNAR1-IFNAR2 heterodimer (111).




Mechanism of S-Palmitoylation to Regulate the Antiviral Capacity of IFITM3

To date, S-palmitoylation is believed to be essential for the antiviral activity of IFITM3, but the research on the molecular mechanism of how S-palmitoylation regulates its antiviral activity is relatively slow. One of the main reasons is that protein S-palmitoylation was originally studied using radioactive palmitate metabolic labeling methods. However, this approach has the defects of limited sensitivity and poor security. New technologies, such as acy-biotinyl exchange and click-chemistry that allow S-palmitoylation sites to be experimentally-determined have greatly promoted the study of this lipid modification (112). Currently, the research progresses of IFITM3 S-palmitoylation were listed in Table 1.


Table 1 | Research progresses of IFITM3 S-palmitoylation.



Based on the previous findings, S-palmitoylation of IFITM3 is essential for its antiviral effect, subcellular location, stability, virion trafficking, interaction with cholesterol, and molecular conformation (Figure 4).




Figure 4 | Possible mechanism of s-palmitoylation to regulate the antiviral capacity of IFITM3. S-palmitoylation may affect its membrane proportion, trafficking to virions, stability, interaction with cholesterol, and conformation to regulate the antiviral activity of IFITM3. Whether S-palmitoylation affects the binding of IFITM3 to virus particles or its interaction with host proteins has not been reported yet.




S-Palmitoylation Affects the Subcellular Location of IFITM3

S-palmitoylation of IFITM3 was first identified by Yount and his colleagues (113) through large-scale profiling of fatty-acylated proteins in the mouse DC line DC2.4 using palmitic acid chemical reporter ALK-16 and CuAAC. Further study revealed that all the three cysteine residues at positions Cys71, Cys72, and Cys105 of IFITM3 were S-palmitoylated. Bioinformatics analysis showed that the S-palmitoylated Cysteine residues are conserved in IFITM isoforms in most vertebrates, suggesting an added layer of regulation of protein S-palmitoylation in innate immunity. Moreover, it was observed that the S-palmitoylation of IFITM3 on membrane-proximal cysteines enhanced its clustering in the membrane compartments. Whereas, the mutation of the three cysteine residues to alanine eliminated the S-palmitoylation of IFITM3, resulting in its spot-like distribution in the endoplasmic reticulum. Additionally, wild-type IFITM3 (WT IFITM3), primarily membrane-associated, also present at lower levels in the cytoplasmic portion. In contrast, IFITM3-PalmΔ mutants are less membrane-associated, suggesting that IFITM3 has an inherent affinity for cell membranes, enhanced by hydrophobic S-palmitoylation (18).

Furthermore, it has been suggested that BODIPY-labeled IFITM3 Cys-to-Ala mutants showed a subcellular localization similar to WT human IFITM3 (116). Meanwhile, a confocal experiment revealed that sIFITM3-PalmΔ (C71,72,105A) was co-located with early/late endosomes and lysosomes in MARC-145 sIFITM3-PalmΔ-Flag cells, consistent with WT IFITM3 (79). Subcellular location change of sIFITM3-PalmΔ was not observed in PK15 as well (38).

Another study proved no change in subcellular location for C71A and C105A, but a more centralized intracellular distribution for C72A compared with WT human IFITM3 (16). Besides, all cysteine mutants of microbat IFITM3 relocalized to perinuclear Golgi-associated sites (117). Together, these studies indicate that S-palmitoylation regulates the subcellular location of human, murine, swine and microbat IFITM3 in different manners.



S-Palmitoylation Affects the Antiviral Activity of IFITM3

Mounting evidence showed that IFITM3 S-palmitoylation was crucial for its antiviral effect. For example, the S-palmitoylation-deficient, triple cysteine-to-alanine IFITM3 mutant significantly weakened its anti-IAV activity (113). A consistent result was observed in another study, in which the antiviral activity of the IFITM3 S-palmitoylation deficient mutant against H1N1 influenza virus (type A, PR8 strain) was significantly reduced (18).

As the analysis of S-palmitoylation levels of endogenous IFITM3 is in need to better elucidate the association between S-palmitoylation and IFITM3 antiviral activity, a mass-tag labeling method termed acyl-PEG exchange (APE) was developed (114). The APE analysis combined with fatty acid metabolic labeling showed that S-palmitoylation occurred in most endogenous IFITM3 in IFN-stimulated cells, and Cys72 was the predominant S-palmitoylation site. Indeed, after the mutation of Cys72 into alanine, the antiviral effect of IFITM3 decreased significantly. Although Cys71 of IFITM3 is highly conserved in mice and humans, its mutation to Ala is reported to have no significant effect on the S-fatty level and antiviral effect of IFITM3. The effect of Cys105 S-palmitoylation on the antiviral activity of IFITM3 varies in different IFITM isoforms, expression levels, and cell types, since mutation of this Cys residue hampers the antiviral activity of IFITM3 in mice but does not affect the activity of human IFITM3.

It is also proved that the mutant of Cys72 to Ala significantly reduced its antiviral activity against IAV, while the IFITM3 mutant of Cys71 and Cys105 to Ala retained more activity (116). These results suggest that the antiviral activity of IFITM3 is directly related to the level of S-palmitoylation, and the double S-fatty acylation of IFITM3 on Cys72 and Cys105 may be the most active subtype in mammalian cells. However, when any one of the three cysteines was mutated to alanine, the anti-PRRSV activity of sIFITM3 was almost completely lost (79), indicating that S-palmitoylation on the three cysteine residues were all crucial for sIFITM3 in PRRSV restriction.



S-Palmitoylation Affects the Trafficking of IFITM3 to Virions

S-palmitoylation affects the trafficking of IFITM3 to virions as well. Compared with WT IFITM3 or Ala mutants at Cys71 or Cys105, trafficking and co-localization of IFITM3-C72A mutants with quenched DID-IAV particles was significantly reduced by about 20% through site-specific fluorescent labeling and live-cell imaging analysis. Meanwhile, the trafficking of IFITM3-C72A mutants to DID-IAV particles was also delayed (116). These results suggest that S-palmitoylation at Cys72 is important for the IFITM3 trafficking to IAV particles during infection.



S-Palmitoylation Affects the Stability of IFITM3

S-palmitoylation also affects the stability of IFITM3. It has been revealed that FITM3 protein abundance was significantly decreased in cells treated with the general protein palmitoylation inhibitor (2-brompalmitate, 2-BP), and the inhibition effect is dose- and time-dependent, but IFITM3 mRNA levels were not affected. The half-life of IFITM3 protein in 2-BP treated cells was significantly reduced to 1.5 h vs 5 h in control cells. Additionally, exogenous IFITM3ΔPalm mutants were degraded rapidly, with a half-life of 2.9 h compared with 7.9 h for WT IFITM3. Moreover, 2-BP-induced IFITM3 degradation in A549 and HCT116 cells can be significantly blocked by lysosome pathway inhibitor (leupeptin and bafilomycin A1) rather than ubiquitin-proteasome pathway inhibitor (MG132), indicating that IFITM3 may be degraded in a lysosome pathway (not ubiquitin-proteasome pathway) when its S-palmitoylation was restrained (39). Nonetheless, IFITM3 PalmΔ mutants were reported to be ubiquitinated effectively in a previous study (114). And it has been suggested that ubiquitinated IFITM3 can be recruited to an ER-proximal site for degradation (18, 89, 118). Therefore, whether the ubiquitin-proteasome pathway is involved in S-palmitoylation deficit-induced IFITM3 degradation needs to be further elucidated.



S-Palmitoylation Affects the Interaction Between IFITM3 and Cholesterol

Of note, the S-palmitoylation level of IFITM2 was significantly lower than IFITM3 by metabolic labeling analysis. High levels of S-palmitoylation enhanced IFITM3 interactions with cholesterol and inhibited viruses like IAV and SARS-CoV2. While with lower levels of S-palmitoylation and fewer interactions with cholesterol, IFITM2 showed more efficient anti-EBOV activity, indicating that S-palmitoylation may inhibit cholesterol-dependent viruses by regulating the interaction between IFITM3 and cholesterol (87).



S-Palmitoylation Affects the Conformation of IFITM3

Compared with S-palmitoylation-deficient IFITM3, Cys72-maleimide palmitate, a reasonable substitute for S-palmitoylation modification, showed a significant structural change both locally and in the disordered N-terminal regions. Meanwhile, the disrupted AH1 region of S-palmitoylation-deficient IFITM3 was stabilized and its association with the membrane bilayer was increased by adding maleimide palmitate to Cys72 in a flotation assay. These results suggest that lipidation can change the biophysical conformation of IFITM3. As the disruption of AH1 attenuates the antiviral activity of IFITM3, it is suggested that the S-palmitoylation at Cys72 directly enhances the antiviral activity of IFITM3 by stabilizing AH1 (62). Besides, stabilization of IFITM3 AH1 by S-palmitoylation of Cys72 may also explain the subcellular distribution of IFITM3 during infection.



ZDHHCs Are Implicated in S-Palmitoylating IFITM3

Although many substrate proteins of ZDHHC transferase have been identified, the mechanism of how transferase recognizes its target protein remains unclear. The distribution of each specific ZDHHC protein in different subcellular locations affects the type of substrate protein. Only a few substrate/ZDHHC pairings have been identified among the hundreds of known S-palmitoylated proteins. For example, ZDHHC9 and ZDHHC17 can only S-palmitoylate HRas and SNAP25, whereas ZDHHC14 has PAT activity toward PSD93 (30).

A variety of ZDHHC proteins are capable of S-palmitoylating IFITM3. To identify the enzyme that performs S-palmitoylation modification for IFITM3, Temet et al. constructed rodent ZDHHC1-23 expression plasmids for overexpression screening. Results showed that ZDHHC1, 2, 5, 6, 9, 14, 23, 24, and 25 could up-regulate IFITM3 S-palmitoylation by 1.7-3 times, whereas ZDHHC3, 7,15, and 20 increased the S-palmitoylation level of IFITM3 by more than 3 times. Importantly, it was reported that the three cysteine residues of IFITM3 protein were not completely modified by S-palmitoylation, which explains why a class of ZDHHC proteins can enhance IFITM3 S-palmitoylation level (115).

Wang et al. reported that p53 up-regulated ZDHHC1 expression and S-palmitoylation level of IFITM3. Overexpression of ZDHHC1 increased the S-palmitoylation level of exogenous IFITM3 and the protein expression level of endogenous IFITM3. The ZDHHC1 mutant with DHHC deficiency could still increase the S-palmitoylation level of exogenous IFITM3, but not the protein expression level of endogenous IFITM3. Meanwhile, ZDHHC1 could not up-regulate endogenous IFITM3 protein expression in the presence of 2-BP. Similar to wild-type ZDHHC1, the ZDHHC1 DHHCΔ mutant can co-precipitate with exogenous IFITM3, suggesting that ZDHHC may interact with IFITM3 independently of the DHHC region and modify it with S-palmitoylation. This study raises the question whether other regions besides DHHC are involved in ZDHHC1 palmitoyltransferase activity (39).

In total, 13 ZDHHCs have been revealed to enhance S-palmitoylation of IFITM3, including 1, 2, 3, 5, 6, 7, 9, 14, 15, 20, 23, 24, and 25. Only ZDHHC1 and ZDHHC20 can enhance the antiviral activity of IFITM3, and further study showed that ZDHHC20 and IFITM3 are co-localized in lysosomes. By contrast, ZDHHC3, ZDHHC7, and ZDHHC15 are co-localized around the nucleus with IFITM3, suggesting that the subcellular localization where hIFITM3 was S-palmitoylated may affect its antiviral activity (115). As ZDHHC2, 5,6,9,14,23,24,25 can also enhance the S-palmitoylation level of IFITM3, it’s interesting to explore where the eight ZDHHCs colocalize with IFITM3 and whether these enzymes can enhance its antiviral effect.




Conclusions and Perspectives

In summary, S-palmitoylation of IFITM3 is essential for its antiviral effect, subcellular localization, stability, virion trafficking, interaction with cholesterol, and molecular conformation. IFITM3 can bind directly to the surface of the virus particle to reduce its infective activity or interact directly with host proteins to play an antiviral role. However, whether S-palmitoylation affects the binding of IFITM3 to virus particles or its interaction with host proteins has not been reported yet. This topic is worthy of further research, which could help to reveal the molecular mechanism of how S-palmitoylation regulates the antiviral effect of IFITM3. Furthermore, all the three cysteines of IFITM3 in murine and humans can be palmitoylated, and Csy72 is the most important palmitoylated site, followed by Csy105. In contrast, The S-palmitoylated modification of Csy71 alone seems to have the least effect on its biological function. However, it has been shown that anyone mutation of the three cysteines to alanine can almost completely abolish the anti-PRRSV activity of porcine IFITM3, suggesting that the dually S-palmitoylated IFITM3 at Cys72 and Cys105 may not necessarily be the most active isoform in mammalian cells.

In this review, we have primarily focused on the classical and novel progress concerning the antiviral mechanism of IFITM3 and the mechanism of how S-palmitoylation regulates its antiviral activity. The role of PTM of proteins involved in regulating of cellular antiviral activity has been a hot topic. Despite recent advances in understanding the mechanism of S-palmitoylated proteins in immune response, little is known about the regulation of natural immune response. Therefore, how S-palmitoylation modification regulates natural immune response could be a research focus in the future. Of note, S-palmitoylation modification participates in virus replication and infection and the regulation of antiviral effect mediated by IFITM3, but the mechanisms of how the host balances these two effects await further elucidation.

As is shown in many studies, the catalytic center of the ZDHHC family is the highly conserved DHHC domain. However, the exogenous ZDHHC1 mutants deficient in the HDDC region can enhance S-palmitoylation of IFITM3. It’s worthy of exploring whether other catalytic dominants exit in ZDHHC protein. Moreover, emerging evidence has revealed the interplay between S-palmitoylation and other PTMs. For example, inhibition of S-palmitoylation modification of IFITM3 can significantly up-regulate its ubiquitination level. What effect does S-palmitoylation modification have on the other two posttranslational modifications (methylation and phosphorylation) of IFITM3? The precise molecular mechanisms that govern the synergistic effect of PTMs deserves further exploring.

In general, S-palmitoylation regulates the antiviral activity of IFITM3 through influencing its membrane proportion, trafficking to virions, stability, interaction with cholesterol, and conformation. Future studies are still in need to clarify the regulation mechanism of S-palmitoylation on IFITM3.
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The coronavirus disease 2019 (COVID-19), caused by the severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) virus, is one of the fastest-evolving viral diseases that has instigated a worldwide pandemic. Severe inflammatory syndrome and venous thrombosis are commonly noted in COVID-19 patients with severe and critical illness, contributing to the poor prognosis. Interleukin (IL)-6, a major complex inflammatory cytokine, is an independent factor in predicting the severity of COVID-19 disease in patients. IL-6 and tumor necrosis factor (TNF)-α participate in COVID-19-induced cytokine storm, causing endothelial cell damage and upregulation of plasminogen activator inhibitor-1 (PAI-1) levels. In addition, IL-6 and PAI-1 form a vicious cycle of inflammation and thrombosis, which may contribute to the poor prognosis of patients with severe COVID-19. Targeted inhibition of IL-6 and PAI-1 signal transduction appears to improve treatment outcomes in severely and critically ill COVID-19 patients suffering from cytokine storms and venous thrombosis. Motivated by studies highlighting the relationship between inflammatory cytokines and thrombosis in viral immunology, we provide an overview of the immunothrombosis and immunoinflammation vicious loop between IL-6 and PAI-1. Our goal is that understanding this ferocious circle will benefit critically ill patients with COVID-19 worldwide.
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Introduction

Since late December, coronavirus disease 2019 (COVID-19) (1) has spread worldwide and instigated a pandemic. Globally, as of April 12, 2022, more than five hundred million people have been diagnosed with COVID-19 disease, including more than 6 million deaths from the disease (WHO, https://covid19.who.int/), posing a great challenge to the health system around the world. The causative agent of the disease is the SARS-CoV-2 virus. Based on the clinical presentation of the COVID-19 disease, the mild-to-moderate disease accounts for 81% of COVID-19 infections and is accompanied by symptoms such as cough, fever, fatigue, and others. Meanwhile, only about 14% of cases have severe symptoms such as dyspnea and hypoxemia, while 5% present with respiratory failure, shock failure, multiple organ failure, and other severe conditions that can result in death. In addition, 14.8% of patients are classified as severe or critically ill patients (Table 1) (2). Emerging laboratory and pathological examination data indicate that cytokine storms and thrombosis were closely related to the disease progression, accounting for the poor prognosis in COVID-19 patients (3–8).


Table 1 | The distribution of age, degree, and fatality rate of COVID-19 (2).



A significant reduction in spontaneous clot dissolution after activation of the external clotting pathway and increased resistance to tissue plasminogen activator (tPA) suggests a potential link between fibrinolytic disorder and thrombosis (9). Serum proteomics studies in patients with COVID-19 have found that abnormal increases in IL-6 correlate with increases in the coagulation and complement cascade components (10). PAI-1 is a serine protease inhibitor that acts as a principal inhibitor of tPA and urokinase-type plasminogen activator (uPA) to inhibit fibrinolysis. Based on PAI-1’s primary function, diseases, or disorders that increase PAI-1 levels appear to result in high coagulation states (11–13). Interestingly, in patients with mild-to-moderate disease, plasma levels of PAI-1 were normal compared to critically ill COVID-19 patients (14, 15). However, reports from studies suggested that PAI-1 levels significantly increase in critically ill (14) and hospitalized COVID-19 patients (Figure 1). In addition, previous analyses on the detection of inflammatory and prethrombotic biomarkers in the blood showed significant differences between IL-6 and PAI-1 levels. The mean concentration of IL-6 in the non-severe COVID-19 group was 430.3 pg/ml, whereas that of the control group was 419.5 pg/ml. Meanwhile, the concentration of IL-6 in severe COVID-19 and death group was 1,463 and 2,200 pg/ml, respectively (14). PAI-1 is a widely recognized biomarker of endothelial dysfunction and has been shown that increased concentration is associated with the severity of the disease (16, 17). The expression of PAI-1 may reflect the severity of SARS-CoV-2 infection to some extent (18). The plasma concentration of PAI-1 detected in patients with severe COVID-19 was 713.3 ng/ml, while in the COVID-19 death group, it was 1,223.5 ng/ml. Then again, in the non-severe COVID-19 group, the plasma concentration of PAI-1 was 465.2 ng/ml and that of healthy donors was 183.7 ng/ml (14). It is important to note that severe and critically ill patients with COVID-19 often suffer from underlying diseases (19, 20). Evidence has also suggested that most of the underlying diseases present with elevated levels of PAI-1 (21). For example, among diabetes and acute cerebral infarction patients without COVID-19, PAI-1 levels averaged 36.5 and 63.95 ng/ml (22, 23). Nonetheless, COVID-19-infected individuals have significantly higher levels of PAI-1 than those with diabetes or acute cerebral infarction, providing indirect evidence that COVID-19 could increase PAI-1 levels (Table 2).




Figure 1 | SARS-Co-2 upregulates plasma IL-6, TNF- α, and PAI-1 levels. The levels of IL-6, PAI-1, and TNF-α in the serum of severely and critically ill COVID-19 patients with SARS-CoV-2 pulmonary infection via the respiratory tract were significantly increased.




Table 2 | The expression of IL-6 and PAI-1 in COVID-19 and underlying diseases.



Studies on coexpression-induced IL-6 and PAI-1 through the nuclear factor-kappa B (NF-κB) pathway and ligand-dependent epidermal growth factor receptor (EGFR) activation confirmed a significant correlation between IL-6 and PAI-1 (26). The same phenomenon has revealed significant differences between IL-6 and PAI-1 levels in severe and mild-to-moderate COVID-19 patients (14). Treatment with anti-TNFs can reduce the death rate and poor outcomes of COVID-19 patients (27). Below, we review the possible relationship between inflammatory levels and thrombosis in severe and critically ill COVID-19 patients.



SARS-CoV-2 Raises the Expression of PAI-1, IL-6, and TNF-α

The SARS-CoV-2 infection has a devastating effect on immune regulation, leading to a life-threatening systemic inflammatory syndrome called the cytokine storm. This systemic inflammatory syndrome involves abnormal immune-cell hyperactivation and uncontrolled release of circulatory cytokines. Elegant evidence from the COVID-19 pandemic shows that IL-6 and TNF-α are involved in the COVID-19-induced cytokine storm (28). In severe disease, IL-6 and TNF-α are major contributing factors that worsen the condition and cause poor clinical outcomes and even death (29–31). IL-6 is a multifunctional cytokine capable of transmitting cell signals. It is the main trigger of endothelial cytokine storm and an intervention target for clinical therapy (32, 33). Almost all stromal cells and immune system cells can produce IL-6, and the primary activator is IL-1β or TNF-α (34). Toll-like receptor (TLR)-stimulated monocytes and macrophages can also promote the expression of IL-6 (35).

During propagation of the SARS-CoV-2 virus, the envelope spike glycoprotein of the SARS-CoV-2 virus attaches to the angiotensin-converting enzyme (ACE)-2 on the target cell surface, resulting in ACE-2 loss (36). ACE-2 is a negative regulator that functions by activating tPA. ACE-2 deficiency disrupts the effective ACE-2/angiotensin (1–7)/Mas receptor axis, making Ang II more active and decreasing tPA activity, prompting endothelial and smooth muscle cells to synthesize and release PAI-1, leading to the balance of PAI-1/tPA to revert to its prethrombotic state (37, 38). Studies on intensive care unit (ICU) patients with critically ill COVID-19 found that low fibrinolysis was mainly associated with elevated PAI-1 levels (39). The action of recombinant SARS-CoV-2 on the ACE-2 receptor is comparable to that of live viruses, and its spiking glycoprotein induces the expression of PAI-1 in human pulmonary microvascular endothelial cells (HPMECs) (40). In individuals with severe COVID-19 illness, increased PAI-1 expression reduces tPA activity and increases thrombosis while perhaps worsening the inflammatory response (Table 3).


Table 3 | The expressions of PAI-1 and IL-6 in severe COVID-19 patients.




PAI-1 Upregulates the Expressions of IL-6 and TNF-α

In several studies, PAI-1 has been found at the inflammatory site after tissue damage (47, 48). PAI-1 inhibitors reduce TNF-α expression and, at the same time, decrease PAI-1 expression in diabetic mice (49). PAI-1 upregulation may be related to its capacity to activate macrophages. PAI-1 helps to regulate the lipopolysaccharide (LPS)-induced inflammatory response in NR8383 cells, possibly by influencing the TLR4-myeloid differentiation protein 2 (MD-2)/NF-κB signaling transfer pathway (50). PAI-1-induced TLR4 activation causes monocyte macrophages to release significant quantities of IL-6 and TNF-α, exacerbating the inflammatory response (51, 52). This shows that TLR4 is an essential medium for PAI-1 to activate macrophages and promote TNF-α expression. The expression spectrum of macrophages stimulated by PAI-1 occurs 2 h after the peak transcription of PAI-1 (53). PAI-1 can promote macrophage activation and may also be an initial response gene for predicting inflammation. PAI-1 promotes the recruitment of monocytes/macrophages in tumor cells. Its lipoprotein-receptor-related protein 1 interaction domain regulates macrophage migration, whereas its C-terminal uPA interaction domain auto-secretes IL-6 by activating the p38MAPK and NF-κB pathway and inducing macrophage polarization (54). There was a considerable increase in the expression of M1 macrophages in obese mice caused by a high-fat diet (HFD), but PAI-1 deficiency and PAI-039 therapy prevented the development of these markers, demonstrating that PAI-1 is required for macrophage polarization. Meanwhile, PAI-1 activates TLR4, triggering a robust inflammatory response in endothelial cells (ECs), allowing ECs to continuously secrete IL-6 (55). PAI-1 may interact with TLR4 to activate NF-κB, leading ECs to generate cytokines such as IL-6 (56, 57). This shows that PAI-1 can stimulate macrophages and endothelial cells in various ways, promoting inflammatory responses (Table 4).


Table 4 | PAI-1 upregulate the expressions of IL-6 and TNF-α.



There is no clinical use of PAI-1 inhibitors in COVID-19 patients. However, it is worth noting that bortezomib upregulates KLF2 to suppress PAI-1 expression and reduce EC damage in HPME cells stimulated with rSARS-CoV-2-S1 glycoprotein (58).



The IL-6 Increases the Expression of the PAI-1

Severe clotting disorder in patients with COVID-19 is closely related to the increased risk of death (59–62). Venous thromboembolism was prevalent in COVID-19 patients, with a total incidence of 31% in 184 patients with severe COVID-19 (63), and a preliminary autopsy on 11 of the COVID-19 patients revealed thrombus in the pulmonary arterioles (64). The D-dimer is a fibrin degradation product used as an alternative marker of fibrinolysis and is often elevated in thrombotic events (65). Relevant studies on COVID-19 report that D-dimer elevation is a prevalent feature (66). Low fibrinolysis is the primary cause of increased blood viscosity and is associated with elevated PAI-1 levels (39). PAI-1 circulating levels may be used as an independent predictor of severity in COVID-19 patients (41), and regulating PAI-1 expression can benefit patients with COVID-19 (42).

Alongside PAI-1, IL-6 is an independent predictor of COVID-19 severity (43–46). IL-6 levels have a substantial predictive value for mortality in COVID-19 ICUs (67). Patients with severe COVID-19 have considerable IL-6 overexpression, and IL-6 signal transduction is the most upregulated pathway in COVID-19 patients (10). IL-6 may have a significant role in the progression of severe COVID-19 disease in patients. PAI-1 expression is only found in severe COVID-19 patients and increases thrombosis (14). PAI-1 is linked to elevated levels of IL-6 in critically ill COVID-19 patients. IL-6 signals through two central pathways. The first is the classic cis signaling, and the second is the trans-signaling. In the classic cis pathway, IL-6 attaches to cells, mainly immune cells, expressing the membrane-bound interleukin-6 receptor (IL-6R) to initiate a downstream signaling response (68, 69). On the other hand, in trans-signaling, IL-6 binds to the soluble form of IL-6R, which is released from IL-6R expressing cell surfaces by proteolysis and IL-6R mRNA to form an exciting complex that associates with membrane-bound gp130 (70–72). In the presence of high circulating levels of IL-6, trans-signaling typically occurs. For instance, ECs express the membrane-bound gp130 but not the membrane-bound IL-6R (73–76), allowing for IL-6/soluble-IL-6R/gp130 downstream signaling activation.

The detection of PAI-1 expression before and after tocilizumab (TCZ) treatment demonstrates that IL-6 signaling transduction can promote PAI-1 expression in ECs (18, 42). LPS stimulates the NF-κB classical pathway to increase the PAI-1 expression and promote alveolar hypercoagulation and fibrinolysis inhibitory states. PAI-1 expression is dramatically reduced following NF-κB knockout (77, 78), indicating that the NF-κB pathway can control PAI-1 expression to some extent. At the same time, elevated plasma IL-6 levels promote NF-κB activation (79), resulting in EC-induced PAI-1 overexpression. In hepatocytes, IL-6 signals via the Janus kinase (JAK) pathway to promote C/EBPδ-induced PAI-1 expression (80). In addition, IL-6 signals and activates the IL-6R/signal transducer and activator of transcription 3 (STAT3) pathway (54), which can indirectly upregulate PAI-1 via miR-34a (81). TNF-α can also upregulate PAI-1 (82). However, it is less commonly documented in the literature, and the mechanism remains unknown (Table 5).


Table 5 | IL-6 and TNF-α promote the expression of PAI-1.



According to the preceding discussion, elevated and persistent IL-6, TNF-α, and PAI-1 levels in severe COVID-19 patients potentially generate a vicious cycle of inflammatory response and thrombosis (Figure 2).




Figure 2 | Relationship between PAI-1 and IL-6 after SARS-Co-2 infection. SARS-CoV-2 binds to ACE-2 on the target cell surface, resulting in the loss of ACE-2. ACE-2 is a negative regulator that works by activating tPA. ACE-2 deficiency loses the effective ACE-2/angiotensin (1–7)/Mas receptor axis and increases the level of Ang1. ACE converts Ang I to Ang II and decreases tPA activity, causing endothelial cells and smooth muscle cells to synthesize and release PAI-1. Ang II binds to AT1/AT2 to break the balance of PAI-1/tPA to its prethrombotic state. Elevated levels of PAI-1 in severely and critically ill COVID-19 patients may upregulate IL-6 expression through TLR4/NF-κB pathway and activate macrophages to upregulate IL-6 and TNF-α expression. At the same time, TNF-α can also upregulate PAI-1 expression. IL-6 upregulates the expression of PAI-1 via STAT3/miR-29a.






Clinical Significance

The probable inflammatory response and thrombus interaction mechanisms are first described in critically ill COVID-19 patients. TCZ is a recombinant human-resistant human IL-6R IgG1 monoclonal antibody (83). The use of TCZ in critically ill COVID-19 patients can decrease PAI-1 levels and improve the condition of severe COVID-19 patients (42). TCZ is authorized for the treatment of rheumatoid arthritis (84) and systemic juvenile idiopathic arthritis (85) because it selectively binds soluble and membrane-bound IL-6 receptors and inhibits IL-6-mediated classic cis and trans-signaling (86). IL-6 levels in severe COVID-19 patients are significantly higher than in other patients, prompting several researchers to recommend TCZ to inhibit IL-6 signaling in patients with severe COVID-19 to improve patient symptoms (35, 87). According to reports, TCZ can be used as an alternative therapy for COVID-19 patients who are at risk of cytokine storms (88). It is advised that in critically ill patients with elevated IL-6 levels, a repeated dose of TCZ will be necessary to reduce IL-6 levels significantly (88). However, TCZ is ineffective for patients with moderate COVID-19 (89) but can improve clinical symptoms in severely and critically ill COVID-19 patients (90). Breathing and bilateral diffuse turbidity disappear by intravenous TCZ in severe COVID-19 patients with pneumonia and acute respiratory distress syndrome (ARDS) (91). Unfortunately, thrombosis in severe COVID-19 patients was not mentioned. PAI-1 inhibition can improve the level of IL-6 and the damage to ECs. Treatment with TM5614 (PAI-1 inhibitor) eliminates the elevated circulating levels of PAI-1 and thrombin in plasma produced by particulate matter (PM) 2.5 (92). Meanwhile, TM5614 significantly reduces the elevated level of IL-6 (92). Bortezomib, a proteasomal degradation inhibitor, enhances KLF2, decreases PAI-1 expression, and reduces EC damage in HPMECs stimulated with rSARS-CoV-2-S1 glycoprotein (58). PAI-1 may have a role in prothrombotic events and inflammation in COVID-19 patients. This asserts the vicious cycle of PAI-1 and IL-6 in COVID-19.



Conclusion and Future Perspective

In this review, we briefly discussed the possible link between elevated IL-6 levels and thrombosis in COVID-19 patients. From non-viral contexts, the link between PAI-1 and IL-6 forms an inflammatory–thrombus circuit (42). PAI-1 and IL-6 were not shown to be strongly connected in COVID-19 case reports, although autopsy demonstrated substantial damage to ECs (93). In COVID-19 patients, inflammation and thrombosis are two of the most significant deleterious responses (94, 95). The development of blood clots in the heart can be explained by the distribution of ECs in the heart and by the above process (96). In critically ill COVID-19 patients, EC dysfunction increases PAI-1 expression (17) and promotes macrophage recruitment and activation (54). This raises the amount of IL-6 and TNF-α in the blood, increasing the odds of a “cytokine storm” (28). TCZ can decrease IL-6 signal transduction via IL-6R and soluble IL-6R. TNF-α, on the other hand, stimulates endothelial PAI-1 production and activates macrophages, exposing ECs to prominent levels of IL-6 and TNF-α and causing sustained tissue and organ damage. In thrombosis, therapeutic use of thrombolytic treatment merely lowers fibrin production. Inability to directly suppress PAI-1 expression and break the vicious cycle between PAI-1 and IL-6 results in serum PAI-1 and IL-6 buildup, facilitating tissue damage and thrombosis development. IL-6 trans-signaling has been shown to increase PAI-1 expression. When IL-6 is coupled with soluble IL-6R and gp130, it activates the downstream JAK/STAT signal pathway and promotes the expression of IL-6 and PAI-1 (54, 97, 98) (Figure 3). STAT3-dependent transcription inhibition significantly reduces VEGF-induced vascular permeability in zebrafish, mouse, and human endothelial cells (99). Increased endothelial cell permeability can aggravate pulmonary edema and dyspnea in COVID-19 patients (100). Although the connection between PAI-1 and IL-6 has not yet been shown, the possibility of a malignant interaction between PAI-1 and IL-6 in critically ill COVID-19 patients should not be overlooked. PAI-1 and IL-6 may produce a vicious cycle in which their expression is mutually induced, but the mechanism involved remains unclear. Thrombosis and inflammatory responses in patients with severe COVID-19 are discussed from a new perspective, which provides innovative ideas for future studies.




Figure 3 | IL-6 promotes PAI-1 expression via trans signaling. High concentration of IL-6 combined with soluble IL-6R can activate the JAK/STAT3 signal pathway through gp130 and upregulate the expression of PAI-1 and IL-6. TCZ can reduce the expression of PAI-1 and IL-6 by inhibiting the binding of IL-6 and soluble IL-6R.
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Although tremendous effort has been exerted to elucidate the pathogenesis of severe COVID-19 cases, the detailed mechanism of moderate cases, which accounts for 90% of all patients, remains unclear yet, partly limited by lacking the biopsy tissues. Here, we established the COVID-19 infection model in cynomolgus macaques (CMs), monitored the clinical and pathological features, and analyzed underlying pathogenic mechanisms at early infection stage by performing proteomic and metabolomic profiling of lung tissues and sera samples from COVID-19 CMs models. Our data demonstrated that innate immune response, neutrophile and platelet activation were mainly dysregulated in COVID-19 CMs. The symptom of neutrophilia, lymphopenia and massive “cytokines storm”, main features of severe COVID-19 patients, were greatly weakened in most of the challenged CMs, which are more semblable as moderate patients. Thus, COVID-19 model in CMs is rational to understand the pathogenesis of moderate COVID-19 and may be a candidate model to assess the safety and efficacy of therapeutics and vaccines against SARS-CoV-2 infection.
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Introduction

Coronavirus disease 2019 (COVID-2019), caused by severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), has spread around the world rapidly, infected over 523 million individuals worldwide, and led to over 6.280 million deaths by June 25, 2022 (https://covid19.who.int). Unfortunately, both numbers are still increasing.

SARS-CoV-2 infection leads to COVID-19 with various severity, ranging from asymptomatic to symptomatic patients, and the latter is usually further classified as severe and moderate cases. Special attention has been given to severe COVID-19 cases who present with high fever and dry cough, pneumonia, uncontrolled inflammatory responses, and are at higher risk of death. Emerging studies have greatly unclosed the clinical and immunological characteristics, epidemiology, and pathology of severe COVID-19 patients (1, 2). For example, an epidemiological study by Ragonnet-Cronin Min et al. showed that early intervention means much lower morbidity and mortality rate of severe COVID-19 (3). Rébillard RM et al. reported that general neutropenia and lymphopenia are not specific predictors of COVID-19, while higher proportions of ALCAM+ monocytes, ICAM-1+ neutrophils, and CD38+ CD8+ T cells are often associated with higher mortality (4). Guo and colleagues performed proteomic and metabolomics profiling of sera from non-severe and severe COVID-19 patients, revealed characteristic protein and metabolite changes in severe patients (5). However, considering moderate cases account for 90% of COVID-19 patients, and timely and efficient treatment of them means better prognosis and is beneficial to alleviate the burden on medical resources, there is an urgent need to identify the underlying pathological mechanisms and effective prevention strategies for moderate cases.

Establishment of animal models is undoubtedly necessary and a great help for understanding the pathogenesis of COVID-19 (6), evaluating potential vaccines and antiviral agents against SARS-CoV-2 infection before they are used clinically (7, 8). Non-human primate models have been extensively used to investigate pathogenesis of a wide spectrum of viral diseases (9). Previous studies have reported the pathogenesis of COVID-19 in non-human primate models and compared it with MERS and SARS. The data showed that low passage clinical isolate of SARS-CoV-2 caused COVID-19-like disease in both young and aged cynomolgus macaques (CMs), with shedding virus for a prolonged period, although in the absence of overt clinical signs (10). Several groups have used rhesus macaques to simulate SARS-CoV-2 infection and pathogenesis, which usually recapitulates mild to moderate infection in humans (11, 12). These non-human primate COVID-19 models can also be effectively used to evaluate vaccines and drugs for COVID-19 therapy (12–15). Unfortunately, only rare studies performed proteomics and metabolomics analysis in non-human primate models to elucidate the mechanistic details that drive SARS-CoV-2 pathogenesis in humans (11, 16). Additionally, timely and accurate diagnosis of SARS-CoV-2 RNA makes it necessary to study the pathological characteristics of patients with very early infection (14). Thus, in this study, we established COVID-19 model in CMs and performed proteomics and metabolomics to reveal the molecular signature for COVID-19 pathogenesis at very early stages of SARS-CoV-2 infection (7 days post infection).



Materials and Methods


Animals and Experimental Procedures

The CMs used in this study were bred and provided by the Laboratory Animal Center, Academy of Military Medical Sciences (Beijing). All animals were confirmed to be specific pathogens (especially SARS-CoV-2) free before the experiment. To establish the model of COVID-19, CMs were anesthetized with Zoletil 50 and inoculated with a dose of 4.7 × 106 TCID50/mL SARS-CoV-2 via a combined intranasal (0.25 mL per nasal), intratracheal (4.0 mL), and ocular conjunctival routes (0.1 mL per eye). The control CMs were inoculated with an equivalent dose of DMEM. On 2, 4 and 6 days after infection, the nasal, throat, and anal swabs were collected and incubated in 1 mL of PBS containing 1000 μg/mL streptomycin and 1000 U/mL penicillin. The body weight and temperature were measured every other day. The UCT-2112 temperature probes (American Health & Medical Supply International Corp., USA), which were injected interscapularly into the CMs before the experiment, were used to monitor the body temperature. On day 7 post infection, all animals were euthanized and tissues including nasal turbinate, trachea, different lobes of lung, heart, spleen, kidney, colon, brain, liver, and testes were collected to detect the viral loads. All the experiments were done in Animal Biosafety Level 3 (ABSL3) at the Key Laboratory of Jilin Province for Zoonosis Prevention and Control, Institute of Military Veterinary Medicine, according to the protocols approved by the Administrative Committee on Animal Welfare of the Institute of Military Veterinary.



RNA Extraction and qRT-PCR

Total RNA was isolated from 200 μL of samples by using Magnetic Viral DNA/RNA Kit (Tiangen Biotech, Beijing, China). After synthesizing cDNA with reverse transcriptase (Invitrogen, Carlsbad, CA, USA), qPCR was conducted by Bio-Rad CFX96 Real-time PCR system (Bio-Rad, Hercules, CA) following cycling protocol: 50°C for 20 min, followed by 95°C for 3 min and then by 45 cycles of 95°C for 5 s, and 57°C for 45 s. The ORF1ab gene-specific primers (forward, 5’-CCCTGTGGGTTT TACACTTAA-3’; reverse, 5’-ACGATTGTGCATCAGCTGA-3’) and probe 5’-FAM-CCGTCTGC GGTATGTGGAAAGGTTATGG-BHQ1-3’. The N gene-specific primers (forward, 5’-GGGGAAC TTCTCCTGCTAGAAT-3’; reverse, 5’-CAGACATTTTGCTCTCAAGCTG-3’) and probe 5’-FAM-TTGCTGCTGCTTGACAGATT-TAMRA-3’ were used according to the information provided by the National Institute for Viral Disease Control and Prevention, China. The gene-specific primers (sgLead-forward: 5’-CGATCTCTTGTAGATCTGTTCTC-3’; reverse: 5’-ATATTGCAGCAGTAC GCACACA-3’) and probe 5’-FAM-ACACTAGCCATCCTTACTGCGCTTCG-BHQ1-3’ were used for E gene subgenomic mRNA quantitation.



Luminex Assay of Inflammatory Cytokines and Chemokines in Macaque Serum

Peripheral blood samples and sera were collected from all Macaques, the levels of 30 cytokines and chemokines like interleukin (IL)-2, IL-6, IL-8, IL-10, IL12, IL-17, IL-23, MCP-1, IP-10 (CXCL10), MIG, MIP-1β (CCL4), CD40, and SDF-1α etc. were determined by Luminex multi-factor detection platform (eBioscience ProcartaPlex, Thermo Fisher Scientific, Waltham, MA, USA) according to the manufacturer’s protocol.



Flow Cytometry and Blood Routine Analysis

Samples of EDTA anticoagulated peripheral blood (6 mL) were collected from control or SARS-CoV-2–infected CMs. Then, diverse cell populations were measured by flow cytometry according to the manufacturer’s instructions with the following monoclonal antibodies: anti-CD3-PE-Cy7 (BD Biosciences, 557917), anti-CD4-APC (Biolegend, 317415), anti-CD8-PE (Biolegend, 301008), anti-CD20-PE (Biolegend, 302306), anti-CD16-PE (Biolegend, 302007), and anti-CD56-APC (Biolegend, 318309). Samples were analyzed on a BD FACS Canto II flow cytometry system (BD Biosciences). For blood routine analysis, anticoagulant venous blood collected at indicated time points were subjected to five classification hematologic analyzer (Mindray, China).



