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Introduction: Since its outbreak in December 2019, SARS-CoV-2 has spread rapidly across the world, posing significant threats and challenges to global public health. SARS-CoV-2, together with SARS-CoV and MERS-CoV, is a highly pathogenic coronavirus that contributes to fatal pneumonia. Understanding the similarities and differences at the transcriptome level between SARS-CoV-2, SARS-CoV, as well as MERS-CoV is critical for developing effective strategies against these viruses.

Methods: In this article, we comparatively analyzed publicly available transcriptome data of human cell lines infected with highly pathogenic SARS-CoV-2, SARS-CoV, MERS-CoV, and lowly pathogenic HCoV-229E. The host gene expression profiles during human coronavirus (HCoV) infections were generated, and the pathways and biological functions involved in immune responses, antiviral efficacy, and organ damage were intensively elucidated.

Results: Our results indicated that SARS-CoV-2 induced a stronger immune response versus the other two highly pathogenic HCoVs. Specifically, SARS-CoV-2 induced robust type I and type III IFN responses, marked by higher upregulation of type I and type III IFNs, as well as numerous interferon-stimulated genes (ISGs). Further Ingenuity Pathway Analysis (IPA) revealed the important role of ISGs for impeding SARS-CoV-2 infection, and the interferon/ISGs could be potential targets for therapeutic interventions. Moreover, our results uncovered that SARS-CoV-2 infection was linked to an enhanced risk of multi-organ toxicity in contrast to the other two highly pathogenic HCoVs.

Discussion: These findings provided valuable insights into the pathogenic mechanism of SARS-CoV-2, which showed a similar pathological feature but a lower fatality rate compared to SARS-CoV and MERS-CoV.
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1 Introduction

Over the past 20 years, highly pathogenic human coronaviruses (HCoVs), consisting of SARS-CoV-2, SARS-CoV, and MERS-CoV, have caused three life-threatening epidemics (1). SARS-CoV emerged in 2002–2003 and rapidly spread throughout Asia, infecting approximately 8,000 people and causing 774 deaths, with a mortality of about 9.6% (2). MERS-CoV, which was discovered in the Middle East in 2012, infected 2,519 people, of whom 866 died, representing a mortality of about 34% (3). SARS-CoV-2, which emerged in December 2019, has resulted in a global pandemic with immense damage to human health and the economy, causing approximately 761 million infections and 7.9 million deaths by March 2023 (4). The mortality rate of SARS-CoV-2 varied between countries and populations, with an overall pooled mortality of 5.6% (5). Although SARS-CoV-2 has a lower fatality rate than the other two, it still poses a significant threat to human health due to its rapid and elusive mutation and the possibility of reinfection after vaccination (6, 7).

SARS-CoV, MERS-CoV, and SARS-CoV-2 have similar clinical symptoms, such as cough, fever, and brachypnoea (8). In severe cases, all three diseases can progress to fatal acute respiratory distress syndrome and multiple organ damage. Although the SARS-CoV-2-induced COVID-19 disease shares consistent clinical features with SARS and MERS, it is less lethal than them. In addition, compared to these highly pathogenic HCoVs, the prevalent strains of coronavirus (HCoV-OC43, HCoV-229E, HCoV-HKU, and HCoV-NL63) generally lead to mild respiratory illnesses like the common cold (9, 10). The reason for this varying pathogenicity of different HCoVs is still a subject under research. Limited evidence suggests that some factors may contribute to their differences in pathogenicity, such as the ability to replicate efficiently in humans, the immune escape ability, and the damage caused by promoting excessive inflammation.

Cell invasion and replication are essential to virus infection, these processes are usually mediated by the interaction between viral S proteins and cellular receptors (11). SARS-CoV-2 encoded longer S proteins compared with SARS-CoV and MERS-CoV (12). ACE2 is the common cellular receptor for SARS-CoV and SARS-CoV-2. However, the affinity of ACE2 to SARS-CoV-2 is 10–20 times higher than that to SARS-CoV (13, 14). HCoVs also evolve different strategies to escape host immunity. Human respiratory viruses spread along the nasopharyngeal tract, which partly avoids the innate immune cells (15). In severe infections with SARS-CoV-2, the innate immunity is diminished. However, monocytes and macrophages are recruited to the infected tissues, which induce excessive inflammation (16). In addition to the decline of lymphocytes during SARS-CoV infection, the virus interferes with some protective immune intracellular pathways, thereby preventing the production of IFN-1 and the activation of T cells (17). MERS-CoV encodes ORF4a, which acts as an antagonist of IFN to escape the host innate immunity (18).