Histological Evaluation

For histopathologic examination, tissue samples including lung, trachea, salivary gland, heart, liver, kidney, and brain, were 4%-paraformaldehyde-fixed, paraffin-embedded, sectioned at 5 μm, and subjected to hematoxylin and eosin (H&E) and immunohistochemical (IHC) staining. For IHC staining, the primary antibodies used in the experiments including anti-CD4, CD8, CD14, CD16, CD20, CD64, and Myeloperoxidase (MPO) were all purchased from Abcam. Images of H&E and IHC stained slides were captured with an Olympus BX43 microscope (Olympus).



Proteome Analysis

A 4D-Label free quantitative proteomics analysis was performed using tandem MS/MS in Q Exactive™ Plus coupled online to an EASY-nLC 1000 UPLC system (Thermo) in JingJie Sciences Company (Hangzhou, China). Total proteins were extracted from the frozen lung samples by adding 4 times the volume of 10% TCA/acetone at -20°C and precipitating for more than 4 h. After centrifugation at 4500 g for 5 min, the precipitate was collected and washed 2-3 times with pre-cooled acetone. Then, the pellet from each specimen was reconstituted with lysis buffer (8 M urea, 3 μM TSA, 50 mM NAM, 1% protease inhibitor), and the protein concentration was determined by BCA kit. Equal amount of each protein sample was then enzymatically lysed and adjusted the volume to the same with the lysate. Then, samples were reduced by 5 mM dithiothreitol (DTT) at 56°C for 30 min and alkylated by 11 mM iodoacetamide (IAA) at room temperature for 15 min in the dark, respectively. The alkylated sample was then transferred to an ultrafiltration tube and centrifuged at 12000 g at room temperature for 20 min, followed by replacement with 8 M urea and replacement buffer for 3 times. After that, protein samples were digested by incubation with trypsin at a ratio of 1:50 (protease: protein, m/m) for overnight. Finally, the fragmented peptides were recovered by centrifugation at 12000 g for 10 min at room temperature, and the peptides were recovered with ultrapure water once, and the two peptide solutions were combined. For LC-MS/MS analysis, the tryptic peptides were dissolved in solvent A (0.1% formic acid (FA), 2% acetonitrile in water) and loaded onto a home-made reversed-phase analytical column (25-cm length, 100 μm i.d.). The peptides were separated by eluting the column with a gradient from 6% to 24% solvent B (0.1% FA in 98% acetonitrile) over 70 min, 24% to 35% in 14 min and reached up to 80% in 3 min, then keeping at 80% for 3 min, all at a constant flow rate of 450 nL/min on a nanoElute UHPLC system (Bruker Daltonics). The peptides were then subjected to capillary source followed by the timsTOF Pro MS (Bruker Daltonics). The timsTOF Pro was operated in a parallel accumulation serial fragmentation (PASEF) mode with the electrospray voltage 2.0 kV. Precursors and fragments were analyzed at the TOF detector, and the MS/MS scan ranged from 100 to 1700 m/z. Precursors with charge states 0 to 5 were selected for fragmentation, and 10 PASEF-MS/MS scans were acquired per cycle. The dynamic exclusion was set to 30 s. For database search, The MS/MS data were processed by MaxQuant search engine (v.1.6.6.0). Tandem mass spectra were searched against the Macaca_mulatta_9544 database (45179 entries) concatenated with reverse decoy database. Trypsin/P was specified as cleavage enzyme allowing up to 2 missing cleavages. The mass error tolerance for precursor ions was set to 20 ppm in both First search and Main search, and fragment ions mass error tolerance was also set to 20 ppm. Carbamidomethyl on Cys was specified as fixed modification, and acetylation on protein N-terminal and oxidation on Met were specified as variable modifications. The false discovery rate (FDR) (strict) was adjusted to < 1%.



Metabolome Analysis

Plasma/serum samples were thawed on ice, and 3 volumes of ice-cold methanol was added. Samples were agitated for 3 min and centrifuged at 12,000 rpm and 4°C for 10 min. Then the supernatant was collected and centrifuged at 12,000 rpm and 4°C for 5 min. The final supernatant was collected for LC-MS/MS analysis using an LC-ESI-MS/MS system (UPLC, Shim-pack UFLC SHIMADZU CBM A system, https://www.shimadzu.com/; MS, QTRAP® System, https://sciex.com/) in JingJie PTM BioLab Co. Ltd. (Hangzhou, China). The analytical conditions were as follows, UPLC: column, Waters ACQUITY UPLC HSS T3 C18 (1.8 µm, 2.1 mm × 100 mm); column temperature, 40°C; flow rate, 0.4 mL/min; injection volume, 2 μL; solvent system, water (0.1% FA): acetonitrile (0.1% FA); gradient program, 95:5 V/V at 0 min, 10:90 V/V at 11.0 min, 10:90 V/V at 12.0 min, 95:5 V/V at 12.1 min, 95:5 V/V at 14.0 min. Finally, samples were analyzed with ESI-QTRAP-MS/MS. LIT and triple quadrupole (QQQ) scans were acquired on a triple quadrupole-linear ion trap mass spectrometer (QTRAP), QTRAP® LC-MS/MS System, equipped with an ESI Turbo Ion-Spray interface, operating in positive and negative ion mode, and controlled by Analyst 1.6.3 software (Sciex). The ESI source operation parameters were set as follows: source temperature 500°C; ion spray voltage 5500 V (positive), -4500 V (negative); ion source gas I, gas II, and curtain gas were set at 55, 60, and 25 psi, respectively; the collision gas was high. Instrument tuning and mass calibration were carried out with 10 and 100 μM polypropylene glycol solutions in QQQ and LIT modes. A specific set of MRM transitions was monitored for each period according to the metabolites eluted within this period. For combined omics analysis, we extracted the proteins and metabolites with differential expression and performed pair-wise correlation network analysis to identify co-regulated nodes. Each node in blue circle represented a protein and the box nodes of different colors represented different kinds of metabolites. We calculated the Spearman’s correlation coefficient(ρ) between each protein and metabolite based on their abundance levels and then we showed the nodes between which the absolute value of ρ is greater than 0.6.



Statistical Analysis

All data were analyzed with GraphPad Prism 8.0 software. For any test, a P value of < 0.05 was considered to be significant. Statistical significance is shown as *P < 0.05, and **P < 0.01 compared between indicated groups.




Results


Establishment and Identification of COVID-19 Model in CMs

We inoculated 12 adult CMs (11–17 years old, mean = 14 years) and 2 young CMs (1–3 years old, mean = 2 years) with a dose of 4.7 × 106 TCID50/mL SARS-CoV-2 (BetaCoV/Beijing/IME-BJ05/2020) (17), administered by intranasal (IN, 0.25 mL per nasal), intratracheal (IT, 4.0 mL), and conjunctival (CJ, 0.1 mL per eye) routes (18, 19). The detailed information of infection and detection time was demonstrated in Figures 1A, B. The body temperature was monitored every other day after SARS-CoV-2 challenge from 0 to 7 days. As shown in Figure 2A, an increased body temperature of 0.75°C was observed in 10 out of 14, whereas a decrease of 0.5°C was observed in 3 out of 14 SARS-CoV-2-infected CMs. To determine the infection kinetics, viral load and shedding in swabs and tissues were detected by qRT-PCR at indicated time points. We found that the levels of viral genomic RNA in nasal swab samples from all CMs reached peak at 2 dpi (median: 5.4 × 1011 copies/μL), then 8 of 14 decreased and 6 remained high levels. The peak values were observed in throat swabs at 2 dpi, the values were lower than those in nasal swabs, which decreased to 2.45 × 106 copies/μL (median value) at 6 dpi. Meanwhile, the viral RNA levels in anal swab samples were lower than that in nasal and throat swabs (Figure 2B).




Figure 1 | Schematic of the study design and clinical signs of SARS-CoV-2 infection in CMs. (A) Two age groups of monkeys (14 in total) were selected for this study to assess their ability to establish COVID-19 model. The monkeys were randomly assigned into two groups, the detail of age and sex were demonstrated. (B) The body weight and temperature, swabs, tissues and blood were collected at the indicated time points for evaluation of clinical symptoms, viral shedding and replication, and host responses to SARS-CoV-2. CMs, cynomolgus macaque; NC, negative control; nCoV, SARS-CoV-2.






Figure 2 | Body temperature, viral shedding and replication in CMs inoculated with SARS-CoV-2. (A) The body temperature of each monkey was monitored and recorded at above indicated time points after SARS-CoV-2 inoculation (0, 2, 4, 6, 7dpi). The body temperature changes were calculated by subtracting the baseline (37°C) from each. (B) Every two days after virus inoculation, swabs (nasal, throat, and anal) were collected from the monkeys for quantification of virus genomic RNA via qRT-PCR. (C) Tissue samples were harvested from necropsied animals at 7 dpi for detection of viral load by qRT-PCR. The viral copies were indicated as a log10 value, and the heatmap was prepared via heatmap illustrator in TB tools. (D) E gene subgenomic viral RNA transcripts were examined by qRT-PCR. qRT-PCR, real-time quantitative-polymerase chain reaction; sgRNA, subgenomic viral RNA.



Moreover, we evaluated the SARS-CoV-2 viral RNA copies in various tissues of the infected CMs at 7 days after infection. As shown in Figure 2C, viral RNA could be detected in 15 of 20 tissues with highest level found in the nasal turbinate, trachea and lung, but much lower viral RNA copies were measured in brain, heart, liver, spleen, kidney, testes, parotid gland, adrenal gland, prostate gland, pulmonary lymph node and tonsil. Moreover, a relatively high level of viral copies could be detected in colon in 7/14 infected CMs.

To verify the active virus replication, the viral E gene subgenomic mRNA were further examined (20). As indicated in Figure 2D, except kidney, the viral could replicate in several tissues including nasal turbinate, trachea, lung, spleen, colon, prostate, pulmonary lymph node and tonsil, although with the limited replication efficacy. These results confirmed that SARS-CoV-2 could replicate in multiple tissues of CMs besides the respiratory route, the fecal–oral route may be involved in viral transmission (21, 22), which supported that establishment of COVID-19 in CMs is an ideal model for SARS-CoV-2–associated study.



Clinical Features of COVID-19 in CMs

Several infection markers like alanine aminotransferase (ALT), aminotransferase (AST), lactate dehydrogenase (LDH), high-sensitivity C-reactive protein (CRP), and ferritin were measured to evaluate the severity of COVID-19 in CMs. Results demonstrated that ALT, CRP, and ferritin values were distributed in normal range in almost all the infected CMs, which are similar as those observed in moderate COVID-19 patients (23, 24), but are apparently different from severe ones, in which all these indicators increased significantly (5). As to AST and LDH, significant decreases were found in about 57.1% (4/7) of infected CMs at 7 dpi when compared with control CMs. (Figure 3A).




Figure 3 | Clinical features in monkeys inoculated with SARS-CoV-2. (A) The infection indicators (AST, ALT, LDH, CRP and Ferritin) were examined at indicated time points and compared with each other. The 0 dpi (before infection) of each monkey was put as the control of itself. The heatmap was prepared via heatmap illustrator in TB tools. (B) The counts and proportion of indicator cells in PBMC were detected at indicated time points in macaques before and after SARS-CoV-2 challenge, and the analysis was plotted in GraphPad Prism 8.0.1. *p<0.05. ns, not significant. AST, aspartate transaminase; ALT, alanine transaminase; LDH, lactate dehydrogenase; CRP, C-reactive protein; nCoV, SARS-CoV-2; PBMC, peripheral blood mononuclear cell.



We then isolated peripheral blood mononuclear cell (PBMC) from CMs blood and analyzed the changes of white blood cell count (WBC), lymphocyte count (LYC), monocyte count, absolute neutrophils count (ANC), platelet count (PLT), and hemoglobin (HGB). As shown in Figure 3B, WBC decreased slightly from 11.11 to 8.94 × 109/L upon SARS-CoV-2 infection. LYC remains unchanged (about 3.74 × 109/L) in infected CMs at 7 dpi, which was consistent with the evidence that lymphopenia (LYC < 0.8 × 109/L) was always developed in severe (72.7%) but not in moderate COVID-19 cases (25). ANC were found to be decreased in challenged CMs (4.02 × 109/L) when compared with the healthy controls (5.58 × 109/L, p<0.05), as reported in moderate COVID-19 patients (2.6-4.4 × 109/L) (26). Additionally, monocytes increased slightly, while HGB and PLT appeared almost unchanged in infected CMs.These data collectively suggested that PBMC indicators are more semblable in CMs models at early stage as that in moderate patients, the obvious turbulence of hematological indicators such as lymphopenia and thrombocytopenia that appeared in very severe and severe COVID-19 patients, is obviously weakened in infected CMs.



Immunological Features of COVID-19 Model in CMs

To gain insight into the immunological features of COVID-19 in CMs, we applied a Luminex multi-factor detection to assess the immune cytokines alteration in serum samples of CMs before and post SARS-CoV-2 inoculation. As showed in Figure 4A, sCD40L, IL-8, GM-CSF, IP-10, MCP-1, and MIG and IL-10 significantly increased (p<0.01), while IL-6, IL-1β, IL-7 and MIP-1β moderately increased in infected CMs (p<0.05). Notably, IL-10, the traditional Th2 cytokine which usually exerts dual effects on T cells in terms of inhibiting Th1 cell production of IL-2, IFNs as well as TNF-α and enhancing the proliferation and cytolysis activity of NK and CD8+ T cells, elevated in infected CMs, which indicated the susceptibility to COVID-19. Emerging studies also reported that IL-10 is a well-known marker of COVID-19 severity in the clinical setting (27, 28). Several cytokines like IL-12, IL-13, IFN-γ, and IL-1RA, which elevated significantly and predicted severe cases, were unchanged or weakly increase in our CMs model. Therefore, these cytokines may coordinately induce the anti-virus and inflammatory response, explaining why SARS-CoV-2 infection induces moderate symptoms and thoracic injury in CMs.




Figure 4 | Inflammatory cytokines and immune cell subpopulations in COVID-19 macaques. (A) Inflammatory cytokines in serum samples from macaques before and after challenge were measured by Luminex multiplex assays as described in the “Materials and methods” section. The scale bar indicates the change-fold of the cytokines at 7dpi, compared with themselves at before exposure. (B) The proportion of immune cells including CD3+, CD4+, and CD8+ T lymphocytes, CD20+ B lymphocytes, and NK cells were analyzed by flow cytometry. *p<0.05; **p<0.01; ***p<0.005. ns, not significant.



Then, immune cells populations in PBMC of CMs were investigated by flow cytometry. As showed in Figure 4B, the absolute numbers of total T lymphocytes, CD4+ T and CD8+ T cells significantly increased at 4 dpi. Then, CD4+ T cells decreased to basal level, while CD3+ and CD8+ T cells hold a slightly higher level than the basal value at 7 dpi. Similar trends were found for CD20+ B lymphocytes. Analysis of NK cells showed an increase of secretory population (CD16lowCD56bright) upon infection, then decreased to basal level at 7 dpi, while cytotoxic CD16+CD56dim NK cells remained relatively stable after infection as compared to before infection. These data indicated that SARS-CoV-2 infection stimulated T, B and NK cells proliferation and activation in CMs at very early stage, followed by quickly decrease to the basal level. In contrast, the absolute counts of total T lymphocytes, CD4+, CD8+ T subpopulations and NK cells were all reduced potently in the vast majority of severe COVID-19 patients, even below the lower limit of normal, and these reductions are closely-associated with the severity of COVID-19 cases (29). In addition, the proportion of B cells was significantly higher in severe cases (20.2%) than in moderate ones (10.8%) (30). Thus, these data indicated that SARS-CoV-2 triggered rapid, timely, moderate and controllable immunological response in CMs, and hence avoided excessive immune responses appeared in severe COVID-19 patients.



Histopathological Change and Immune Cells Infiltration

Noting the results of serum cytokines and chemokines, H&E and immunohistochemical (IHC) staining were performed to confirm the inflammatory response and injury in lung tissues of infected CMs. The moderate histopathological characteristic for diffuse alveolar damage were observed in lung tissues, which represented as interstitial pneumonia, widened alveolar septum, hyperemia of alveolar wall capillaries, mainly infiltration of macrophages, neutrophils, accompanied with scattered eosinophils, proliferation of fibroblast-like cells and deposition of powdered matrix (Figure 5A). Focal consolidation was frequently observed in some areas, with coagulation necrosis occasionally, and inflammatory exudation in alveolar cavity. Meanwhile, monocytes dominated inflammatory infiltration were observed in heart, and renal interstitium, no significant histopathological changes were observed in other organs, such as salivary gland, liver, brain, tonsil, adrenal gland, prostate, spleen, intestine and testicles (Figure 5A).




Figure 5 | Pathological evaluation, viral distribution and host response in tissues of COVID-19 CMs. (A) After necropsy, different tissue samples were cut and fixed in 10% neutral buffered formalin for H&E staining, followed by microscopic inspection. (B) SARS-CoV-2–Spike antibody was used to evaluate the viral load and distribution in different tissues. (C) Infiltration of immune cells was examined in the lung tissues. The red arrowheads indicate corresponding positive cells in the pulmonary airspace. Scale bar=100 μm. NC, negative control; nCoV, SARS-CoV-2; 7d, 7 days post infection; CMs, cynomolgus macaque.



The SARS-CoV-2-Spike protein was then examined in diverse tissues of CMs. Strong positive staining was predominantly observed in alveolar epithelial cells, vascular endothelial cell, alveolar macrophages, salivary gland, hepatic Kupffer cells, and part of glomerulus cells. Weak positive staining was observed in brain and kidney, and no staining was observed in heart (Figure 5B). These data were consistent with the results of viral genomic RNA copies in Figure 2C.

IHC was further employed to detect infiltration of immune cells in lung tissues of CMs. As showed in Figure 5C, moderate infiltration of CD4+ T, CD8+ T cells, CD14+ monocytes, CD64+ and MPO+ neutrophils, CD16+ NK cells, and CD169+ macrophages were detected in CMs at 7 dpi. Meanwhile, no significant increase of CD20+ B cells were observed in challenged CMs. Most of these are consistent with the distribution of immune cells in PBMC, except neutrophil, which increased apparently in challenged lung tissues (p<0.05), whereas decreased in PBMC. These data supported that adequate innate and adaptive immunity play critical anti-viral roles, and recruitment of circulating neutrophils to the infection site is a main characteristic of COVID-19 models in CMs.



Proteomic and Metabolomic Alterations Post SARS-CoV-2 Exposure

Although accumulating proteomics and metabolomics analysis have been performed in COVID-19 patients (5), rare studies paid attention to omics changes at the initial stage of viral infection, especially for moderate cases. Considering the viral detection is becoming more efficient, and timely and efficient treatment of moderate cases (which account for 90% of COVID-19 patients) means better prognosis and alleviation of burden on medical resources, we thus tried to explore the pathogenesis of COVID-19 in CMs models at early stage of infection. We used 4D Label-free proteomics and ultra-performance liquid chromatography/tandem mass spectrometry (UPLC-MS/MS) targeted metabolomics approaches to analyze the lung tissues and sera samples, respectively. Altogether, 4493 proteins and 500 metabolites were identified and quantified.

We found that 194 proteins were differentially expressed in lung tissue of nCoV2 CMs (65 increased vs 129 decreased, >1.5-fold, Figure 6A) as compared with NC CMs. Target and functional analyses showed that 83 of these proteins belong to four major pathways, namely innate immune response (44 proteins), neutrophil activation and degranulation (33 proteins), platelet degranulation (17 proteins), and viral genome replication (11 proteins). Consistently, the Gene ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis data also revealed that innate immune response, neutrophil and platelet activation pathways are involved in moderate COVID-19 onset in CMs (Figure 6B). For all differentially expressed proteins, 9 most significantly changed innate immune-associated proteins were shown in Figure 6C. most of the differentially expressed genes (DEGs) in these four signal pathways can form a protein-protein interaction (PPI) network, so as to potently and jointly regulate the process of COVID-19 (Figure 6D). In addition, GO analysis was performed to produce a further protein classification and assess gene enrichment sets, in biological process, cellular component, and molecular function.




Figure 6 | Dysregulated Proteins in lung tissue of monkeys inoculated with SARS-CoV-2, and statistics of functional enrichment. (A) Heatmap of 83 selected proteins whose regulation concentrated on four enriched pathways. (B) The median CV values was analyzed to confirm the proteomics data with good degree of consistency and reproducibility (median<0.25). (C) The expression level change of nine selected proteins with significant difference before and after inoculated with SARS-CoV-2. (D) The histogram of GO terms enriched in biological process, cellular component and molecular function. CV, coefficient of variance; GO, Gene Ontology.



Meanwhile, 131 metabolites were found to be significantly changed in nCoV2 CMs (Figures 7A-C). Among them, 116 metabolites were involved in the four biological processes revealed in the proteomic analysis, and we summarized both proteomics and metabolomics data in the following sections and indicated their function in COVID-19 onset.




Figure 7 | Dysregulated metabolites in sera of CMs inoculated with SARS-CoV-2, and statistics of functional and pathway enrichment. (A) Heatmap of 116 most significantly regulated metabolites belonging to 11 major classes as indicated. (B) The expression level change of nine selected regulated metabolites with significant difference before and after inoculated with SARS-CoV-2. (C) Scatter plot of KEGG enrichment analysis between nCoV vs. nCoV-d7 with significant changes. CMs, cynomolgus macaque; nCoV, SARS-CoV-2; nCoV_7d, 7 days post SARS-CoV-2 infection; KEGG, Kyoto encyclopedia of genes and genomes. *p<0.05; **p<0.01; ***p<0.005. ns, not significant.





SARS-CoV-2 Infection Leads to Neutrophil Recruitment and Activation

As the most abundant white blood cell in humans, neutrophils play critical roles in antiviral defense of innate immune system. But through degranulation and formation of neutrophil extracellular traps (NETs), they can be cytotoxic during severe pneumonia (31). Constantly updated data proved that a fulminant neutrophilia is often observed in severe COVID-19 cases, which could be a symbol of excessive inflammatory response and associated with unfavorable prognosis (26, 32, 33), whereas neutropenia was more common in non-severe group (34, 35), which is consistent with our CM models. Hence, it is urgent to unravel the roles of neutrophils in the moderate cases of COVID-19.

We obtained 33 altered proteins (12 upregulated, 21 downregulated) that are involved in neutrophil recruitment, activation, and degranulation by target-function analysis (Figure 6A) in the current model. ATP6V0C, a modulator of neutrophil degranulation and activation, were increased 6.16- and 10.61-fold, respectively. Whereas AXL, which is important for neutrophil infiltration and COVID-19 therapy via regulating TGF-β and PI3K signaling pathways (36, 37), also works as a candidate receptor for SARS-CoV-2 entry (38), was significantly reduced about 3-fold in infected CMs as compared with the healthy control. Glia maturation factor-γ (GMFG), decreased by 0.45-fold, could regulate directional migration of neutrophils through regulation of actin cytoskeletal reorganization and integrin-mediated adhesion (39). As known, NETosis is a critical pathologic driver of direct lung injury in COVID-19 patients (40, 41). Of these 33 proteins, LGALS9, MPO, S100A8, C1QC, C1QB, and CTSC were NETs-associated, and their changes were not as obvious as in severe COVID-19 patients (42).

Considering the facts that neutrophil-attracting chemokines like IL-8, MCP-1, and MIP-1β are dramatically upregulated (Figure 4A); dozens of neutrophil recruitment, activation, and degranulation-associated genes were significantly changed (Figure 6A); neutrophil counts were reduced in PBMC of infected-CMs, these data collectively indicated that the migration and adhesion capacity of neutrophils to lung tissues were tightly- and timely-regulated in infected CMs.



Innate Immune Response Was Potently Activated by SARS-CoV-2 Infection

Activation of innate immunity may assist rapid recognition, suppressed viral evasion and short-term retention of SARS-CoV-2. We identified 44 proteins from all 194 proteins significantly altered in infected-CMs which are known to be responsive to innate immunity. A few representative examples were showed in Figures 6A, C. Most of these proteins are encoded by interferon-stimulated genes (ISGs), therefore, our data strongly supported that interferon (IFN) signaling pathway-associated anti-viral action play an essential role in the model. STAT1, a crucial modulator of IFN signaling, can’t be avoided in antiviral innate immunity. A study showed that hACE2 transduced STAT1-/- C57BL/6 mice exhibited enhanced inflammatory cell infiltration, and delayed SARS-CoV-2 clearance (43). In our model, STAT1 was significantly upregulated 2.62-fold as compared with the NC CMs. ISG15 was upregulated up to 20.51-fold. MX1 and MX2, downstream targets of ISG15 which play important anti-viral effects on a variety of RNA and DNA viruses, were upregulated 21.44- and 56.85-fold, respectively (44). As a family of IFN-induced antiviral proteins, IFITs potently restrict viral infection by recognizing virus-derived exogenous RNAs (45, 46). IFIT1 and IFIT2 were upregulated 7.8- and 5.7-fold, respectively. Thus, it is rationale to predict that in moderate cases, SARS-CoV-2 induced ISGs activation, the latter one leaded to the constitutively expression of MX1/2 and IFIT1/2, which then extended and enhanced the anti-viral activity of innate response, thereby alleviate the symptoms of COVID-19 and overcome SARS-CoV-2 viral evasion in CMs.

DDX58 (also known as RIG-I) can initiate a signaling cascade to start an inflammatory and type-1 IFN responses once recognizing pathogen-associated molecular patterns (PAMP), like virus-derived dsRNA. DDX58 was upregulated (3.6-fold) in infected CMs. DDX60, another member of RIG-I signaling pathway, is essential for viral RNA degradation (47), was also remarkably upregulated (3.1-fold, Figure 6C). TRIM28, which is involved in innate immunity, has been identified recently to be a regulator of ACE2 expression and SARS-CoV-2 entry (48), also increased significantly in our model.

Although lots of ISGs proteins were potently upregulated in this model, dozens of proteins like MED1, PUM2, MUC1, VPS26B, MRC1, CD59, NPLOC4, S100A14, and S100A8 were significantly downregulated. These data indicated that strong but controllable innate immune response was elicited for SARS-CoV-2 defense and clearance in the COVID-19 model, which provide evidence to explain why CMs mainly present mild symptom after SARS-CoV-2 infection.



No Thrombopenia Was Observed in SARS-CoV-2–Infected CMs

PLTs, as dynamic cells, participate in inflammation and prothrombotic responses in many viral infections (49). Thrombopenia, caused by reduced PLTs production and unrestricted consumption, has been reported to be associated with enhanced risk of severe COVID-19 and mortality (50). Our data demonstrated that no thrombopenia was observed in moderate CMs models.

Platelet factor 4 (PF4) and platelet-expressing chemokines pro-platelet basic protein (PPBP) were reported significantly downregulated in severe COVID-19 patients, which associated with platelet degranulation and potently contributed to thrombopenia (5). Herein, neither PF4 (1.27-fold) nor PPBP (1.78-fold) were decreased in lung tissues of infected CMs. Whereas 17 proteins which associated with platelet aggregation and function were altered significantly. Of them, KNG1, TXNIP, ITIH4, TIMP1 and SERPING1/2/3, which contribute to platelet aggregation and function (51), were increased; whereas ITGA1, CLIC5, ARRB1, MFAP2, and GNAI1 (52–54), which negatively regulate platelet activation, were greatly decreased (Figure 6A). As to these proteins, TIMP1 was reported to be overexpressed in anti-inflammatory M2 macrophages upon SARS-CoV-2 infection (55). TXNIP regulates neutrophil platelet aggregates in acute lung injury (ALI), and has been proved to be involved in glucose and lipid metabolism, and NLRP3 inflammasome activation, a known factor for the immunopathogenesis of COVID-19 (56). CLIC5 could be exploited by virus for transportation of new virions (57).



Metabolomic Changes in the Sera of SARS-CoV-2–Infected CMs

Compared with the normal control, more than 116 metabolites, or their derivatives, were significantly decreased in the sera of SARS-CoV-2 infected-CMs. Enriched are 11 metabolites mainly involved in lipids, bile acids, amino acids, and heterocyclic compounds (Figure 7A).

According to the aforementioned data, we analyzed the metabolites closely associated with platelet degranulation, innate immune response, neutrophil and macrophage function. We found that several well-known metabolites, such as serotonin, choline, mannose, arachidonate, and eicosanoids (prostaglandins, thromboxanes, and leukotrienes) (58–60), were not changed significantly in infected-CMs. Consistent with previous reports in COVID-19 patients (61, 62), dozens of metabolites like L-cystine, L-glutamic acid, and L-serine were increased in COVID-19 CMs as compared with the healthy control. Notably, for the first time, several lipids, nucleotide, bile acids, and amino acids metabolites were found to be apparently changed, including different products of carnitine, glutathione (0.3-fold), N-acetyl-L-glutamic acid (2.1-fold), adenosine (0.02-fold), and inosine (2.99-fold) (Figure 7B).

It is well known that adenosine play critical roles in regulating neutrophil chemotaxis, phagocytosis, and granule release (63, 64). Usually, pathological conditions of inflammation lead to release of adenosine, conferring protection against tissue damage, platelet activation and inflammatory response. In addition, adenosine could be phosphorylated to AMP or deaminated to inosine (65). We found that adenosine decreased to 0.02-fold and inosine increased up to 2.99-fold in SARS-CoV-2 infected CMs. This revealed that adenosine generated and released by neutrophils at sites of inflammation was mainly deaminated to inosine, which was consistent with the increased platelet activation, recruitment and activation of neutrophils and leukocytes observed in the COVID-19 model in CMs. In addition, decreased adenosine-to-inosine ratio indicated elevated adenosine deaminases (ADARs) activity. ADARs can be a pro- or anti-viral factor and has been reported to shape SARS-CoV-2 fate by virus genome editing (66). Thus, these data suggested that elevated ADAR (1.39-fold) are involved in the moderate COVID-19 model.

Carnitine derivatives are the most changed metabolites, among which 38 metabolites were significantly decreased, with lowest down to 0.28-fold. Besides the role in β-oxidation, carnitine also acts in immune regulation as an anti-inflammatory and anti-apoptotic factor (67). It has been reported that carnitine negatively regulated neutrophil and platelet activation (68), and decreased serum carnitine levels usually associated with impaired reactions, metabolic disorders and recurrent infections (69). Thus, significant carnitine reduction in CMs might relieve immune suppression and profit SARS-CoV-2 clearance.

To further uncover the function of DEGs and metabolites in this model, a protein-metabolite interaction regulatory network was done. As shown in Figure 7C, most metabolites are associated with metabolic pathways, bile acid biosynthesis and secretion pathways, and lipid metabolism in SARS-CoV-2 infected CMs, and there are extensive and fine regulations between metabolites and differentially expressed proteins. The detailed mechanism and function of these intermodulations is still under investigation.




Discussion

COVID-19, an unprecedented threat caused by SARS-CoV-2, has been spreading worldwide rapidly. Until now, over 523 million individuals have been infected, leading to over 6.279 million deaths. Epidemiological and clinical characteristics studies have uncovered that most of COVID-19 patients usually recovered with good prognosis who displayed mild or moderate symptoms, or even a higher proportion of asymptomatic symptoms in Delta or Omicron infections (70, 71). However, it is still a great challenge to discriminate cases which will likely become clinically severe and to treat them effectively. Although many specific hematologic indicators have been reported to be strongly associated with severe COVID-19 cases, with low levels of PLTs count, lymphocyte count and percentage, total protein, and high levels of D-dimer, leukocyte count, CRP, creatinine, neutrophil count and percentage, creatine kinase activity, and prolonged prothrombin time to be changed the most (30, 72, 73), the pathogenesis and detailed mechanisms of COVID-19, especially at early stage of infection is still largely unknown.

In the present study, we analyzed the lung tissues and sera samples of SARS-CoV-2–infected CMs via 4D Label-free proteomics strategy and UPLC-MS/MS targeted metabolomics approaches. About 4493 proteins and 500 metabolites were identified and quantified. KEGG analysis suggested that most of these differentially expressed proteins focused on innate immune response, neutrophil recruitment, activation and degranulation, and platelet degranulation.

Innate immune response stands as the first line of antiviral defense, the cellular innate immune responses play crucial roles in initiating resistance to virus infection. SARS-CoV-1–infected patients elicited strong innate inflammatory responses, rather than a virus-specific immune response (74). Although only a small percentage of primary endothelial cell were infected, Dengue Virus exerts substantial influence on type I IFN-driven innate immune response induction that can effectively restrict infection (75). Therefore, innate immunity may be the best weapon for flattening the curve of COVID-19 spread, and dysregulated immune response can reduce the ability to detect antigens, blunt the healing process and delay the recovery of patients with COVID-19 (76). In our model, dozens of known host genes that associated with innate immunity and response to viral infections, such as MX1/2, ISG15, IFIT1, DDX58/60, IFI44L, IFI44, OAS3, STAT1, POLB, BANF1, TRIM28, LOC703156, MED1, PUM2, VPS26B, MRC1, CD59, NPLOC4 and S100A14/A8, were greatly changed. Several of these genes can regulate viral genome replication, viral infection process and life cycle. The significant change of ISG15, MX1, MX2, and STAT1 strongly indicated that IFN signaling pathway associated anti-viral action play critical roles in SARS-CoV-2–infected CMs model (77, 78). Which is consistent with a previous report that IFN signaling is significantly induced in rhesus macaque infected lungs (79).

In this moderate COVID-19 model, we found that neutrophils play pivotal roles in host defense against SARS-CoV-2 infection. The proteomics and Luminex data showed that various macrophage and neutrophil related cytokines and chemokines like MCP-1, IP-10 (CXCL10), MIG, MIP-1β (CCL4), CXCL8 (IL-8), SAA2, and AXL were dramatically upregulated at 7 days after infection. This indicated that the circulating or tissue resident macrophages are activated by the intruder/virus at the fastest time and recruited neutrophils to the attack site where they synergistically defense virus infection. IP-10, a chemoattractant for monocytes/macrophages, has been reported as an excellent predictor for the progression of COVID-19 strongly associated with disease severity and ICU admission (80). Our data supported that IP-10 also contributed to the progression of COVID-19 in infected CMs. Most nucleated cells, including neutrophils and monocytes, are the main source of IL-8. So, it is easy to understand the high level of IL-8 after SARS-CoV-2 infection. According to our data, we hypothesize that SARS-CoV-2 infection activates innate immune cells to secrete multi-factors at early stage in CMs, which then exert anti-viral effects. Among them, the sedentary macrophages in lung tissues released abundant IL-8, which acts as a classical neutrophil chemotactic factor, recruiting neutrophil from the blood stream into the infected tissue (alveolar space and airways). IL-8 stimulated the phagocytosis and degranulation of neutrophil to kill virus, and induced the necrosis and exhaustion of neutrophil as well. Neutrophilia is a main feature of severe COVID-19 cases, whereas neutropenia is found in the sera of our model (apparent neutrophil infiltration were also observed in lung tissues). This may be partly due to the significantly regulated metabolites like adenosine, inosine and carnitine derivatives, which take part in regulating neutrophil chemotaxis, phagocytosis, and granule release.

A recent study reported that immature neutrophils with elevated calprotectin S100A8/S100A9 plasma levels can be used as robust biomarkers of COVID-19 severity (81). In the current model, S100A8 was significantly downregulated, and no apparent change was found for S100A9. In addition, the classical inflammatory cytokines secreted by neutrophils and macrophages like TNF-α, IL-1β and IL-2 were not obviously changed, whereas the immunosuppressive IL-10 was significantly upregulated. Which would be helpful to explain the moderate “cytokines storm” and tissue injury in the model and we speculated that potent but controllable spatial and temporal innate immune cell response was essential for SARS-CoV-2 defense and clearance (82), and might be used as potential biomarkers for discriminating severe from mild or moderate COVID-19.

Our Luminex assay data showed that CD40L was significantly increased in CMs, which was also found greatly elevated in ICU patients (83). Although CD40L is a marker of platelet and T-cell activation, the major source of CD40L present in plasma is derived from platelet, thereby the increase of CD40L here suggested that platelet activation might be an important factor in the pathophysiology of COVID-19–associated coagulopathy and might accelerate the progression of disease. Consistently, proteomic and metabolomics data from CMs revealed several genes (KNG1, TXNIP, ITIH4, TIMP1, SERPING1/2/3, ITGA1, ADAR, and CLIC5 etc.) and molecules (adenosine and inosine) were related with platelet activation, thus, adding antiplatelet might be a possible therapeutic for COVID-19.

As to other viral immunity responses, complement activation can suppress virus invasion and trigger inflammation. Suppression of complement system has successfully ameliorated syndrome of SARS-infected mouse model (84). Upregulation of C1s (1.60-fold), C1q (1.53-fold), C2 (2.76-fold), C3 (1.9-fold), and C4b (2.45-fold) indicated that timely complement activation may contribute to COVID-19 in CMs.

Since some mild patients clear SARS-CoV-2 virus without obvious symptoms stands in sharp contrast to the lethal damage that the virus has brought upon severe patients, early diagnosis and treatment of severe COVID-19 patients remain a major challenge. Therefore, it is necessary to elucidate the pathogenesis and detailed mechanism of mild COVID-19 casels, especially at early stage of SARS-CoV-2 infection. Our data demonstrated that innate immune system, neutrophil and platelet activation and degranulation play central roles in these processes in CMs, which mimicked moderate COVID-19 syndrome. This study shed light on characteristic protein and metabolite changes in COVID-19 and might be used as potential biomarkers reservoir for severity evaluation.
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Immunotherapy is one of the promising strategies in the treatment of oncology. Immune checkpoint inhibitors, as a type of immunotherapy, have no significant efficacy in the clinical treatment of patients with pMMR/MSS/MSI-L mCRC alone. Therefore, there is an urgent need to find combination therapies that can improve the response rate of immune checkpoint inhibitors. Oncolytic viruses are a new class of cancer drugs that, in addition to directly lysing tumor cells, can facilitate the action of immune checkpoint inhibitors by modulating the tumor microenvironment and transforming “cold” tumors into “hot” ones. The combination of oncolytic viruses and immune checkpoint inhibitors is currently being used in several primary and clinical studies to treat tumors with exciting results. The combination of genetically modified “armed” OV with ICIs is expected to be one of the treatment options for pMMR/MSS/MSI-L mCRC. In this paper, we will analyze the current status of oncolytic viruses and ICIs available for the treatment of CRC. The feasibility of OV in combination with ICI for CRC will be discussed in terms of the mechanism of action of OV in treating tumors.
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Introduction

Colorectal cancer (CRC) is one of the most common and deadly cancers in the world community. It is the second most common cancer in women and the third most common in men. In 2018, there were 1.8 million CRC cases and 880,792 deaths worldwide, and CRC incidence is increasing in people under 50 years of age (1). The standard conventional treatments for CRC are surgery, chemotherapy, and radiotherapy, but because these three approaches have therapeutic limitations, immunotherapy has emerged as one of the newer options for treating CRC. In contrast to standard treatments, immunotherapy uses the patient’s immune system to fight cancer cells by modulating the innate and adaptive immune response, which overcomes the problem of specificity in tumor treatment and provides a further breakthrough in the treatment of CRC (2).

Immune checkpoint inhibitors (ICIs) are one of the popular immunotherapies for treating tumors in recent years, and they have shown exciting results in treating melanoma (3). Immune checkpoint inhibitors (ICIs) are monoclonal antibodies that activate the immune response by targeting and inhibiting immune checkpoints, including CTLA-4 and PD-1. Currently, ICIs have shown promising results in the treatment of mismatch-repair-deficient (dMMR) or high levels of microsatellite instability (MSI-H) (dMMR-MSI-H) CRC. However, ICIs have no benefit for treatment mismatch-repair-savvy (pMMR) and microsatellite stable (MSS) or low levels of microsatellite instability (MSI-L) (pMMR-MSI-L) CRC (4). Therefore, there is an urgent need to find combination therapies that can increase the response rate of pMMR/MSS/MSI-L mCRC to immune checkpoint inhibitors.

Oncolytic viruses (OVs) are a novel class of tumor therapeutic strategy to reduce tumors through preferential replication in tumor cells and stimulate host anti-tumor immunity to promote the lysis of tumors. There are many DNA and RNA viruses that can be used as OVs. At present, the viruses most commonly used in experimental cancer research are poxviruses, reoviruses, herpes simplex viruses (HSV), and adenovirus (5). The therapeutic activity of OVs is not limited to its tumor lytic activity but also includes the integrated modulation of the tumor microenvironment (TME) and immune system (6). Thus, OVs provide an ideal means to reverse immunosuppression of the tumor microenvironment and sensitize the tumor to immune checkpoint blockade (7). In addition, transgenes can be inserted into the OV genome through viral genome engineering techniques, where virally encoded gene expression can immunomodulate tumors. New OVs expressing checkpoint inhibitory antibody molecules can also be created. Through viral antibody therapy, i.e., genetic delivery of recombinant antibodies, combined with different modes of direct and indirect cancer cell killing, it can enhance the therapeutic efficacy, reduce the chance of drug resistance, and increase the local immune response to tumor cells (8).

With the marketing approval of the first oncolytic virus, Talimogene laherparepvec (T-VEC), for the treatment of advanced melanoma, oncolytic virus immunotherapy has been used in routine clinical oncology research (9). The combination of OVs with other immunotherapies, particularly with immune checkpoint inhibitors (ICIs), has shown promise as a treatment for oncology. The combination of OVs and ICIs could have a synergistic effect in increasing the response rate of tumor cells to immunotherapeutic agents, which may play an essential role in the future of clinical cancer treatment (10). This paper will analyze the oncolytic viruses that can be used to treat CRC and the current situation of ICIs in the treatment of CRC and discuss the feasibility of OVs combined with ICIs in the treatment of CRC from the mechanism of OVs in the treatment of tumor.



Oncolytic virus for treating colorectal cancer


Vaccinia virus

Vaccinia virus (VV) has a safety profile in humans as a smallpox vaccine. Recombinant VV has been used as an expression vector to enhance the tumor lytic effect and has been widely used in clinical trial studies in tumor models and patients with advanced solid cancers (11).

Researchers (12) constructed an attenuated strain of VG9 containing IL-24 (VG9-IL-24) targeting vaccinia virus. VG9-IL-24 induced specific and durable immune responses against colorectal tumors, produced enhanced killing of CRC cells, and inhibited the growth of colorectal cancer tumors, including through the induction of apoptosis in CRC cells via multiple apoptotic signaling pathways.

Colorectal cancer (CRC) frequently causes the spread of tumor cells within the peritoneal cavity, eventually leading to peritoneal carcinoma (PC) (13). Peritoneal metastases (PM) occur in about a quarter of CRC patients, and peritoneal metastases from CRC are considered to be the end-stage of the disease, second only to liver and lung metastases in terms of incidence, with a poor prognosis and one of the leading causes of patient death (14). A research team found that a GM-CSF carrying tumor lysing vaccinia virus JX-594 (pexastimogene devacirepvec, Pexa-Vec) effectively inhibits CRC peritoneal metastasis by selectively infecting and lysing peritoneal tumor cells and activating peritoneal dendritic cells (DCs) and CD8 T cells to restore peritoneal anti-cancer immunity (15).



Reoviruses

Oncolytic reovirus (pelareorep) is a non-enveloped dsRNA virus that selectively lyses KRAS-mutated colorectal tumor cells. KRAS mutations are prevalent in 40-45% of colorectal cancer (CRC) patients, and treatment options are limited. One study found that (16), pelareorep preferentially induces autophagic mechanisms by up-regulating several vital autophagic proteins in KRAS mutations, which further triggers the apoptotic pathway, resulting in increased apoptosis and cell death in CRC cells. Meanwhile, it has also been demonstrated that (17) In CRC patients with KRAS mutations, pelareorep enhances immune efficacy and exerts tumor lytic effects by up-regulating the expression of surface peptides of MHC I molecules and activating CD4 and CD8 T cell populations.



HSV

Herpes simplex viruses can be classified into types I and II (HSV-1, HSV-2 for short). Related researchers have genetically modified HSV-1 to express IL-12. HSV-1 expressing IL-12 promotes the cytolytic activity of natural killer cells and cytotoxic T lymphocytes, infects and kills colorectal cancer cell lines, and promotes anti-tumor immunity (18). oHSV-2 has been shown to alter the tumor microenvironment (TME) by increasing the infiltration of immune cells (NK cells, CD8 cells, and DCs), leading the TME from an immunosuppressed state to an anti-tumor immune state, thus transforming a “cold” tumor into a “hot” one (19). Meanwhile, there is experimental evidence that (20) oHSV-2 has been shown to have anti-tumor activity in patients with metastatic rectal cancer, with better efficacy when oHSV-2 is combined with immune checkpoint inhibitors.



Adenovirus

Adenovirus is the more commonly used oncolytic virus vector, and the genome can be easily genetically modified to achieve better therapeutic results (21). At present, there are many genetically modified oncolytic adenoviruses used in the treatment of colorectal cancer. Researchers have constructed an oncolytic adenovirus (SPDD-UG) carrying SNORD44 (a C/D box snoRNA) and the GAS5 gene, which has been shown to inhibit the growth of colorectal cancer cells and induce apoptosis (22). In addition, an oncolytic adenovirus (rAd.DCN.GM) combining core proteoglycans and expressing granulocyte-macrophage colony-stimulating factor (GM-CSF) was shown to inhibit the growth and distant metastasis of colorectal cancer cells (23). In addition, a novel dual-targeted oncolytic adenovirus CD55-TRAIL combined with luteolin inhibited CRC cell proliferation while minimizing cytotoxicity to normal cells (24). A related experimental study found that adenovirus from a Non-human apes (GAd) encoding multiple neoantigens resulted in a novel GAd that effectively controlled tumor growth in mice and had a high potential for tumor eradication when combined with ICIs (25). Although the combination of adenovirus and ICIs has not yet been applied to colorectal cancer, there is still great promise in modifying adenovirus in various ways and using it in combination with ICIs to treat colorectal cancer.



Other viruses

An oncolytic measles virus (OMV) encoding IL-12 can effectively induce apoptosis in rectal colon cancer cells by activating the IL-12/IFN-c/TNF-a inflammatory response (26). Orf virus (ORFV) can rapidly mediate innate and adaptive immune responses in vivo, so it has been proposed as a potential oncolytic virus vector. Studies have demonstrated that ORFV strain NA1/11 can inhibit CRC growth and metastasis by inducing apoptosis in CRC cells (27). In addition, a research team (28) produced M51R genetically engineered recombinant virus from cDNA clones containing the M protein mutation to construct M51R vesicular stomatitis virus (M51R VSV), which inhibits CRC peritoneal surface spread (PSD). Combined with immune checkpoint inhibitors may enhance the oncolytic potential of M51R VSV by reversing the immunosuppressive microenvironment of the peritoneum. Coxsackievirus B3 (CVB3) strain PD effectively infected and lyse CRC cells in a mouse model of colorectal cancer and demonstrated a good safety profile (29). On this basis, the researchers generated the cDNA clone of CVB3 variant PD-0 and generated the recombinant CVB3 variant PD-H from the clone. In immunocompetent mice, PD-H showed potent oncolytic activity against colorectal cancer and prevented the development of tumor malignancy (30) (Table 1).


Table 1 | Oncolytic virus available for colorectal cancer treatment.






Current status of immune checkpoint inhibitors for colorectal cancer

Immune checkpoints are cell-surface proteins whose function is to control the initiation, duration, and magnitude of the immune response. Disruption of immune checkpoints is one way to inhibit tumor immune evasion and stop cancer progression. The two most clinically relevant checkpoints, CTLA4 and PD-1, act as brakes on the anti-cancer immune response. Therefore, by inhibiting PD-1 or CTLA4 checkpoints or simultaneously inhibiting PD-1 or CTLA4 checkpoints, tumor-specific T cells can be expanded and stimulated to perform anti-tumor functions (32).

Immune checkpoint inhibitors (ICIs) increase T-cell activity and the ability to kill tumor cells by inhibiting these immune checkpoint activities. At present, ICIs have been shown to have a considerable improvement in the prognosis of patients with microsatellite instability-high (MSI-H)/DNA mismatch repair (dMMR) deficient (MSI-H/dMMR) tumors. In parallel, a series of clinical trials have demonstrated that patients with MSI-H/dMMR mCRC can be treated with Pembrolizumab and nivolumab monotherapy or nivolumab combined with Ipilimumab (33).



PD-1/PD-L1 inhibitors

Programmed cell death-1 (PD-1) is a transmembrane glycoprotein expressed in activated T cells, and programmed cell death ligand 1 (PD-L1) is expressed on antigen-presenting cells and tumor cells. In the tumor microenvironment, the release of cytokines (IFN-γ, ILs, TNF-α) can induce high levels of PD-L1 expression. At the same time, the binding of PD-1 to PD-L1 can induce tumor cells to evade immune surveillance by inhibiting T-cell activation and proliferation (34). Therefore, PD-1/PD-L1 inhibitors can restore the activity of T cells and their ability to kill tumor cells by blocking PD-1/PD-L1 signaling for therapeutic purposes (35).

Currently, the main PD-1 inhibitors used in clinical studies for treating colorectal cancer are Pembrolizumab and Nivolumab. Pembrolizumab is currently approved by the US Food and Drug Administration (FDA) for the first-line treatment of unresectable or metastatic colorectal cancer with high microsatellite instability or mismatch repair defects (36).

A KEYNOTE-164 clinical phase II study enrolled 124 patients with MSI-H/dMMR CRC receiving≥2 standard treatments. The results showed that in cohort A (fluoropyrimidine, oxaliplatin, and irinotecan in combination or not with anti-vascular endothelial growth factor/epidermal growth factor receptor monoclonal antibody), the ORR was 33%, including 2 CRS; In cohort B (≥ 1 previous treatment), the ORR was 33%, including 5 CRS. This study confirms the anti-tumor effects and clinical efficacy of Pembrolizumab in previously treated MSI-H/dMMR colorectal cancer patients (37). In the phase 3 KEYNOTE-177 trial, 307 MSI-H/dMMR CRC patients were enrolled in the study and randomly assigned to receive either Pembrolizumab or chemotherapy and 294 MSI-H/dMMR CRC patients (152 treated with Pembrolizumab and 142 with chemotherapy) were analyzed by HRQOL. These data further confirm the benefit of Pembrolizumab as a first-line treatment for patients with MSI-H/dMMR CRC (38).

Growing tumors show one of three patterns: (1) little or no tumor-infiltrating immune cell infiltration (“immune ignorance “). (2) the presence of intra-tumoural immune infiltration with minimal or no PD-L1 expression (“non-functional immune response”). (3) Immune infiltration that resides only around the outer edge of the tumor cell mass (“excluded infiltrate “). However, most treatment patients showed a lack of PD-L1 upregulation in tumor cells or tumor-infiltrating immune cells (39). Therefore, most cancer patients are resistant to PD-1/PD-L1 blockade. The presence of an “ immune brake” on activated T cells ensures that they will only mount an effective cytotoxic response if the antigenic stimulus is of sufficient strength or affinity and is perceived in the context of an appropriate pro-inflammatory signal (40). Therefore, there is an urgent need to find alternative immunotherapeutic and anti-tumor approaches to use in combination with PD-1/PD-L1 inhibitors to overcome the limitations of ICIs in treating tumors.



CTLA-4 inhibitors

Cytotoxic T-lymphocyte antigen 4 (CTLA-4) is a member of the immunoglobulin-associated receptor family, and the binding of CTLA-4 to its ligand B7-2 protein inhibits T-cell proliferation activation and cytokine production while decreasing the immune response (41). Therefore, blocking CTLA-4 reactivates T cells and restores their ability to attack cancer cells. However, CTLA-4 blockers alone are ineffective in treating colorectal cancer. A clinical study showed that 47 pretreated mCRC patients treated with a CTLA-4 blocker (tremelimumab) failed to show clinically meaningful results after monotherapy (42). Therefore, combining CTLA-4 blockers with other drugs for colorectal cancer is a primary research direction.

Ipilimumab, a fully human immunoglobulin G1 monoclonal antibody capable of blocking CTLA-4, was approved by the FDA in July 2018 for the immune combination treatment of MSI-H mCRC after progression on standard chemotherapy. In a large combination immunotherapy study, the CheckMate-142 trial, 119 MSI-H/dMMR CRC patients were treated with Ipilimumab combined with the PD-1 inhibitor Nivolumab and had an investigator-assessed ORR of 55% (95% CI, 45.2-63.8) and a 12-week disease control rate of 80%. This demonstrates that Nivolumab and Ipilimumab synergistically promote T-cell anti-tumor activity through complementary mechanisms of action, which provides a clinical experimental basis for CTLA-4 inhibitors combined with PD-1 inhibitors in the treatment of MSI-H/dMMR mCRC (43). Therefore, this suggests a new strategy for the future treatment of colorectal cancer: through the complementary mechanism of dual inhibitors, block the inhibition of CTLA-4 on T cell activation in the early stage and PD-1 on T cell anti-tumor response in the later stage, improve the immune response and promote the anti-tumor immune response (44).



Other potential immune checkpoint targets in CRC

So far, only immunotherapies with two checkpoint targets, CTLA-4 and PD-L1/PD-1, have been approved for clinical use. However, most cancer patients do not respond to treatment with PD-1/PD-L1 inhibitors or CTLA-4 inhibitors. Therefore, as research progresses, several promising novel immune checkpoint targets are emerging as breakthrough points for cancer immunotherapy.

T-cell immunoglobulin and mucin-containing structural domain protein 3 (TIM-3) is a suppressive immune checkpoint molecule. TIM-3 has a suppressive effect on T-cell-induced immune responses. Blocking TIM-3 reverses T-cell dysfunction and restores anti-tumor immunity. Co-blockade of TIM-3 and PD-1 improves anti-cancer T cell responses in patients with advanced cancer (45). Increased TIM-3 expression in tumor tissue of CRC patients was positively correlated with poor prognosis and tumor progression. TIM-3 expression on CRC-infiltrating T cells in TME was significantly higher than TIM-3 expression on T cells in circulation. Furthermore, in CRC, the majority of TIM-3 expressing T cells in TME co-express PD-1 (46). A related study analyzed the expression of PD-1 and TIM-3 in patients with surgically treated stage I-III CRC. They found that CRC patients with high PD-1 and high Tim-3 expression had a worse prognosis than CRC patients with single high or double low expression. Thus, TIM-3 is a crucial mediator of CRC progression and may be a potential independent prognostic factor for CRC patients (47). Co-expression of TIM-3 and PD-1 on T cells may lead to resistance to ICIs in CRC patients. Therefore, treatment targeting Tim-3 with anti-PD-1 or other immunotherapies may provide clinical benefits for CRC patients (48).

TIGIT (T-cell immunoglobulin and immunoreceptor tyrosine motif (ITIM) structural domain) is a novel immune checkpoint. TIGIT is expressed on CD4 and CD8 T cells as well as innate lymphocytes, including NK cells and γδ T cells (49). PD-1 and CTLA-4 are predominantly expressed by tumor-infiltrating T cells and rarely by tumour-infiltrating NK cells. Therefore, using PD-L1/PD-1 and CTLA-4 inhibitors is not beneficial for NK cell failure. In contrast, blockade of TIGIT has been shown to prevent NK cell depletion and promote NK cell-dependent tumor immunity. At the same time, TIGIT, as a monotherapy, may be better able to reverse the failure of both T and NK cells (50). It has now been demonstrated that TIGIT is up-regulated in colorectal cancer with infiltrating lymphocytes, including CD3, CD4, CD8, and NK cells. By secreting TGF-β1, colorectal cancer cells can up-regulate TIGIT expression, promote CD8T cell depletion and facilitate tumor immune escape (51). Furthermore, it was found that elevated TIGIT on CD3 T cells led to functional defects and impaired glucose metabolism and that blocking TIGIT restored CD3 T cell activity and inhibited tumor growth. Thus, blocking TIGIT and restoring T-cell metabolic activity may represent immunotherapy for CRC (52).

LAG-3 is an Ig-like structural domain type I transmembrane protein with four structural domains called structural domain 1 (D1) to structural domain 4 (D4). Currently, LAG-3 is a promising therapeutic target for cancer immunotherapy. LAG-3 acts similarly to PD-1 and helps tumor cells to undergo immune escape (53). One study found that blocking both LAG-3 and PD-1 promoted T cell-mediated immune responses leading to a significant delay in tumor growth compared to anti-PD-1 antibody or anti-LAG-3 (LBL-007) treatment alone in CRC model mice. Thus, anti-LAG-3 and anti-PD-1 antibodies showed synergistic anti-tumor activity in CRC model mice. Anti-LAG-3 with anti-PD-1 could be a promising combination strategy for immunotherapy of CRC (54).

Currently, after the research results of PD-1 inhibitors and CTLA-4 inhibitors in the treatment of CRC, novel immune checkpoints such as TIM-3, TIGIT, and LAG-3 are not only potential biomarkers for diagnosis, prognosis, and survival prediction of CRC patients but also the next breakthrough point in immunotherapy for CRC. There are significant interactions between multiple immune checkpoints in the pathogenesis of CRC. Blocking one immune checkpoint alone may result in compensatory upregulation of other checkpoints. Therefore, combined blockade of multiple immune checkpoints may be a new immunotherapeutic strategy for CRC patients (55).




Mechanism of action of oncolytic viruses combined with immune checkpoint inhibitors


Immune checkpoint inhibitors are less effective in treating ‘‘cold’’ tumors

The tumor microenvironment (TME) refers to the complex multicellular environment in which tumors develop and typically includes T and B lymphocytes, tumor-associated macrophages (TAM), dendritic cells (DC), natural killer (NK) cells, neutrophils, and bone marrow-derived suppressor cells (MDSC) (56). The production of pro-inflammatory cytokines and the level of T-cell infiltration will somewhat alter the ‘‘cold’’ (non-T-cell inflammation) versus ‘‘hot’’ (T-cell inflammation) nature of TME, which closely correlates with the suppressive or supportive nature displayed during tumor development. ‘‘hot’’ tumors are characterized by molecular markers of T-cell infiltration and immune activation. ‘‘hot’’ tumors have a higher response rate to immunotherapy, whereas ‘‘cold’’ tumors show a marked T-cell deficiency or rejection (57). Many malignant tumor cells exhibit ‘‘cold’’ tumors. In addition to fewer infiltrating lymphocytes in TME, they exhibit low expression of PD -L1 and primary histocompatibility complex class I (MHC I) (58). Compared to “hot’’ tumors, immune checkpoint inhibitors have a minimal effect in treating ‘‘cold’’ tumors. Conversion of ‘‘cold’’ tumors to ‘‘hot’’ tumors will to some extent, increase the sensitivity of immunotherapy with immune checkpoint inhibitors. At the same time, combining relevant TME modulation therapies with checkpoint blockade is most likely to provide additional clinical benefits for patients with specific malignancies (59).



Oncolytic viruses sensitize ‘‘cold’’ tumors to immune checkpoint inhibitors by modulating TME

Oncolytic viruses are able to induce lysis of tumor cells, which releases tumor-associated antigens and neoantigens (TAAs and TANs) that can be captured by tumor-infiltrating antigen-presenting cells (APCs), resulting in increased T cell infiltration (60). Oncolytic viruses promote immunogenic cell death (ICD), leading to the release of danger-associated molecular patterns (DAMPs) such as calreticulin (CRT), high mobility group protein 1 (HMGB1), and ATP. At the same time, oncolytic viruses promote the maturation of DC cells and recruit immune effector cells to the vicinity of dead tumor cells, enhancing phagocytosis of tumor cells by local DCs and macrophages (61).

In addition to the release of DAMPs, OV-mediated cancer cell lysis is often associated with the release of various pathogen-associated molecular patterns (PAMPs), including viral components such as nucleic acids (DNA, dsRNA, ssRNA, and 5′-triphosphate RNA), proteins and capsid components. DAMPs and PAMPs are recognized by pattern recognition receptors on antigen-presenting cells (APCs) (such as DC and NK cells) and serve as “danger” and “eat me” signals. This signaling attracts more DCs to the TME, leading to increased recruitment and maturation of tumor-specific T cells into the TME (62). Thus, oncolytic viruses can activate innate and acquired immunity, increase T-cell infiltration and reverse the tumor microenvironment so that ‘‘cold’’ tumors can be effectively immunologically activated and transformed into ‘‘hot’’ tumors, thus facilitating the action of immune checkpoint inhibitors (63).

A clinical trial using transgenic herpes simplex virus type 1 (Talimogene laherparepvec) in combination with pembrolizumab in patients with advanced melanoma showed that OVs might make tumor cells more sensitive to immune checkpoint inhibitors by up-regulating PD-L1 expression (64). In addition, local injection of OVs into individual tumor sites induces a distant effect known as the “peritoneal effect”. In this effect, distant uninfected tumors also experience immune-mediated rejection, inducing an inflammatory immune infiltrate (65). Thus, OVs and immune checkpoint inhibitors have complementary mechanisms of anti-tumor immunity, and the high selectivity of oncolytic viruses for tumor cells may lead to the local production of immune checkpoint inhibitors, thus providing a better safety profile for systemic administration (66) (Figure 1).




Figure 1 | Mechanism of OVs combined with ICIs to stimulate anti-tumor immunity. (A) OVs enter tumor cells and undergo viral replication, leading to lysis and the release of danger-associated molecular pattern signals (DAMPs), pathogen-associated molecular patterns (PAMPs), tumor-associated antigens (TAAs), and pro-inflammatory cytokines. Viral progeny is also released, spreading to and infecting neighboring tumor cells. (B) These molecules recruit and activate antigen-presenting cells (APCs), such as dendritic cells (DCs), and promote the maturation of CDs through co-stimulatory markers while promoting the release of pro-inflammatory cytokines such as interleukin 12 (IL-12) and tumor necrosis factor (TNF-α) from CDs and recognition by cytokine receptors (CRs) on T cells and NK cells. (C) Mature dendritic cells cross-present antigens to CD4+ and CD8+ T cells via the major histocompatibility complex (MHC) and induce their expansion and activation. (D) T cells and NK cells eventually lyse tumor cells by releasing perforin, granzyme, and cytokines (IFN-γ, IL-2). (E) OVs infection leads to increased expression of immune checkpoint molecules such as PD-L1 and CTLA-4, thereby increasing the expression of the therapeutic targets of ICIs and sensitizing OV-infected tumor cells to ICIs. (F) In addition, local injection of OVs into individual tumor sites induces a distant effect, causing T cells to migrate to the site of metastatic disease, recognizing and killing distant tumor cells. (G) Cytokines and chemokines released in the tumor microenvironment can recruit immune cells for concerted anti-tumor activity.





“Armed” recombinant oncolytic viruses enhance the efficacy of immune checkpoint inhibitors

To date, oncolytic viruses as monotherapy have provided only modest anti-tumor effects in patients. Therefore, in order to increase immune stimulation, OVs have been designed to provide therapeutic transgenes to “armed” oncolytic viruses (67). OVs can be used as a therapeutic platform by inserting transgenes into the oncolytic virus genome through viral genome engineering techniques to manipulate its structure to create a characteristic “armed” OVs. These “armed” OVs with immunostimulatory or anti-cancer transgenes can be used as monotherapy or in combination with other therapeutic modalities to reduce side effects and improve anti-tumor efficacy. If an “armed” OV is designed for systemic delivery, it could be one of the options for treating patients with metastatic tumors (68). Currently, the primary use is to genetically engineer oncolytic viruses to carry PD-1/PD-L1 antibody genes or otherwise “armed” them to enhance the sensitivity of tumor cells to ICIs.



“Armed” oncolytic viruses are carrying PD-1/PD-L1 antibody gene

Researchers built an “armed” oncolytic vaccinia virus (VV-iPDL1/GM) co-expressing PD-L1 inhibitor and GM-CSF. They found that intra-tumor injection with these engineered OVs promoted tumor infiltration of neoantigen-specific T cells while activating immune cells. VV-iPDL1/GM-secreted PD-L1 inhibitors inhibited neoantigen presentation of PD-L1 on tumor cells, leading to the systemic rejection of both the treated tumor and distant tumors. Therefore, using “armed” OVs co-expressing PD-L1 inhibitors and GM-CSF alone or combined with immune checkpoint inhibitors is a new therapeutic option for treating patients resistant to PD-1/PD-L1 blockade therapy (69). An M51R mutant vesicular stomatitis virus (VSV) has been engineered to express a single-chain antibody Fv fragment (scFv) encoded by the PD-L1 targeting antibody avelumab, a human IgG1 antibody. This novel OV effectively inhibited tumor growth in a mouse model. Thus, recombinant OVs expressing PD-1/PD-L1 antibodies are a promising agent for cancer therapy (70).

In a study, researchers encoded a humanized anti-PD-1 monoclonal antibody (anti-PD-1 monoclonal antibody) and designed a novel herpes simplex virus (HSV-aPD-1). Data from this experiment suggest that HSV-aPD-1 further improves the immune microenvironment and plays a crucial role in treating tumors that are not sensitive to ICIs or other immunotherapies (71). In addition, related studies have developed bioengineered cell membrane nanobubbles (PD1-BCMNs) with PD-1 to carry oncolytic adenovirus virus (OA). PD1-BCMNs-OA can effectively activate tumor-infiltrating T cells and trigger a robust anti-tumor immune response. Thus, PD1-BCMNs-OA provides a clinical rationale for combining oncolytic virus therapy with immune checkpoint inhibitors (72).



“Armed” oncolytic virus enables enhanced anti-PD-1 therapy

The degree of inflammation in the tumor microenvironment affects the overall and progression-free survival rates. “Armed” OVs carrying the gene encoding inflammatory cytokines can further modify the tumor microenvironment. A study showed that a recombinant oncolytic poxvirus virus (hIL-7/mIL-12-VV) dually expressing IL-7 and IL-12 completely altered the tumor immune microenvironment by enhancing the inflammatory immune state, showing beneficial systemic anti-tumor efficacy, significantly increasing the sensitivity of solid tumors to systemic anti-PD-1 and anti-CTLA4. This combined IL-7 and IL-12 viral therapy could provide clinical benefit as a single therapy and has the potential to be effectively combined with immunotherapy for various types of solid tumors (73).

The anti-tumor efficacy of an engineered recombinant oncolytic herpes simplex virus (ONCR-177) with five transgenes was enhanced by systemic anti-PD-1 treatment. Experimental data showed that the RR of contralateral tumors treated with combination therapy was significantly enhanced by 40% RR compared with oncr-171 or anti-PD-1 monotherapy. Thus, ONCR-177 enhances tumor lysis tolerance and anti-tumor activity through activation of systemic immunity triggered by transgene expression and can be further enhanced by co-treatment with immune checkpoint inhibitors (74). It has been found that combined treatment with locally “armed” oncolytic adenovirus virus type 5 (ZD55-IL-24) and systemic PD-1 blockade resulted in synergistic suppression of locally and distantly established tumors. Local treatment with ZD55-IL-24 could help PD-1 blockade overcome the relatively low limitations of tumor immune infiltration and recognition. However, as ZD55-IL-24 must currently be administered intratumorally, it is only indicated for treating those few tumors with visible lesions such as melanoma and is challenging to use for the vast majority of tumors in clinical practice. Nonetheless, this study provides a viable experimental basis for the combination therapy of “armed” OVs (75).

In addition, a novel PD-L1 ICI with a cross-hybrid Fc region-mediated effector mechanism of IgG and IgA was designed. It is cloned as a conditionally replicating adenovirus (Ad-Cab) to limit virulence and release only into the tumor microenvironment. Ad-Cab secretes a cross-hybrid IgGA Fc fusion peptide that binds to PD-L1 binding and activates multiple immune pathways. Therefore, designing a novel ICI and expressing it with an oncolytic adenovirus could enhance tumor-killing efficacy while maintaining safety (76) (Table 2).


Table 2 | Modification and effects of “armed” oncolytic virus.






Application of oncolytic virus combined with immune checkpoint inhibitor in the treatment of colorectal cancer

Using ICIs for MSI/dMMR mCRC is a significant breakthrough in oncology. Unfortunately, the majority of mCRC patients are microsatellite stable (MSS)/DNA mismatch repair specialists (pMMR) (MSS/pMMR), and ICIs have not shown any clinical benefit in treating MSS/pMMR mCRC (77).

The oncolytic virus can enhance the response rate of tumors to immune checkpoint inhibitors. It is an ideal candidate for use in combination treatment strategies. Therefore, immune checkpoint inhibitors combined with the oncolytic virus may be a potential therapeutic option for treating MSS/pMMR mCRC.

Currently, experimental studies have shown that the use of oncolytic virus combined with immune checkpoint inhibitors has a better therapeutic effect on colorectal cancer. In an experimental study of triple immune therapy (combination of CSF-1R, OVs, and PD-1 antibodies) in a mouse model of CRC, 43% of the mice treated with the triple therapy achieved CR tumors and prolonged OS, and there was no tumor growth in 10 months from the implantation of CRC cancer cells to the end of the experiment. The researchers also observed a similar reduction in tumor load when T cells from surviving mice were treated with triple therapy and fed into the untreated CRC mouse model. Thus, this triple immune therapy therapeutic strategy could potentially overcome low T-cell infiltration and TAMs while overcoming the limitations of PD-1 immunosuppression. This could significantly improve the therapeutic efficacy of anti-PD-1 immunotherapy in colon cancer (7).

Researchers have established a telomerase-specific oncolytic adenovirus virus (OBP-301, telomerase) in which the human telomerase reverse transcriptase (hTERT) promoter element drives the expression of the viral E1A and E1B genes. This genetic modification allows OBP-301 to replicate in tumor cells and induce tumor cell-specific death selectively. In parallel, the researchers developed a CT26 in situ rectal tumor model with liver metastases, which was injected intra-tumorally with OBP-502 and treated in combination with PD-1 Ab. The results showed that this combination therapy inhibited liver metastases and rectal tumors. Thus, telomerase-specific oncolytic adenovirus virus led to a celiac effect by activating a systemic anti-tumor immune response, and the combination with PD-1 Ab produced a synergistic anti-tumor effect, even leading to tumor eradication (78).

In addition, another trial further enhanced the sensitivity of immune checkpoint inhibitors in a mouse model of dMMR CRC by using a combination of low-dose mitomycin C (mitomycin) and oHSV. It was also found that this treatment strategy promoted the infiltration of activated conventional dendritic cells type 1 (cDC1s) into the tumor (79).

The most common route of oncolytic virus therapy is intra-tumor or intravenous administration, but its use in clinical practice is limited. Researchers have developed an orally available oncolytic reovirus, RC402, which breaks through the limitations of the use of lytic viruses in clinical treatment. Oral RC402 monotherapy significantly increased CD8+ cytotoxic T cells and decreased CD4+CD25+Foxp3+ regulatory T cells in distant colon cancer. At the same time, the combination of RC402 and PD-1 inhibitor further inhibits colon cancer growth and enhances anti-tumor immunity within the tumor microenvironment, leading to complete tumor regression. Therefore, combining RC402 with PD-1 inhibitors could maximize the efficacy of PD-1 immune checkpoint blockade in colon cancer and trigger an effective anti-tumor immune response (31).

In a clinical trial, 15 patients with refractory colorectal cancer received intravenous oncolytic vaccinia virus Pexa-Vec (pexastimogene devacirepvec; JX-594) every 14 days. This is the first treatment for patients with refractory, metastatic colorectal cancer using repeated doses of Pexa-Vec and administered by intravenous infusion. Ten patients (67%) had imaging stable disease. This clinical trial showed safety against the vaccinia virus in patients given repeated intra-tumor doses every two weeks (80). In CRC peritoneal metastases, the efficacy of ICI monotherapy in peritoneal tumors and malignant ascites is extremely low. In contrast, intraperitoneal oncolytic vaccinia virus (JX-594) induced an intense infiltration of CD8 T cells into peritoneal tumors, reversing intraperitoneal TME and reprogramming peritoneal tumors into T-cell inflamed tumors. This study showed that when JX-594 was combined with a PD-1 inhibitor, it was able to trigger effective anti-cancer immunity and eliminate peritoneal metastases in colon cancer, allowing better control of peritoneal metastases and malignant ascites in advanced colon cancer. Therefore, combining JX-594 with ICI (anti-PD-1, anti-PD-L1, or anti-LAG-3) is a promising strategy for treating peritoneal metastases from CRC (15) (Figure 2).




Figure 2 | Oncolytic virus combined with immune checkpoint inhibitor in the treatment of colorectal cancer. OVs, lyse tumor cells while attracting immune cells (e.g., CD8+ T cells, NK cells) to the tumor microenvironment, thus transforming a ‘cold’’ tumor into a ‘hot’’ one to enhance the sensitivity of tumor cells to ICIs. In addition, OVs can enhance the targeted therapeutic effect of PD-1/PD-L1 inhibitors by up-regulating the expression of tumor cell immune checkpoint PD-L1.





Conclusions and challenges

In recent years, immune checkpoint inhibitors (ICIs) have become a promising strategy for treating tumors. However, in treating colorectal cancer (CRC), ICIs have shown promising results only in MSI/dMMR CRC and are very limited for treating pMMR/MSS/MSI-L mCRC. Oncolytic viruses can directly lyse tumor cells and increase T-cell infiltration by activating immunogenic cell death (ICD) and releasing danger-associated molecular patterns (DAMPs) to recruit and promote DC maturation. At the same time, OVs promote the action of immune checkpoint inhibitors by modulating the tumor microenvironment (TME) and transforming ‘cold’’ tumors into ‘hot’’ ones. Thus, combining oncolytic virus therapy with immune checkpoint inhibitors may break through the limitations of ICIs treatment MSS/pMMR mCRC and enhance the sensitivity of colorectal tumor cells to ICIs.

Currently, various oncolytic viruses such as vaccinia virus (VV), reoviruses, herpes simplex virus (HSV), and adenovirus have been widely used in experimental studies of colorectal cancer. Studies have demonstrated that OVs can inhibit the growth and distant metastasis of colorectal cancer cells by lysing CRC cells, inducing apoptosis, and reversing TME, and have shown exciting results in treating CRC peritoneal metastases and KRAS-mutated colorectal cancer. The combination of OVs and ICIs has become the most promising strategy for treating solid tumors today. Many researchers have used OVs as a therapeutic platform to achieve better therapeutic results, using viral genome engineering techniques to make OVs carry PD-1/PD-L1 antibody genes or other therapeutic genes, creating “armed” OVs. These “armed” OVs have a complementary mechanism to ICIs in terms of anti-tumor immunity, enhancing the targeted delivery of OVs, further increasing T-cell infiltration, and providing comprehensive regulation of TME and the immune system resulting in a more substantial anti-tumor immune response rate. Therefore, combining “armed” OVs and ICIs may be one option for treating pMMR/MSS/MSI-L mCRC.

However, although the combination of OVs and ICIs has shown therapeutic efficacy in animal models of CRC, the specific treatment and prognosis of this combination therapy for CRC patients is unclear due to the lack of clinical trial data on OVs in combination with ICIs in CRC patients. As the immune response is a complex and highly regulated biological process, the efficacy of OVs in combination with ICIs in animal models of CRC cannot be fully replicated in patients with CRC. However, the results of several animal studies and clinical trials in other solid tumors suggest that OVs and ICIs combination therapy remains a very promising strategy in treating tumors. In addition, antagonism and the occurrence of immune-related adverse events (irAEs) need to be considered when combining OVs with ICIs.

At present, it remains challenging to get OVs to every primary and metastatic tumor site to achieve the desired effect. In distant metastatic lesions with low T-cell infiltration, the therapeutic effect of OVs combined with ICIs may be minimal. Therefore, there is a need to continue the search for a more accurate and effective immunomodulatory factor to control OV-mediated anti-tumor T-cell responses (81).

In conclusion, the treatment of colorectal cancer is limited by the limited treatment strategies available. Currently, the combination of oncolytic viruses and immune checkpoint inhibitors has shown promise in several clinical trials. This strategy is expected to be a promising treatment option for colorectal cancer. It is believed that in the near future, the combination of OVs and ICIs will bring hope to pMMR/MSS/MSI-L mCRC patients through clinical trial studies.
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Various studies are being conducted on oncolytic virotherapy which one of the mechanisms is mediating interferon (IFN) production by it exerts antitumor effects. The antiviral effect of IFN itself has a negative impact on the inhibition of oncolytic virus or tumor eradication. Therefore, it is very critical to understand the mechanism of IFN regulation by oncolytic viruses, and to define its mechanism is of great significance for improving the antitumor effect of oncolytic viruses. This review focuses on the regulatory mechanisms of IFNs by various oncolytic viruses and their combination therapies. In addition, the exerting and the producing pathways of IFNs are briefly summarized, and some current issues are put forward.
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1 Introduction

In recent years, research on tumor treatment by oncolytic viruses has been carried out continuously, and the related mechanism studies have been explored step by step, including direct lysis of tumor cells, inhibition of tumor angiogenesis and activation of human immunity (1). Among these mechanisms, IFN, as an active component of the human immune system, always plays an essential role in the treatment of tumors (2–4). Viruses can cause changes in IFN, as can oncolytic viruses. The release of IFN activates the human immune response through various pathways, thereby reversing the immunosuppressive state of the tumor microenvironment, which plays a positive role in tumor treatment.

There is an unstable effect of oncolytic virus therapy when applied to tumor treatment, which is very closely related to the effect of IFN. On the one hand, many tumor cells have an intact IFN pathway, which will have an immune clearance effect on the oncolytic virus (5) and cannot continue to exert therapeutic effect on tumor cells. On the other hand, the IFN secretion caused by oncolytic viruses will recruit more immune cells, and the antiviral effect they play will undoubtedly be the extinction for oncolytic viruses, which eventually leads to making the therapeutic effect greatly reduced.

However, incomplete IFN pathway genes are present in some cells in cancer patients. It has been shown that nearly half of the 85 genes with methylation-dependent down-regulation after immortality are associated with IFN signal transduction (6), the deletion of these genes is more common in glioma, leukemia, and bladder cancer cells (7–9). Besides, pancreatic cancer, gastric cancer, hepatocellular carcinoma, and colon cancer all exhibit low expression of IFN receptors (10–14). In addition to tumor cells, many cancer patients have impaired IFN signaling in immune cells (15). Although these defects allow tumor cells to survive and can accelerate tumor cell proliferation, the absence of the IFN pathway allows the virus to escape from the immune system, thereby avoiding immune clearance and increasing the efficiency of viral tumor lysis (16). Therefore, clarifying the mechanism of action between oncolytic virus and IFN will provide a strategy for combining oncolytic virus with other therapies or modifying oncolytic virus. This will help us to properly deal with the relationship between IFN and oncolytic virus, which is very important to achieve enhanced anti-tumor effects.

In this review, it presents a 5-year review of the mechanisms of action of various oncolytic virus therapies associated with IFN. Beyond that, the mechanisms of IFN production and signaling are briefly introduced. This demonstrates the current level of research on oncolytic virus therapies in order to hopefully provide new ideas for future studies on the mechanisms regulating IFN. Of course, some of these issues need to be noted.



2 IFN generation and signals transmission


2.1 Generation of IFN

IFN was discovered in humans more than 50 years ago for its ability to elicit antiviral responses in cells (17). Currently, IFNs are classified into three types based on their sequences and cellular receptors, which including the IFNs of type I, type II and type III (18, 19). There are some differences in the pathways of production of different types of IFNs.


2.1.1 Generation of type I IFN

The type I IFN family consists of several genetically encoded members, among which IFN-α and IFN-β are well known. In fact, they can be specifically divided into 16 species, which contain 12 IFN-α isoforms, IFN-β, IFN-ϵ, IFN-κ, and IFN-ω (20–27). The production of type I IFN is induced by pathogen-associated molecular patterns (PAMPs). These PAMPs can stimulate Toll-like receptors (TLRs) located on the cell membrane or endosomal membrane (28), or cytosolic pattern recognition receptors, including nucleotide sensors such as retinoid acid-inducible gene I(RIG-I)-like receptors (RLRs) or DNA sensors, to induce IFN production (29).

Firstly, the generation of type I IFNs is dependent on the TLR pathway. TLR recognizes double-stranded RNA and single-stranded RNA or double-stranded DNA, respectively, through TLR3, 7/8, and 9 (30), which activate and mediate IFN regulatory factor (IRF) to generate type I IFN (28, 31, 32). Second, type I IFN production can also occur through a non-TLR-dependent pathway. RIG-I and melanoma differentiation-associated protein 5 (MDA5) recognize endogenous RNA (single- and double-stranded, respectively) (33) and activate IRF3 and IRF7 to generate type I IFN through a mitochondrial antiviral signaling protein (MAVS)-dependent mechanism. In addition, endogenous cytoplasmic double-stranded DNA (dsDNA)-triggered synthesis of cyclic GMP-AMP (cGAMP) activates IFN gene stimulating protein (STING), which induces IRF3 to produce type I IFN (34).



2.1.2 Generation of type II IFN

There exists only one type of type II IFN, that is IFN-γ. Diverse cells in the immune system are the primary source of its secretion, including innate-like lymphocyte populations such as innate lymphocytes (ILC) and natural killer (NK) cells, and also adaptive immune cells consisting of T helper 1 (Th1) cells and CD8 cytotoxic T lymphocytes (CTL) (35).

First of all, in innate lymphocytes, microbial infection or tissue injury activates pattern recognition receptors (PRR) as well as broadly reactive antigen receptors, which induce IFN-γ production. In addition, cytokines which consisting of interleukin (IL)-12 and IL-18 can also lead to IFN-γ production. Second, in adaptive immune cells, T-cell receptor (TCR)-mediated recognition of microbial peptides causes sustained high levels of IFN-γ production in Th1 cells and CTL. However, the mechanism of IFN-γ production differs between the two cell types, with Th1 cells producing IFN-γ associated with major histocompatibility complex (MHC) Class II molecules, whereas CTL production of IFN-γ is associated with MHC Class I molecules (35).



2.1.3 Generation of type III IFN

Type III IFN was discovered later (known as IFN-λ) and it was reported in 2003 for the first time (36, 37). It includes four kinds of IFN-λ isoforms, namely IFN-λ1 or IL-28a, IFN-λ2 or IL-28b, IFN-λ3 or IL-29, and IFN-λ4 (38–40). Similarly, viruses can mediate the expression of type III IFNs in diverse cell types (41–43).