The immune system is the major line of defense against intrusive viruses. Previous studies revealed the expression of some genes associated with the immune response during HCoV infections. Most of the over-expressed gene products in acute-phase sera of SARS patients were involved in immunity, such as IFN-γ, TGF-β, IL-6, IL-8, and IL-18 (19, 20). Similarly, the serum levels of IFN-α, CXCL10, IL-6, IL-8, and CCL5 were elevated in the patients with MERS-CoV, especially in those with severe MERS-CoV (21, 22). A similar cytokine profile of IFN-γ, TNF-α, IL-2, IL-6, IL-10, IL-1β, and GM-CSF was also observed in COVID-19 patients (23–25). Most of these upregulated genes during highly pathogenic HCoV infections are inflammatory cytokines, which suggests a dysregulated inflammatory response.

Research on the host responses to HCoVs with different pathogenicity could help develop effective interventions and therapies against the ongoing COVID-19 and future pandemics from the host perspective. Transcriptome analysis provides a powerful tool for studying host immune dynamics, and it also facilitates the identification of the regulated genes and signaling pathways during infections. A meta-analysis of publicly available transcriptome data from cell lines identified the common regulated pathways during infection with SARS-CoV-2, SARS-CoV, and MERS-CoV (26). These findings revealed that enhancing glutathione metabolism may reduce the severity of the SARS-CoV-2 infection. Additionally, a study on the transcriptional response to SARS-CoV, MERS-CoV, SARS-CoV-2, IAV, HPIV3, and RSV indicated that diminished innate antiviral defenses and overproduction of inflammatory cytokines are the driving features of COVID-19 (27). However, these studies mostly focused on the three highly pathogenic viruses or other additional pathogenic respiratory viruses. The differences in host responses induced by different HCoVs with varying pathogenicity are still not fully elucidated.

In the present study, we analyzed the transcriptome data from four publicly available datasets of human cell lines. We identified and compared the differences in gene expression and pathway regulation during highly pathogenic SARS-CoV-2, SARS-CoV, MERS-CoV, and lowly pathogenic HCoV-229E infections. The obtained results contribute to comprehending the pathogenesis of these coronaviruses and controlling any future HCoV outbreaks.



2 Materials and methods


2.1 Data collection and processing

We employed a search of the Gene Expression Omnibus (GEO) database to identify transcriptome datasets related to the seven HCoV infections in human respiratory cell lines. Of these, we selected four datasets related to SARS-CoV, SARS-CoV-2, MERS-CoV, and HCoV-229E for further analysis and listed them in Supplementary Table 1. Specifically, we focused only on the transcriptome data of the Calu3 and MRC-5 cell lines, as well as their corresponding mock controls, at the 24-h time point after infection with the four viruses in each dataset. The transcriptome data of PBMC samples from COVID-19 patients and corresponding healthy controls was obtained from GSE152418 dataset. All RNA-Seq data from our article were accessible through the NCBI GEO with the accession numbers GSE147507 (27), GSE56189, GSE148729 (28), GSE155986 (29), and GSE152418. The SARS-CoV-2 strains used in GSE147507 (USA-WA1/2020) and GSE148729 (Patient isolate, BetaCoV/Munich/BavPat1/2020| EPI_ISL_406862) were early original strains.