Type III IFN is expressed in various primary human cells of the hematopoietic spectrum (44–48), in parallel with the production of large amounts of type I IFN. Meanwhile, type III IFN is mainly produced by epithelial cells in non-hematopoietic cells (49–51). However, the exact mechanism by which it produces is not clearly explained. It has been claimed that the HSV molecular pattern is distinguished by TLR3 and TLR9 in the endosome as well as melanoma differentiation-associated gene 5 (MDA5) in the cytoplasm, which leads to the activation of nuclear factor κB (NF-κB), IRF3 and IRF7 transcription factors and their subsequent translocation to the nucleus, where they then stimulate IFN-λ gene transcription (52). In this process, the transcriptional mediator Med23 and anchoring protein repeat domain protein 1 (ANKRD1) target IRF7 and IRF3, individually, which promote the gene of type III IFN expression (53, 54).




2.2 Signal transduction of IFN

When IFN acts, it is transduced through different pathways. The three IFNs mainly signal through the Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway. There are both similarities and differences. The main differences are that the signaling of the three IFNs is carried out through the binding of different heterodimeric receptor complexes (20) (Figure 1).




Figure 1 | The main transduction pathway of IFN signaling. (A) IFN first binds to the heterodimers of IFNAR1 and IFNAR2, causing phosphorylation of JAK1 and TYK2, followed by phosphorylation of STAT1 and STAT2. Phosphorylated STATs form heterodimers that enter the nucleus and bind to IRF9 to form ISGF3, which subsequently binds to the transcriptional enhancer ISRE, triggering transcriptional induction of ISG. (B) Type II IFNs first bind to IFNGR1 and IFNGR2, causing phosphorylation of STAT1 and STAT2. The phosphorylated STAT forms a heterodimer that enters the nucleus and binds to IRF9 to form ISGF3. ISGF3 subsequently binds to the transcriptional enhancer ISRE, triggering the transcriptional induction of ISG. In addition, phosphorylated STAT1 homodimers, STAT3 homodimers and STAT1-STAT3 heterodimers enter the nucleus. These dimers bind to GAS elements to induce transcription factor production and initiate a second wave of gene expression; (C) Type III IFN binds to IFNLR1 and IL10R2, followed by the same response as the type I IFN signaling cascade.



Type I IFN is bound to a heterodimer of type I interferon α/β receptor 1 (IFNAR1) and IFN-α/β receptor 2 (IFNAR2) (18, 55). Signaling through the JAK/STAT pathway is the most common, which starts with phosphorylation of JAK1 and tyrosine kinase (TYK)2 and leads to phosphorylation of STAT1 as well as STAT2. Phosphorylated STATs are able to form heterodimers. The heterodimers will enter the nucleus and link with IRF9 to create the transcriptional activator IFN-stimulated gene factor (ISGF) 3. Next, ISGF3 integrates with the transcriptional enhancer called IFN-stimulated response element (ISRE), leading to transcriptional induction of ISGs (56–59). Besides this typical pathway, type I IFN can induce the expression of other genes, through STAT1 or STAT3 homodimers as well. For instance, homodimers formed by STAT1 combined with gamma activated sequence (GAS) elements that belong to different genes’ promoters (60). STAT1 and STAT3 are the most frequent, but it has also been shown that in some cell types, STAT-3, -4, -5, and -6 can also be activated by interferon receptor (IFNAR), causing the next series of signaling cascades (61).

Type II IFN is bound to type II interferon gamma receptor 1 (IFNGR1) and IFN-γ receptor 2 (IFNGR2) (18, 55). The JAK/STAT pathway can be activated as well, although not in the same way as the changes in the JAK/STAT pathway caused by type I IFN. In this pathway, type II IFN can signal through ISGF3 as type I IFN does (62), causing the following series of responses. The difference is that the phosphorylation of JAK2 upon binding of type II IFN to its receptor is accompanied by allowing phosphorylation of JAK1 and IFNGR1 (63), which will recruit and phosphorylate STAT1s. Then, the homodimer formed by phosphorylated STAT1 enters the nucleus, unites with the GAS element to induce transcription, inducing the generation of many transcription factors that initiate the second wave of gene expression (64). Furthermore, IFN-γ signaling can activate not only STAT1 homodimers, but also generate STAT3 homodimers and STAT1-STAT3 heterodimers. These still translocated to the nucleus to combined with the GAS element that is in the IRG gene promoter (65, 66). Apart from the above pathway, type II IFN can trigger the expression of MHCII as well, that is by inducing a different piece of genes through the function of the class II, major histocompatibility complex, transactivator (CIITA) (67).

Type III IFN is bound to interferon λ receptor 1 (IFNLR1) and IL-10 receptor 2 (IL10R2) (also known as IL-10 receptor β (IL10Rβ)) (18, 55). The induced signaling pathway is also essentially the same as that of type I IFN (36). Type III IFNs similarly form ISGF3 through phosphorylated STAT1 and STAT2, followed by binding to IRF9, which in turn triggers the expression of ISGs (42). Alternatively, type III IFN can induce the activation of STAT-3, -4, and -5 in certain cell types (68). However, the durability of ISG induction by type III IFN is demonstrated by the fact that ISGs peak later after type III IFN stimulation and persist over time. In contrast, type I IFN only induces ISG expression at an early stage and persists for a relatively short period of time (69).

Aside from the classical pathway of JAK/STAT, the three IFNs can also function in other signaling pathways, including MAPK and PI3-kinase pathways (61, 70). In addition, type I IFN can also activate and signal through the NF-κB pathway, and type II IFN can function through this pathway as well (70). Also, the bioinformatic analysis revealed the presence of NF-κB binding sites in the promoter of the type III IFN gene (68), suggesting the possibility that it also acts in the NF-κB pathway.




3 IFN and tumor treatment

IFN is able to modulate multiple pathways to achieve tumor inhibition or killing. This has been demonstrated in several experimental studies.

Under in vitro conditions, IFN can inhibit tumor growth through various pathways. First, IFN can affect the cell cycle of tumor cells. For example, IFNα can arrest the cell cycle of prostate cancer cells, which is achieved by upregulating endogenous inhibitors of cell cycle protein-dependent protein-dependent kinases, such as p21 (71); it has been discovered that type I IFNs can prolong the cell cycle of human breast cancer cells under in vitro conditions, which can suppress the growth of tumor cells (72). Second, IFN can also induce apoptosis of tumor cells. It has been shown that type I IFNs and Toll-like receptor 3 (TLR3) agonists when combined, are able to upregulate DR ligands, tumor necrosis factor-related apoptosis-inducing ligand (TRAIL), thus leading the breast tumor cell lines to be apoptotic (64). Moreover, type I IFN-induced apoptosis was connected with other ISGs, consisting of Fas, Fas ligand (FASLG), protein kinase R (PKR), and 2′-5′-oligoadenosine synthase (OAS) (64).

In the vivo environment, IFNs have been suggested to have a crucial role in tumorigenesis process. For example, in studies of 3-methylcholanthrene (MCA)-induced sarcoma models, it was found that deletion of immune cell type I and/or type II IFN signaling pathways sped up tumorigenesis and development (73, 74). Furthermore, STAT1 is thought to exert antitumor effects in transgenic mouse models of breast cancer through activation of immune and antiproliferative mechanisms (75), which is significant in type three types of IFNs signaling.



4 Molecular mechanisms by which different oncolytic virus therapies affect the IFN pathway


4.1 Vesicular stomatitis lysis virus

VSV is a prototypical member of the genus Blister virus, belonging to the family Rhabdoviridae (76). Recently, it has been extensively studied as an oncolytic agent (77). Among the IFN-related mechanisms, VSV mainly regulates IFN-induced antiviral factors, the expression of classical JAK/STAT, nuclear factor red lineage 2-related factor 2 (Nrf2), and IFN-mediated programmed cell death-ligand 1 (PD-L1) (Figure 2).




Figure 2 | Mechanism of action of VSV therapy. (A) The intervention of monoclonal IFNAR antibody blocks the VSV-mediated IFN inflammatory pathway and reduces type I IFN-induced PD-L1 expression. Its low expression reduced PD-L1 binding to T cells, which thus exerted normal antitumor effects. (B) VSV strongly induced the JAK/STAT pathway, and inhibition of JAK/STAT using lusolidin prevented IFN-mediated antiviral response to VSV immune clearance, which promoted VSV replication and dissemination. Similarly, type I IFN-induced PD-L1 expression was reduced, thus preventing PD-L1 from binding to T cells and providing conditions for T cells to exert normal anti-tumor effects. (C) APOBEC3 gene expression is mediated by type I IFN, targeted inhibition of APOBEC3 gene can reduce IFN-mediated tumor resistance. (D) SFN through Nrf2/HO-1 pathway activates autophagy to inhibit IRF3 activity, which suppresses the type I IFN response. The inhibition of IFN response reduces the restriction of replication of VSVΔ51, so VSV exerts its normal oncolytic effect.



The type I IFN response is considered as an essential pathway for the development of drug resistance to VSV during tumor treatment, and tumor cells with intact or partially intact IFN signaling are resistant to viral replication (78–80). Human A375 as well as mouse B16-OVA melanoma cell lines were reported to be shielded by type I IFN and resistant to tumor lysis by wild-type VSV and VSV-GP (81)., thus preventing VSV from exerting its normal antitumor effects. VSV significantly upregulates the JAK/STAT pathway, which is an important component of the functioning of IFN. Inhibition of this link can effectively improve resistance to VSV therapy. In a preclinical trial in small cell lung cancer, the use of the JAK/STAT inhibitor lusolidin effectively increased viral replication, and the killing effect of VSV-IFN-β on tumor cells was enhanced in vitro conditions. Besides, it turned out that PD-L1 expression was restricted, which was also beneficial for tumor treatment. However, this combination treatment strategy did not significantly improve the survival rate of mice (82), so the safety of this combination therapy is uncertain. Additionally, this pathway was also studied in an animal experiment in melanoma, where tumor sensitivity to VSV-Δ51 was significantly increased under conditions of JAK/STAT pathway inhibition (83).

PD-L1 performs a functional role in regulating the cancer immune clearance cycle by binding to T cell-activated negative regulators, such as programmed cell death-1 (PD-1) and B7.1 (CD80) (84). In order to inhibit the killing effect on tumor cells, the combination of PD-L1 and its receptor inhibits T cells from migrating, meanwhile, the combination keeps down the T cells’ proliferation as well as the release of mediators that have cytotoxic, therefore inhibition of PD-L1 expression is one of the strategies for tumor therapy. Several previous studies have shown that PD-L1 expression can be induced independently of the IFN inflammatory pathway, but is often dependent on the IRF1 pathway, a transcription factor associated with PD-L1 regulation (85–88). In contrast, according to a recent research in melanoma, VSV optimizes PD-L1 upregulation in tumors which is dependent on type I IFN expression, and in-depth studies revealed that VSV-induced type I IFN proceeds in an IFNAR-dependent manner (89). This provides an opportunity to improve the therapeutic use of VSV for tumors. In order to block the viral-mediated IFN inflammatory pathway, the monoclonal IFNAR antibody can be taken into consideration. The paper shows monoclonal IFNAR antibody can reduce PD-L1 expression which is induced by type I IFN, this will promotes immune responses with tumor-specific T cells (89). This research result provides a new target for the treatment of solid tumors.

Among the IFN-induced antiviral factors, the APOBEC cytosine deaminase family is associated with viral resistance (90), which has been demonstrated in retroviruses, herpesviruses, and hepatitis viruses, among others (91–94). In addition to being a viral limiting factor, over expression of APOBEC3 family proteins occurs in several types of cancers, so that APOBEC3 upregulation and the genomic mutations it causes to mediate therapeutic resistance are important for the prognostic profile of cancer (92, 95). In contrast, VSV, a retrovirus, is able to mediate APOBEC3 expression in tumor cells. This expression is dependent on type I IFN upregulation. This research suggests that APOBEC3 is a key gene for type I IFN stimulation and plays an influential part in the build-up of resistance to oncolytic virus therapy (96).

Nrf2 is a transcriptional regulator that maintains redox homeostasis by controlling basal and induced expression of a series of antioxidant enzymes (90). Furthermore, Nrf2 actively regulates autophagy as an essential component of the regulatory network that responses to different types of stress, including protein aggregation, nutritional deficiency, and viral infection (97). Therefore, it may also influence VSV replication and infection. A study on lung cancer and osteosarcoma showed that for drug-resistant lung cancer cells (A549) and osteosarcoma cells (U-2OS), sulforaphane (SFN) inhibited IRF3 activity by activating autophagy through the Nrf2/HO-1 pathway. This inhibited the type I IFN response and promoted VSVΔ51 replication, leading to better tumor lysis. what’s more, it has shown a good safety profile in animal experiments (98).



4.2 Herpes simplex virus-1

Herpes simplex virus 1 (HSV-1) belongs to the subfamily Alphaherpesvirinae (99). Regulation of IFN by HSV and its combination therapies is achieved through multiple pathways, including STAT3-PKR-dependent antiviral responses, IRF3, and TNF-related apoptosis-inducing ligand (TRAIL). Remarkably, there is a possibility as a potential cancer vaccine of it. (Figure 3)




Figure 3 | The mechanism of action of HSV-1 therapy. (A) Propranolol blocks β-adrenergic binding to β-adrenergic receptors, leading to a restriction of Gαs-mediated cAMP synthesis. This restriction limits the transient flux of intracellular cAMP to activate PKA production and inhibits its phosphorylation to produce BARK. activation of Src kinase is dependent on BARK, and its inhibition in turn inhibits activation of the transcription factor STAT3. This series of reactions inhibit the type I IFN-mediated antiviral response and promotes the normal replication and propagation of HSV-1, thus exerting an oncolytic effect. (B) HSV-1 stimulates the production of type I IFN by pDC, which activates NK cells to exert a direct killing effect on tumor cells. (C) HSV-1 stimulates the release of type II IFN by NK cells through the TLR2/NF-κB signaling pathway. Type II IFNs released by NK cells recruit macrophages, DC cells, and other immune cells, which act as immune agents to remove tumor cells. (D) The viral polymerase synthesis factor UL42 is able to interact with the host transcription factor IRF3. This interaction inhibits IRF3 phosphorylation and downstream IFN-β gene transcription, thereby suppressing IFN-β expression and thus the antiviral effect. The virus is consequently able to replicate and spread normally, exerting an oncolytic effect.



Similarly, HSV still faces resistance due to innate immunity when applied. The type I IFN antiviral signaling pathway bears the brunt of viral defense in infected cells (100). Previous studies have identified protein kinase R (PKR) as a host antiviral kinase that inhibits cell proliferation and blocks the production of viral proteins, thus preventing viral replication (101). Therefore, inhibition of its expression and activation can attenuate the type I IFN-mediated antiviral response. In contrast, STAT3, as part of the type I IFN signaling pathway, can also inhibit the expression of PKR to limit the type I IFN cascade response (102–105). Similarly, protein kinase A (PKA) can also achieve this effect. Recently, it has been shown that β-blocker pretreatment inhibits the binding of catecholamines to β-adrenergic receptors, leading to a limitation of Gαs-mediated cyclic 3’-5’ adenosine monophosphate (cAMP) synthesis. This limits the transient flux of intracellular cAMP to activate PKA production, whose phosphorylation to produce a variety of target proteins is necessarily affected, including β-adrenergic receptor kinase (BARK). Src kinase can be activated by BARK, thereby suppressing the activation of the important transcription factor STAT3 (106). By inhibiting this series of interferon-related responses, the antitumor efficacy of oncolytic virus T1012G is improved (107).

The IFN gene stimulating factor (STING), which is upstream of IFN production, is similar to STAT. Its mediated IFN gene stimulating factor (STING)- TANK-binding kinase 1 (TBK1)-IRF3-IFN pathway is a central cellular host defense against viral infection (108–110). However, in a preclinical study of pancreatic ductal adenocarcinoma (PDAC), it was shown that cell lines defective in the STING pathway had relatively low susceptibility to being C-REV (a type of HSV) (111). In contrast, those cell lines that capable of responsive STING pathway had relatively higher susceptibility to C-REV. This suggests that there is a correlation between STING pathway activation and resistance to C-REV, and this pathway does have an effect on oncolytic virus replication, However, data analysis revealed that it is not the main pathway affecting C-REV in human pancreatic ductal adenocarcinoma cell lines (111).

Although C-REV has no critical effect on STING, one study found that modification of HSV can act on IRF3 in the STING pathway to exert antitumor effects. Engineered HSV-1ΔN146 containing amino acids 147 to 263 of γ134.5 could efficiently replicate and lyse in malignant cells refractory to the γ134.5 null mutant. ΔN146 activated IRF3 and IFN expression, triggering immunity against the virus and the tumor. Unexpectedly, ΔN146 exposed to exogenous IFN-α was also able to replicate normally, and in a 4T1 tumor model, ΔN146 also exhibited significant inhibition of tumor growth and metastasis. Thus, ΔN146 is able to stimulate the expression of inflammatory cytokines that do not have a serious impact on the replication of the virus in tumor cells. This can ensure to a greater extent that the oncolytic virus works (112). Furthermore, a similar effect can be achieved by causing mutations in the HSV-1 gene through the random insertion of a corruptive 1.2-kbp transposon into the viral genome. This mutation is capable of generating the viral polymerase synthesis factor UL42, which interacts with the host transcription factor IRF3 (113). The above studies suggest that genetic modification of HSV may be a new strategy to avoid immune clearance of HSV and provide a new way to enhance the effect of oncolytic virus therapy, but this may only be applicable to personalized treatment.

One of the pathways mediated by HSV-1 to generate IFN-α/β is through the stimulation of plasmacytoid dendritic cells (pDCs) (114), whose production of type I IFNs can activate NK cells (115). A current study has found that the type I IFN produced by pDCs and activated NK cells are an important link in the anti-myeloma effect of HSV-1, type I IFN has a direct cytotoxic effect on tumor cells and induces IFN to release from NK cells, thereby enhancing the killing effect of NK cells (116). In addition, type I IFNs have direct oncolytic activity against plasmacytoid tumors, where type I IFNs upregulate TRAIL expression, mitochondrial cytochrome c release, while limiting the expression of B-cell leukemia/lymphoma 2 (Bcl-2) and Bcl-XL (117). Regulation of these genes ultimately leads to apoptosis.

HSV not only acts through type I IFNs with NK cells, but also mediates type II IFNs stimulation of NK cells. Recent studies have shown that UV-oHSV2 can stimulate NK cells to secrete IFN-γ, which is achieved through the Toll-like receptor 2 (TLR2)/NF-κB signaling pathway, which activates multiple immune cells to exert anti-tumor responses (118). Furthermore, UV-oHSV2 stimulation promoted the expression of two checkpoint molecules, one located on NK cells, NKG2A, and the other on tumor cells, HLA-E. This finding predicts that anti-NKG2A may further enhance the antitumor effects occurring from UV-oHSV2 stimulation, and that anti-HLA-E treatment also has this possibility (118).

Speaking of IFN-γ, it plays an active role in the induction of apoptosis as well as tumor-infiltrating T cell recruitment. It has been shown that oHSV-1 stimulates tumor cells to secrete IFN-γ, which increases the immune activity of T cells, which is also able to enhance the activity of CD70-specific CAR T cells. This combination of specific T-cell therapy and oHSV-1 enhanced the pro-inflammatory environment and reduced anti-inflammatory factors in vitro, which achieved the goal of promoting tumor extinction. While this immune activation environment, this combined strategy increased the ratio of T cells and natural killer cells in the tumor microenvironment (TME) and decreased the expression of regulatory T cells as well as transforming growth factor-β1 in glioblastoma (GBM) in an in situ xenograft animal model. It undoubtedly brings a new therapeutic strategy for the treatment of GBM (119).

In addition, one study found that HF10 was able to prevent secondary tumors while activating anti-tumor effects. In an animal experiment with mice with squamous cell carcinoma, mice that survived HF10 treatment all showed rejection of tumors upon reactivation. Studies of systemic immunity in mice revealed that a large number of granulocytes and CD8 T cells were accumulated in the spleen at the time of HF10 application, and when co-cultured with SCC-VII cells, splenocytes released type I IFN (IFN-α and IFN-β), IFN-γ, IL-2, IL-12, and TNF-α. This suggests that mice developed anti-tumor immunity and implies that HSV has the potential for an in situ cancer vaccine (120).



4.3 Reovirus

MRV is a virus with double stranded RNA (dsRNA), which belongs to Reoviridae (121). Its mechanisms associated with IFN when treating tumors are mainly related to the PD-1/PD-L1 axis, STAT, and IFNAR signaling.

Similar to VSV, IFN is a key cytokine in reovirus-mediated activation of immune cell populations (122). A research found that type I and type II IFNs are able to promote PD-L1 expression in patient-derived glioma cells in a synergistic manner, while type I IFNs can induce strong expression of PD-L1 with IFN-γ, which undoubtedly has a detrimental effect on tumor treatment (123). PD-L1 binding to PD-1 prevents attack by the host’s own immune system, thereby reducing T-cell activation and proliferation of cytotoxic T lymphocytes. tumor cells evade immune surveillance as a result of T-cell depletion (124, 125). In a vitro experiment, IFN-γ was the cytokine secreted after reovirus treatment of HGG cells (123). The above analysis revealed that reovirus treatment could improve the clinical outcome of brain tumor patients by activating leukocytes, enhancing T-cell infiltration into tumors and upregulating PD-L1, which prepared for later anti-PD-1 therapy. Further studies found that the addition of PD-1 blockers to reovirus enhanced systemic therapy in preclinical glioma models. These results analyze the mechanisms by which reovirus affect IFN-related pathways and provide theoretical support for the development of PD-L1 blockade combined with systemic immunoviral treatment strategies (123).

It has been noted that in a mouse model, IL-15 can be induced by type I IFN in dendritic cells (DC production) and this cytokine can activate NK cells to act (126, 127). NK cells are a type of innate lymphocyte (ILC) that, on the one hand, are able to recognize and kill infected cells as well as tumor cells, on the other hand, have an ability to induce adaptive immunity to function (128, 129).NK component of the cytotoxic machinery is triggered by type I IFN (126, 130, 131). Recent studies have shown that Reovirus are able to activate NK cells in a type I IFN -dependent manner, inducing STAT1 and STAT4 signaling in CD56dim as well as a subset of CD56bright NK cells. However, It is puzzling that MRV is dependent on type I IFN to inhibit IL-15-induced NK cell proliferation, which may be involved with reduced AKT signaling. In in vivo experiments, CD56bright NK cells disappeared from the peripheral circulation for a brief period during the peak of the type I IFN response, which may suggest that they underwent redistribution and migrated to secondary lymphoid tissues. In combination with OV-mediated direct tumor cell killing, CD56 activation and CD56bright NK cells induce a spectrum of activity via antiviral pathways, including NK cell-mediated tumor cell killing and regulation of adaptive NK cells to lymph nodes by transport of IFN-γ-expressing CD56 (132). However, reovirus does not always depend on the type I IFN pathway for its antitumor effects. By comparing IFN-β promoter stimulator-1promoter stimulator-1 knockout (KO) mice with TLR-3 KO mice under reovirus treatment conditions, it was found that Reovirus inhibits the immunosuppressive activity of bone marrow mesenchymal stem cells in a TLR3 manner, but not in an IFN-β promoter stimulator-1 signaling-dependent manner (133).

Alternatively, the type of IFN produced by reovirus-mediated production can impact the tumor’s therapeutic outcome. Studies have shown that MRV infection has a superior stimulatory effect on type III IFN production, but does not show satisfactory performance for type I IFN production. Although activation of STAT1 and STAT2 can be achieved by both type I and type III IFNs, triple-negative breast cancer cell proliferation is only sensitive to type I IFN (134). For this issue, researchers treated triple-negative breast cancer cells with a topoisomerase inhibitor that activated the DNA damage response pathway. This combination promoted the replication of the eutherian virus and enhanced cytotoxicity, achieving effective infection and killing of triple-negative breast cancer cells (134).

Again, the problem of ineffectiveness against IFN pathway-deficient tumor cells has been faced with the application of the eutherian virus. Researchers identified IFN regulatory factor 3, as a crucial transcription factor for IFN-β expression, in transformed human myeloid cells infected with tumor-selective MRV, IFN-α/β receptor (IFNAR) signaling both gradually promoted IFN I secretion from infected cells by enhancing the activation of IFN regulatory factor 3, and also promoted viral replication. However, tumors can interfere with the IFNAR pathway to maintain their own survival, and tumors that do not respond to IFNAR signaling may require other therapeutic strategies to promote adequate type I IFN secretion into the tumor microenvironment. Therefore, the parameters of eutherian virus-induced type I IFN levels need to be further explored (135).

Some viruses from the same ancestor have small genetic differences that cannot be ignored, and their effects on cell signaling and regulation of cytokine secretion may differ dramatically (136–142), which can affect antitumor effects. For example, T3D lab strains have a large variability in the regulation of RIG-I and/or IFN-dependent genes, with the least tumorigenic T3DTD strains inducing significantly higher levels compared to the most tumorigenic T3DPL strains (the difference may be a result of polymorphisms in the dsRNA-binding protein and the PKR antagonist σ3), which is crucial for the selection of the appropriate tumorigenic virus strain (143). This suggests the need to consider minor differences between viruses and to clarify the target of action when selecting combination therapies.



4.4 Newcastle disease virus

NDV belongs to the genus Aviravirus in the family Paramyxoviridae (144). The mechanism has not been extensively studied in terms of IFN-associated tumor lysis, which is associated with both type I and type II IFNs.

Similar to numerous viruses, NDV affects type I IFN (145). It is well known that type I IFN-mediated PD-L1 expression is an unfavorable factor in tumor treatment. Unexpectedly, the inflammatory response and PD-L1 upregulation induced by NDV treatment of tumors can precisely enhance the sensitivity of these tumors to PD-1/PD-L1 blockade. The strategy of intratumoral NDV injection combined with systemic PD-1 or PD-L1 blockade significantly enhances the antitumor immune effect, which provides a theoretical basis for future clinical trials (146). Further analysis revealed that this is mainly evidenced by its upregulation of PD-L1 expression in tumor cells as well as in tumor-infiltrating immune cells, which plays an important role in the development of late adaptive mechanisms of immune resistance to increased immune cell infiltration into tumors (146).

NDV infection also affects changes in type II IFN, as demonstrated in glioblastoma, colorectal and cervical cancers (147–149), and the mechanism of action needs to be further elucidated. In an animal experiment on lung cancer, it was identified that, compared to IL-4, the increase in IFN-γ concentration far exceeded its increase, IFN-γ is one of the cytokines secreted by Th1, under NDV intervention conditions (150). This indicates a shift in cellular distribution from Th2-dominant to Th1-dominant, suggesting that NDV plays a role in regulating humoral immunity and inhibiting tumor growth (148).

Naturally, genetic modification of NDV is one of the strategies to overcome the body’s antiviral reflection (151). It was found that genetic modification of NDV to express influenza virus NS1 protein can improve the susceptibility of GBM to type I NDV-activated cells, resulting in better tumor lysis (152). This viral protein can suppress the host immune response (153, 154), the virus can thus exert its antitumor effects more effectively.



4.5 Vaccinia virus

The virus of VV belongs to the genus Orthopoxvirus (OPXV) (155). Its mediated IFN exerts antitumor effects mainly related to IRF-3, JAK-STAT signaling pathway, and Th1 cells.

In the past decades, some progress has been made in the study of VV for antitumor therapy (156–159). The finding of a recent study that a recombinant VV can induce high levels of IFN while blocking the IFN-mediated antiviral response is undoubtedly an important finding. It was shown that OncoVV-WCL could achieve induction of high levels of type I IFN expression by promoting IRF-3 transcriptional activity, which could enhance the antitumor effects of oncolytic virus. Specifically, blocking the IFN-induced antiviral response is achieved through two pathways. On the one hand, OncoVV-WCL can inhibit the activity of IFN stimulatory response element (ISRE), and on the other hand, inhibition of JAK-STAT signaling pathway by OncoVV-WCL limits ISG expression (160). By these means, the virus can avoid elimination by the antiviral pathway and thus exert a normal lytic effect (160).

Another study on multiple tumors showed that vvDD-IL-23 can promote the expression and release of Th1 chemokines and some anti-tumor factors, which contained IFN-γ, as well as tumor necrosis factor-α (TNF-α), IL-2, perforin, and granzyme B (GzmB). These cytokines keep the ratio of infiltrating activated T cells CD8 and Treg to high levels, which play a therapeutic role in reversing the immunosuppressive state to achieve antitumor (161). In a clinical study, VV also acted through a similar mechanism. It was found that a classical IFN response, including the release of inflammatory cytokines/chemokines, was induced in patients who were lysing virus responders. These factors activate T cells, which can then infiltrate into the tumor to exert antitumor effects (162).



4.6 Other viruses


4.6.1 Measles virus

MV is a type of negative-stranded RNA virus that belongs to the family Paramyxoviridae, genus Morbillivirus (163). It mainly affects type I IFN to exert antitumor effects. A variety of malignant pleural mesothelioma (MPM) cell lines have a defect in antiviral type I IFN response (164), and this defect in type I IFN response is located upstream of the IFNAR. It was thought that type I IFN-deficient tumor cells sensitive to the antitumor effects of MV still participate in part of the type I IFN response though. This is achieved by relocalizing IRF3 and NF-κB in the nucleus, but the resulting ISG expression is minimal, which is very favorable for the oncolytic virus to function. Indeed, type I IFN-deficient tumor cells can induce a response that induces immunogenic death of tumor cells and additionally induces an endoplasmic reticulum stress response, enhancing the antitumor effect. At a deeper genetic level, pure deletion (HD) of all genes of type I IFN in human MPM cells leads to their sensitivity to MV virus, and HD of the type I IFN-encoding gene in MPM occurs frequently together with HD of the CDKN2A gene, it suggests a new therapeutic target (165–167). Another study using a sequential transformation model also identified reduced type 1 IFN pathway function as a significant factor in MV-mediated selectivity of transformed cytolytic tumors (168).



4.6.2 Coxsackie virus

Fewer studies have been conducted on the mechanisms by which coxsackieviruses exert tumor lysis. Recent clinical trials in non-muscle invasive bladder cancer have identified a kind of coxsackievirus, CAVATAK, that upregulates PD-L1 and lymphocyte activation gene-3 (LAG3) among the IFN-inducible genes. In parallel, this virus promotes the release of Th1-related chemokines as well as induces RIG-I. Through these pathways, it induces an inflammatory response, reverses the “cold” tumor state, has an anti-tumor effect, and shows a good biosafety profile (169).



4.6.3 Poliovirus

The neurally attenuated recombinant poliovirus PVSRIPO has also been used in oncology treatment, it has shown good efficacy in clinical trials in glioblastoma (170). Recently, researchers have explored its mechanism of action, and unlike other oncolytic viruses, PVSRIPO is insensitive to both upstream and downstream endogenous intrinsic responses to IFN triggered by MDA5 under in vitro conditions. Although the involvement of PRR inhibited the kinetics of PVSRIPO, PVSRIPO could still be translated in diseased cells and propagate in the cell. This occurrence may be related to the translation strategy of PVSRIPO, which prevents the body’s antiviral immune response while destroying tumor cells, and immune escape occurs (171). This property could sustain activation of the IFN response. This finding suggests that poliovirus has a significant advantage in exerting its oncolytic effect.





5 Discussions and challenges

From the above review, we can understand that a variety of viruses show the ability to activate the immune of body response, which is closely related to the IFN pathway. They reverse the immunosuppressive state in the tumor microenvironment, resulting in the production of various other cytokines and various immune cells and changing cold tumors to hot tumors. Finally, they achieve the suppressive and clearing effect on tumor cells.

For different oncolytic viruses, the pathways affecting IFN are not identical, and almost all IFN-related pathways are included, summarizing that they mainly interact with IFN through the following mechanisms: (1) PD-L1/PD-1; (2) JAK/STAT signaling pathway; (3) APOBEC cytosine deaminase family; (4) Nrf2; (5) TLR2/NF-κB signaling pathway; (6) IRF3. The elucidation of these mechanisms provides a theoretical basis for future combination therapies with various oncolytic viruses, thus providing guidance for targeted enhancement of oncolytic viral therapeutic efficacy.

At the same time, we found that oncolytic viruses are similar to other viruses. When the immunity of body is activated, it will activate the anti-virus response related to IFN, which will make the virus unable to exist in the immune microenvironment for a relatively long time. Although this can improve the biological safety of oncolytic virus therapy, it is difficult to achieve an effective anti-tumor effect for a short time. Through various ways, it can inhibit the immune clearance of oncolytic viruses, better therapeutic effect can be achieved. Here, we focus on IFNs. By summarizing, we found that researchers mainly take the following ways to achieve better anti-tumor effects: (1) Combined drugs target the inhibition sites of oncolytic viruses; (2) Genetic modification of oncolytic virus; (3) Select the appropriate strain. In addition, for tumor types with IFN deficiency, some specific defects in the IFN signaling cascade can be used as potential biomarkers, which may help identify such individual cancer patients and obtain personalized treatment (16).

Of course, there are still some problems in the study of the mechanism of action between oncolytic virus and IFNs. First, most studies are still in the preclinical stage, and their mechanisms and effects in the clinical setting are still unknown. Researchers should accelerate their studies to better benefit oncology patients. Second, due to the complexity of in vivo immunity, the relationship between the efficacy of viral tumor lysis and the IFNs gene has not been fully elucidated. Further studies in this area are expected in the future. In addition, many studies have used the expression level of IFNs as an indicator of antitumor effects, and the specific mechanism of its increased expression level and antitumor effects need to be further elucidated. Notably, there are few studies on type III IFN and oncolytic viruses, and it is hoped that future studies will fill this gap. Finally, the degree of research on various viruses varies greatly. Some viruses are able to activate IFN-induced antitumor immunity while avoiding immune clearance, such as PVSRIPO and HSV-1, etc. Such viruses may have more advantages in antitumor, and research on their oncolytic mechanism can be more widely carried out.
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Coronavirus disease 2019 (COVID-19), caused by severe acute respiratory syndrome coronavirus2 (SARS-CoV-2), has spread to more than 200 countries and regions, having a huge impact on human health, hygiene, and economic activities. The epidemiological and clinical phenotypes of COVID-19 have increased since the onset of the epidemic era, and studies into its pathogenic mechanisms have played an essential role in clinical treatment, drug development, and prognosis prevention. This paper reviews the research progress on the pathogenesis of the novel coronavirus (SARS-CoV-2), focusing on the pathogenic characteristics, loci of action, and pathogenic mechanisms leading to immune response malfunction of SARS-CoV-2, as well as summarizing the pathological damage and pathological manifestations it causes. This will update researchers on the latest SARS-CoV-2 research and provide directions for future therapeutic drug development.
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1 Introduction

Since the end of December 2019, a global outbreak epidemic has emerged in several countries as an acute respiratory infection caused by a previously undiscovered strain of coronavirus (1). On December 1, 2019, the first pneumonia of unknown origin was identified in Wuhan, Hubei Province, and confirmed as a new coronavirus on January 8, 2020 (2, 3). On 12 January 2020, the World Health Organization (WHO) tentatively named this virus as “2019 new coronavirus (2019-nCoV)”, and on 11 February, the International Committee on Classification of Viruses officially called it “SARS -CoV-2”, and on the same day WHO unified pneumonia caused by SARS-CoV-2 infection as “Coronavirus disease 2019 (COVID-19)”. This pneumonia is associated with a novel strain of RNA virus from the coronavirus family. In terms of clinical manifestations, COVID-19 has a lower morbidity and mortality rate than SAS and MERS. Still, it spreads faster and more widely, and the number of infections and deaths far exceeds those of the first two viruses (4), which are highly infectious, have a long incubation period, and are prone to mutation (5). COVID-19 can lead to severe acute respiratory infections and multiple organ systems functional impairment, with 15-30% of COVID-19 patients requiring Intensive Care Unit (ICU) admission and organ function support therapy, with an overall morbidity and mortality rate of 4.3%-15% (6), with a morbidity and mortality rate of up to 61% within 28 days in critically ill patients.

Therefore, an in-depth exploration of the pathogenic mechanism of COVID-19 is crucial in achieving an accurate diagnosis, targeted therapy, vaccine development, and improved prognosis. This review provides a detailed overview of the pathogenic mechanism of the new coronavirus based on the pathogenic characteristics of the virus, the process of invasion into the human body, the dysregulation of the immune response caused, and the pathological manifestations and pathological damage of the organism, to provide clinical and scientific assistance.



2 Pathogenic characteristics and loci of action of SARS-CoV-2 virus

The main routes of transmission of SARS-CoV-2 are currently considered to be respiratory droplets and close contact (3), with the possibility of aerosol transmission (7) and vertical transmission (8) also present. Data from a clinical study of 1145 patients suggest that the severe course of COVID-19 may be closely related to its viral load during exposure (9). Therefore, studying the pathogenic characteristics of SARS-CoV-2 and its loci of action is essential to understanding the pathogenic mechanisms of the virus.


2.1 Pathogenetic characteristics of SARS-CoV-2 virus

SARS-CoV-2 is a member of the coronaviridae family, order Nestoroviridae, genus Pre-coronavirus, and is a spherical enveloped virus with a diameter of approximately 120 nm (10). Mature SARS-CoV-2 viral particles consist of a positive 5’-plus-cap and 3’-polyadenylate single-stranded RNA with a genomic sequence approximately 30,000 bases long, encoding the structural proteins nucleocapsid phosphoprotein (N), membrane glycoprotein (M), envelope (E), spines (S), and nonstructural protein (nsp) (11). Among them, it is mainly the S glycoprotein that mediates viral entry into target cells and the E and M proteins responsible for viral transcription, translation, and assembly.

The S protein consists of S1 and S2 subunits. The S1 subunit consists of the N-terminal structural domain (NTD) and the receptor binding domain (RBD), which is responsible for the direct binding of Angiotensin-converting enzyme 2 (ACE2) (12); the S2 subunit mediates the fusion of the viral envelope with the host cell membrane (13). It was shown that RBD in the SARS-CoV-2 spike-in (S) protein undergoes a specific point mutation, i.e., the asparagine is replaced by tyrosine at position 501 (N501Y) (14), and thus the N501Y S-protein binds more readily to the ACE2 receptor than the original S-protein (15). The S-protein was found to have four amino acid residues inserted at the junction of subunits S1 and S2 (PRRA) (16). This amino acid sequence can be efficiently cleaved by furin and other proteases (17), which reduce the stability of the SARS-CoV-2 S-protein, enhance viral membrane fusion and infection, and promote viral replication (18).

In addition, it has been proposed that S proteins can circulate within the Golgi and promote S protein cleavage and glycosylation, thereby infecting the plasma membrane of cells (19). Another study found that the S1/S2 cleavage site has remained constant during the human evolution of SARS-CoV-2, suggesting that it provides an adaptive advantage for the virus (14). The antiviral activity of chloroquine and its analogues are well established in the fight against SARS-CoV-2 infection (20), and clinical trials have shown that the use of some chloroquine derivatives can achieve viral reduction and improve the efficacy of the infection (21, 22). And laboratory studies have shown that its antiviral effects are attributed to multiple mechanisms, including fighting coronavirus infection by blocking the glycosylation of host receptors (23, 24), inhibiting the processing of S proteins, and suppressing the inflammatory response (25).



2.2 Action sites of SARS-CoV-2 virus

ACE2 is a metallocarboxypeptidase of the renin-angiotensin-aldosterone system (RAS) (26). The pathway of SARS-CoV-2 into host epithelial cells was mainly focused on ACE2 (27). Accordingly, it has been found that tetracycline and doxycycline can act as inhibitors of ACE2-peg binding (28).

ACE2 is expressed in over 150 different cell types in all major human tissues and organs, and its expression levels do not vary by age, sex, or race. Immunofluorescence data showed (29) that ACE2 is expressed at higher levels in epithelial cells of the upper respiratory tract, lung, heart, kidney, testis (30), intestine, liver, pancreas, stomach, duodenum, and rectum (31), and the higher levels of ACE2 in the cilia of the nose compared to the bronchi (32) also suggest that the nose may be the initial site of viral invasion and infection.

ACE2 decreases angiotensin II (Ang II) and is a stimulator of Nicotinamide Adenine Dinucleotide Phosphate (NADPH) oxidase (33). It is a key molecule in the body’s resistance to inflammation and oxidative damage in tissues triggered by SARS-CoV-2. After SARS-CoV-2 binds to the ACE2 receptor and begins to enter the cell and fuses with the viral particle-membrane, ACE2 expression will be downregulated (34), and the affinity of angiotensin II is significantly increased during infection, leading to the susceptibility of the virus in binding to ACE2 (35). It was shown that the affinity of SARS-CoV-2 to ACE2 receptor is about 10-20-fold higher than SARS-CoV (36). Therefore, based on the persistent downregulation of ACE2 expression, the overproduction of angiotensin II and activation of NADPH oxidase leads to enhanced oxidative stress mechanisms along with the release of inflammatory molecules (37), leading to the rapid progression of the disease.

In addition, cell surface phospholipid proteoglycans (HSPGs) interact with the S protein of SARS-CoV-2 (18), triggering a conformational change in the S protein RBD, and acting as a cofactor during viral endocytosis (33), which facilitates viral binding to its specific receptor (38). Basic studies suggest that HSPGs are modified by 3-OST isoform 3 but not 3-OST isoform 5, increasing S protein-mediated fusion between SARS-CoV-2 and cells, suggesting a role in virus transmission (39). In particular, HSPGs have been identified as adhesion receptors for SARS-CoV-2 infection in isolated human lung tissue explants from human lung epithelial cell nuclei in vitro (40).