The FASTQ data from all these datasets was downloaded with the SRA toolkit and quality-controlled with fastp (30). The “fastq-dump” command was then employed to extract the fastq sequence information. Subsequently, we employed the “split-files” function to split the sequencing data, followed by applying a standardized quality control using the “fastp” tool with the parameter “-q 25 -u 30 thread = 5” to remove reads with substandard base quality. The human reference genome GRCh38.84 was used for alignment through HISAT2 (v2.2.0), and the mitochondrial genes were removed. Reads with alignment confidence scores exceeding 20 were extracted using “-F 4 -q 20,” resulting in the generation of the gene expression profiles required for downstream analyses. Gene expression levels of the sequencing data were quantified using the DESeq2 R package (version 1.18.1) and visualized through boxplots (Supplementary Figure 1A). Only genes with a count per million (CPM) greater than 1 in at least half of the samples were retained. The VennDiagram package in R (version 1.6.20) was implemented to plot Venn diagrams to visualize the relationship between genes in each infection group (Supplementary Figure 1B). The removal of the batch effects resulting from different links, such as methods, cell lines, and experimental designs, was achieved by the “removeBatchEffect” function of the limma R package (version 3.48.3). Finally, the results were checked through the fviz_pca_ind function and the plotted principal component analysis (PCA) diagrams (Supplementary Figure 1C).



2.2 Data analysis

The edgeR package (version 3.34.0) was executed for analyzing the differences in mRNA expression among the four HCoVs groups and the mock controls. The adjusted p-values of 0.05 together with absolute log2 (fold change) >1.5 were used as thresholds for identifying the differentially expressed genes (DEGs), and the up- and downregulated DEGs in each group were identified (Figure 1A). The count of the unique and common DEGs in each group was completed using the R package VennDiagram (Figure 1B). Volcano plots of the DEGs in each group were plotted using the ggplot2 R package (version 3.3.5), with the top 10 upregulated DEGs marked.
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FIGURE 1
Differentially expressed genes analysis of the four HCoV groups in vitro compared with the uninfected cells. (A) Bar plot of the differentially expressed mRNAs compared with the uninfected cells in each group. (B) Venn diagram of differentially expressed mRNA in the four HCoV-infected groups. (C) Volcano plots of the four HCoV groups based on the DEGs. The upregulated DEGs with the top 10 log2FC are shown.




2.3 Pathway and functional enrichment analysis

Function and pathway enrichment analysis of the DEGs were implemented with the software Ingenuity Pathway Analysis (IPA, Ingenuity Systems, Inc.) (31). For the IPA analysis, −log10 (p-value) >1.3 together with absolute Z-score >2 was set as the thresholds to identify the significantly up- or downregulated pathways and functional terms. The enrichment analysis results were visualized using positive and negative bar graphs (Figure 2A). The pathway and function terms were grouped into different categories based on functional characteristics (Figure 2B). Bubble plots of the enriched terms were generated with the ggplot2 R package. The heatmap of cytokine related DEGs was drawn using the R function pheatmap. The Cytoscape software was employed to exhibit the relationship between the genes and enriched functions. Tox function analysis was also conducted using IPA software.
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FIGURE 2
Pathway and function enrichment analysis upon HCoV infections based on IPA. (A) Quantity of the pathways and functional terms enriched in the HCoV-infected groups. (B) Classifications of the pathways and functional terms based on functional characteristics. For IPA analysis, –log (p-value) >1.3 and absolute Z-score >2 were set as the thresholds to identify the significantly up- or downregulated pathways and functional terms.





3 Results


3.1 Significant upregulation of DEGs during highly pathogenic HCoV infections

In this study, we analyzed publicly available transcriptome data from cells infected with different coronaviruses (SARS-CoV-2, SARS-CoV, MERS-CoV, and HCoV-229E) (Supplementary Table 1). The results of PCA revealed distinct mRNA expression profiles among the four groups of infected and mock-infected cells (Supplementary Figure 1C). In particular, we observed that the SARS-CoV-2 cluster exhibited a closer distance to the SARS-CoV and MERS-CoV clusters than to the HCoV-229E cluster. This finding indicated marked variations in gene expression between highly pathogenic and lowly pathogenic HCoVs.