RNA sequencing also revealed that immune cells, although not expressing ACE2, are transmembrane proteins of immunoglobulin cluster of differentiation (CD) 147, providing a pathway for the virus to enter and attack immune cells (41–43). It should be noted that one study using single-cell sequencing found that few cells in the placenta express both ACE2 and transmembrane serine proteases (TMPRSS2), thus concluding that ACE2 is not an effective route of transmission from mother to child (44). (Figure 1) Also, in combination with the replication process of new coronaviruses, the nucleoside analogue favipiravir (T-705) was found to effectively inhibit the RNA polymerase activity of RNA viruses (45). Remdesivir targets RNA-dependent RNA polymerase (RdRp) and is a nucleotide analogue. Remdesivir received emergency use authorization from the US Food and Drug Administration (FDA) and was approved as the first drug to treat patients with COVID-19 (46). The pharmacological mechanism of the drug is to interfere with the polymerization of viral RNA (47). As a broad-spectrum antiviral drug, it has significant antiviral activity against several RNA viruses such as Ebola virus, coronavirus (48), hepatitis C virus, and human immunodeficiency virus (HIV) (49). Experimental studies have shown that the drug significantly inhibited SARS-CoV-2 virus infection in Vero E6 cells (50), while reducing viral load and pulmonary pathological changes in animal models (51), and had stronger antiviral activity in combination with interferon (52). Lopinavir/ritonavir (LPV/r) are two anti-HIV protein hydrolase inhibitor (PI) drugs that act as antiviral retroviral with a pharmacological mechanism that prevents the excision of the Gag-Poll polyprotein (53), leading to the immaturity of the virus that replicates and proliferates in the organism. Clonidine is also thought to inhibit RNA virus replication by entering the infected cells during viral RNA (54).




Figure 1 | Schematic diagram showing SARS-CoV-2 injecting RNA into the host cell by binding to the ACE2 receptor on normal cells via the S protein. The injected RNA uses the nutrients in the host cell to replicate itself and make the structural proteins it needs. The structural proteins combine with the RNA to form a new virus.



At the same time, studies have pointed out that papain-like protease (PLpro) and main protease (Mpro/3CLpro) are two crucial proteases produced by the new coronavirus. Therefore, inhibition of PLPro and Mpro/3CLpro can effectively inhibit virus infection and replication, and is a vital target for antiviral drug development (55). The researchers screened and evaluated the applicability of a batch of FDA-approved clinical drugs targeting PLpro to SARS-CoV-2 PLpro, and found that a naphthalene-based noncovalent inhibitor GRL0617 works by occupying and blocking the PLpro substrate-binding pockets S3 and S4 exerted a potent inhibitory activity. In addition, studies have also identified inhibitors against novel coronavirus Mpro, including boceprevir, GC-376, and calpain inhibitors II and XII, which are often mimetic peptides that mimic natural peptide substrates and covalently bind to residue C145 in Mpro to exert inhibitory effects. (56). And a study selected 47 from the list of 3987 FDA-approved drugs for in vitro 3CLpro enzyme inhibitor screening test, and observed that boceprevir, ombitasvir, paritaprevir, tipranavir, and micafungin showed partial inhibition, and ivermectin blocked. The 3CLpro activity of SARS-CoV-2 was more than 85%, indicating that it has the potential to inhibit the replication of SARS-CoV-2. In addition, PF-07321332, developed by Pfizer, is the first oral coronavirus-specific major protease inhibitor approved by the U.S. FDA. The FDA has approved emergency treatment for Paxlovid (PF-07321332 and ritonavir). As a protease inhibitor, PF-07321332 binds to viral enzymes and can block the activity of proteases required for the coronavirus to replicate itself. Ritonavir, an inhibitor of a key liver enzyme called CYP3A, also increased and maintained plasma concentrations of PF-07321332 when given in combination (57).



2.3 Mediating factors of SARS-CoV-2 virus invasion into cells

The consensus achieved by the current study is that the entry and spread of the SARS-CoV-2 virus depend on the host ACE2 receptor and the serine protease TMPRSS2, with possible involvement of B/L7 and furin proteases (27).

Experimental studies have shown that the S protein of the SARS-CoV-2 virus binds to the receptor, acid-dependent proteolytic cleavage (58), and is assisted by the S2 subunit to mediate the fusion of the viral membrane with the cell membrane (59), leading to cytoplasmic lysis. This process is mainly mediated by certain host proteases, including furin protease, TMPRSS2, histone B, histone L, factor Xa, and elastase (60). Bertram et al. also suggested that the coronavirus protease system is transmembrane anchored, which is essential for invasion and infection (61). As previously described, after membrane fusion and protease mediation, the S1/S2 site of the S protein will insert four amino acids, providing a motif that can be recognized and cleaved by the furin protease. The virus is then cleaved by TMPRSS2, and the viral protease system forms an unlocking and fusion catalytic structure with the type II transmembrane serine protease (TTSP) family at the cell surface and mediates rapid entry into the cell and completion of ligation within the cell (61, 62), triggering irreversible and extensive conformational changes that mediate membrane fusion (63, 64).

In addition to the associated proteases, it has been proposed that coronavirus infection increases circulating exosomes containing lung-associated autoantigens as well as viral antigens and 20S proteasomes (65). It has also been shown that SARS-CoV-2 drives host cell molecular pathways to activate cellular kinases, such as casein kinase II (CK2) and p38 mitogen-activated protein kinase (MAPK), and growth factor receptor (GFR) signaling to hijack the host protein production machinery (66) for its replication, transcription, and translation purposes.




3 Abnormalities in the body’s immune response

When normal, the body’s immune system can limit processes such as the entry of viruses into host cells and their replication within the host cells. The immune system has two main defense mechanisms: innate immunity and adaptive immunity. In contrast, after infection with the SARS-CoV-2 virus, the pathogen-associated molecular patterns (PAMPs) of the virus trigger specific combinations of pattern recognition receptors (PRRs) and adapter molecules, leading to an immune response adapted to the pathogen (67), resulting in abnormal immune response function and causing the associated pathological processes.


3.1 Inherent immune response dysregulation

Innate immunity is the first line of defense against infection. The main cells that perform innate immunity are mast cells, NK (natural killer cells), NKT (natural killer T cells), NHC (natural helper cells), granulocytes, macrophages, and monocytes. The organism detects coronaviruses through PRRs, which trigger an innate immune response that effectively limits viral replication. And it helps to control or eliminate viral infections by releasing interferons (IFNs), while activating interferon-stimulated genes (ISGs) to exert direct antiviral effects and recruit antiviral immune effector cells to clear the virus (Table 1).


Table 1 | Summary of research progress on COVID-19 innate immune response dysregulation.




3.1.1 Excessive inflammatory response

Studies have shown that reduced numbers and functional failure of NK cells occur during SARS-CoV-2 infection (68, 69), and the mechanism may be closely related to the generation of reactive oxygen species (ROS) during the early stages of the immune response. In addition, Nox2 may be a key factor in the infection and development of COVID-19. It was found that the SARS-CoV-2 virus may suppress the immune response and lead to infection by activating Nox2 (NADPH oxidase 2, nicotinamide adenine dinucleotide phosphate hydrogen oxidase 2) (70). Clinical observations likewise revealed higher levels of Nox2 activation in critically ill patients with COVID-19 (37).

The main PRRs-against viruses are currently considered to be Toll-like receptors (TLRs) and RIG-I-like receptors (RLRRs), and NOD-like receptors (NLRX) (71). Among them, PRRs are present on the cytoplasmic and endosomal membranes of immune cells, and their function is to recognize foreign pathogens on the cell surface or inside. The binding of PAMPs to PRRs induces innate immune signaling (17), successively involving adaptor proteins (MYD88, TRIF, RGL-1, and MAD-5), cell membrane protein kinases (IRKs, MAPKs, and ERKs), and finally the production of transcription factors at the cell membrane (e.g., nuclear factor kappa-B, IFRs, NF-κB, and IFRs) (72). These transcription factors migrate to the nucleus and induce the expression of encoded cytokines, IFN-I, IFN-III, pro-inflammatory cytokines, and chemokines (73), which leads to a massive accumulation of neutrophils (74). Although neutrophils have an antiviral function, their secretions, cytokines, and chemokines promote the accumulation of immune cells and further produce an excessive inflammatory response (75) (Figure 2).




Figure 2 | Schematic diagram showing the process by which the new coronavirus enters the human body and triggers an inflammatory response. ACE2 and TMPRSS2 play a decisive role in neo-coronavirus invasion. The major PRRs against viruses are present on the cytoplasmic and endosomal membranes of immune cells and recognize foreign viruses. After a series of processes, they finally produce transcription factors NF-κB and IFRs on the cell membrane. Next, they migrate to the nucleus and induce the expression of encoded cytokines and IFN-I and IFN-III, pro-inflammatory cytokines, and chemokines, which in turn accumulate large numbers of neutrophils. The secretion of neutrophils, cytokines, and chemokines promotes further accumulation of immune cells, producing an excessive inflammatory response or further triggering the cytokine storm mentioned below.



Glucocorticoids should be used for a short period of time, as appropriate, in patients with progressively worsening oxygenation indices, rapidly developing imaging, and over-activated inflammatory responses (76), and systemic corticosteroid use is effective in reducing mortality in critically ill patients with COVID-19 (77). The World Health Organization recommends using dexamethasone 6 mg daily for up to 10 days in patients with severe or critical COVID-19 (78). Calcium-release-activated calcium (CRAC) channel inhibitors block the release of pro-inflammatory cytokines, protect endothelial integrity, and may be effective in treating patients with severe COVID-19 pneumonia (79).



3.1.2 Evasion of natural immune system recognition

SARS-CoV-2 viruses possess ways to escape the natural immune system, such as modifying their own viral mRNAs, inducing mRNA translation abnormalities in host cells, and blocking interferons. It was found that nsp16 and nsp10 induce the synthesis of viral mRNAs that mimic host cell mRNAs, thereby protecting the virus from the host’s innate immune response (80). The spike protein of SARS-CoV-2 facilitates invasion of host cells and evades detection by host immune cells. It was found that the nsp1 of SARS-CoV-2 causes mRNA translation shutdown in host cells and blocks Retinoic acid-inducible gene I (RIG-I) and Immune Serum Globulin (ISG), key mediators of the innate immune response against viral infection (17). Furthermore, SARS-CoV-2 will inhibit interferon-induced and blocked IFN signaling and lead to decreased expression levels of toll-like receptor 7, TLR8, TLR2, and TLR4 receptors that recognize SARS-CoV-2 viral RNA, which will lead to immune escape as SARS-CoV-2 virus is not recognized by the host’s immune system (81).



3.1.3 Interferon response dysregulation

IFNs are the first line of defense against viruses. It includes a series of antiviral IFN cytokines, classified into types I, II, and III according to their unique molecular structures, which trigger the expression of ISGs. ISGs exert various antiviral and other immunomodulatory functions by directly inhibiting viral replication (82), transcription, and translation through multiple mechanisms.

It is important to note that viruses (especially those infecting the lung) develop strategies to evade PRR detection and thus alter the host IFN response; for example, some viral proteins can inhibit PRRs in host cells (83). It was found that the immune evasion mechanism of SARS-CoV-2, in addition to the previously described, may also be related to the inhibition of IFN production and IFN signaling by viral proteins (84, 85). Experimental observations revealed that interferon regulatory factor (IRF) mediated signaling was not activated (86), suggesting that dysregulation of interferon response occurs during SARS-CoV-2 virus infection.

Studies suggest that although the organism produces ISGs, transcriptional processes regulated by the interferon regulators IRF3 or IRF7 are apparently absent in SARS-CoV-2 infection. And experiments have shown that the protease of SARS-CoV-2 can directly cleave IRF3 and lead to an attenuated production of IFN (87). Other experiments have shown that IRF7 and IRF9 are upregulated in SARS-CoV-2 infection and that severe viral load may overwhelm the IFN response and determine the outcome of the infection (86), manifesting as a dysregulated IFN response. Studies suggest that Open reading frame 6 (ORF-6) acts as an antagonist of type I interferon, promoting viral escape from the host innate immune system (11).

It was found that viral proteins or nucleic acids that trigger PRRs induce β-interferon TIR structural domain bridging proteins (TRIFs) and IRFs through TIR structural domain-containing junctions, thereby activating the interferon response (88). And triggering PRRs and interferon type I pathway leads to a further oxidative stress response. Meanwhile, the SARS-CoV-2 viral protein has an inhibitory effect on IFN-I-mediated antiviral immune responses. Its interference with interfering with the production of IFN leads to or blocks the downstream signaling pathway following the binding of IFN to ISGs (89, 90), thus antagonizing the innate immune response.




3.2 Adaptive immune response dysregulation

When the organism exerts a normal adaptive immune response, the SARS-CoV-2 viral antigen is recognized, processed, and presented by antigen-presenting cells (APCs), thereby activating cellular and humoral immunity. This includes the activation of CD4+ and CD8+ T cell differentiation. CD4+ T cells are activated and differentiate into Th1 and Th2 effector cells and other subpopulations (including Tfh cells, etc.) that recruit immune cells by secreting cytokines (including MIP-1s, INF γ, etc.) and chemokines, CD8+ T cells produce substances such as Perforin, CD107a, and Granzyme B, while B cell differentiation and antibody production are stimulated, which together exert adaptive immunity to destroy the virus (58) (Table 2).


Table 2 | Summary of research progress on COVID-19 adaptive immune response dysregulation.




3.2.1 Dysregulated cellular immune response

Experimental studies have shown that CD4+ T cells are significantly less responsive to various viral proteins such as S, N, and M proteins in SARS-CoV-2 infection (91). Clinical data showed a progressive decrease in peripheral blood CD4+ T and CD8+ T cells during SARS-CoV-2 infection (92). In contrast, a significant lymphocyte decrease is an important immunological marker of impending severe COVID-19 (93). Severely ill patients exhibit macrophage overreaction (also known as macrophage activation syndrome MAS) and lymphocytopenia in effective lymphocytes, including neutrophils, CD4+ T cells, and NK cells (94–96).

It was found that under normal conditions, IFN-g induces the differentiation of Th0 cells into Th1 cells. In contrast, during SARS-CoV-2 infection, lower levels of IFN-g production reduce Th1 production, leading to a further attenuation of the antiviral immune response of CD4+ T cells (97). In addition, Th2 cells normally produce IL4, IL-6, Il-8, IL-10, and IL-13, which suppress inflammatory responses, promote antibody responses, and inhibit Th1 cell-induced antiviral functions (98).

In COVID-19 patients, TNF-α and IFN-γ expression is reduced in CD4+ T cells (99); high levels of failure markers are expressed in CD8+ T cells (100); and programmed cell death protein-1 (PD-1) and T cell immunoglobulin structural domain and mucin structural domain-3 (TIM-3) expression are increased (101). T cells from patients with severe COVID-19 showed high levels of apoptosis and expression of the death receptor FAS (102), suggesting severely impaired T-cell function. It was found that in addition to the reduced number of T cells, the expression levels of T cell receptor subunits, T cell surface molecules, and their downstream signaling molecules were also severely reduced (103). In addition, SARS-CoV-2 infection also resulted in downregulation of B-cell histocompatibility complex MHC-II expression (104), which severely impaired immune function.

It should be noted that since ACE2 is not expressed in T cells, the impaired T cell response may not be due to the direct toxic effects of SARS-CoV-2 (105). It has been suggested that T-cell lymphopenia may be caused by pro-inflammatory cytokines and activation-induced cell death (69, 102).



3.2.2 Dysregulation of humoral immune response

After SARS-CoV-2 infection, cell-mediated immunity of T cells comes into play, and cytotoxic T cells recognize an attack and destroy cells containing this pathogen. Helper T cells activate the differentiation of B lymphocytes in the germinal centers of lymph nodes and other lymphoid tissues to secrete pathogen-specific antibodies (71). Studies have shown that the antibody profile against the SARS-CoV2 virus has a typical pattern of IgM and IgG production. Measurement of serological IgM and IgG titers and detecting SARS-CoV-2 nucleocapsid protein (NP) antigen by fluorescent immunochromatography showed its high specificity and relatively high sensitivity in the early stages of infection (58).

Dysregulated B-cell responses have been reported in COVID-19. Analysis of circulating B cells has shown polyclonal expansion of plasma cells and reduced memory B cells in patients with severe COVID-19 compared to patients with mild COVID-19 or healthy individuals (104, 106, 107), and synthesis of IgG and IgM antibodies also appear to be stalled or delayed (6, 108). Although studies have shown elevated anti-SARS-CoV-2 antibodies in patients with severe COVID-19 (109), their specificity and affinity appear low (110).





4 Pathological manifestations of the organism

SARS-CoV-2 viral infection causes disseminated intravascular coagulation (DIC), septic shock (111), RAS system activation, hemodynamic changes, and cellular damage by interfering with the normal function of immune function and triggering cytokine storms and bradykinin storms, which leads to a series of pathological manifestations in the organism.


4.1 Cytokine storm

Cytokine storm, also known as cytokine release syndrome, is a potentially fatal immune disease. It is characterized by the high activation of immune cells and the overproduction of large amounts of inflammatory cytokines and chemical mediators (112). It has been proposed that cytokine storm, the excessive immune response that SARS-CoV-2 infection triggers in severe cases of COVID-19 (113), is thought to be a major cause of severe disease and death in COVID-19 patients (74). Cytokine storms begin with strong activation of cytokine-secreting cells (41), and COVID-19 cytokine storms are characterized by high expression of IL-6 and TNF-α (114). The mechanism of which may be related to SARS-CoV-2 induction of cell death and thus histone release, which triggers the secretion of pro-inflammatory molecules of the interleukin-1 (IL-1) family (115), producing such IL-6, IP-10, MIP1αβ (macrophage inflammatory protein-1αβ) and MCP1 (monocyte chemotactic protein-1), and a large number of other pro-inflammatory cytokines and chemokines (116). Among them, IL-6 is an important pleiotropic pro-inflammatory mediator and a major driver of the cytokine storm. And cytokine storm is closely associated with macrophage activation syndrome (MAS). Excessive proliferation of differentiated macrophages leads to phagocytosis and hypercytosis (117, 118), which leads to systemic inflammatory abnormalities.

In addition, CD4+ T lymphocytes rapidly differentiate into pathogenic T helper (Th)1 cells that produce IL-6 and GM-CSF (Granulocyte-macrophage Colony Stimulating Factor). GM-CSF plays an important role in mediating the cytokine storm (119). Subsequent induction of high levels of IL-6 and GM-CSF secretion by CD14+, CD16+, and monocytes (120) exacerbates the cytokine storm. Activated neutrophils can form neutrophil extracellular traps (NETs) that are involved in the pathogenesis of aseptic and nonsterile inflammation (121) and promote the development and progression of inflammation. Uncontrolled excessive inflammatory responses produce oxidative stress (imbalance between oxidants and antioxidants). Activated neutrophils and macrophages release pro-oxidant factors such as TNF-α (tumor necrosis factor-α) and release reactive oxygen species (ROS) (122–124), which in turn stimulate further cytokine production by inflammatory cells, leading to an even more intense inflammatory response (125).

In the face of the inflammatory storm generated by neo-coronavirus, it was found that timely application or combination of monoclonal antibodies can effectively reduce the rate of deterioration and mortality of neo-coronavirus pneumonia, which has broad clinical application prospects. As monoclonal antibodies against interleukin 6 receptor (IL-6), among which tocilizumab and satralizumab whose pharmacological mechanism is mainly to specifically bind to IL-6 receptor and inhibit its activation, thus inhibiting cytokine storm and reducing mortality (126), clinical studies have also confirmed that the application of this drug has significant efficacy in improving the inflammatory response in patients with COVID-19 (127). In addition, it has been shown that the administration of levilimab in patients with SARS-CoV-2 pneumonia in the absence of other signs of active infection, with or without oxygen therapy, increases the rate of sustained clinical improvement (128), that itolizumab significantly reduces the severe consequences caused by cytokine release syndrome (129), and that tocilizumab reduces the duration of hospitalization (130), the progression to mechanical ventilation (131) and the risk of transfer to the ICU (132). In addition, studies have proposed binding neutralizing antibodies to the surface of photothermal nanoparticles (NPs) to capture and inactivate novel coronaviruses. The NPs consist of a semiconductor polymer core and a biocompatible polyethylene glycol surface modified with a high-affinity neutralizing antibody. The multifunctional NP efficiently captures novel coronavirus pseudoviruses and completely blocks virus infection of host cells in vitro by surface-neutralizing antibodies. In addition to the virus capture and blocking functions, the NPs have a photothermal function to inactivate the virus by generating heat upon irradiation (133). The multifunctional nanoparticles also exhibit excellent biosafety in vitro and in vivo, and show satisfactory pulmonary delivery in mice. Most importantly, in vivo treatment with multifunctional NPs in the presence of actual novel coronaviruses was achieved, offering significantly improved therapeutic efficacy compared to soluble neutralizing antibodies and demonstrating their great potential for clinical novel coronavirus therapy. NPs are very superior to neutralizing antibodies in the treatment of actual novel coronavirus infections that occur in vivo. This versatile NP provides a flexible platform that can be easily adapted to other novel coronavirus antibodies and extended to new therapeutic proteins, and thus it promises to provide broad protection against the original novel coronavirus and its variants (134).



4.2 Coagulation disorders

Clinical observations have revealed alterations in hematology associated with coagulation during COVID-19 (2, 135). In most severe cases, patients develop microvascular dysfunction such as disseminated intravascular coagulation (DIC) or infectious shock (136). Thromboembolic complications are one of the main causes of morbidity and mortality in patients with COVID-19 (137).

The cause of thrombosis is an imbalance between procoagulant and anticoagulant processes. Systemic thromboembolism, including venous thromboembolism, arterial thrombosis, and thrombotic microangiopathy, is a unique and essential feature of COVID-19. In current studies, the mechanisms of coagulation disorders may also be associated with downregulation of ACE2 activity, endothelial dysfunction (138), activation of von- Willebrand factor, activation of the complement system, neutrophil extracellular traps (139), oxidative stress injury, and high inflammatory state (140) formation. These predisposes infected individuals to the activation of Virchow’s triad, leading to arterial and venous thrombosis and vascular arrest anywhere in the body (141).

It has been studied that coagulation parameters, especially D-dimer levels, predict mortality in 2019 coronavirus disease and that patients with 2019 coronavirus disease have an increased risk of arterial and venous thrombosis. It has been suggested that anticoagulation (AC) is beneficial in these patients. That prophylactic AC with enoxaparin and apixaban is appropriate for treating hospitalized 2019 coronavirus disease patients with D-dimer levels >1µg/mL (142).


4.2.1 Down-regulation of ACE2 activity

As mentioned previously, the primary site of action of the SARS-CoV-2 virus is ACE2. And viral infection may lead to a decrease in ACE2 activity, resulting in elevated angiotensin II and decreased angiotensin 1-7. Angiotensin II rapidly generates reactive oxygen species mediated by NADPH oxidase and causes oxidative stress injury (143). Angiotensin 1-7 is now considered to be an important anti-inflammatory and anti-thrombotic peptide with inhibitory effects on platelet activation (144). Therefore, these will lead to RAS dysregulation, oxidative stress injury, and coagulation disorders.



4.2.2 Endothelial dysfunction

There is a strong correlation between endothelial dysfunction and thrombosis (145). Experimental studies have shown that endothelial dysfunction is a key factor in the release of the procoagulant factor fVIII (146) to generate and activate thrombus and trigger various coagulation cascades (147). This process may be associated with the endothelial expression of many prothrombotic factors and receptors. In addition, overexpression of hemagglutinin-like oxidized low-density lipoprotein receptor (LOX-1), cyclooxygenase (COX-2), and vascular endothelial growth factor (VEGF) during infection can also cause endothelial injury (148).



4.2.3 Activation of the von Willebrand factor

The underlying vascular hemophilic factor (vWF) plays a key role in COVID-19-related coagulation (149). Following endothelial injury, vWF present in the subendothelium is released, further multimerized by disulfide bonds, and exposes to the platelet-binding and collagen-binding domains (150). vWF acts as an adherent molecular glue platelet together with subendothelial collagen, activating platelet aggregation and thrombosis (151).



4.2.4 Activation of the complement system

The complement system is capable of activating the coagulation cascade through multiple mechanisms leading to vascular thrombosis. The nucleocapsid (N) protein of SARS-CoV-2 binds to mannose-binding lectin-associated serine protease (MASP)-2, which is expressed on microvessels, leading to complement activation (121). In contrast, complement factor C3 and MAC directly activate platelets and induce platelet aggregation (152). Similarly, complement factor C5a has been shown to stimulate the expression of fibrinogen activator inhibitor 1, thereby promoting thrombosis (153).



4.2.5 Formation of neutrophil extracellular traps

NETs, also known as extra-neutrophil traps, contain various pro-thrombogenic molecules such as tissue factor, protein disulfide isomerase, factor XII, vWF, and fibrinogen (154). In addition, DNA released from extracellular NETs can directly activate platelets and lead to thrombosis. Circulating histones (major components of NETs) have also been found to activate Toll-like receptors on platelets and promote thrombin production (155).




4.3 Other pathological manifestations

Coronavirus replication can lead to lysosomal disruption, mitochondrial damage, free radical damage, disruption of membrane structure and function, destruction of mitochondria and lysosomes, cellular autolysis, and triggering ion concentration imbalance (73). Among them, reactive oxygen species (ROS) and (reactive nitrogen species) RNS may be one of the modification pathways of severe COVID-19 (156). It has been demonstrated that the downregulation of ACE2 by COVID-19 may affect the mitochondrial function of immune cells, which in turn may reduce the immune function of the host (157).

As mentioned earlier, ACE2 is an important locus for the SARS-CoV-2 virus. And one of the roles of ACE2 is to inactivate angiotensin II by converting it to angiotensin 1-7 through proteolysis, which puts ACE2 in a critical position to act as a negative regulator of the renin-angiotensin-aldosterone system (RAAS) (158) and leads to RAAS system dysfunction.




5 Pathological damage to the organism

Infection with SARS-CoV-2 will cause a range of pathological injuries such as lymphopenia, and lung tissue damage (159), such as acute respiratory distress syndrome (ARDS) and respiratory failure, sepsis-induced cardiac injury and arrhythmia (58), and multi-organ failure. Enhanced granulocyte and monocyte-macrophage infiltration are common in critically patients with COVID-19. Monocytes and macrophages are involved in and exacerbate hypersensitivity reactions (160), leading to organ damage.


5.1 Lymphoid tissue damage

Studies have shown a direct relationship between apoptosis rates and the pathogenicity and severity of COVID-19 (161). COVID-19 attacks the lymphoid tissue of the body and induces apoptosis in immune cells. During SARS-CoV-2 infection, single-cell RNA sequencing showed enrichment of SARS-CoV-2 RNA in the macrophage population of bronchoalveolar lavage samples from patients phenomenon, suggesting that the virus directly infects and attacks macrophages (162) and triggers macrophage polarization toward a pro-inflammatory phenotype (163).

Several mechanisms may exist for apoptosis, decreased expression, and functional failure of immune cells. The decrease in T-cell numbers was negatively correlated with IL-6 and TNF-α levels (164), suggesting that increased inflammatory cytokines may promote T-cell failure and apoptosis. Moreover, the IL-2 signaling pathway is inhibited, negatively regulating CD8+ T cells (71) and inducing a decrease in lymphocytes. Besides, some lymphoid organs are attacked by SARS-CoV-2, which further leads to lymphocyte damage. Similarly, it has been noted that SARS-CoV-2 ORF3a induces apoptosis through the extrinsic apoptotic pathway. Caspase-8 activation/cleavage is a hallmark of the extrinsic apoptotic pathway, and SARS-CoV-2 ORF3a induces caspase-8 activation/cleavage. This process can induce epithelial apoptosis and inflammatory cytokine processing in turn, which triggers necroptotic prolapse pathway caspase-8-mediated apoptotic activation and inflammatory response, which can induce downstream immunopathogenesis in lung tissue (165).

Furthermore, elevated blood lactate levels in critically ill patients with COVID-19 inhibit lymphocyte proliferation of neutrophils with suppressive properties (e.g., granulocyte myeloid-derived suppressor cells (G-MDSCs)) (166). They may inhibit the expansion of CD4+ and CD8+ T lymphocytes (167).



5.2 Diffuse lung injury

Preliminary data suggest that pulmonary vascular injury and partial loss of alveolar group function are key to developing severe illness and death in patients with COVID-19 (168). Clinical data analyzed that after infection with SARS-CoV-2, most patients develop bilateral interstitial pneumonia with histology showing alveolar wall edema, protein exudates, and non-cellular focal reactive hyperplasia with vascular congestion (169), which also leads to selective death of type II pneumocytes (170). After type II pneumocyte injury, the inflammatory state will be supported by macrophage pro-inflammation (M1), cytokine release, and NF-κB support, further damaging alveolar cells in a vicious cycle (171). Loss of lung surface active gas exchange and vascular abnormalities can lead to progressive respiratory failure. Pneumonia caused by SARS-CoV-2 leads to a rapid decrease in arterial pO2 levels measured by transcutaneous saturation (136) and hypoxemia.

Some scholars have suggested that lung tissue damage may be associated with the occurrence of NETs in large numbers of neutrophils, which in turn release toxic enzymes such as elastase (172), and secrete substances such as cationic histones. These, in addition to having direct cytotoxic effects, may also enhance infection of lung cells and thus aggravate the disease (173). In addition, oxidized phospholipids in macrophages triggering cytokine production via TLR4-TRIF-TRAF6 can further aggravate lung inflammation (174).

It has been found that patients with ARDS and extrapulmonary complications have significantly elevated rates of circulating pro-inflammatory cytokines, chemokines, and systemic inflammatory markers (175), suggesting that the organism is in a state of intense inflammatory response. It has been proposed that severe lung injury in COVID-19 patients is thought to result from direct viral infection and immune hyperactivation (114). (Figure 3)




Figure 3 | Schematic diagram showing the pathogenic mechanism of diffuse lung injury caused by 2019-nCoV. SARS-CoV-2 binds to ACE2 receptors on human alveolar epithelial cells via S proteins and enters the cells. NK cells, natural killer cells, macrophages, dendritic cells, monocytes, etc., release cytokines (e.g., IL-6, IL-7, IL-8, IL-17, etc.) and chemokines (e.g., CCL-2, CCL-3, CCL-5, etc.). CD8+ T cells secrete substances such as Perforin, CD107a, and Granzyme B. CD4+ T cells are activated and differentiate into Th1, Th2 effector cells, and other subpopulations (including Tfh cells, etc.), and also secrete cytokines (e.g., INFγ) and chemokines to recruit Immune cells are also secreted (e.g., INFγ) and chemokines are recruited, resulting in a cytokine storm that causes diffuse lung injury.



One study reported that phototherapy using red and near-infrared light reduced lung inflammation and pulmonary fibrosis in mice by downregulating pro-inflammatory cytokines, upregulating IL-10 secretion from fibroblasts and lung cells, and reducing collagen deposition in the lung (176). Since lung inflammation and pulmonary fibrosis are common complications in critically ill patients with novel coronavirus infections, experiments have shown that 650 nm light-emitting diode (LED) treatment may alleviate these life-threatening problems. Compared to conventional laser excitation, 650 nm LEDs have more desirable safety properties. Under its excitation, multifunctional NPs can further inactivate the virus by assisting the photothermal function. In addition, multifunctional nanoparticles have favorable properties for pulmonary delivery and retention, which can overcome the limitation of rapid clearance of antibodies in the lung (177). The unique design of multifunctional NPs not only enables antibody-mediated neutralization to capture novel coronaviruses, but also provides a strategy to mitigate the potential risk of antibody-dependent enhancement (ADE) and new, more infectious novel coronavirus variants by inactivating the virus through direct heating. Together with efficient viral inactivation capabilities, the superior therapeutic efficacy of multifunctional NPs could be further enhanced. Future research will be conducted using site-specific binding approaches, such as site-selective click chemistry (178) that can increase surface antibody binding efficiency, control antibody binding sites and orientation and purify multifunctional nanoparticles to improve their therapeutic efficacy further.



5.3 Multiple organ injury

According to studies, COVID-19 has been shown over time to cause multi-system involvement of the cardiovascular system (2, 6, 179), the nervous system, the urinary system (2020), and the hematological system in addition to the respiratory and immune systems (139, 180). This is partly due to the widespread expression of ACE2 as a SARS-CoV-2 receptor in tissues and organs, and partly because SARS-CoV-2 causes a series of systemic pathological manifestations, such as cytokine storm and disorders of coagulation mechanisms (74, 181, 182).

In particular, neurological complications have become an increasingly recognized cause of morbidity and mortality in patients with COVID-19. The most common of these neurological symptoms include cerebrovascular events (183), encephalitis, Guillain-Barré syndrome, acute necrotizing encephalopathy, hemophagocytic lymphoid tissue hyperplasia, and acute ischemic cerebrovascular syndrome (184), as well as neuropsychiatric symptoms such as dizziness, sleep disturbances, cognitive deficits, delirium, hallucinations, and depression. In addition, the chronic neurological aspects of traumatic brain injury, post-stroke syndrome, long COVID-19, intractable Lyme disease, and influenza encephalopathy have close pathophysiological similarities, mainly involving positive feedback loops for TNF maintenance and activation (185), and cerebral venous sinus thrombosis (CVT) formation is also associated with infection with SARS-CoV-2 virus (139).

In addition, right ventricular (RV) dysfunction is common and correlates with poor prognosis in COVID-19 patients (186). And one experiment found that ACE2 expressed by enterocytes derived from human colon differentiation is sensitive to SARS-CoV-2 infection, revealing that IFN-c is a strong driver of epithelial cell differentiation towards the enterocyte lineage and leads to high ACE2 expression and increased susceptibility to SARS-CoV-2 (187).

In summary, the pathogenic mechanism of COVID-19 involves the combined effects of characteristic structures, genes, enzymes, and immune responses. The pathological manifestations and damage caused are manifested as a process in which the lung is the main object of damage and can cause extensive extrapulmonary partial damage as the disease progresses.




6 Conclusions and challenges

Studies on the pathogenic characteristics of neocoronaviruses and the sites of action have demonstrated that among all functional proteins of neocoronaviruses, the S protein is the main antigenic component that binds to host cell receptor proteins, promotes viral invasion of host cells, and stimulates host immune responses. ACE2 is the main receptor infection target. Serine proteases, cysteine proteases, lysosomal proteases, and other enzymes are the main proteases that activate S proteins. Therefore, the S protein can be selected as an important target for vaccine development. For clinical treatment, ACE direct injection can increase the expression of recombinant ACE2 protein and therapeutic vectors that deliver an expression of high levels of ACE2, which is used to overcome virus-induced ACE2 deficiency by increasing the expression of ACE2 protein. Alternatively, ACE inhibitors can balance ACE/ACE2 function by inhibiting the activation of S proteins through the inhibition of related enzyme activities (188). The study of viral exosomes can also be further explored to explore the possible target proteins and signaling molecules for exosomal-cell fusion, thus obtaining new ways to inhibit virus transmission.

During the immune system dysregulation caused by a new coronavirus, the virus modifies its RNA, generates an immune escape mechanism, antagonizes the immune response, and induces apoptosis of immune cells. This phenomenon suggests that viruses change by adapting to new environments, and it is speculated that a new epidemic involving coronaviruses may break out in the future. COVID-19 is highly infectious and has a long incubation period, resulting in a rampant epidemic with a complex and variable disease course, which poses a great challenge to the control of the epidemic. Up to now, no targeted vaccine or effective drug has been developed.

According to the pathogenic mechanism of neo-coronavirus, treatment is still mainly based on antiviral, anti-infective, and symptomatic supportive therapy. Many drugs have been introduced for the treatment of neo-coronavirus pneumonia; for example tetracycline and doxycycline can act as inhibitors of ACE2 binding (28); niclosamide can inhibit RNA viruses during the post-entry phase of viral RNA replication and also exhibits anti-inflammatory activity (189); chloroquine reduces the production of cytokines and damage-associated molecular patterns by interfering with the innate immune pathways of multiple immune cells, thus preventing experimental sepsis and infectious shock (190, 191). In addition, combination therapies have been introduced, such as early triple antiviral therapy with interferon beta-1b, lopinavir-ritonavir, and ribavirin, which shortens the time to viral shedding, reduces cytokine responses, relieves symptoms, and promotes the discharge of patients with mild to moderate COVID-19 (192). The discovery and study of the pathogenic mechanism of neocoronaviruses can bring the course of action of existing drugs into more explicit articulation at the cellular or molecular level to align with clinical applied medicine with more rationalized, standardized, institutionalized, and scientific research. In addition, we believe that a large number of experiments and research records can provide detailed statistics on drug efficacy, efficiency, and the number of stable cases, which can also help promote the organic combination of pathogenesis research and clinical drug action process analysis. We also suggest that a series of accurate and standardized target models may be constructed, and the criteria for clinically effective associations may be derived through model experiments. The establishment of model systems may be expected to be a reference for subsequent studies on preventing and treating other large epidemic diseases.

SASRS-CoV-2 is another highly lethal virus after SARS-CoV and MERS-CoV. COVID-19 epidemic is a major public health emergency in China and the world. The epidemic is spreading globally and the situation has been dire so far. Further experimental, as well as clinical solutions to the currently unresolved and controversial issues, are still needed. Understanding the pathogenesis of neocoronaviruses and developing therapeutic regimens based on the complex pathogenesis of the pathological damage produced by neocoronaviruses is of great importance in response to COVID-19 and possible future epidemic viruses.
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Interferons (IFNs) bind to cell surface receptors and activate the expression of interferon-stimulated genes (ISGs) through intracellular signaling cascades. ISGs and their expression products have various biological functions, such as antiviral and immunomodulatory effects, and are essential effector molecules for IFN function. ISGs limit the invasion and replication of the virus in a cell-specific and region-specific manner in the central nervous system (CNS). In addition to participating in natural immunity against viral infections, studies have shown that ISGs are essential in the pathogenesis of CNS disorders such as neuroinflammation and neurodegenerative diseases. The aim of this review is to present a macroscopic overview of the characteristics of ISGs that restrict viral neural invasion and the expression of the ISGs underlying viral infection of CNS cells. Furthermore, we elucidate the characteristics of ISGs expression in neurological inflammation, neuropsychiatric disorders such as depression as well as neurodegenerative disorders, including Alzheimer’s disease (AD), Parkinson’s disease (PD), and amyotrophic lateral sclerosis (ALS). Finally, we summarize several ISGs (ISG15, IFIT2, IFITM3) that have been studied more in recent years for their antiviral infection in the CNS and their research progress in neurological diseases.
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Introduction

Interferons (IFNs) are a class of antiviral cytokines that are stimulated in response to the challenge of host defenses and are crucial for mobilizing the immune response to pathogens in vertebrates. Most virus-infected cells can produce IFNs, which are secreted to bind to their receptors on autologous or other cells and initiate a signaling cascade that leads to the induction of hundreds of interferon-stimulated genes (ISGs) to promote antiviral effects (1, 2). IFNs are divided into three classes (type I, type II, and type III) based on their sequence and cellular receptors. The type I IFN family comprises members encoded by multiple genes, including 13 highly homologous subtypes of IFN-α, and the other isoforms, such as IFN-β, IFN-ϵ, IFN-κ, IFN-ω, IFN-τ, IFN-δ, and IFN-ζ (3–6). The type II IFN class only contains IFN-γ, while the type III IFN family consists of four IFN-λ molecules, including IFN-λ1(IL-29), IFN-λ2 (IL-28A), and IFN-λ3 (IL-28B), as well as IFN-λ4 (7). Type I and III IFNs are considered the classical antiviral IFNs, while type II IFN has multiple roles in the innate and adaptive immune systems (1, 2, 7–10). Additionally, type III IFNs impact antiviral activity at anatomical barriers, such as the blood-brain barrier (BBB) and epithelial cell surfaces (11). Although type I and type III IFNs induce a similar subset of ISGs, differences in cell-type specificity and signaling kinetics result in distinct responses. In general, type I IFNs activate a more robust and rapid ISG response, whereas type III IFNs induce a slower response with lower levels of ISG expression (reviewed in 2). Traditionally, IFN signaling is involved in the induction of host defense-associated ISGs through the Janus tyrosine kinase (JAK)/signal transducer and activator of transcription (STAT) signal pathway (12–14). Type I and III IFNs activate JAK1 and tyrosine kinase 2 (TYK2), resulting in cytoplasmic STAT1 and STAT2 phosphorylation (15). After phosphorylation, STAT1 and STAT2 dimerize and translocate from the cytoplasm to the nucleus, forming the IFN-stimulated gene factor 3 (ISGF3) complex with interferon regulatory factor 9 (IRF9). ISGF3 further binds to interferon stimulatory response elements (ISREs) and stimulates the transcription of ISGs (16). Type II IFN activates JAK1 and JAK2, resulting in the formation of phosphorylated STAT1 (pSTAT1) homodimers known as γ-activated factors (GAF), which translocate to the nucleus and bind to γ-activated sequences (GAS) to induce transcription of ISGs (17). Some interferon regulatory factors (IRFs) such as IRF3 can induce ISGs directly in the absence of IFN production or collaboratively with other transcription factors such as IFN regulatory factor 7 (IRF7), IRF1, and nuclear factor kappa B (NF-κB) to induce type I IFN production (17–26). In addition, some ISGs encode factors that are involved in the IFN production or response pathway through positive or negative feedback loops (27, 28). For instance, the core retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-associated gene 5 (MDA5), members of the mammalian RIG-I-like receptors (RLRs), are found in the cytosol of most cell types and are powerfully activated by IFNs in a positive feedback loop of RNA virus infection (27, 29). Interferon-responsive activation of interferon-induced protein with tetrapeptide repeats 1 (IFIT1, also known as ISG56) positively regulates the expression of RIG-I, MDA5, and IFIT2 (also known as ISG54) (30). Furthermore, IFN-stimulated gene 15 (ISG15) was found to negatively regulate the IFN signaling pathway by coupling to RIG-I (31, 32).