To further explore the differences in gene expression patterns among HCoVs, we identified the DEGs among the four groups of infected cells. In total, 949, 171, 278, and 1,198 DEGs were observed in SARS-CoV-2, SARS-CoV, MERS-CoV, as well as HCoV-229E, respectively (Figure 1A). Notably, we observed that a large proportion of DEGs (70.7 and 88.1%) were specifically identified in the SARS-CoV-2 and lowly pathogenic HCoV-229E group, respectively (Figure 1B). These findings indicated significant differences between highly and lowly pathogenic HCoVs. Besides these, the results also revealed that the majority of DEGs were significantly upregulated in the highly pathogenic HCoV-infected groups, particularly in the SARS-CoV-2 group, where 90.3% of the 949 DEGs showed an upregulation (Figure 1A). These observations suggested that infected cells may mount a resistance response to highly pathogenic HCoVs by upregulating the expression of certain genes.

To identify the key genes involved in the host response to each virus, we analyzed the top 10 upregulated DEGs in each group (Figure 1C). In the highly pathogenic SARS-CoV-2 group, 8 out of the top 10 upregulated DEGs were interferon cytokine genes (IFNL2, IFNL3, IFNB1, IFNL1, and IFNL4) and IFN-stimulated genes (GBP5, TNF, and ZBP1), indicating a robust interferon response in SARS-CoV-2 infection. Similarly, in the SARS-CoV group, 6 out of the top 10 upregulated DEGs were interferon cytokine genes (IFNs) and ISGs, including IFNL2, IFNL3, IFNB1, GBP5, TNF, and ZBP1. In the MERS-CoV group, 4 out of the top 10 upregulated DEGs were IFNs and ISGs, including IFNL2, IFNL3, IFNB1, and TNF. Additionally, MRC1, which is related to antigen recognition (32), was also among the top upregulated DEGs in the MERS-CoV group. In the HCoV-229E group, the top upregulated DEGs, such as FAM83B, AATBC, Linc02257, and SPATA12, were mainly related to cell proliferation and migration (33–36) and DNA oxidative damage (37).



3.2 SARS-CoV-2 induces stronger immune responses than SARS-CoV and MERS-CoV

To gain insights into the molecular mechanisms underlying the pathogenicity of different HCoVs and to identify enriched pathways and functional categories, we conducted an IPA analysis. The analysis revealed a total of 66, 11, 10, and 15 pathways, as well as 167, 72, 64, and 56 functional terms, in the highly pathogenic SARS-CoV-2, SARS-CoV, MERS-CoV, and lowly pathogenic HCoV-229E groups, respectively (Figure 2A). Notably, the majority of enriched pathways and functions were significantly activated across all four groups [Z-score ≥2 and −log (p-value) >1.3], with the SARS-CoV-2 group displaying the highest number of activated terms (Figure 2A).

To provide a comprehensive overview of the enriched pathways and functional terms, we have grouped them based on their functional characteristics (Figure 2B). The results showed that both the top-ranked pathway or function term category in all three highly pathogenic HCoV groups was “Immune response.” Specifically, 27, 7, and 4 pathways and 100, 43, and 46 functions associated with “Immune response,” were significantly activated across all three highly pathogenic HCoV groups (Figure 2B). In contrast, only one significantly inhibited immune response-related pathway (“Interferon Signaling”) was discovered in the lowly pathogenic HCoV-229E. Moreover, none of the immune-related function terms were significantly activated or inhibited [Z-score ≥2 and −log (p-value) >1.3]. Our findings suggested that highly pathogenic HCoVs induced a robust immune response, while lowly pathogenic HCoVs might not activate extra immune responses or elicit a weaker immune response.