The IFN pathway provides essential protection to the central nervous system (CNS) against viral infections. It is instrumental in immune-related diseases such as allergic reactions, chronic inflammatory diseases, autoimmune diseases, transplant rejection, viral infections, and many more (33). For example, mice with a deficiency in the IFN-I receptor subunit 1 (Ifnar1-/-) are highly susceptible to various viral infections in multiple organs, including the CNS (34–36). Ifnar1-/- mice showed increased viral load after infection with Sindbis virus (SINV), and increased viral load in the CNS was associated with high susceptibility compared with wild-type (WT) mice (37). Several fatal cases of Herpes simplex encephalitis (HSE) in newborns were associated with defects in genes encoding signal transduction factors of the IFN pathway, such as Toll/interleukin-1 receptor domain-containing adaptor-inducing interferon-β (TRIF), TANK-binding kinase 1 (TBK-1), Toll-like receptor 3 (TLR3) or tumor necrosis factor receptor-associated factor 3 (TRAF3). These findings demonstrated the importance of the human IFN response to neurotropic viral infections (38–41). In addition to participating in natural immunity against viral infections, IFNs have been shown to constitute key factors in the neuroinflammatory network and make an essential contribution to the pathogenesis of neurodegenerative diseases such as Parkinson’s disease (PD), Alzheimer’s disease (AD), and amyotrophic lateral sclerosis (ALS) (42–45). The IFN signaling pathway was recently reported to be severely upregulated in AD patients and significantly correlated with disease severity (46–48). Activation of the IFN signaling pathway can induce the expression of hundreds of ISGs. Although ISGs are major antiviral effectors of the IFN response, the antiviral mechanisms of most ISGs have not been described until recently. The aim of this review is to provide a macroscopic overview of the characteristics of ISGs that restrict viral neural invasion and cellular expression of ISGs after viral infection of the CNS, as well as the expression characteristics of ISGs in neurological diseases (Table 1). In addition, substantial progress has been made in our understanding of individual ISGs (ISG15, IFIT2, IFITM3) in CNS viral infection and diseases in recent years (Table 1), providing an essential target for the development of novel antivirals and anti-neurological disease drugs.


Table 1 | ISGs expression in antiviral infections, neuronal localization and neurological diseases.





ISGs play an essential role in restricting viral neuroinvasion

The CNS requires a complex and coordinated immune response to prevent neurological disorders, avoid excessive immune activation and inappropriate inflammatory response, and protect against invading pathogens such as viruses. Although the CNS is immune privileged and protected from toxic substances and pathogens carried in the blood by the BBB and the blood-cerebrospinal fluid barrier (BCSFB) (78), neurotropic viruses are capable of infecting the CNS and staying there for a long time, including herpes simplex virus type 1 (HSV-1), varicella zoster virus (VZV), Japanese encephalitis virus (JEV), West Nile virus (WNV), measles, rabies virus (RABV), poliovirus, and so on (79–81). Neurotropic viruses can spread through multiple pathways to penetrate the CNS. Some viruses can enter the CNS by infecting host immune cells in the periphery and using these cells as “Trojan horses” to carry them across the BBB, or the virus can directly infect endothelial cells, disrupt the BBB, or infect peripheral neuron axons and retrograde upward through the mechanism of axonal transport of cellular cargo, such as through the olfactory pathway (33, 79, 80) (Figure 1).




Figure 1 | ISGs restrict viral neuroinvasion. (A) ISGs in BMECs, which constitute the blood-brain barrier (BBB), are activated by virus and inflammation, leading to an IFN response and activation of transcription of antiviral ISGs, followed by activation of microglia and astrocytes to release ISGs. BMECs deliver the released ISGs to macrophages to enhance the antiviral response and restrict viral invasion. ① Neurotropic virus crosses the BBB through “Trojan horse” strategy. ② Virus infects endothelial cells across the BBB. ③ Virus enters the CNS by destroying the BBB. (B) The virus invades the CNS retrogradely through the olfactory pathway. The virus invades the olfactory sensory neurons through the olfactory epithelium and retrogrades upward into the olfactory bulb (OB). Virus at OB activates neurons, microglia, and macrophages, which produces IFN response and induces transcription of ISGs, leading to antiviral response. Long-distance signaling of IFN at the OB activates the transcription of ISGs in the brain. (C) IFNs produced by peripheral antiviral response enter the CNS and activate the transcription of ISGs in advance and induces transcription of ISGs, leading to antiviral response. Long-distance signaling of IFN at the OB activates the transcription of ISGs in the brain. (C) IFNs produced by peripheral antiviral response enter the CNS and activate the transcription of ISGs in advance. Created with BioRender.com.




ISGs prevent viruses from crossing the BBB

The structural integrity of the BBB is critical to enable the normal neurological function of the CNS and protection from damage from inflammation, virus, and other diseases. Brain microvascular endothelial cells (BMECs) are the structural and functional basis of the BBB and play a critical role in maintaining its normal integrity. One study reported that infection of BMECs by JEV did not affect cell viability but resulted in increased permeability of the endothelial monolayer due to inflammation caused by JEV infection that inhibited the expression of tight junction (TJ) proteins in BMECs, leading to enhanced BBB permeability (81). In vitro experiments with cultured mouse BMECs showed that IFN-λ signaling increased transendothelial resistance, reduced viral movement across the barrier, and modulated TJ protein localization (82). In addition, IFN-λ limits the opening of the BBB by reducing the production of inflammatory cytokines in primary astrocytes and microglia and inducing activation of the JAK/STAT pathway, leading to the production of ISGs (83). Inflammation can play an indirect antiviral role while disrupting the BBB, and in an in vitro model of the BBB with co-culture of astrocytes and BMECs, lipopolysaccharide (LPS) promoted the expression of type I IFN signaling-related proteins such as STAT1, STAT2, ISG15, and SAMHD1 in astrocytes, TNF-α and LPS also induce the production of ISGs (EIF2AK2, ADAR, TRIM25 and ISG15) in astrocyte cultures in vitro (84). BMECs have a critical function in the innate immunity of the BBB to human immunodeficiency virus (HIV) infection by causing activation of TLR3 in BMECs to induce phosphorylation of IRF3 and IRF7 (key regulators of the IFN signaling pathway) and trigger the production of endogenous IFN-β and IFN-λ, thereby significantly inhibiting viral replication (85). In addition, TLR3-activated human BMECs secrete exosomes that inhibit HIV replication by transferring antiviral factors, including several critical IFN-stimulated genes (ISG15, IFIT1, MX2) to macrophages (50). This suggests that human BMECs may help restore the antiviral status of HIV-infected macrophages, which may be a defense mechanism against neural invasion by HIV “Trojan horses” (Figure 1A).



ISGs limit viral infection in the olfactory pathway

Numerous neurotropic viruses enter the CNS through infection of peripheral nerves, including olfactory neurons and sensory or motor neurons (86). WNV can enter the CNS by infecting sensory nerve endings or olfactory neurons or through the bloodstream (87). RABV and poliovirus transmit from muscle to somatic motor neurons in the spinal cord via the neuromuscular junctions (NMJs) (88). Olfactory pathways play an important role in the invasion of viruses into the CNS via peripheral nerves (Figure 1B). Detje et al. found that blocking the type I IFN pathway promoted the spread of vesicular stomatitis virus (VSV) from the olfactory bulb (OB) to the entire CNS, while local IFN response in the OB effectively controlled viral invasion of the CNS (89). IFN-induced viperin limits the replication of Langat virus (LGTV) in the OB in a region-specific manner (61). Long-range signaling of IFN-β released from infected neurons at the OB after VSV and cytomegalovirus (CMV) infection of the nasal mucosa upregulated the expression of ISGs in uninfected brain regions (90). Similar results were obtained from another investigation, which shows that after intranasal VSV infection, IFN expressed at the OB enters the brain to activate IFIT2 transcription in advance to act as an antiviral agent (67). The accumulation of microglia around the OB and their expression of ISGs form a natural immune barrier that is instrumental in limiting the spread of VSV in the CNS and preventing fatal encephalitis (91) (Figure 1B).



ISGs are activated before viruses invade the CNS

Viral infections rapidly induce IFN in the periphery, which serves to protect most tissues from viral pathogenicity (92). Peripherally induced IFN response can induce ISGs in the brain. Peripheral IFN-α that crosses the BBB directly activates IFN-α/β receptor (IFNAR) signaling in microglia, leading to the upregulation of multiple ISGs (93, 94). As mentioned above, long-range signaling of IFN released from infected neurons at the OB after viral infection of the nasal mucosa upregulated the expression of ISGs (IFIT2, IFIT3, OAS, and MX1) in uninfected brain regions (67, 90). Lukasz et al. reported that adolescent mice injected with the viral mimic poly I:C significantly increased the expression of ISGs (IFIT2, PRKR, MX2, and IRF7) in the hippocampal dentate gyrus (58). Collectively, these findings suggest that early activation of ISGs in the CNS plays a crucial role in limiting viral infection of the CNS (Figure 1C).




Antiviral response in the CNS: Cells, ISGs, and mechanisms

The vast majority of cell types in the CNS, comprising neurons, astrocytes, oligodendrocytes, CNS-associated macrophages (CAMs), ventricular epithelial cells, and vascular endothelial cells, are responsive to IFN (95). Activation of astrocytes and microglia in the brain has an essential role in the innate immune response of the CNS to viral infection (96, 97). Different immune cells in the CNS respond to various viral stimuli. Microglia monitor the local environment and rapidly respond to widespread inflammatory stimuli, while astrocytes function as immune response cells and produce large amounts of inflammatory mediators (98). For example, during infection with Taylor mouse encephalomyelitis virus (TMEV), protein levels of ISG15 were elevated mainly in astrocytes and endothelial cells, whereas the protein levels of protein kinase R (PKR) were predominantly increased in microglia/macrophages, oligodendrocytes and neurons (49). Murine hepatitis virus (MHV) is a neurotropic coronavirus, and astrocytes and microglia produce type I IFNs (IFN-α and IFN-β), as well as interleukin (IL-6), TNF-α, IL-12, IL-1α, and IL-1β during experimental MHV infection in mice (99). HSV encephalitis (HSE) is a severe CNS infection caused primarily by HSV-1 and occasionally by HSV-2. Following infection with HSV-1, TLR2 and TLR4 are induced to activate simultaneously, and in turn, TLR2 forms a dimer with TLR1, or TLR6, which then induces IFN-β in neurons and IFN-α in astrocytes, and these IFNs subsequently induce the expression of ISGs such as viperin, CH25H (cholesterol-25-hydroxylase), oligoadenylate synthase2 (OAS2), latent RNase (RNase L), PKR, and IFIT1 (59, 60).


Microglia

Microglia, a major source of type I IFNs, exert direct antiviral effects by producing type I IFNs to stimulate the expression of ISGs or act indirectly on other cells through type I IFNs to activate the corresponding signaling pathway (100). Microglia express various pattern recognition receptors (PRRs), including TLRs, RNA-sensing RLRs, and cytosolic DNA sensors that are important for virus defense. PRRs recognize viral-associated molecular patterns and induce type I IFN expression in microglia (27, 101). Cyclic GMP-AMP synthase (cGAS) binds to cytoplasmic dsDNA in microglia to produce cyclic GMP-AMP (cGAMP), which activates downstream stimulator of interferon genes (STING) and ultimately activates the transcription factor IRF3. In turn, IRF3 stimulates type I IFN production, and the resulting type I IFNs bind to the heterodimeric receptor IFNAR to initiate a signaling cascade, promote nuclear translocation of heterodimeric STAT1/2, and facilitate transcriptional activation of multiple ISGs (59, 60, 67, 90, 99). Depletion of CNS microglia via CSF1R inactivation has higher viral loads in mice infected with WNV (TX02 strain) or VSV, with increased mortality and viral tissue loads, indicating that microglia are critical for restricting virus transmission (102, 103). The phagocytic activity of microglia recruited via purinergic receptor P2Y12 signaling around infected neurons play an important role in CNS antiviral immunity. Analysis of temporal lobe specimens from patients with HSV-1 encephalitis reveals that there are approximately 1–3 activated microglia around each HSV-1-positive neuron and that P2Y12-positive microglia processes extend to HSV-1-positive cells (104). In addition, the number of microglia recruited to infected neurons was significantly reduced in a P2Y12-deficient mouse model (104). Studies have shown that microglia are the main producers of type I IFNs in viral infections of the CNS. Further studies found that in the mouse model of VSV encephalitis, the infected microglia were found to produce type I IFNs, which caused both infected and uninfected microglia to upregulate the expression of IRF7 and activate innate immunity, thus limiting the trans-synaptic transmission of VSV (105). Microglia also induce IFN and ISG expression by regulating the HSPA8/DNA-PK pathway independently of STING (106). Although phagocytosis of foreign pathogens by microglia is an essential component of neuroprotective immune defense to ensure the function of healthy neurons, excessive microglia activation leads to uncontrolled inflammation that exacerbates neuronal death, causing damage to brain tissue and cells (68, 107). In mice infected with JEV, microglia activation led to uncontrolled inflammation and neuronal death (108). JEV can promote viral replication by infecting microglia and upregulating miR-146a gene expression, inhibiting NF-κB activity, blocking the antiviral JAK/STAT signaling pathway, and downregulating antiviral ISGs (IFIT1 and IFIT2) (68). Phosphorylation of IFN regulators (IRF3 and IRF7) and STAT1/3 are inhibited in HIV-infected microglia, which suppresses the expression of several key anti-HIV ISGs (ISG15, IFIT1, GBP5, MX2, and viperin) (51). Taken together, these findings suggest microglia play an essential role in antiviral defense of the CNS and contribute to explaining how the virus invades microglia and results in a persistent infection.



Astrocytes

Astrocytes have essential and significant functions in synaptic plasticity, regulation of the BBB, and maintenance of CNS homeostasis (109, 110). In viral infections, astrocytes play a key role in host defense by supporting a functional BBB, regulating glutamate homeostasis, and engaging in innate and adaptive immune response to viral infections (111). Recent studies have shown that microglia induce astrocytes proliferation through the expression of pro-inflammatory cytokines, including IL-1β, TNF, and IFN-γ (112, 113). During viral infection, astrocytes detect molecular changes in their extracellular environment and neighboring cells. Compared with microglia, astrocytes have low basal mRNA levels of PRRs and ISGs, and poorly induced Ifn-β mRNA following infection, but the upregulated various mRNAs in the IFN-α/β pathway of astrocytes to a higher extent than microglia, suggesting that the response of astrocytes to infection is delayed but stronger compared with that of microglia (114). Genetic astrocyte-specific deletion of the type I IFN receptor IFNAR in a mouse model of viral infection led to an increase of BBB permeability (115). Further studies revealed that abolition of astrocytic IFN-α/β signaling was followed by uncontrolled virus transmission and fatal encephalomyelitis, demonstrating the importance of the inducible IFN signaling pathway within astrocytes in limiting viral infection of the CNS (114). Imaizumi et al. reported that poly I:C upregulated the expression of IFIT2 and IFIT1 in astrocytes via the TLR3/IFN-β pathway and that the expression product IFIT1 positively regulated the expression of IFIT2, RIG-I, and MDA5 to enhance antiviral response (30). In addition, RNA interference (RNAi) knockdown of interferon-induced protein 35 (IFI35) resulted in a decrease in expression of poly I:C-induced IFN-β, pStat1, Rig-1, Cxcl10, and Ccl5, indicating that IFI35 may negatively regulate the astrocyte TLR3/IFN-β/pSTAT1/RIG-I/CXCL10/CCL5 axis and may partially regulate the innate immune response of astrocytes (116). Recent studies of CNS complications due to enterovirus 71 (EV71) infection have shown that in infected astrocytes, phosphorylated and non-phosphorylated STAT3 competes with STAT1 for binding to KPNA1, inhibits nuclear import of pSTAT1 and hinders the formation of the ISGF3 complex, leading to suppression of downstream ISG expression (117). Knockdown of STAT3 attenuated the suppressed IFN-mediated antiviral response to EV71 infection and led to a reduction in viral replication, demonstrating the role of STAT3 in maintaining the balance of inflammatory response in astrocytes and antiviral response in the CNS during infection (117). Borna disease virus (BDV) is a non-hemolytic RNA neurotropic virus, and replication of this virus is effectively blocked in transgenic mice expressing mouse IFN-α in astrocytes (118). Another study showed that rapid type I IFN response protected astrocytes from virus-induced cytopathic effects upon infection with flavivirus, tick-borne encephalitis virus (TBEV), JEV, WNV, and Zika virus (ZIKV), thus limiting the spread of these viruses (119). In addition, type I and type III IFN-independent antiviral pathways were found to be involved in the control of astrocytes during ZIKV infection (120). In summary, the intrinsic structural antiviral response of astrocytes combined with rapid induction of type I IFNs is instrumental in protecting astrocytes and inhibiting viral replication in the CNS (121).



Neurons

Like microglia and astrocytes, neurons express multiple PRRs, produce innate immune cytokines such as type I IFNs following viral infection, and respond to cytokine stimulation to inhibit viral replication and increase cell survival (122–125). Previous studies have shown neuronal upregulation of key antiviral effector molecules and other ISGs in response to neurotropic virus infection, but the neurons produce a limited amount of IFN and express fewer ISGs compared with microglia (126). Delhaye et al. identified approximately 16% of IFN-producing cells corresponding to neurons, but only 3% of infected neurons produced IFN after infecting mice with two neurotropic viruses that primarily infect neurons (La Crosse virus and Theiler virus) (122). ISGs suppress viral replication by directly interrupting the viral life cycle or by stimulating the production of antiviral factors in infected and adjacent cells, but the effects vary considerably in different regions of the brain (127). Further studies have shown that the induction and response to ISGs vary considerably in diverse neuronal populations. In transgenic mice expressing IFN, the expression of typical IFN response marker MX1 was higher in CA1 and CA2 neurons in comparison with CA3 neurons in the hippocampal region (118). Lucas et al. discovered that the IFN-α-inducible protein 27 like 2A (Ifi27l2a), which is upregulated in the cerebellum, brainstem, and spinal cord after WNV infection, limits viral infection in these regions but not in other neurons and cells, implying that Ifi27l2a contributes to WNV innate immune restriction in certain cell types and tissue-specific manner (76). Furthermore, following LGTV infection in the CNS, the activity of viperin, an interferon-inducible protein that inhibits replication, effectively limits LGTV replication in the OB and brain but does not inhibit virus replication in the cerebellum (128). Viperin also reduced TBEV replication in primary cortical neurons and astrocytes in vitro, but not in cerebellar granule cell neurons (61).

Mutations in human TLR3 are essential in the development of human HSV-1 encephalitis (129–131). TLR3 deficiency impairs the cell-autonomous defense of IPSC-derived cortical neurons and oligodendrocytes against HSV-1 infection, but not that of trigeminal ganglion (TG) neurons, owing to TLR3 control of ISG mRNA expression levels induced in human pluripotent stem cell-derived cortical neurons but not TG neurons (132–134). It has also been reported that neurons at different developmental stages express different levels of ISGs in response to viral infection. During LACV-infected encephalitis, both LACV-infected neural precursor cells and mature neurons undergo apoptosis, but neuronal maturation increases the susceptibility of neurons to LACV-induced apoptosis because mature neurons express less ISGs compared to neural precursor cells (135). Unlike the CNS, the antiviral response of peripheral neurons, such as the dorsal root ganglion (DRG), is more dependent on the dual action of antiviral ISGs and autophagy activation. DRG produces only a small number of type I IFNs and does not effectively induce the production of ISGs (136).



Oligodendrocytes

Oligodendrocytes have been shown to be less responsive to IFN in comparison with microglia (137). Mouse oligodendrocytes have lower basal expression levels of PRRs, IFN-α/β, ISGs, and kinases and transcription factors essential for IFN-α/β signaling and displayed a later expression of ISGs by comparison to microglia. Despite the fact that infection increases the expression of ISGs in both cell types, oligodendrocytes have a more limited expression profile and absolute mRNA levels compared with microglia. This limited antiviral response is associated with the inability to upregulate IκB kinase (IkappaB kinase or IKK) and IRF7 transcripts, both of which are required for amplification of the IFN-α/β response (138).




Expression of ISGs in neurological diseases


ISGs in neuroinflammation-related diseases

Upregulation of ISGs is associated with neuroinflammation-related diseases, including neuroinflammatory diseases such as multiple sclerosis (MS) (62) and neurodegenerative diseases such as AD (46), PD (139), and ALS (54). MS patients have elevated concentrations of the bile acid precursor 25-hydroxycholesterol (25-HC) in the cerebrospinal fluid (CSF), possibly as a result of the upregulation of the ISG CH25H in macrophages (62). 25-HC is mainly synthesized from cholesterol by CH25H, and has been shown to modulate inflammatory response and oxidative stress in normal or pathological nervous systems (140, 141). Wang et al. reported that ISG15 positively correlated with the degree of neuronal damage in an animal model of ALS with no obvious signs of inflammation, a model of cerebral ischemia, a model of brain injury induced by cortical shocks, and a mouse model of chronic neuronal damage induced by the viral protein HIV gp120, with high and significantly elevated ISG15 levels in areas of neuronal damage (54). This suggests that ISG15 may be a reliable biomarker of pathological changes in the CNS (54). Mutations in the ATM gene contribute to ataxia capillaries (A-T), a rare neurodegenerative and immunodeficiency disorder characterized by cerebellar ataxia capillaris, immunodeficiency, radiosensitivity, and cancer susceptibility. Studies have shown that in A-T, the level of ISG15 is significantly higher in the cerebellum than in the brain (55). In glucosylceramidase1 (GBA1) deficient mice (which causes Parkinson’s disease alpha-synuclein pathology), IFN-β levels are elevated in neurons, and ISGs are elevated in microglia (139). IFP35 is significantly upregulated in patients with untreated MS, demonstrating that IFP35 expression levels predict disease outcome and treatment response in MS (77). TLR3, which is primarily activated in innate immunity due to viral infection and induces the production of downstream ISGs (142), has also been found to be activated in alcohol-induced brain injury (143, 144). McDonough et al. reported TLR4-dependent upregulation of ISGs in ischemia/reperfusion-induced microglia (145). Meanwhile, in an AD model, activated microglia express ISGs, and the microglia are centered around amyloid-β (Aβ) plaques and accumulate in an age-dependent manner (46). Intracerebral injection of recombinant IFN-β activated microglia and eliminated complement C3-dependent synapses. Conversely, selective IFN receptor blockade effectively reduced ongoing microglia proliferation and synapse loss in AD models, demonstrating that ISGs are associated with a reduction in synapses (46). Aicardi-Gtières syndrome (AGS) is a severe inflammatory disease mimicking congenital infection with significant IFN production, characterized by chronic CSF lymphocytosis and elevated IFN-α levels, which can lead to severe neurodevelopmental disorders, spastic dystonia, and abnormal tetraplegia (146). ISGs, such as ISG15, viperin, and IFI27, are consistently elevated in patients with AGS, and these elevated ISGs are highly correlated with disease onset and progression (57). Mutations in adenosine deaminase (ADAR1) are crucial mechanisms for the development of AGS. In ADAR1-mutant mice, the expression of ISGs in neurons and microglia is selectively activated in a patchy manner, and the expression of Isg15 in brain neurons with ADAR1 mutation is upregulated (147). It has also been reported that conditional deletion of ADAR1, specifically in mouse neural spinal cells, leads to overall peripheral nerve depigmentation and myelin loss, and that upregulation of ISGs precedes these defects, suggesting that ISGs may be involved in the production of such defects (148). Collectively, these studies have, in part, revealed a complex relationship between the IFN signaling pathway and neuroinflammation-related diseases.



ISGs in neuropsychiatric disorders

In recent years, evidence has accumulated to show that ISGs play an important role in psychiatric symptoms caused by CNS disorders. Studies have shown an intrinsic link between type I IFN therapy and severe neuropsychiatric disorders, mainly major depression (149). Considerable evidence suggests that type I IFN is associated with psychiatric disorders, and that the production of type I IFNs as a result of TLR4 induced IRF3 activation and TLR7 induced IRF7 activation may be closely associated with IFN-mediated psychiatric disorders (93). Infant onset of RNaseT2-deficient leukoencephalopathy leads to cystic brain injury, multifocal white matter changes, brain atrophy, and severe psychomotor impairment. Rnaset2-/- mice exhibit upregulation of ISGs and IFNAR-I-dependent neuroinflammation (150). HIV-associated neurocognitive disorders (HAND) also show an upregulation of ISG15 (151). In addition, ISGs may be involved in neuronal and synaptic regulation. The upregulation of inflammatory cytokines induced by maternal immune activation (MIA) promotes ISG15 expression in the offspring’s brain, leading to neuronal dendritic lesions and depression-like behavior (56). In the hippocampus, ISG15 and Ubiquitin-specific peptidase 18 (USP18) mediate IFN-α-induced reduction in neurogenesis through upregulation of ISGylation-associated proteins UBA7, UBE2L6, and HERC5 (152). Adolescent mice injected with the viral mimic poly I:C had significantly increased expression of ISGs (IFIT2, PRKR, MX2, and IRF7) in the hippocampal dentate gyrus and exhibited behavioral deficits of impulse inhibition and impaired recognition of novel objects (58). In summary, upregulation of ISGs in the CNS may regulate various cellular functions and processes, such as neuronal survival and synaptic pruning, in a brain region-dependent manner (94).




The roles of individual ISGs in CNS viral infections or neurological diseases

To date, type I IFNs remain the most potent, broad-spectrum antiviral agents. The treatment of IFN to cells induces a large set of ISGs that can prevent infection with many viral pathogens. There are currently more than 300 recognized ISGs, but the exact mechanisms of inhibiting virus replication have been identified only in a small subset of ISGs. Detailed mechanistic investigation of the functions of individual ISGs is complicated by the difficulty in dissecting particular processes in virus replication independently of one another. The responses of individual ISGs to different viral infections in different organs may also vary, and there are limited in-depth studies on the effects of individual ISGs on the nervous system. With continuous research in this field, the role of ISGs and their mechanisms are being elucidated. The following subsections summarize several representative ISGs found in viral infections and neurological diseases in recent years.


ISG15 and ISGylation for the regulation of neurological diseases

As mentioned above, Wang et al. found that ISG15 positively correlated with the degree of neuronal injury in animal models of ALS with no obvious signs of inflammation, a model cerebral ischemia, a model of cortical shock-induced brain injury, and a mouse model of chronic neuronal injury caused by the viral protein HIV gp120, with low levels of ISG15 in unaffected areas and high levels of ISG15 in neuronal injury areas. In patients with ALS, elevated levels of ISG15 and ISGylation in the CSF were significantly higher in post-traumatic brain injury ALS compared with those in non-traumatic brain injury ALS (53). It is suggested that ISG15 may be a reliable biomarker of pathological changes in the CNS (54). In cells with mutations in ATM kinase, conjugated ISG15, but not the free form, antagonizes targeted degradation of the ubiquitin pathway, which may lead to progressive neurodegeneration in A-T patients (153). C-Type Lectin Domain Containing 16A (CLEC16A) has been shown to function in autophagy/mitochondrial autophagy and Clec16 knockdown leads to an inflammatory neurodegenerative phenotype similar to spinal cerebellar ataxia in mice. In the whole-body inducible knockout of Clec16a mice model, Clec16a expression was negatively correlated with IGS15 expression, and the expression of ISG15 in neuronal tissues was upregulated, suggesting that ISG15 may be a link between Clec16a and downstream autoimmune inflammatory processes (154). ISG15 binds to a number of key proteins and affects various pathophysiological processes in the CNS. After traumatic brain injury, ISG15 is rapidly elevated and binds covalently to myosin light chain kinase (MLCK), which may promote phosphorylation of the myosin light chain by MLCK and conversion of F-actin to stress actin, which is involved in BBB destruction by disrupting TJs, thus aggravating brain edema (155). IFN-β inhibits the MAPK signaling pathway and attenuates mechanical nociceptive hyperalgesia by elevating both free and conjugated ISG15, an effect that is increased in ubp43-/- mice lacking the key de-binding enzyme (156). Upregulation of MIA-induced inflammatory cytokines promotes ISG15 expression in the offspring brain, leading to neuronal dendritic lesions and depressive-like behavior through a mechanism of ISG15 inhibiting the ubiquitination of Rap2A by NEDD4 (an E3 ubiquitin ligase that ubiquitously inhibits Rap2A activity, leading to dendritic growth and depoliticization), thus inducing Rap2A accumulation (56). In contrast, upregulation of NEDD4 abolishes ISG15-induced dendritic damage (56). In a model of acute inflammation established by LPS-stimulated microglia, increased ISGylation maintained the stability of STAT1 and promoted a sustained immune response during inflammation (157).



IFIT2 specifically limits neurological viral infections

Interferon-induced proteins with tetratricopeptide repeats (IFIT) are prominent ISGs, induced following type I IFN- or IRF3-dependent signaling, contribute to the antiviral defense of cells by binding directly to viral RNA or by binding to eukaryotic initiation factor 3 (eIF3) and preventing eIF3 from initiating the viral translational process (158). The human IFIT gene family generally consists of four members: IFIT1, IFIT2 (ISG54, p54), IFIT3 (ISG60, p60), and IFIT5 (ISG58, p58), whereas the mouse IFIT gene family encodes for three relevant genes: IFIT1, IFIT2 and IFIT3 (ISG49, p49), which are induced during IFN signaling pathway, viral infection or other PAMP recognition and have critical roles in host antiviral defense (159, 160). IFIT1 had an antiviral effect in human cytomegalovirus (HCMV)-infected human astrocytes isolated from the fetal brain, but not in HELFs (human embryonic lung fibroblast cells) (69). Recent studies have shown that IFIT2 primarily limits viral infection and protects mice from severe morbidity and mortality following infection with RABV (75), lethal VSV (67, 70), WNV (71), and Sendai virus (SeV) (72). IFIT2 acts as an antiviral in the CNS in several ways. Both VSV and EMCV infections cause neuroinvasive disease and induce IFN-β, IFIT1, and IFIT2 in the brain. However, IFIT2 only prevents VSV invasion of the brain and not EMCV invasion of the brain, suggesting that the antiviral response of IFIT2 in the CNS is virus-specific (67). In Ifit2-/- mice, effective VSV viral replication was restricted to the brain, and the absence of IFIT2 did not affect viral titers in other organs such as the liver or lungs, suggesting that IFIT2 can limit VSV invasion of the nervous system (67). In WNV-infected CNS, viral titers were higher in Ifit2-/- mice compared with those in WT mice only in the OB, cerebral cortex, brainstem, cerebellum, and spinal cord, and in cells with knockdown of IFIT2, increased WNV infection was observed only in cerebellar granule cells and dendritic cells, but not in macrophages, fibroblasts, or cortical neurons (71). Overall, these data suggest that IFIT2 has a crucial role in limiting viral infection in specific regions of the brain and in specific cell types. In experiments with RABV infection of the CNS, IFIT2 exerted antiviral effects predominantly at the level of viral replication and not as a mechanism to restrict viral entry/exit or transport of RABV particles via axons (75). Furthermore, IFIT2 can be involved in antiviral response by inducing and enhancing innate immunity. In neurotropic coronavirus MHV-RSA59 infection, IFIT2 promoted viral clearance by facilitating microglia activation and recruitment of NK1.1 and CD4 T cells to the brain (73). Further studies have shown that IFIT2 and IFIT3 function in a complementary and synergistic manner to restrict RABV in mouse-derived neuroblastoma cells (74). In MHV-induced encephalitis, IFIT2 is a positive regulator of IFNα/β expression rather than a direct antiviral mediator, with Ifit2-/- mice showing significantly reduced expression of IFN-α/β and the downstream ISG mRNAs (Ifit1, Isg15, and Pkr) (52).



The role of IFITM3 in CNS infection and Alzheimer’s disease

The IFN-inducible transmembrane proteins (IFITMs) form a small family of IFN-inducible proteins and have two transmembrane structural domains. The IFITMs were shown to inhibit the cellular entry step of many enveloped viruses such as influenza A, dengue, Ebola, and SARS coronavirus (161). The human IFITM family consists of four proteins, IFITM1, IFITM2, IFITM3 and IFITM5, located on chromosome 11, among them IFITM1, IFITM2 and IFITM3 are well-known ISG proteins (162). IFITMs disrupt the entry of multiple enveloped viruses, and play a role in the transport of viral particles to lysosomes for degradation (163). SARS-CoV-2 infection was recently shown to increase IFITM3 protein expression (63), and in severe SARS-CoV-2 cases, IFITM3 levels are elevated in the frontal cortex and choroid plexus (65). IFITM3 may prevent pathogenesis by limiting early replication and transmission of α-virus in the brain and spinal cord (164). In patients with Rasmussen encephalitis (RE) caused by infection with HCMV viruses, IFITM3 was detected in the neurons of brain tissue, and there was colocalization of HCMV and IFITM3, suggesting that HCMV infection may induce IFITM3 expression in neurons and that IFITM3 can effectively inhibit HCMV infection and participate in the immune response to HCMV infection in RE brain tissue (64). Further studies found that the IFITM3 single nucleotide polymorphism (SNP) rs12252 correlated with the severity of disease caused by viral infection (165–167). The rs12252-C mutant protein IFITM3 ND21 was not flexible enough to effectively prevent the fusion of the virus with the endocytic membrane, which in turn reduced the ability of the immune system to defend against viral infection. Wang et al. found that subjects carrying IFITM3 rs12252 CC genotype were at increased risk of developing RE and were associated with rapid progression of RE disease (64). In addition, the rs12252-C allele was recently reported to be associated with disease severity in patients with SARS-CoV-2 (168). In conclusion, the IFITM3 rs12252-C allele is strongly associated with the severity of some viral infectious diseases (169).

IFITM3 mRNA expression in the cortex and hippocampus is significantly positively correlated with age (ranging from 20 years to 70 years) in humans, according to genotype-tissue expression cohorts (66). IFITM3 protein levels, Aβ production (Aβ42 and Aβ40), and the amount of active IFITM3-γ-secretase were increased in the aging WT mouse brains (66). IFITM3 expression is upregulated in astrocytes and microglia in the brains of the 5xFAD Alzheimer’s disease mouse model, and IFITM3 mRNA and IFITM3 protein are expressed in neurons (66). Pro-inflammatory cytokines (IFN-α or IFN-γ, IL-6, and IL-1β) increase Aβ production in neurons and astrocytes by increasing the formation of IFITM3 protein and active IFITM3-γ-secretase complexes (66). Recently, SARS-CoV-2 has been reported to increase IFITM3 protein (63), and IFITM3 levels are elevated in the frontal cortex and choroid plexus in severe SARS-CoV-2 cases (65). Hur et al. concluded that different inflammatory conditions, such as viral infection and aging, can induce the release of pro-inflammatory cytokines from astrocytes and microglia, which in turn elevate the expression of IFITM3 in neurons and astrocytes, and IFITM3 binds to active γ-secretase complexes, increasing Aβ production and increasing the risk of AD (66).




Conclusion

This review highlights the ISGs involved in resisting the neurotropic viral invasion of the CNS and the mode of activation of these ISGs in viral-infected CNS cells. Furthermore, the expression characteristics of ISGs in the development of CNS disorders are discussed. At last, we summarize in detail several mechanisms of action of individual ISGs in the CNS that have been more studied in recent years. The IFN signal pathways induce hundreds of ISGs to exert antiviral and other physiopathological effects. ISGs are a large family, and many more are still waiting to be identified. Most studies have focused on ISG as a marker of activation of the innate immune response to IFN, whereas the mechanisms of ISG in the pathophysiological response of the CNS remain unclear and need to be investigated in depth. Thus this review summarizes the current research on ISGs in CNS and indicates possible directions for future research. With the development of technologies such as CRISPR-Cas9 gene editing as well as genome-wide RNA-seq and deep proteomics (170), research on the antiviral effects of individual ISG, as well as its other functions in CNS diseases, is expected to evolve rapidly. An improved understanding of the functions of individual ISGs will facilitate the development of ISG-based therapies. Consequently, ISGs may exhibit promise as potential clinical biomarkers as well as therapeutic targets.
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Diseases  caused by emerging swine viruses had a great economic impact, constituting a new challenge for researchers and practicing veterinarians. Innate immune control of viral pathogen invasion is mediated by interferons (IFNs), resulting in transcriptional elevation of hundreds of IFN-stimulated genes (ISGs). However, the ISG family is vast and species-specific, and despite remarkable advancements in uncovering the breadth of IFN-induced gene expression in mouse and human, it is less characterized with respect to the repertoire of porcine ISGs and their functional annotation. Herein, with the application of RNA-sequencing (RNA-Seq) gene profiling, the breadth of IFN-induced gene expression in the context of type I IFN stimulation was explored by using IBRS-2 cell, a commonly used high-efficient cultivation system for porcine picornaviruses. By establishing inclusion criteria, a total of 359 ISGs were selected. Aiming to identify key effectors mediating type I IFN inhibition of swine viruses, a CRISPR/Cas9 knockout library of 1908 sgRNAs targeting 5’ constitutive exons of 359 ISGs with an average of 5 to 6 sgRNAs per gene was constructed. Using VSV-eGFP (vesicular stomatitis virus, fused with GFP) as a model virus, a subset of highest-ranking candidates were identified, including previously validated anti-VSV genes IRF9, IFITM3, LOC100519082 and REC8, as well as several novel hits. This approach attains a high level of feasibility and reliability, and a high rate of hit identification, providing a forward-looking platform to systematically profile the effectors of type I IFN antiviral response against porcine viruses.
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Introduction

The type I interferon (IFN) response is at the frontline in defending cells from viral pathogen invasion (1). The activation of the IFN-triggered JAK-STAT pathway results in the expression of a diverse range of gene products that serve as ultimate effectors fighting against virus replication. The genes encoding for those cellular antiviral factors are called interferon-stimulated genes (ISGs). Although hundreds of ISGs have been identified, their functional annotation with respect to antiviral potential, target specificity and concurrent mechanism-of-action is poorly characterized (2–5). Thus, it is of great need and importance to identify and characterize sets of novel ISGs for each viral species susceptible to type I IFN treatment. The follow-up endeavors to better understand the exact mechanism-of-action of newly identified ISGs have unearthed a wide range of targets for rational development of therapeutic options against virus infection.

Of note, it is estimated that approximately 10% of the genes in the human genome have the potential to be regulated by stimulation with IFNs. From decades of research, it is discovered that ISG products take on a diverse range of roles, including antiviral defense, anti-proliferative activities, and stimulation of adaptive immunity. Even though great strides into deciphering the antiviral mechanism of a select group of classic ISGs have been made, advances in profiling novel sets of antiviral effectors towards each viral species, however, have largely been limited. Previously, remarkable progress has been made using gain-of-function screening in which single ISGs were expressed and their antiviral activity was assessed against different viruses. Using expressional screening of 29 and 39 ISGs, restriction factors including Viperin, ISG20 and PKR have been identified for HCV (6), as well as IFI27, IRG1 and Viperin for neurotropic RNA viruses (7). In 2011, large-scale, fluoresce-activated, cell sorting-based overexpression screening of 389 human ISGs identified a diverse range of gene products as effectors of type I IFN antiviral response against six important human and animal viruses (8). However, gain-of-function screens are labor-intensive and clearly incapable of characterizing all relevant ISGs. Instead, loss-of-function can overcome these limitations. Loss-of-function genome-wide screen based on RNA interference (RNAi) libraries is temporarily used in identifying antiviral IFN effectors against HCV, however, drawbacks of RNAi libraries such as off-target effect hinder its wide application (9). Very recently, through genome-scale CRISPR loss-of-function screening, IFI6 was identified as an ER-resident interferon effector that blocked flavivirus replication, further potentializing CRISPR/Cas9 approach as a validated tool for screening IFN effectors (10).