To determine the precise immunological response of cells to the highly pathogenic HCoVs, we intensively investigated the innate and adaptive immune responses of infected cells (Figure 3). For innate immunity, the SARS-CoV-2 infection significantly activated 20 out of the 21 enriched pathways and all of the 45 enriched functions (Figures 3A, B). Of these, 14 pathways and 28 functions were unique to the SARS-CoV-2 infection, such as “Toll-like Receptor Signaling” (Z = 2.333), “Production of Nitric Oxide and Reactive Oxygen Species in Macrophages” (Z = 3.606), “iNOS Signaling” (Z = 2.449), “Natural Killer Cell Signaling” (Z = 2.887), “Interferon Signaling” (Z = 3.5), and “Role of PKR in Interferon Induction and Antiviral Response” (Z = 2.673). In contrast, the SARS-CoV and MERS-CoV groups exhibited fewer enriched innate immune pathways and functions (Figures 3A, B). Only three common innate immune-associated pathways, including “Phagosome Formation,” “Role of Pattern Recognition Receptors in Recognition of Bacteria and Viruses,” and “Necroptosis Signaling Pathway,” as well as 10 innate immune-associated functions, were significantly activated in all three highly pathogenic HCoV groups (Supplementary Figure 2A). Our results indicated that the innate immune response triggered by SARS-CoV-2 infection was distinct from that of SARS-CoV and MERS-CoV and may be potentially capable of inducing stronger innate immune responses than the other two.
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FIGURE 3
Immunity-related pathway and functional enrichment analysis of the DEGs using IPA. (A) Bubble plot of the pathways related to innate and adaptive immunity that were enriched in each group. The size of the dots represents the Z-score for each term. Bubble plots of the functional terms related to innate immunity (B) and adaptive (C) immunity.


This was also true for adaptive immunity in response to highly pathogenic HCoV infections (Figures 3A, C). The SARS-CoV-2 group exhibited 7 significantly activated adaptive immunity pathways and 29 functions, including 6 pathways and 23 functions that were specific to the SARS-CoV-2 infection. Interestingly, three out of the seven adaptive immunity pathways were related to IL-17 (Figure 3A). In contrast, the SARS-CoV and MERS-CoV groups displayed less enrichment in adaptive immune pathways and functions, with only “IL-17 signaling” (Z = 2) and “IL-15 production” (Z = 2.236) being significantly activated in the SARS-CoV and MERS-CoV groups, respectively. Furthermore, there were no common adaptive immunity-associated pathways among the three groups, and only three adaptive immunity-associated functions were significantly activated in all three groups, which were “Cell movement of lymphocytes,” “Lymphocyte migration,” and “T cell migration” (Supplementary Figure 2B). Collectively, these results uncovered that SARS-CoV-2 infection evoked more specific and robust innate and adaptive immune responses than SARS-CoV and MERS-CoV.



3.3 Specific upregulation of chemokines and interleukins during SARS-CoV-2 infection

The COVID-19 severity is linked to an excessive inflammatory response characterized by the generation of a substantial amount of pro-inflammatory cytokines, a phenomenon known as the cytokine storm (38). To explore the differences in cytokine responses among the highly pathogenic SARS-CoV-2, SARS-CoV, MERS-CoV, and the lowly pathogenic HCoV-229E, we investigated the cytokines and cytokine-related pathways in each group (Figure 4).
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FIGURE 4
Expression of cytokine-related DEGs in the four HCoV groups. (A) Networks of the cytokine genes and cytokine-related pathways in each HCoV-infected group. Up- and downregulated genes and pathways are presented in red and blue, respectively. (B) Heatmap of the DEGs encoding cytokines and cytokine receptors in each group.


Our results unveiled that SARS-CoV-2 infection significantly activated 14 cytokine-related pathways, whereas only two cytokine-related pathways were activated in the SARS-CoV and MERS-CoV group, respectively (Figure 4A). The “Role of Hypercytokinemia/hyperchemokinemia in the Pathogenesis of Influenza” pathway displayed the highest enrichment among all three highly pathogenic HCoV groups. The Z-scores for this pathway in the SARS-CoV-2, SARS-CoV, and MERS-CoV groups were 5.568, 3.162, and 2.828, respectively. Notably, no activated cytokine-related pathways and only one inhibited pathway, “Interferon signaling” (Z = −2.449), were identified in the lowly pathogenic HCoV-229E group.