To date, few studies were dedicated to examining the repertoire of ISGs in the porcine species. With the application of RNA sequencing (RNA-Seq) gene profiling, a total of 359 cellular effectors were selected as ISGs and their expression kinetics in the context of type I IFN stimulation were characterized in Instituto Biologico-Rim Suino-2 (IBRS-2) cells. Existing evidence demonstrated that IBRS-2 possessed susceptibility to the viruses of foot-and-mouth disease, swine vesicular disease, vesicular exanthema of swine, transmissible gastroenteritis, and several other viruses (11). Meanwhile, IBRS-2 cells have an aberrant RIG-I-like receptor (RLR) pathway but an intact type I IFN pathway, which facilitates the characterization of downstream antiviral effectors in the context of virus infection and IFN stimulation (12). To this aim, we constructed a CRISPR/Cas9 knockout library of 1809 unique sequences targeting 359 ISGs with an average coverage of 5 to 6 sgRNAs per gene in IBRS-2 cells. Following lentiviral delivery in IBRS-2 cells, positive selection screening identified interferon effectors crucial for blocking VSV-eGFP (Vesicular Stomatitis Virus (VSV)) replication. The highest ranking candidates included previously validated anti-VSV genes IRF9, LOC100519082 (also referred to as IFITM1), IFITM3 and REC8, as well as novel hits. This ISG-targeting CRISPR/Cas9 knockout library demonstrated a high level of consistency between type I IFNs (including two subtypes of interferon α and one subtype of interferon β) and a high rate of hit confirmation, demonstrating the promise of wide application in screening novel sets of ISGs against a panel of porcine viruses.



Materials and methods


Virus, cell lines and reagents

VSV-eGFP (Cat#: NTA-2011-ZP20; Creative Biolabs) stock was propagated in BHK-21 cell culture, titrated by 50% haemadsorbing doses (HAD50) assay, aliquoted and preserved at -80°C before use. IBRS-2 and HEK 293T cells were cultured in Dulbeccos Modified Eagle Medium (DMEM) (GIBCO, Invitrogen China Limited, Shanghai, China) supplemented with 10% (v/v) fetal bovine serum (FBS) (BI, Biological Industries Israel Beit Haemek LTD., Kibbutz Beit-Haemek, Israel) and 1% (v/v) penicillin-streptomycin solution (100 I.U./mL penicillin, 5 mg/L streptomycin) (Gibco).

Recombinant human IFN-α 1b (Cat#: Z02866), IFN-α 2a (Cat#: Z03003) and IFN-β (Cat#: Z03109) were purchased from GenScript (Nanjing, China), reconstituted in PBS containing 0.1% BSA to a concentration of 10 μg/mL, and preserved at -80°C before use. Ruxolitinib (RUX) (CAS No.: 941678-49-5) (Cat#: HY-50856) was obtained from MedChemExpress (MCE), stocked at 10 mM in DMSO and preserved at -80°C before use.



RNA extraction, library preparation and sequencing

IBRS-2 cells were seeded into a 6-well plate at 1 × 106 cells per well. Following overnight culture, the plate was replenished with fresh growth medium containing 10 ng/mL of type I IFNs. At the indicated time points, cell monolayers were rinsed with pre-cold PBS three times, and total RNA was extracted using the mirVana™ miRNA Isolation Kit (Ambion-1561) as per the manufacturer’s protocol. RNA concentration was measured by UV spectrophotometry (NanoDrop™ 2000) and the RNA integrity was assessed using the Agilent 2100 Bioanalyzer System (Agilent Technologies, Santa Clara, CA, USA). The samples could be subjected to further experiment only if RNA integrity number (RIN) was greater than or equal to 7. The libraries were constructed using reagents and protocols supplied in TruSeq Stranded mRNA LTSample Prep Kit (Cat#: RS-122-2101) (Illumina, San Diego, CA, USA). Then these libraries were validated by BioAnalyzer followed by 125-bp/150-bp paired-end read sequencing on the Illumina sequencing platform (HiSeq® 2500 Sequencing Systems and HiSeq X™ Ten), as carried out by OE Biotech Co., Ltd. (Shanghai, China).



Sequence analysis

Following quality control [processing using Trimmomatic (13), removal of adapter sequences and trimming], clean reads were mapped to Sscrofa11.1 using HISAT2 with default parameters (14). Mapped reads were subsequently assembled into transcripts, with FPKM values and read counts being calculated by Cufflinks (15) and HTSeq (16), respectively. Transcript abundance was compared between mock and type I IFN-treated samples using the DESeq (version 1.24.0) R package to identify differentially expressed genes (DEGs). Inclusion criteria of a p value of < 0.05, a twofold or greater expression change and a FPKM value greater than 1 in at least one sample was set as the threshold for DEGs.



Library construction

Oligos encoding the sgRNA library with ~1908 specific sgRNA sequences targeting 359 ISGs were synthesized by a programmable microarray using the Synthesizer (GenScript, Wuhan) and cloned as a pool into lentiCRISPRv2 vector. Library quality was assessed by NGS with coverage of 100%. Following lentiviral production, IBRS-2 cells were infected with the lentiCRISPRv2-derived lentivirus at low titer (MOI = 0.05) and high titer (MOI = 0.1) for 24 h, respectively, and reseeded into growth medium containing 5 μg/mL of puromycin. Following three consecutive rounds of selective culture, approximately 4 days per round, transduced cells were subjected to further characterization of transduction efficacy.



CRISPR screening

Briefly, puromycin-selected IBRS-2 cell populations were infected with VSV-eGFP at MOI of 0.1, followed by treatment with type I IFNs for 36 h. The eGFP-positive cells that were no longer sensitive to type I IFN-mediated inhibition were harvested by fluorescent activated cell sorting (FACS). Genomic DNA was extracted from those cells, and sgRNA sequences were amplified by PCR and deep sequenced.



Lentiviral production and transduction

In order to overexpress selected top four ISGs in IBRS-2 cells, a bicistronic lentiviral vector co-expressing an ISG and the red fluorescent protein, TagRFP was constructed. Control vector co-expressing GFP/TagRFP was used in the present study. Lentiviral particles were produced by co-transfecting HEK293T cells with plasmids expressing: 1) the ISG/TagRFP proviral DNA, 2) HIV gap-pol, and 3) the vesicular stomatitis virus glycoprotein (VSV-G) in a ratio of 1:0.8:0.2, respectively. Following 6 h transfection a media change to DMEM with 3% FBS was performed. Supernatants were harvested at 48 h and 72 h, pooled, clarified by centrifugation, and stored at −80°C before use.

IBRS-2 cells were seeded into a 12 well plate at a density of 5 × 105 cells per well. Following overnight culture, cells were transduced with lentiviral particles at an MOI of 0.5. After 24 h incubation the cells were subjected to fluorescent microscopy for assessing the transduction efficiency.



VSV-eGFP infection

In order to determine the effects of top four ISGs on viral replication, vector control and ISG/TagRFP-expressing IBRS-2 cells were inoculated with VSV-eGFP at an MOI of 0.1. At 48 h post inoculation, the whole culture was freezed at −80°C and subsequently thawed at 37°C. After repeated freezing and thawing, the culture was clarified by ultracentrifugation and viral titers were measured by TCID50 assay.




Results


VSV-eGFP is highly sensitive to type I IFN treatment

The IFN-mediated induction of hundreds of ISGs confers host cells an antiviral state against pathogen invasion (Figure 1A). The VSV replication is highly sensitive to type I IFN-induced antiviral responses (17, 18). In this regard, IBRS-2 cells pre-infected with VSV-eGFP at an MOI of 0.1 were subsequently treated with varying concentration of type I IFNs for 24 h. Virus replication was directly monitored as eGFP-positive cells by flow cytometry. As indicated, type I IFNs including IFN-α 1b, IFN-α 2a and IFN-β exerted antiviral activity against VSV-eGFP replication at concentrations of 10 and 100 ng/mL (Figures 1B, C). To identify the association between type I IFN-mediated inhibition and activation of the JAK-STAT pathway, VSV-eGFP-infected IBRS-2 cells were incubated with type I IFNs in combination with Ruxolitinib, a well-known JAK1 and JAK2 inhibitor. Of note, the addition of Ruxolitinib at 500 nM abolished the antiviral potential of type I IFNs and concurrently restored the VSV-eGFP replication (Figures 1B, C). Collectively, VSV-eGFP possessed sensitivity to treatment with type I IFNs. Pharmacological blocking of the JAK-STAT pathway abolished IFN inhibition and reversed VSV-eGFP replication.




Figure 1 | VSV-eGFP possessed a sensitivity to type I IFN-triggered antiviral response. (A) Treatment with exogenous type I IFNs induces the expression of hundreds of ISGs, allowing the establishment of a so-called antiviral state against pathogen invasion in host cells. (B) Representative Flow cytometry analysis of EGFP expression rate in VSV-eGFP-infected IBRS-2 cells mock-treated (top), treated with RUX (500 nM) (middle, upper) and IFN (10 ng/mL) (middle, lower) alone or in combination (bottom). Cells without infection were tested as a background fluorescence intensity control (not shown in the histogram). VSV-eGFP replication was effectively inhibited by type I IFN treatment but subsequently restored by supplementation of RUX. (C) Graphs showing Flow cytometry data analysis indicating the reversion of IFN inhibition by addition of RUX. Data are expressed as mean ± SEM. ***P < 0.001.





RNA-Seq of type I IFN-treated IBRS-2 cells identified a list of 359 ISGs

To conduct a large-scale antiviral ISG screening, the transcriptional response to type I IFNs in IBRS-2 cells was analyzed by using RNA-Seq and inclusion criteria was established. To evaluate the kinetics of ISG expression reached by type I IFNs, a preliminary experiment was performed by challenging IBRS-2 cells with IFN-β (10 ng/mL) for 8 h, 16 h and 24 h. A simple enumeration of DEGs revealed that up-regulated DEGs achieved maximal amount by 8 h, began to decline thereafter, and reached a plateau at 16 h post treatment (Figure 2A). Conversely, several genes were significantly down-regulated over time. Given the fact that IFN-β stimulated the most up-regulated DEGs at the very early stage of treatment, an 8 h duration is reasonably regarded as the optimal incubation time for IFNs to trigger the most ISGs in IBRS-2 cells. Thus, fresh IBRS-2 cells were stimulated with IFN-α 1b (10 ng/mL) or IFN-α 2a (10 ng/mL) singly for 8 h, and subjected to RNA-Seq. Of significant note is that IFN-α 1b and IFN-α 2a were capable of inducing more up-regulated DEGs, totaling 519 and 499, respectively (Figure 2A). In addition, the pearson correlation analysis visualizing the correlation (r) values revealed a significant positive association, suggestive of a consistent pattern of gene expression among type I IFN-treated samples, albeit the fact that transcriptional response to IFN-α 1b and IFN-α 2a was more analogous (Figure 2B). As demonstrated by upset plot analysis, noticeable is the fact that up-regulated DEGs induced by type I IFNs overlapped considerably but were also slightly specialized, with 79 DEGs unique to IFN-α 1b, 67 DEGs unique to IFN-α 2a, and 82 DEGs unique to IFN-β (Figure 2C). Considering that among hundreds of DEGs some were not specifically induced in response to type I IFN treatment, a DEG was qualified for the ISG family only if it was consistently up-regulated in at least three or more samples across all five samples (Figure 2C, blue bars). As such, a list of 359 ISGs was compiled in the present study (Figure 3, Supplementary Table 1).




Figure 2 | Identification of ISGs induced by exogenous type I IFNs using RNA-Seq. (A) Differentially expressed genes (p value < 0.05, twofold or more change and FPKM value greater than 1 in at least one sample) for each IFN-treated sample are depicted numerically. (B) Correlation matrix of all 5 IFN-treated samples (based on Pearson correlation coefficients). (C) Upset plot of up-regulated DEGs in IFN-treated samples. Of note, all the up-regulated DEGs in the blue bars are clustered into ISG family.






Figure 3 | Expression levels of select ISGs in type I IFN-treated IBRS-2 cells. The font size of each ISG is directly proportional to its average fold change in type I IFN-treated IBRS-2 cells normalized to mock-treated cells. Of note, ISGs with biggest font size demonstrated highest expression levels with fold changes greater than 1000.





Construction and characterization of IBRS-2 knockout cell populations

Substantial efforts have been aimed at screening which ISGs are antiviral and further uncovering their mechanisms-of-action. Loss-of-function screens based on CRISPR/Cas9 are gaining increasing popularity in identifying host factors that regulate virus infection. Based on previous RNA-Seq data, we constructed a CRISPR knockout library of 1908 unique sgRNAs targeting 5’ constitutive exons of 359 ISGs with an average coverage of 5 to 6 sgRNAs per gene. Following lentiviral transduction at varying MOI to attain no greater than 1 sgRNA per cell, and selective culture with puromycin (5 μg/mL) for 12 days, heterogeneous IBRS-2 knockout cell populations were harvested with high cell viability (Figure 4A). The integrity of ISG-targeting lentiCRISPR library in IBRS-2 knockout cell populations was confirmed by amplifying the sgRNA expression cassettes (Figure 4B). The scatter plot of sgRNA representation (log2 number of reads) signified that more than 98% sgRNAs from IBRS-2 knockout cell populations had representation in the plasmid pool, irrespective of the titer of lentivirus, further implying the reliability of IBRS-2 knockout cell populations (Figure 4C)




Figure 4 | Construction and characterization of heterologous IBRS-2 knockout cell populations. (A) Cell morphology and growth characteristic of IBRS-2 knockout cell populations following three consecutive rounds of selective culture under the pressure of 5 μg/mL of puromycin. (B) Amplification of sgRNA expression cassettes using genomic DNA obtained from different passages of IBRS-2 knockout cell populations with plasmid pool as a positive control. GAPDH is used as an indicator of the input of genomic DNA. (C) Comparison of sgRNA representation between the plasmid pool to IBRS-2 knockout cell populations. Scatter plot of sgRNA representation between the plasmid pool to IBRS-2 knockout cell populations following three rounds of selective culture.





Positive selection of gene knockouts that desensitize VSV-eGFP to type I IFN treatment

To enrich for sgRNAs that rendered cells permissive to VSV-eGFP replication despite treatment with a highly suppressive dose of type I IFNs, IBRS-2 knockout cell populations were infected with VSV-eGFP (0.1 MOI) followed by subsequent treatment with IFN-α 2a at a dose of 100 ng/mL. Following 36 h treatment, a cell population permissive to VSV-eGFP replication with high eGFP-signal intensity was enriched by FACS (Figure 5A). The same procedure was applied to IFN-α 1b and IFN-β at the same dose. Following amplifying the sgRNA expression cassettes in the enriched cells, sgRNA distribution was assessed by deep sequencing (Figure 5B). As expected, a diverse range of hits from the screening, with the demonstration of the top 25 most enriched ISGs, had the potential to reconstitute the IFN signaling pathway and served as effectors of the type I IFN antiviral response towards VSV-eGFP replication (Figure 5C). Comparing the top 25 hits revealed as much as 15 overlapping genes, as displayed in Figure 5D and Table 1. Noticeable is the fact that IRF9, a key component of the type I IFN pathway, was highly ranked in the present study. Broad-acting effectors, including LOC100519082, IFITM3 and REC8 previously described as inhibitors of VSV replication elsewhere, were also on the top of the list (19, 20).




Figure 5 | ISG-targeting CRISPR screen identifies a subset of genes as potential key effectors of the IFN response to VSV-eGFP replication. (A) Schematic of ISG-targeting lentiCRISPR screen to identify antiviral effectors mediating IFN-α 2a-induced antiviral response to VSV-eGFP. (B) Amplification of sgRNA expression cassettes in eGFP-positive IBRS-2 knockout cells. (C) Bar plots show the top 25 most enriched hits in the context of IFN-α 1b, IFN-α 2a and IFN-β. (D) Overlap between the top 25 most enriched ISGs in the context of IFN-α 1b, IFN-α 2a and IFN-β.




Table 1 | Details of fifteen overlapping highest-ranking hits obtained from IFN-α 1b, IFN-α 2a and IFN-β.





Validation of the screening results by using overexpression assay

To validate the screening results, lentiviral overexpression of the top four candidate antiviral ISGs was performed to determine their effects on VSV-eGFP replication. The overexpression assay relied on a bicistronic lentiviral vector co-expressing an ISG and the red fluorescent protein TagRFP (Figure 6A). Of particular, the internal ribosomal entry site (IRES) from encephalomyocarditis virus (EMCV) was used in the bicistronic vector to initiate expression of an additional TagRFP, which functioned as a reporter signal indicative of successful overexpression of target gene. To explore the availability and translational efficacy of the bicistronic vector system, cells transduced with the control vector GFP/TagRFP were subjected to fluorescent microscopy. As displayed in Figure 6B, complete co-localization of GFP and RFP was observed in control cells, suggesting that adequate gene expression from the EMCV IRES element was achieved. We observed high intensities of RFP signals in IRF9/TagRFP, REC8/TagRFP, IFITM3/TagRFP and LOC100519082/TagRFP overexpression cells, indicative of high overexpression efficiency (Figure 6C). ISG/TagRFP-expressing cells were challenged with VSV-eGFP, and viral replication was titrated by TCID50 assay (Figure 6D). As a result, exogenous expressed IRF9 and REC8 conferred potent inhibition of VSV-eGFP replication, whereas LOC100519082 and IFITM3 only exerted moderate anti-VSV activity (Figure 6E).




Figure 6 | The effects of top four ISGs on VSV-eGFP replication. (A) Schematic representation of the gateway-compatible bicistronic lentiviral vectors used to stably overexpress ISGs. The viral backbone carries the ISG-IRES-TagRFP overexpression cassette under the CMV promoter. In parallel, control vector GFP-IRES-TagRFP was also designed. (B) Fluorescent micrographs of IBRS-2 cells in culture 24 h after transduction with the control vector GFP/TagRFP. (C) Fluorescent micrographs of IBRS-2 cells in culture 24 h after transduction with ISG/TagRFP vectors. (D) Schematic demonstration of workflow of transduction and virus infections. (E) The TCID50 titration of VSV-eGFP titers in the vector control and ISG/TagRFP overexpression IBRS-2 cells. The experiment was repeated three times with replicate each. **P < 0.01.






Discussion

The type I IFN system, resulting in the transcriptional elevation of hundreds of ISGs, constitutes the first line of defense against viral infections. The products of these ISGs exert distinct antiviral effector functions, a majority of which are still not well characterized. Meanwhile, each mammal owns a unique repertoire of ISGs, including genes conserved in all mammals and others specific to each species (21, 22). The recent efforts have been aimed at identifying the breadth of IFN-induced gene expression in a porcine cell line and constructing a validated gRNA library for CRISPR/Cas9 targeting of porcine 359 ISGs. Through extensive screening by using a model virus VSV-eGFP, several highest-ranking candidates have been enriched, including genes previously validated with anti-VSV activity and genes newly identified.

We prioritized IBRS-2 cell line above a couple of commercially available porcine cell lines in the present study. Firstly, IBRS-2 cells are compromised in activation of RIG-I-like signaling pathway during virus infection. Consequently, virus stimulation is insufficient in strong and protracted induction of genes related to IFN, inflammatory, and innate immune response in IBRS-2 cells (12). Secondly, IBRS-2 cells possess an intact type I IFN pathway. Addition of exogenous type I IFNs could activate the downstream JAK-STAT pathway and result in transcriptions of ISGs (23). According to the principle of CRISPR screening strategies in Figure 5A, cells were first infected with the virus followed by IFN treatment. Thus, an aberrant RLR pathway in IBRS-2 cells could exclude the interference of endogenous IFN, inflammatory, and concurrent innate immune responses with exogenous IFN treatment, guaranteeing the accuracy of CRISPR screening to the greatest extent. Meanwhile, VSV-eGFP was applied for CRISPR screening. The VSV is a negative-sense single-stranded RNA virus. It is named as per the resultant classical vesicular lesions in affected natural hosts, such as horses, cattle, and pigs (24, 25). It is a widely used model system for virus-IFN interaction, likely due to its high sensitivity to IFN treatment (26). Although the present investigation was limited to VSV-eGFP, this library can be applied to a much wider range of viruses, such as Senecavirus A (SVA) and foot-and-mouth disease virus (FMDV) (11, 27). Infection with those viruses caused cytopathic effect (CPE) in IBRS-2 cells, yielding high titers of viral suspension.

One limitation of the present research is devoid of validation of all the top 15 hits against VSV-eGFP replication by pharmacological and genetic approaches. However, among the highest-ranking hits with generic biological effects, some were previously noted to have anti-VSV activity: (I) IRF9, a key component of the JAK-STAT pathway, functioned as a broadly acting effector against a list of viruses (28, 29). Besides, a loss-of-function screen using a small interfering RNA (siRNA) library identified IRF9 as the most significantly enriched hit responsible for the activity of IFN-α against VSV, Indiana serotype (VSVIND) (30). (II) IFITM1/IFITM3 restricted VSV replication potentially through toughening the host membrane, thus preventing viral membrane fusion (19); (III) REC8 promoted the innate immune response by targeting STING and MAVS, thus constraining VSV replication (20). Noticeable is the fact that those four hits are on the top of list. Confirmation of top 4 hits via individual gene overexpression demonstrated the same findings, convincingly indicative of the feasibility and reliability of this knockout library. In future work, the antiviral activities and exact mechanism-of-action of novel hits need to be further characterized.

ISG products constitute a complex web of host defenses and take on a number of diverse roles. The IBRS-2 knockout cell populations contained 98% sgRNAs compared with the plasmid library, perhaps due to the fact that some sgRNAs may target ISGs essential for cell survival. Besides, ISG products exert their antiviral activity through multiple mechanisms. Many of the ISG products directly disrupt a particular step in the infection/replication cycle. For example, it is well noted that IFITM3 inhibited viral entry (31, 32). In addition, multiple ISGs (such as IRF1, IRF9 and REC8) likely conferred inhibition of viral replication by amplifying host antiviral state by stimulating IFN expression or interferon-stimulated response element (ISRE)-driven transcription (33). Conversely, several ISGs functioned as negative regulators of IFN signaling pathways and conferred cultured cells an IFN-desensitized state shortly after IFN exposure. SOCS and USP18 were two well-known ISGs that negatively regulate IFN signaling by inhibiting the JAK-STAT signaling pathway (34, 35). However, those ISGs were not highly enriched in the present screening. One of the reasons is that the intrinsic expression of ISGs in IBRS-2 is relatively low. Following IFN stimulation the ISG expression level increased to a level at which the cells are easy to bear.

In summary, this study presents a versatile CRISPR/Cas9 knockout library targeting 359 selected porcine ISGs with predesigned and validated sgRNAs and complete protocols for screenings. The results have expanded the ISG library in pig species and provide additional evidence that CRISPR/Cas9 system is suitable for screening novel ISGs. Furthermore, the antiviral activities of the new ISGs and their biological functions against VSV await further investigation.
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Background

Type I interferon (IFN) inhibits virus infection through multiple processes. Recent evidence indicates that IFN carries out its antiviral activity through readjusting of the cellular metabolism. The sterile alpha motif and histidine-aspartate domain containing protein 1 (SAMHD1), as an interferon-stimulated gene (ISG), has been reported to inhibit a number of retroviruses and DNA viruses, by depleting dNTPs indispensable for viral DNA replication. Here we report a new antiviral activity of SAMHD1 against RNA viruses including HCV and some other flaviviruses infection.



Methods

Multiple cellular and molecular biological technologies have been used to detect virus infection, replication and variation of intracellular proteins, including western blotting, qRT-PCR, Gene silencing, immunofluorescence, etc. Besides, microarray gene chip technology was applied to analyze the effects of SAMHD1 overexpression on total expressed genes.



Results

Our data show that SAMHD1 down-regulates the expression of genes related to lipid bio-metabolic pathway, accompanied with impaired lipid droplets (LDs) formation, two events important for flaviviruses infection. Mechanic study reveals that SAMHD1 mainly targets on HCV RNA replication, resulting in a broad inhibitory effect on the infectivity of flaviviruses. The C-terminal domain of SAMHD1 is showed to determine its antiviral function, which is regulated by the phosphorylation of T592. Restored lipid level by overexpression of SREBP1 or supplement with LDs counteracts with the antiviral activity of SAMHD1, providing evidence supporting the role of SAMHD1-mediated down-regulation of lipid synthesis in its function to inhibit viral infection.



Conclusion

SAMHD1 plays an important role in IFN-mediated blockade of flaviviruses infection through targeting lipid bio-metabolic pathway.
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Introduction

Viral replication is a high energy-consuming process that totally counts on host metabolism. Therefore, viruses have evolved to hijack and regulate synthesis of proteins, nucleic acids, and lipids to serve their infection and replication. To combat virus infection, the host has developed a highly complicated immunity system to monitor and maintain a normal metabolic process. Interferon (IFN) signaling, as an important member of innate immunity, enhances and induces a good deal of interferon-stimulated genes (ISGs) to restrain viral infection. Besides directly targeting viral component, they also join in the regulation of cellular metabolism, both of which produce inhibitive effects on viral infection. Recent studies have illuminated the specific roles of ISGs in adjusting cellular metabolism to contain viral infection. Several of these ISGs, the sterile alpha motif and histidine-aspartate domain containing protein 1 (SAMHD1), spermidine/spermine acetyltransferase 1 (SAT-1), cholesterol-25-hydroxylase (CH25H), and indoleamine-2,3-dioxygenase (IDO1), exert antiviral activity against multiple viruses by manipulating different metabolic pathways (1). For instance, CH25H is able to transfer cholesterol to the oxysterol 25-hydroxycholesterol that represents a well-defined regulator of sterol biosynthesis, thus exerting its antiviral activity (2). Upregulation of SAT-1 by IFNs results in downregulation of polyamine, thereby suppressing replication of polyamine-dependent viruses (3). Deprivation of L-tryptophan by IFN-inducible IDO1 results in a strong blockade of viral protein synthesis (4).

As a homologous gene of mouse Mg11, SAMHD1 gene was originally discovered in human dendritic cells (5). Subsequently, more studies indicated that SAMHD1 could be upregulated by different types of IFNs in various cells, especially in resting CD4+ T cells and myeloid cells (6). A recent study reveals that SAMHD1 possesses dNTP hydrolase activity and catalyzes the transformation of deoxynucleoside triphosphates to inorganic triphosphate and deoxynucleoside (7). The structure of SAMHD1 protein mainly comprises a sterile alpha motif (SAM), a histidine aspartic acid-containing domain (HD), and a C-terminus domain (8). The HD domain of SAMHD1 is the most important part for maintaining the oligomeric state of dNTPase, enhancing nucleic acid interaction and exerting antiviral activity (9). Depletion of dNTPs required for viral DNA synthesis was regarded as the main antiviral mechanism. Thereby, a wide range of retroviruses and DNA viruses, including HIV, T cell leukemia virus type 1, HBV, HSV-1, and vaccinia virus, were sensitive to the suppression of SAMHD1 (10–13). Although some experimental results prove that the anti-HIV-1 activity of SAMHD1 is closely related to intracellular dNTP levels, exogenous addition of dNTP does not completely relieve the inhibitory effect of SAMHD1 and restore the replication of HIV-1, indicating that SAMHD1 is likely to have a dNTPase-independent antiviral mechanism. Consistent with this notion, the phosphorylation of SAMHD1 at Threonine 592 located in the C-terminus peptide significantly affects the antiviral capacity, but not the dNTPase domain of SAMHD1 (14). Therefore, the mechanism underlying the antiviral activity of SAMHD1 awaits further investigation.

The life cycle of the flavivirus is closely related with the host lipids that are involved in viral entry, RNA replication, and assembly (15). Because they lack their own machinery to execute lipid synthesis, flaviviruses have to hijack host lipids to complete their intracellular replication. They also enhance cholesterol and fatty acid (FA) synthesis to generate viral membranes and produce ATP, suggesting that such viruses could manipulate lipid synthesis (16, 17). LDs are ER-related organelles associated with diverse cellular processes including lipid trafficking, immunity, cellular signaling, and virus replication (18–20). Lysosomes degrade LDs to release stored lipids for energy supply, which is effectively and efficiently hijacked by flaviviruses to support their own replication (21). Therefore, it is conceivable that type I IFN signaling may regulate FA and cholesterol synthesis and thereby prevent the infection of flavivirus and other viruses that depend on lipid synthesis. In agreement with this, 25-hydroxycholesterol (25-HC), a secreted IFN-induced protein, exhibits its wide-ranging antiviral functions through inhibiting sterol regulatory element binding protein (SREBP1) activation (22). SREBP1 is involved in enhancing cholesterol production by increasing the intake of LDL and synthesis of cholesterol (23).

In this work, we provide evidence showing that SAMHD1 plays a new role in negatively regulating both SREBP1 expression and LD formation, impairs HCV RNA replication, and inhibits the infectivity of HCV and other flavivirus. This work suggests that SAMHD1 may act as an innate immune effector to restrict flaviviridae family and other lipid-dependent viruses.



Materials and methods


Plasmid construction

Full-length SAMHD1 cDNA and the cDNA fragment encoding SAMHD1 truncations (base pairs 1–582, 45–626, and 112–626 of SAMHD1 cDNA) with Myc tag sequences were cloned into the pcDNA4.0 vector (Invitrogen) using the KpnI and EcoRI restriction sites. SAMHD1 point mutations (T592A and T592D) were generated by using a site-directed mutagenesis kit (SBS). The plasmid of infectious HCV DNA clone (JFH1) was kindly offered by Takaji Wakita. The HCV 5’ untranslated region (UTR) and 3’UTR sequences were cloned into the 5’-terminus and 3’-terminus of the Renilla luciferase reporter gene, respectively, to construct a reporter gene translation system mediated by HCV IRES. The primers were designed as follows: for 5’UTR, 5’-CCCAAGCTTACCTGCCCCTAATAGGGGCG-3’/5’-CGGGATCCGTTGGTGTTTCTTTTGGT-3’; for Rluc, 5’-CGGGATCCATGACCAGCAAGGTGTACGA-3’/5’-CCGCTCGAGTTACTGCTCGTTCTTCAGCA-3’; for 3’UTR, 5’-CCGCTCGAGAGCGGCACACACTAGGTACA-3’/5’-GGGCCCACATGATCTGCAGAGAGACC-3’; and for T7-Rluc, 5’-TAATACGACTCACTATAGGACCTGCCCCTAATAGGGGCG-3’/5’-CCGCTCGAGTTACTGCTCGTTCTTCAGCA-3’.



Cell culture and transfection

All cells including Huh7.5.1 cells (kept in our lab), Huh7 cells (kept in our lab), Vero cells (CCL-81; ATCC), Huh7 cell line containing the JFH1-derived subgenomic replicon (JFH1; HCV subtype 2a) (kept in our lab), and HEK293T cells (CRL-11268; ATCC) were cultured in Dulbecco’s modified Eagle’s medium (DMEM) (Gibco) with 10% fetal bovine serum (FBS) at 37°C with 5% CO2. Plasmids and mRNA were respectively transfected into cells with Lipofectamine 2000 (Invitrogen) and Vigofect (Vigorous) in line with the manufacturer’s instructions.



Production of JFH1 HCVcc

JFH1 (HCV subtype 2a) mRNA was produced by using an in vitro RNA transcription kit (Ambion) according to the manufacturer’s instructions and then transfected into Huh7.5.1 cells with Lipofectamine RNAi Max (Invitrogen). At 72 hpt, culture supernatants were collected for cell debris removement and further concentration and then stored at −80°C. The 50% tissue culture infective dose (TCID50) of the HCV stock was determined by gradient dilution assay and immunofluorescence staining.



Virus infections

A total of 5 × 105 per well of Huh7.5.1 cells (or SAMHD1-KD Huh7.5.1 cells) were seeded into six-well plates for 24 h before transfection with pSAMHD1. At 48 hpt, JFH1 HCVcc was used to infect cells overexpressing SAMHD1 at an MOI = 0.2. After 72 h of incubation, cells were harvested for virus (or host) proteins or RNA analysis and supernatants were used for progeny virus analysis. Vero cells were used to infect cells with Japanese encephalitis virus (JEV) (SA14-14-2) or dengue virus 2 (DENV2) (Tr1751). JEV RNA and DENV2 titer were respectively measured by qRT-PCR and plaque assay to determine their own infection level.



Western blotting

Cells were lysed in cell lysis solution (Pierce) on ice for 1 h and centrifuged at 12,000 rpm for 5 min to remove cell debris. The supernatants were subjected to SDS-PAGE. Proteins were then transferred to a 0.45-μm polyvinylidene difluoride (PVDF) membrane and labeled with specific antibodies. The antibodies used in this subject were as follows: anti-MYC (9E10, 1:1,000), anti-HA (H9658, 1:1,000), anti-FLAG (F1804, 1:1,000), and anti-beta-actin (A2066, 1:1,000) were from Sigma; anti-SAMHD1 (ab67820, 1:1,000), anti-NS3 (ab65407, 1:1,000), and anti-Core (ab2740, 1:1,000) were from Abcam; anti-SREBP-1 (39940, 1:1,000) was from Active Motif; HRP-conjugated goat anti-mouse (ZSGB-Bio, catalog ZB2305, 1:5,000) and goat anti-rabbit (ZSGB-Bio, catalog ZB2301, 1:5,000) were secondary antibodies.



Gene silencing

siRNAs were transfected into Huh7.5.1 cells seeded into six-well plates by using LipofectamineTM RNAimax (Invitrogen, catalog 13778-150) at the concentration of 50 pmol/well. siRNAs were purchased from JSTBIO; siNT: target sequences 5′-UUC UCC GAA CGU GUC ACG UTT- 3′ and 5′-ACG UGA CAC GUU CGG AGA ATT- 3′; SAMHD1 siRNA: target sequences 5′- CCU CGU CCG AAU CAU UGA UTT -3′ and 5′-AUC AAU GAU UCG GAC GAG GTT -3′.



qRT-PCR

Virus RNA or cellular RNA was isolated with TRIzol reagents (Invitrogen) according to the manufacturer’s protocols. Quantification of viral RNA was measured by the use of the one-step SYBR PrimeScript RT-PCR kit (Takara). The primer pair (5′-GCGTTAGTATGAGTGTCGTG-3′ and 5′-TCGCAAGCACCCTATCAG-3′) amplifies the 5′ UTR of HCV. The primer pair (5′-ACAATCATGGCAAACGACAA-3′ and 5′-CTTCTCGTTGTGGGCTTCTC-3′) was used to detect JEV RNA. Glyceraldehyde-3-phosphate dehydrogenase (GAPDH) RNA were selected as an internal control to normalize viral RNA through amplifying with primers 5′-ATCATCCCTGCCTCTACTGG-3′ and 5′-GTCAGGTCCACCACTGACAC-3′.



Progeny virus analysis

After HCVcc infection, part of the culture medium was collected for qRT-PCR or ELISA tests. qRT-PCR analysis was used to quantify copies of HCV RNA extracted from 200 μl of culture medium by RNA extraction kit (Tiandz), and JFH1 mRNA transcribed in vitro was set as the standard substance. Some culture medium was directly applied for ELISA (Laibo Bio) to detect HCV core protein released in supernatants. To measure the infection level of progeny virus, 1 ml of culture medium was incubated with naïve Huh7.5.1 cells seeded in six-well plates for another 72 h. Then, cells were harvested for qRT-PCR and immunofluorescence staining to detect HCV RNA and protein symbolizing the infection level of progeny virus.



Immunofluorescence staining

Cells were firstly fixed in 4% paraformaldehyde and permeabilized with 0.2% Triton X-100 at room temperature. After washing three times with 1× PBS, cells were incubated with primary antibodies for 1 h at room temperature with gentle shaking, then followed by adding Alexa Fluor-conjugated secondary antibodies [donkey anti-mouse antibody (Alexa Fluor 488) and donkey anti-rabbit antibody (Alexa Fluor 555)] for another 1 h after washing. DAPI was used to stain nuclei. Images were recorded with a PerkinElmer Ultra View VoX confocal imaging system.



Gene chip

The data analysis of gene expression profiling chip is performed by using the Rosetta Resolver System for data preprocessing and Cluster analysis was carried out using Eisen S Laboratory Cluster 3.0 and the TreeView software (http://rana.lbl.gov/EisenSoftware.htm). Principal component analysis (PCA) with ArrayTrack (http://edkb.fda.gov/webstart/arraytrack/), the DAVID 6.7 online database (http://david.abcc.ncifcrf.gov/), and the KEGG pathway database (http://www.genome.jp/kegg/) were used to express change that is greater than twofold that from the genetic analysis of signaling pathways.



Total cellular cholesterol analysis

Huh7.5.1 cells were seeded in six-well plates and subsequently transfected with or without pSAMHD1. After 24 h, cells were lysed with hypotonic buffer (25 mM Tris-HCl, 5 mM EDTA, 1 mM dithiothreitol, and protease inhibitor cocktail, pH 7.4) and homogenized with a 22-gauge needle. The sample supernatants were collected by centrifugation at 3,000 rpm for 10 min. Total cellular cholesterol was detected by using an Amplex Red Cholesterol Assay Kit (ThermoFisher Scientific) according to the manufacturer’s instructions.



High content screening

Prior to high content screening (HCS) platform analysis, HCV core protein and SAMHD1 protein in cells were labeled with fluorescence according to immunofluorescence staining. The correlation of fluorescence intensity between SAMHD1 and HCV core protein was detected by the CellInsight CX5 HCS platform (Thermo Fisher Scientific) with a ×10 objective. HCS Studio™ cell analysis software was applied to quantify proteins based on their own signal intensity. A limit was typically set on cells without SAMHD1 overexpressing.



Construction of the SAMHD1 knock out Huh7.5.1 cell line

SgRNAs targeting SAMHD1 were designed and cloned into the lentiCRISPRv2 backbone. The sgRNA oligos were shown as follows: SAMHD1 sense: caccgCGGAAGGGGTGTTTGAGGGG and antisense: aaacCCCCTCAAACACCCCTTCCGc. The oligos were annealed (5 min at 95°C; 2 min at 85°C; 2 min at 65°C; 2 min at 45°C; 2 min at 25°C) and ligated into lentiCRISPRv2 by the BsmBI restriction site. HEK293T cells were transfected with lentiCRISPRv2-sgRNA targeting SAMHD1, pVSVG, and psPAX2 to produce lentivirus, and then lentivirus containing lentiCRISPRv2-sgRNA targeting SAMHD1 was used to infect Huh7.5.1 cells in the presence of 2 μg/ml puromycin. After 2–4 weeks of monoclonal selection, the level of endogenous SAMHD1 expression was monitored by Western blotting.



mRNA decay assay

Huh7.5.1 cells seeded in six-well plates were transfected with plasmid expressing SAMHD1 or pcDNA4.0 set as a control for 24 h, and then 5 μg/ml actinomycin D was added into culture medium for the next 12 h. After treatment with actinomycin D, cells were harvested at five consecutive time points (0, 3, 6, 9, and 12 h) for RNA extraction and qRT-PCR analysis. SREBP1 mRNA abundance was detected by a primer pair (5′-GCGCAGATCGCGGAGCCAT-3′ and 5′-CCCTGCCCCACTCCCAGCAT-3′) and normalized to GAPDH mRNA. Curves were fitted to mRNA signal and time by linear regression. mRNA half-lives were calculated using the following equation: t1/2 = ln(2)/k, where k is the elimination rate constant.



Dual-luciferase reporter gene assay

A predicted regulatory region of a 5′ flanking sequence (−1,500 bp to +55 bp) of SREBP1 was cloned into a pGL3-Basic vector containing a firefly luciferase reporter gene (Promega, Madison, Wisconsin, USA) by the Kpn I and Hind III restriction sites. The empty pGL3-Basic vector was used as the negative control. The phRL-TK vector containing a Renilla luciferase reporter gene (Promega, Madison, Wisconsin, USA) was used as internal reference in the Dual-luciferase Reporter Assay System. HEK293T cells seeded in six-well plates were co-transfected with 800 ng of SAMHD1 plasmid, 800 ng of the pGL3-Basic-SREBP1 promoter, and 20 ng of phRL-TK by Lipofectamine 2000. pcDNA4.0 was set as a control. After 48 h, cells were lysed and the luciferase activities in cell lysates was monitored by a Dual Luciferase Assay kit (Vazyme, Nanjing, China). The relative luciferase activities are shown as a ratio of the firefly luciferase activity to that of the Renilla luciferase.



Statistical analysis

All results are shown as the mean ± standard deviation (SD). A two-tailed, unpaired Student’s t-test in the GraphPad Prism software was used for statistical analysis. Statistical significance between two groups was marked as follows: p < 0.05 (*), p < 0.01 (**), and p < 0.001 (***). “n.s.” stands for “not significant”.




Results


SAMHD1 negatively regulates fatty acid synthesis of the cell

To investigate the role of SAMHD1 in regulating host gene expression, we performed genome-wide gene expression profile analysis of SAMHD1-overexpressing Huh7.5.1 and control cells using microarray gene chip technology, and identified approximately 153 differentially expressed genes (p < 0.01, log2 fold change [FC] > 1) (Supplementary Table S1). GO pathway enrichment analysis of the differentially expressed genes revealed upregulated mRNAs mainly related to the pathways of cytokine–cytokine interaction, MAPK signaling and chemotactic signaling, and the downregulated mRNAs found in metabolic pathways such as FAs, amino acid metabolism, and terpenoid synthesis.