To further explore the cytokine profiles during infection with these HCoVs, we analyzed the expression levels of the 41 cytokines and 13 cytokine receptor genes that were significantly regulated during infections (Figure 4B). Our analysis signified that the SARS-CoV-2 group exhibited significantly higher cytokine and cytokine receptor gene expression levels than the other three HCoV groups. Among these, the upregulated chemokines and interleukins were the most common cytokine genes in the SARS-CoV-2 group. Specifically, three chemokine genes (CXCL10, CXCL8, and CX3CL1) and five interleukin genes (IL-6, IL-12A, IL-1B, IL-23A, and TSLP) were found to be specifically upregulated. In contrast, no interleukin-related genes were observed to be upregulated in the SARS-CoV or MERS-CoV group. Furthermore, three interleukin genes were found to be downregulated in the HCoV-229E group, with CSF2 (log2FC = −15.644) exhibiting the most significant downregulation among the interleukin genes. These findings suggested that chemokines and interleukins might play a pivotal role in the pathogenesis of SARS-CoV-2 infection.



3.4 Strong IFN/ISG response responsible for the inhibition of SARS-CoV-2 replication

The IFNs and ISGs, which are mainly involved in innate immunity, have been identified as being highly upregulated in response to infection with highly pathogenic HCoVs (Figure 1C). To further investigate this phenomenon, we analyzed the expression levels of IFNs and ISGs in the four HCoV groups. Our results demonstrated that IFNs were significantly upregulated in cells infected with the highly pathogenic SARS-CoV-2, SARS-CoV, and MERS-CoV, whereas no significant upregulation was observed in cells upon infection with the lowly pathogenic HCoV-229E (Figure 4B). Of particular interest, the top three upregulated IFNs in highly pathogenic HCoVs were type III IFNL2, IFNL3, and type I IFNB1. Notably, our analysis revealed that type III IFNL1 was commonly upregulated in both SARS-CoV-2 and SARS-CoV groups, while type III IFNL4 was uniquely identified in the SARS-CoV-2 group. Furthermore, we noted that the “Interferon signaling” pathway was significantly activated (Z = 3.5) in the SARS-CoV-2 group, whereas this pathway was significantly inhibited (Z = −2.449) in the lowly pathogenic HCoV-229E (Figure 4A). These results highlighted the critical role of interferon in the host’s immune response to highly pathogenic HCoV infections.

Further analysis of the expression levels of 628 known ISGs (39) in the four HCoV groups revealed that SARS-CoV-2 exhibited significantly higher levels of ISG expression than the other three HCoVs (Figure 5 and Supplementary Table 2). Specifically, we observed that 115 ISGs were distinctly upregulated in cells with the SARS-CoV-2 infection, implying a robust interferon response (Figure 5A). Notably, 95 of these ISGs (82.6%) were uniquely upregulated in the SARS-CoV-2 group (Supplementary Table 2). Our investigation further revealed an upregulation of several ISGs with known antiviral functions, including IFIT, IFITM, RSAD2, ZNFX1, TRIM21, ISG15, and ISG20 (40–45). Moreover, we observed an upregulation of GBP genes (GBP3, GBP4, GBP5, and GBP6), which have been demonstrated to modulate extensive innate immune responses against various pathogens (46). In addition, the upregulation of genes that potentiated IFN signaling was also observed, including TAP1, STAT1, and XAF1 (47–50). In contrast to SARS-CoV-2, infections with SARS-CoV and MERS-CoV induced significantly fewer ISGs (17 and 12, respectively), and infection with the lowly pathogenic HCoV-229E resulted in the downregulation of 17 out of 28 ISGs (Figure 5A).
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FIGURE 5
Expression of ISGs in the four HCoV groups. (A) Scatter plot of the ISGs in the four HCoV-infected groups. Up- and downregulated ISGs are presented in red and green, respectively. (B) Virus replication-related functional terms and their corresponding DEGs. ISGs and other genes enriched in each virus replication-related term are presented in yellow and gray, respectively. (C) Networks of the significantly downregulated virus replication-related functions and the correlated ISGs. The size of the circles represents the log2FC for each ISG.