Since lipid synthesis was reported to participate in host immune and viral replication, we next focus on the investigation of the inhibitory effect of SAMHD1 on expression of genes related to FA metabolism. In agreement with the results of gene expression profile analyses, quantification RT-PCR analysis showed that the expression of SAMHD1 resulted in significant reduction in mRNA abundance of several genes related to the FA bio-metabolic pathway and cholesterol synthesis, including SREBP1, SCD5, and ELOVL6 (Figure 1A; Table S2). Interestingly, SREBP1 mRNA was the most reduced among them, which encodes a key lipid transcription factor that controls gene expression relevant to FA synthesis. In line with the decreased level of SREBP1 mRNA, the expression of endogenous SREBP1 at the protein level was significantly reduced in the presence of SAMHD1 (Figure 1B). To further assess the downregulation of endogenous SREBP1 mRNA by SAMHD1, we applied mRNA decay assay and Dual-luciferase reporter gene assay to measure the impact of SAMHD1 on the stability of mRNA and promoter activity. Figure 1B indicates that SREBP1 mRNA had a shorter half-life under the condition of SAMHD1 overexpression, whereas the promoter activity of SREBP1 mRNA was insensitive to exogenous SAMHD1 (Figure 1C). This suggests that SAMHD1 reduces the level of SREBP1 mRNA through impairing the stability of mRNA but not mRNA transcription, which contributes to the decrease of SREBP1 protein. Accordingly, the exogenous expression of SAMHD1 significantly downregulates the total level of intracellular cholesterol to approximate 25%–35% of the control group (Figure 1D). Furthermore, the immunofluorescence assay revealed that lipid droplets (LDs) were significantly reduced about 50% in the SAMHD1-expressing cells compared with that of control cells (Figures 1E, F). These results together suggest an important function of SAMHD1 in negatively regulating cholesterol synthesis and the formation of LDs.




Figure 1 | SAMHD1 negatively regulates fatty acid synthesis of cell. (A) Plasmid expressing SAMHD1 was transfected into Huh7.5.1 cells for 48 h, pcDNA4.0 was set as a control, and then cells were applied for quantification of genes associated with lipid metabolism by qRT-PCR analysis. The relative changes in gene expression were analyzed by using the 2−ΔΔCT method (Livak method). (B) mRNA decay assay was applied to measure the level of SREBP1 mRNA in SAMHD1-overexpressing cells at five consecutive time points (0, 3, 6, 9, and 12 h) in the presence of 5 μg/ml actinomycin D Decay of SREPBP1 mRNA is depicted after normalization to GAPDH mRNA and mRNA half-lives are calculated (mean values ± SD; n = 3). The expression of endogenous SREBP1 and extrogenous SAMHD1 proteins at 12 h post-addition of actinomycin D was analyzed by Western blotting. (C) HEK392t cells were transfected with plasmid encoding SAMHD1-myc (or pcDNA4.0), pGL3-Basic-SREBP1 promoter, and phRL-TK for 48 h; promoter activities were indicated as a ratio of Firefly luciferase/Renilla luciferase. Data are shown as mean values ± SD (n = 3). Values of the EV+SREBP1-pGL3 group arbitrarily set to 1. (D) Huh7.5.1 cells were transfected with pSAMHD1 or empty vector for 48 h. Cell lysates were objected to total cholesterol analysis. Data are presented as mean ± SD (n = 3). (E) SAMHD1 suppresses the formation of LDs. Huh7.5.1 cells with SAMHD1 overexpressing were analyzed by immunofluorescence staining. LDs, SAMHD1, and nucleus were respectively stained with BODIPY493/503 (green), anti-myc antibody (red), and DAPI (blue). Representative images are shown. Bars, 5 μm. (F) LD signals were statistical analyzed for 20 randomly selected cells by the use of Image-Pro Plus 7.0C software and plotted as a histogram. Data are shown as mean ± SD. ns, not significant; ***P<0.001.





The antiviral activity of SAMHD1 against flaviviruses

More evidence indicated the involvement of cellular LDs at different steps of the life cycle of flaviviruses. The inhibitory effect of SAMHD1 on the formation of LDs presented herein inspires us whether SAMHD1 restricts the replication of HCV and other flaviviruses. To address it, we investigated the replication of HCV and several flaviviruses, including JEV and DENV in SAMHD1-expressing cells, which were determined by viral genomic RNA (for HCV and JEV) or virus titer (for DENV). As shown in Figure 2, SAMHD1 exhibited different inhibitory effects on the replication of HCV, JEV, and DENV. These results suggest that SAMHD1 may serve as an innate immunity factor to control flavivirus infection. It is worth noting that overexpression of SAMHD1 had no influence on the replication of influenza A virus and enterovirus EV71 (data not shown), suggesting the specificity of its antiviral activity.




Figure 2 | SAMHD1 inhibits the flavivirus infection. Normal Huh7.5.1 cells were transfected with plasmid encoding N-terminal myc-tagged SAMHD1 or pcDNA4.0 for 24 h followed by infection with (A) JFH1 HCVcc (MOI = 0.2), (B) JEV (MOI = 0.2), and (C) DENV (MOI = 0.2), respectively. At 48 hpi, total cellular RNA was isolated by using Trizol reagent for qRT-PCR analysis. HCV and JEV infection levels were evaluated by viral RNA in cells, and viral titer analysis was used for measurement of DENV infection level. Cell lysates were analyzed by Western blotting to determine expression levels of SAMHD1 and β-actin proteins. Data are shown as mean ± SD and depicted as histogram representative of three independent experiments. *P<0.05; **P<0.01, and ***P<0.001.





SAMHD1 inhibits HCV replication

To further understand the antiviral mechanism of SAMHD1, we investigated the effect of SAMHD1 on viral gene expression and production of HCV. Huh7.5.1 cells transiently expressing N-terminal myc-tagged SAMHD1 were infected with JFH1 HCVcc (MOI = 0.2), followed by quantification of cellular viral protein and RNA level and virus production, using immunoblot and qRT-PCR, respectively. These results showed that overexpressing SAMHD1 exhibited a similar inhibitory effect (approximately 50% inhibition at a higher level of SAMHD1) on viral protein (Figure 3A) and RNA (Figure 3B) levels and virus production (Figure 3C). This suggests that SAMHD1 mainly targets the early step of HCV replication, and impaired virus production most likely is a result of the reduction of viral gene expression. We further examined the anti-HCV activity of SAMHD1 by immunostaining HCV capsid protein in the infected cells. Data of HCS showed significant inhibition of HCV core expression in the SAMHD1-positive cells (Figure 3D), and quantification analysis revealed that almost 60% core protein expression was inhibited at the highest SAMHD1 protein level (Figure 3E). We also noticed that approximately only 70% of the cells expressed SAMHD1, which shows a significant inhibition of HCV core expression by SAMHD1, and also indicates a probable underestimation of the anti-HCV capacity of SAMHD1 shown by the results in Figures 3A-C.




Figure 3 | Extrogenous SAMHD1 inhibits HCV replication. Huh7.5.1 cells with extrogenous SAMHD1 overexpression were infected with JFH1 HCVcc (MOI = 0.2) for 48 h. (A) Cell lysates were detected by Western blotting to analyze the expression levels of SAMHD1 and HCV core proteins. β-actin was used as a sample loading control. (B) Levels of HCV RNA in cells were evaluated by qRT-PCR. (C) Levels of infectious progeny viruses in culture supernatants were tested by infecting naïve Huh7.5.1 cells, followed by qRT-PCR analysis of HCV RNA in cells at 72 hpi. All of the data are representative of three independent experiments. For panels (B, C) data of SAMHD1 groups are normalized to the control group, whose value is set to 1. (D) Huh7.5.1 cells with extrogenous SAMHD1 overexpressing infected with JFH1 HCVcc and processed by immunofluorescence staining. The correlation between fluorescence intensity of SAMHD1 (TRITC) and HCV core proteins (FITC) was detected by high content screening. (E) Data of the inhibition on average fluorescence intensity of HCV core protein by different concentrations of extrogenous SAMHD1 are plotted as a histogram. The value of the control group is arbitrarily set to 1 (mean values ± SD; n = 3). *P<0.05; **P<0.01, and ***P<0.001.



Besides testing the antiviral activity of SAMHD1 overexpression, we also examine the anti-HCV activity of endogenous SAMHD1. SAMHD1 protein expression was strongly induced by IFN-α2b in the Huh7.5.1 cell line and successfully depleted by use of two different small interfering RNAs (siRNAs) (Figure 4A). To further confirm the anti-HCV activity of endogenous SAMHD1, we applied these siRNAs targeting SAMHD1 to a Huh7 cell line containing JFH1 subgenomic replicon, followed by the quantification of HCV NS3 and core proteins and RNA level, using immunoblot and qRT-PCR. As Figure 4B shows, knockdown of SAMHD1 led to the increase of NS3 and core protein expression and 36% elevation of HCV RNA level, which strongly displayed the inhibition of endogenous SAMHD1. To further confirm the antiviral activity of endogenous SAMHD1, we constructed a SAMHD1 knockout Huh7.5.1 cell line by CRISPR-Cas9 technology and infected with JFH1 HCVcc, followed by detection of progeny virus through qRT-PCR, ELISA, and immunofluorescence analysis. As Figures 4C-E show, depletion of endogenous SAMHD1 profoundly rescued HCV RNA proteins released in culture medium by threefold and elevated the infection level of progeny virus. Extrogenous expression of SAMHD1 in SAMHD1-KO Huh7.5.1 cells exhibited a stronger inhibition (approximately 70% inhibition at a higher level of SAMHD1) than in normal Huh7.5.1 cells, which suggests endogenous SAMHD1 indeed possesses antiviral activity. Taken together, both extrogenous and endogenous SAMHD1 are able to negatively regulate the HCV replication.




Figure 4 | Endogenous SAMHD1 participates in HCV inhibition. (A) Huh7.5.1 cells were transfected with 50 pmol/ml siRNAs targeting SAMHD1 or non-targeting siRNA (NT siRNA) for 24 h, and followed by the addition of IFN-α2b (1,000 U/ml) for another 48 h. Cell lysates were analyzed by Western blotting to determine the expression level of endogenous SAMHD1 protein. (B) Huh7 cells containing JFH1 subgenomic replicon were transfected with two different siRNAs targeting SAMHD1 for 48 h, and then a part of cells was harvested for measurement of HCV structural or non-structural proteins (core and NS3) by Western blotting. The other part of the cells was applied for total RNA extraction and qRT-PCR analysis. Values are shown as means ± SD (n = 3) and the value of the control group is set to 1. (C–E) A SAMHD1 knockout Huh7.5.1 cell line constructed by CRISPR-Cas9 technology was used to transfect plasmid expressing SAMHD1 and incubated with JFH1 HCVcc for an additional 48 h; normal Huh7.5.1 cells and pcDNA4.0 were respectively treated as cell control and plasmid control, and HCV RNA and HCV core proteins in culture medium were quantified by qRT-PCR (C) and ELISA (D). Data are representative of three independent experiments and shown as a histogram. Expression of endogenous and extrogenous SAMHD1 proteins was verified by Western blotting. Cell culture medium containing progeny virus was incubated with naïve Huh7.5.1 cells for an additional 72 h and detected HCV core proteins by immunofluorescence staining. Representative images are shown (cells > 10), Bars, 5 μm (E). *P<0.05; **P<0.01, and ***P<0.001.





The C-terminus of SAMHD1 is required for its anti-HCV activity

To determine the domains of SAMHD1 involved in its antiviral activity, we analyzed the inhibitory effect of three SAMHD1 truncations on HCV replication, which consist of residues 45–626, 112–626, and 1–582, representing removal of nuclear localization signal (NLS), SAM, and C-terminal domains, respectively. Huh7.5.1 cells were transfected with plasmid coding for these truncations, followed by HCV infection. Results of Western blotting showed that, similar to wild-type SAMHD1, the expression of 45–626 and 112–626 but not 1–582 truncations significantly reduced the expression of the HCV core protein, which was verified by a twofold reduction in HCV RNA level determined by qRT-PCR (Figure 5A), suggesting the importance of SAMHD1 C-terminus in its anti-HCV activity.




Figure 5 | The C-terminus of SAMHD1 is essential for its anti-HCV activity. (A, B) Normal Huh7.5.1 cells were respectively transfected with plasmids expressing SAMHD1 truncations [SAMHD1(45–626), SAMHD1(112–626), and SAMHD1(1–582)] (A) or SAMHD1 mutants [SAMHD1(T592A) and SAMHD1(T592D)] (B), and followed by infection with JFH1 HCVcc for 48 h. Cell lysates were examined by Western blotting to determine the expression of SAMHD1 and HCV proteins. Replication levels of HCV RNA in infected cells were isolated and quantified by qRT-PCR. (C, D) SAMHD1-KO Huh7.5.1 cells were respectively transfected with plasmids expressing SAMHD1 truncations [SAMHD1(45–626), SAMHD1(112–626), and SAMHD1(1–582)] (C) and SAMHD1 mutants [SAMHD1(T592A) and SAMHD1(T592D)] (D) and infected with JFH1 HCVcc for 48 h. HCV RNA in culture medium was isolated and quantified by qRT-PCR. Cells were harvested for detection of protein expression by Western blotting. All data are representative of three independent experiments and shown as mean ± SD. ns, not significant; *P<0.05, and ***P<0.001.



It is worth noting that SAMHD1 is regulated by phosphorylation of its C-terminal domain at Thr-592, which annihilates its antiviral function yet has only a small effect on its phosphohydrolase activity. In order to study the relationship between the phosphorylation of Thr-592 and its antiviral activity, we mutated 592 T to A (not phosphorylated) or D (phosphomimetic), and transfected them into Huh7.5.1 cells using SAMHD1 as a positive control followed by infection with JFH1 HCVcc. Interestingly, we found that when we mutated the threonine at position 592 of SAMHD1 to alanine (T→A), which could not be phosphorylated, the expression of core protein was further reduced compared to the wild-type SAMHD1 group (Figure 5B). The antiviral effect of SAMHD1 disappeared after we permanently phosphorylated the threonine at position 592 of SAMHD1 to alanine (T→D), indicating that T592 phosphorylation significantly reduced the antiviral effect of SAMHD1.

To rule out the impact of endogenous SAMHD1 and accentuate the antiviral activities of SAMHD1 truncations and mutants, we transfected plasmids expressing SAMHD1 truncations and mutants in SAMHD1-KO Huh7.5.1 cells followed by infection with JFH1 HCVcc. Consistent with the anti-HCV activities in normal Huh7.5.1 cells, only 1–582 truncation and T592D mutant totally lost their inhibition on HCV replication; in addition, they also exerted little effect on SREBP1 protein expression, suggesting a strong correlation between the downregulation of SREBP1 and the inhibition of HCV replication by SAMHD1 (Figures 5C, D).

To reinforce such correlation, we also explored functions of SAMHD1 truncations in the formation of LDs by immunofluorescence analysis. Compared with wild-type SAMHD1, 45–626 and 112–626 truncations that are able to inhibit HCV replication reduced the amounts of LDs, whereas the 1–582 truncation weakly obstructed LD formation (Figure S1). These data together provide robust evidence on the role of SAMHD1 in SREBP1 downregulation and LD decrease, which are correlated with their antiviral functions.


SAMHD1 impairs RNA replication of HCV

Furthermore, we found that overexpressing SAMHD1 in the Huh7 replicon cell line also resulted in inhibition on HCV NS3 expression (Figure 6A). This provides evidence supporting that SAMHD1 mainly affects viral gene expression at the stage of transcription or (and) translation. In agreement with the hypothesis, we observed a similar inhibition of viral NS3 and core expression by SAMHD1 in cells transfected with in vitro transcripted HCV genomic RNA (Figure 6B), which warrants no entry step-involved viral gene expression.




Figure 6 | Effect of SAMHD1 on HCV replication and translation. (A) Huh7 replicon cells were transfected with plasmid expressing SAMHD1 for 48 h. Cell lysates were analyzed by Western blotting to determine the expression level of NS3 protein. Data are representative of three independent experiments. (B) Huh7.5.1 cells were co-transfected with plasmid of SAMHD1 and JFH1 HCVcc RNA transcripted in vitro. At 48 h post-transfection, HCV NS3 and core proteins in cells were detected by Western blotting to determine inhibition on HCV replication by SAMHD1. This experiment has been repeated three times. (C) Schematic presentation of HCV IRES-mediated luciferase reporter system. (D) pFKi389 containing all non-structural proteins was co-transfected with or without pSAMHD1-myc into Huh7.5.1 cells; after 24 h incubation, all cells of test groups but not control groups were transfected with HCV IRES-mediated luciferase mRNA for another 24 h. The values of Renilla luciferase (RLU) activity were measured and used to assess translation or replication level of HCV RNA under circumstances of SAMHD1 overexpression. Data are indicated as mean ± SD (n = 3). ns, not significant; ***P<0.001.



To validate the above hypothesis, we cloned the HCV 5’UTR and 3’UTR into the upstream and downstream of the Renilla luciferase reporter gene, respectively, to construct a reporter gene translation system mediated by HCV IRES (Figure 6C). The system contains the complete HCV 5’UTR and 3’UTR and mimics the HCV replication process by providing HCV nonstructural proteins in trans. We obtained the mRNA of Renilla luciferase containing HCV IRES by in vitro transcription and then transfect ion into Huh7.5.1 cells with SAMHD1 or pFKi389 (a replicon that contains all non-structural proteins from NS3 to NS5B), or co- transfection of SAMHD1 and pFKi389, and investigated the mRNA levels by testing the luciferase activity (Figure 6D). The results showed that the RLU reading of the Rluc+pFKi389 group was doubled compared with the Rluc group, indicating that the luciferase reporter system could be transactivated to mimic HCV RNA replication. First, we found that the expression of SAMHD1 had no significant effect on RLU readings in the absence of HCV nonstructural proteins, suggesting that SAMHD1 does not affect the IRES-mediated translation. However, SAMHD1 drastically reduced the RLU reading when the luciferase reporter system is transactivated. The above results further confirm that SAMHD1 does not affect the IRES-mediated translation process but inhibits the RNA replication process, thereby inhibiting the expression of viral proteins.




Supplementary lipid counteracts the anti-HCV activity of SAMHD1

To explore if the anti-HCV effect of SAMHD1 is related to its ability to decrease intracellular dNTPs, we examined whether recruitment of dNTPs would rescue HCV replication in SAMHD1-transfected Huh7 replicon cells. Results showed that expression levels of HCV proteins did not increase when compared with that of the control group (Figure 7A), suggesting that the antagonism of SAMHD1 on HCV infection is not achieved by reducing intracellular dNTP levels, and other mechanisms may exist.




Figure 7 | Supplementary lipid rescues HCV replication inhibited by SAMHD1. (A) pSAMHD1-myc or pcDNA4.0 was transfected into Huh7 replicon cells with or without the addition of 10 μM dNTPs and cultured for 48 h. Expression levels of HCV core and NS3 proteins were determined by Western blotting (n = 3). (B) Plasmids encoding SREBP1-flag were co-transfected with pSAMHD1-myc into Huh7.5.1 cells and followed by infection with JFH1 HCVcc (MOI = 0.2) for an additional 72 h. Expression of HCV core protein detected by Western blotting was used to evaluate the HCV replication level. (C) HCV RNA in cells was isolated for qRT-PCR analysis. Cells in the control group were transfected with the same amount of empty vector. Values of qRT-PCR are shown as means ± SD (n = 3) and the value of the control group is set to 1. (D) Huh7.5.1 cells were transfected with pSAMHD1-myc followed by infection with JFH1 HCVcc (MOI = 0.2) in the presence of 100 μg/ml LDs for an additional 72 h. Expression of HCV core protein in cells detected by Western blotting was used to measure HCV infection level. (E) HCV RNA in cells was extracted for qRT-PCR analysis. Data are representative of three independent experiments and shown as means ± SD. (F) Plasmids encoding SREBP1-flag were transfected into SAMHD1-KO Huh7.5.1 cells with or without extrogenous SAMHD1 expression and followed by infection with JFH1 HCVcc (MOI = 0.2) for an additional 72 h. HCV RNA in culture medium was isolated for qRT-PCR analysis. Values of qRT-PCR are shown as means ± SD (n = 3). Expression of extrogenous proteins was detected by Western blotting. (G) SAMHD1-KO Huh7.5.1 cells were transfected with pSAMHD1-myc followed by infection with JFH1 HCVcc (MOI = 0.2) in the presence of 100 μg/ml LDs for an additional 72 h. Progeny virus RNA in supernatants was extracted for qRT-PCR analysis. Data are representative of three independent experiments and shown as means ± SD. Expression of extrogenous proteins was analyzed by Western blotting. ns, not significant; *P<0.05, **P<0.01, and ***P<0.001.



It was previously reported in the literature that HCV infection can activate the expression of SREBPs, FA synthetase (FASN), and other genes involved in the lipid synthesis and transportation. Inhibition of the activity of SREBPs and FASN blocks the replication of HCV RNA and the production of infectious virus particles. SAMHD1 inhibits the expression of SREBP1, which probably results in inhibiting HCV RNA replication. Based on the above conjecture, we co-transfected the SAMHD1 and SREBP1 plasmids in Huh7.5.1 cells or SAMHD1-KO Huh7.5.1 cells followed by infection with JFH1 HCVcc to observe whether the inhibitory effect of SAMHD1 on HCV changed. As expected, the results of our Western blotting and qRT-PCR assays further confirmed that the supplementary SREBP1 plasmid counteracts the anti-HCV activity of SAMHD1 (Figures 7B, C). A similar result was obtained when rescuing LD s (Figures 7D, E). Without interference of endogenous SAMHD1, the level of HCV production in the presence of extrogenous SAMHD1 proteins rescued by extrogenous expression of SREBP1 or addition of LDs was more obvious ly observed (Figures 7F, G), which suggests that SAMHD1 suppresses the host cholesterol and FA biosynthesis pathways by downregulating the expression of SREBP1 to inhibit HCV replication.




Discussion

Innate immunity is at the forefront of cellular defense that monitors and recognizes viruses and is characterized by IFN stimulation. SAMHD1 is discovered early as an antiviral ISG, widely existing in eukaryotes and prokaryotes, and highly homologous. At present, the study of the antiviral function of SAMHD1 mainly focuses on retrovirus and some DNA virus, and few studies focus on other kinds of virus (24, 25). Our work expands the antiviral spectrum of SAMHD1 to RNA virus including HCV, JEV, and DENV, suggesting that SAMHD1 has evolved to negatively regulate a wide range of different pathogenic viruses, thus playing a crucial function in innate immunity. We note that SAMHD1 moderately inhibits HCV or JEV compared with HIV or other DNA viruses. One possibility is that these viruses evolved a partial resistance to SAMHD1 during a long evolutionary process (26). The other possibility is that some other host factors induced by type1 IFN, such as CypA, assist in the formation of HCV replicase complex or guard HIV nucleic acids from cytosolic sensors, which counters the inhibition of SAMHD1 (27).

SAMHD1 significantly enhances the antiviral immune response and regulates the IFN-induced inflammatory response involved in the host–virus defense system (28–30). At present, SAMHD1 is considered to restrict HIV-1 reverse transcription by hydrolyzing the majority of cellular dNTPs below the concentration needed for efficient catalysis by viral enzymes through its dNTPase activity. The addition of exogenous dNTPs or knockdown of SAMHD1 partially reverses such inhibition (31). Moreover, HIV Vpx also accelerates ubiquitination of SAMHD1 and is marked for proteasomal degradation (6, 32). However, this strategy of protecting host from virus infection through depletion of dNTPs hardly explains the entirety of SAMHD1’s antiviral functionality (33). Our work suggests a new antiviral strategy of SAMHD1 through impairing lipid synthesis independent of decreasing dNTP pools, providing new evidence supporting the multi-antiviral activities of SAMHD1.

The phosphorylation of SAMHD1 at T592 has been shown to be involved in multiple cellular processes, including tetramer association, cell cycle phase and dissociation, expedited regulatory nucleotide release, and antiviral activity. All types of IFNs share activation of SAMHD1 via dephosphorylation at T592 (14, 34, 35). Similarly, our work showed that T592 phosphorylation significantly reduced the anti-HCV effect of SAMHD1. These results together suggest the crucial role of this key site in IFN-mediated innate immunity against different viruses.

IFNs are multifunctional cytokines that widely manipulate intracellular processes to defend virus infection. There is no doubt that viruses may participate in manipulating the cholesterol and FA synthesis to support their replication (36). Viral replication is a high- energy-demanding process; thus, they modulate not only FAs but also cholesterol to provide ATP and use lipids for their nucleic acid production (36–38). Recent studies have shown that an antiviral pathway of IFN seems to be related to impairment of lipid biosynthesis (39). Studies subsequently indicate that IFN can directly inhibit transcription and expression of SREBPs via IFNAR1 or stimulate a series of ISGs to realize the inhibition of lipid synthesis (40). We surprisingly discover that SAMHD1 possesses such function of downregulation of lipid production likely through restraining SREBP1 transcription. The inhibition of whole lipid metabolism contributes to the reduction of LDs. Such a cascade of reactions caused by SAMHD1 finally leads to the crush of HCV RNA replication. This discovery has been regarded as a participant in innate immunity and extensively addressed the biochemical functions of SAMHD1. Collectively, SAMHD1 impairing lipid metabolism for viral inhibition is considered as a fresh supplement for cellular innate immunity regulated by IFN.
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Gene_ID

IRF9

IFITM3

REC8
LOC100519082
B2M

PPPIRIB
LOC100156062
CDHR4

CTSS

LMO2

EREG

IDO1
LOC100738479
ARL4C

PDK2

product

Interferon regulatory factor 9

Interferon induced transmembrane protein 3

REC8 meiotic recombination protein

Interferon induced transmembrane protein 1

Beta-2-microglobulin

Protein phosphatase 1 regulatory inhibitor subunit 1B

Apolipoprotein L3

Cadherin related family member 4
Cathepsin S

LIM domain only 2

Epiregulin

Indoleamine 2, 3-dioxygenase 1
Tripartite motif-containing protein 34
ADP ribosylation factor like GTPase 4C

Pyruvate dehydrogenase kinase 2

Family
IRF
IFITM protein family
Kleisin family of SMC protein partners
IFITM protein family
Apolipoprotein L gene family

Peptidase C1 family

Epidermal growth factor (EGF) family

ADP-ribosylation factor family of GTP-binding proteins

Pyruvate dehydrogenase kinase family
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Virus Type of virus  Route of virus administra- Effect References

tion
Vv VGY-IL-24 it/ip. Significantly inhibits tumour growth and induces apoptosis in colorectal (12)
cancer cells
JX-594 ip. Inhibition of CRC peritoneal metastasis and lysis of Peritoneal tumour cells (15)
Reovirus Pelareorep it Lysis of KRAS-mutated CRC cells (16)
Pelareorep Cell experiment Promotes immune-mediated recognition and destruction of tumour cells (17)
RC402 p.o. Significantly inhibits the growth of colorectal cancer tumours (31)
(combination with anti-PD-1 blockade)
HSV A47/A34.5/IL12 Cell experiment Effective in killing CRC cells (18)
HSV-1
oHSV-2 it Increased infiltration of immune cells (19)
Adenovirus  SPDD-UG it Inhibits CRC cell growth and induces apoptosis in CRC cells (22)
rAd.DCN.GM it Significantly inhibits CRC tumour growth and distant metastasis (23)
CD55-TRAIL Cell experiment/i.t. Effective antitumour effects on CRC cells in vitro and in vivo (24)
(combination with luteolin)
Measles MeVac FmIL-12 it Effective induction of apoptosis in CRC cancer cells (26)
virus
ORFV NA/11 it Inhibition of CRC growth and metastasis by induction of CRC apoptosis 27)
VSV M51R VSV ip. Inhibited the growth of PSD in CRC (28)
CVB3 PD Cell experiment/i.t. Efficient infection and lysis of CRC cells (29)

PD-H it Effective tumourolytic activity against CRC (30)
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Modification type

Carries the PD-1/PD-L1
antibody gene

Carriage of other genes
enables enhanced anti-PD-1
treatment

“Armed”OVs

VV-iPDL1/GM

VSVMSIR pD.L]

HSV-aPD-1

PD1-BCMNs-OA

hIL-7/mIL-12-
Vv

ONCR-177

ZD55-1L-24

Ad-Cab

Modified features

Co-expression of PD-L1 inhibitor and GM-CSF

Expression of a single-chain antibody Fv fragment
encoded by the PD-L1-targeting antibody
avelumab

Encoding humanized anti-PD-1 monoclonal
antibody

Bioengineered cell nanomembranes carrying PD-1

Dual expression of IL-7 and IL-12

Carries five transgenes: IL12, FLT3LG, CCL4,
anti-PD-1 and anti-CTLA-4

Insertion of the anti-tumour gene mda-7 and IL-
24 gene

Cloning from a novel PD-L1 ICI with a cross-
hybrid Fc region of IgG and IgA

Eftect

Enhanced PD-1/PD-L1 inhibitor sensitivity

Effective inhibition of tumour growth

Improving the immune microenvironment to
increase susceptibility to ICIs

Effective activation of tumour-infiltrating T cells
to increase anti-tumour immune response

Enhancing inflammatory response to alter TME
to improve anti-PD-1 and anti-CTLA-4
sensitivity

Activating systemic immunity to enhance anti-
PD-1 therapy

Increasing tumour immune infiltration to
enhance anti-PD-1 efficacy

Activates multiple immune pathways to kill
tumour cells

References

(69)

(70)

(71)

(72)

(73)

(74)
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(76)
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Pathological Mechanism Presenters Time
process

Excessive ROS is associated with reduced numbers and functional failure of NK cells. Osman; 2020

inflammatory Zheng

response
SARS-CoV-2 suppresses immune response and causes infection through activation of Nox2. Violi 2020
Binding of PAMPs to PRRs induces intrinsic immune signaling. Higashikuni 2021
Immune signaling sequentially involves adaptor proteins (MYD88, TRIF, RGL-1 and MAD-5), cell membrane protein Vabret 2020

kinases (IRKs, MAPKs and ERKs) and finally transcription factors (e.g. nuclear factor kappa-B, IFRs, NF-kB and IFRs)
are produced at the cell membrane.

Transcription factors migrate to the nucleus and induce the expression of encoded cytokines, IFN-1, IFN-III, pro- de Wit 2016

inflammatory cytokines and chemokines.

CRAC channel inhibitors block the release of pro-inflammatory cytokines and protect the integrity of endothelial cells. Bruen 2022
Evasion of natural Nsp16 and nspl0 induce the synthesis of viral mRNAs that mimic host cell mRNAs, thereby protecting the virus from Viswanathan 2020
immune system the host intrinsic immune response.
recognition

SARS-CoV-2 nspl causes mRNA translation shutdown in host cells and blocks RIG-1 and ISG. Higashikuni 2021
SARS-CoV-2 inhibits interferon-induced and blocked IFN signaling and leads to decreased expression levels of toll-like ~ V'Kovski 2021
receptor 7, TLR8, TLR2 and TLR4 receptors that recognize SARS-CoV-2 viral RNA, producing immune escape.
Interferon response ~ The immune evasion mechanism of SARS-CoV-2 is also associated with the inhibition of IFN production and IFN Hadjadj; 2020
dysregulation signaling by viral proteins. Jiang
The protease of SARS-CoV-2 can directly cleave IRF3, resulting in diminished IFN production. Moustaqil 2021
IRF7 and IRF9 are upregulated in SARS-CoV-2 infection and severe viral load may overwhelm the IFN response and Hasan 2021
determine the outcome of the infection.
ORF-6 acts as an antagonist of type I interferon promoting viral escape from the host intrinsic immune system. Fiorino 2021
Viral proteins or nucleic acids that trigger PRRs induce B-interferon TIR structural domain bridging proteins (TRIFs) Prompetchara 2020

and IRFs via TIR domain-containing junctions, thereby activating the interferon response.

SARS-CoV-2 viral protein's interference with interfering with the production of IFN leads to or blocks the downstream Bastard; 2020
signaling pathway following the binding of IFN to ISGs. Zhang
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Pathological
process

Dysregulated cellular
immune response

Dysregulation of
humoral immune
response

Mechanism

CD4+ T cells showed significantly reduced responses to various viral proteins such as S, N and M proteins.

Severely ill patients exhibit macrophage overreaction (also known as macrophage activation syndrome
MAS) and lymphocytopenia in effective lymphocytes, including neutrophils, CD4+ T cells, CD8+ T cells
and NK cells

Lower levels of IFN-g production reduce Th1 production, leading to a further attenuation of the antiviral
immune response of CD4+ T cells.

Th2 cells normally produce 1L4, IL-6, 1I-8, IL-10 and IL-13, which suppress inflammatory responses and
promote antibody responses and inhibit Thl cell-induced antiviral functions.

T-cell lymphopenia may be caused by pro-inflammatory cytokines and activation-induced cell death.
Helper T cells activate the differentiation of B lymphocytes in the germinal centers of lymph nodes and
other lymphoid tissues and secrete pathogen-specific antibodies.

Measurement of serological IgM and IgG titers and detection of SARS-CoV-2 NP antigen by fluorescent
immunochromatography showed its high specificity and relatively high sensitivity in the early stages of
infection.

Stalled or delayed synthesis of IgG and IgM antibodies in patients with severe COVID-19

Presenters

Grifoni

Giamarellos-Bourboulis;
Schulte-Schrepping; Silvin;
Chen

Han

Mahlangu

Bellesi; Zheng

Kumar

Devarajan

Sun; Wang
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Year Progress Reference
2010 S-palmitoylation of IFITM3 was first identified and this lipid modification controls its clustering in membrane compartments and anti-IVA activity. 113)
2012 IFITM3 had an inherent affinity for cell membranes, enhanced by hydrophobic S-palmitoylation (18)
2013 a C72A mutation made human IFITM3 more centralized intracellular distribution (16)
2016 Acyl-PEG exchange (APE) was developed, and dually S-palmitoylated IFITM3 at Cys72 and Cys105 was suggested to be the most active isoform in (114)
mammalian cells
2017 More than half of the ZDHHCs were capable of increasing IFITM3 palmitoylation with ZDHHCs 3, 7, 15, and 20 having the greatest effect (115)
2019 S-palmitoylation of IFITM3 at Cys72 is important for its rate of trafficking to IAV particles during infection (116)
2020 S-palmitoylation has no effect on the subcellular localization of swine IFITM3; (38)
S-palmitoylation on the three cysteine residues were all crucial for sIFITM3 to restrict PRRSV replication; (79)
All cysteine mutants of microbat IFITM3 relocalized to perinuclear Golgi-associated sites; 117)
S-palmitoylation of IFITM3 mediated by ZDHHC1 was indispensible for keeping it from lysosomal degradation. (39)
2021 modulation of IFITM S-palmitoylation levels and cholesterol interaction may influence host susceptibility to different viruses; 87)
S-palmitoylation also enhanced the antiviral activity of IFITM3 by modulating its conformation and interaction with lipid membranes. 62)
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Gene PEDV infection TGEV infection PEDV+TGEYV infection Gene description Ref DOI
symbol
log2 fold q value log2 fold q value log2 fold q value
change change change
APOBEC3B 0.853622611 347E-09  0.716693607 0.002364504 0.953401477 1.82169E-06 Apolipoprotein B mRNA editing 10.1038/nature00939
enzyme catalytic subunit 3B
DDX24 0.227246637 0.039698472 0.295532008 0.04570764 0.304417963 0.020049853 DEAD-box helicase 24 10.1016/
j.virol.2008.01.025
DDX60 1.110014124 0.048911194 0.998530685 0.032603554 0.955513667 0.013291317 DEXD/H-box helicase 60 10.1038/nature09907
IFI6 1.479421789 0.000611615 1.864487534 5.95363E-07 1.377998512 3.09053E-05 Interferon alpha inducible protein 6 10.1038/541564-
018-0244-1
IFIT2 2.292753267 0.005583963 2.170059221 0.010245215 2.269357635 0.007031308 Interferon-induced protein with 10.1371/
tetratricopeptide repeats 2 journal.pbio.2004086
IFIT3 1.897685689 0.008779897 1.658142819 0.001373656 1.911377054 0.011643211 Interferon-induced protein with 10.1371/
tetratricopeptide repeats 3 journal.pbio.2004086
IFITM1 2.188304133  7.74E-08  2.519998152 1.35833E-10 1.987652389 1.70188E-10 Interferon-induced transmembrane 10.1016/
protein 1 j.cell.2009.12.017
IFITM3 1.132823871 443E-10  1.434383357 3.99482E-06 1.113465091 9.84344E-07 Interferon-induced transmembrane 10.3389/
protein 3 fimmu.2018.00228
ISG12(A) 1.822958691 0.00000265 2.186524528 7.21423E-08 1.614782083 3.25923E-07 Putative ISG12(a) protein 10.1128/JV1.00352-
16
ISG15 2.302352998 0.00000341 2.663277381 6.77695E-09 2.05115159 3.77527E-08 ISG15 ubiquitin-like modifier 10.1371/
journal.pbio.2004086
ISG20 1.742182074 0.000108971 1.948342895 1.72743E-06 1.502146139 3.99749E-06 Interferon stimulated exonuclease 10.1371/
gene 20 journal.pbio.2004086
MOV10 1.493423741 2.6E-18 1.639326559 1.46511E-08 1.205502595 1.4368E-07 Mov10 RISC complex RNA helicase 10.1371/
journal.pbio.2004086
OAS1 1.332989798  297E-09  1.421244578 1.39396E-05 1.215590342 1.36733E-05 2'-5'-Oligoadenylate synthetase 1 10.1371/
journal.pbio.2004086
OAS2 1.206408548  4.93E-08  1.117235101 0.000354723 1.127790413 5.62295E-05 '-Oligoadenylate synthetase 2 10.3390/v12040418
OASL 2.319409818 0.000176627 2.883551358 1.62918E-09 2.127805209 0.001844082 -pligoadenylate synthetase like 10.1016/
j.immuni.2018.12.013
PARP12 1.21350878 0.00365218 1.225430781 0.000345214 1.012772207 0.001336873 Poly(ADP-ribose) polymerase family 10.1371/
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Promote expres-
sion

TNF-o. upregulates
PAI-1

IL-6 upregulates
PAI-1

Cell/host

Clinic patients
Clinic patients/HUVECs

Human hepatoma/primary mouse
hepatocytes

Human colorectal cancer/breast
cancer/prostate cancer

Model

Atherosclerosis
Patients diagnosed with

CRS from sepsis

Rag1™~ PAI1™"/Rag1™
“PAI-1 mice (54)

Possible mechanism

TNF-o. inhibition with infliximab decreases PAI-1 Ag level

Tocilizumab treatment decreased the PAI-1 levels and alleviated
critical illness in severe COVID-19 patients

IL-6 induces PAI-1 expression through JAK signaling pathways
converging on C/EBPS

IL-6 activates the IL-6/STAT3 pathway and, through miR-34a,
upregulates PAI-1
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(82)
(18, 42)
(80)

(54, 81)
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Categories Subgroup Cases Distribution
Age >80 years 1,408 3%
30-79 years 38,680 87%
10-29 years 4,168 6%
<10 years 416 1%
Degree Mild 36,160 81%
Severe 6,168 4%
Critically ill 2,087 5%
Fatality rate 44,672 confirmed cases 1,023 2.3%
Aged >80 years 208 14.8%
70-79 years 312 8.0%
Critically cases 1,023 49.0%

Bold values highlight the proportion and mortality of critically ill patients and emphasize the

lethality of COVID-19.
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COVID-19

Type 2
diabetes
Acute cerebral
infarction

Healthy donors
Non-severe
COVID-19 group
Severe COVID-19
group

Death group

IL-6 (mean
pg/ml)

419.5
430.3

1463

2200
<20 (24)

<1,000 (25)

PAI-1 (mean
ng/ml)

1837
465.2

713.3

1,223.5
36.5
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Factors

PAI-1

IL-6

Expressing and working

rSARS-CoV-2-S1 infect HPMECs exhibited robust
induction of PAI-1

Circulating levels of PAI-1 upregulate and function as an
independent predictor of the severity of COVID-19
disease in patients

Decreased the PAI-1 levels and alleviated critical illness in
severe COVID-19 patients

Significant expression of PAI-1 exists only in severe
COVID-19 patients and promotes patient thrombosis
Hypercoagulability and hypofibrinolysis are connected to
the elevated level of PAI-1 in COVID-19

IL-6 can serve as an independent factor predictor of the
severity of COVID-19 disease in patients
Seroproteomics studies found IL-6 significant
upregulation, and IL-6 signal transduction is the most
upstream upregulation pathway in severe patients with
COVID-19 patients

IL-6 is the main trigger of endothelial cytokine storms in
COVID-19 patients

Reference
(40)

@)

(42)

(14)

39
(43-46)
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32)
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Targets

PAI-1 upregulates
TNF-a

PAI-1 upregulates
IL-6

Cell/host

NR8383 cells
Mouse
Mouse

C57 mouse/HT-1080 fibrosarcoma
cancer cell line

Microvascular (MIC) and
macrovascular (MAC) endothelial
cells (ECs)

Mice/human aortic endothelial cells
(HAECS)

Model
Inflammatory model induced by LPS
Type 2 diabetes mellitus
Systemic inflammation model

Rag1™~ PAI1™~/Rag1™"PAI-1 mice

Inflammatory model induced by LPS

Endotoxemia of mouse/Inflammatory
model induced by LPS

Mechanism

TLR4-MD-2/NF-xB signaling transduction pathway
PAltrap3 decreases the levels of both PAI-1 and TNF-o.
PAI-1 regulates inflammatory responses through TLR4
mediated macrophage activation

PAI-1 promotes the recruitment and polarization of
macrophages in cancer

PAI-1 was necessary for macrophage polarization

PAI-1 combines with TLR4 to promote NF-xB
activation so that ECs produce chemokines, such as
IL-6

Reference

(50)
(49)
(59)
(54)

(55)

(86, 57)
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