Inhibition of virus replication has been demonstrated in many ISGs. To investigate the effectiveness of ISGs in inhibiting virus replication, we conducted a functional analysis that identified 52 ISGs that were significantly enriched in ten functional terms associated with virus replication (Figures 5B, C). These functional terms displayed significant inhibition in the highly pathogenic SARS-CoV-2 group, including “Viral life cycle” (Z = −4.491), “Replication of virus” (Z = −4.392), and “Replication of coronavirus” (Z = −3.517). Furthermore, it was found that more than half of the DEGs (52–64%) enriched in each functional term related to virus replication were ISGs (Figure 5B). This indicated a strong IFN/ISG response that contributed to inhibiting SARS-CoV-2 replication. In contrast, only three functional terms related to virus replication were inhibited in the SARS-CoV group (Figure 5C), including “Replication of Herpesviridae” (Z = −2.214), “Replication of vesicular stomatitis virus” (Z = −2.425), and “Replication of viral replicon” (Z = −2.236), which included three ISGs (TNF, ZBP1, and CCL5). Interestingly, no such virus replication-related functions were found in the MERS-CoV group.

To further investigate the putative role of ISGs in shaping the clinical course of COVID-19, we conducted an analysis using publicly accessible PBMC transcriptome data sourced from the GSE152418 dataset. This dataset comprises PBMC samples collected from a cohort of 15 COVID-19 patients exhibiting various degrees of symptom severity, with categorizations ranging from moderate, severe, to critical, alongside a control group consisting of 17 healthy individuals. We identified a total of 107 ISGs, demonstrating distinctive expression profiles across the spectrum of COVID-19 symptom severity, with marked upregulation in moderate cases and conspicuous downregulation in severe patients, particularly those requiring ICU admission (Supplementary Figure 3 and Supplementary Table 3). Of notable significance, among these ISGs, we found that 13 ISGs exhibited a significant upregulation in patients with moderate COVID-19 symptoms, while 17 ISGs displayed a significant downregulation in patients necessitating ICU admission. This observed pattern in ISG expression harmoniously reinforces the conclusions drawn from our prior investigation of lung cell lines. Notably, these findings suggested the potential role of insufficient ISG expression and its subsequent suppression as plausible contributory factors to the manifestation of more severe clinical symptoms in COVID-19 patients.

Overall, our findings demonstrated that SARS-CoV-2 infection induced a distinctive and strong interferon response characterized by the upregulation of multiple ISGs with antiviral functions. These results provided valuable insights into the pathological characteristics of SARS-CoV-2, which showed a relatively milder pathogenesis and a lower fatality rate in contrast to SARS-CoV and MERS-CoV.



3.5 Multi-organ toxicity of SARS-CoV-2 infection

We evaluated the potential multi-tissue injury using IPA tox-function analyses. Our results revealed that SARS-CoV-2 infection significantly upregulated multi-organ damage related functions, particularly in the liver, kidney, and vasculature (Figure 6). In contrast, fewer relevant terms were significantly enriched in the other three HCoV groups.
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FIGURE 6
Organ-related functional enrichment analysis based on IPA predicted the multi-organ damage in different HCoV infections.


In the SARS-CoV-2 group, four functions associated with the angiocarpy system were significantly upregulated (Figure 6). These activated functions were all associated with elevated blood pressure. In contrast, the other four downregulated functions in this group were associated with congenital heart disease, including atrial and ventricular septal defects (Figure 6). These findings suggested that SARS-CoV-2 infection can increase blood pressure and reduce the risk of congenital heart malformations, which may be realized through the effect of ACE2 on the renin-angiotensin system (RAS) (51). In general, our findings unveiled that the SARS-CoV-2 infection had a more pronounced effect on multi-organ toxicity than other HCoV infections.




4 Discussion

SARS-CoV-2, SARS-CoV, and MERS-CoV are all members of the Coronaviridae family and have been associated with severe respiratory illnesses in humans. The pathological manifestations of COVID-19 share similarities with those seen in SARS and MERS. However, SARS-CoV-2 has a comparatively milder pathogenesis and a lower fatality rate in contrast to SARS-CoV and MERS-CoV. A comprehensive study of the factors that lead to the lower virulence of SARS-CoV-2 is essential for developing effective interventions and therapies against the disease.

In this work, we revealed that SARS-CoV-2 elicited a more significant immune response modulation, particularly in the interferon response, than SARS-CoV, MERS-CoV, and HCoV-229E (Figure 3). IFNs function in the immune response to viral infections by activating the immune cells and inducing the production of antiviral proteins. Our results suggest that SARS-CoV-2 can induce robust type I and type III IFN responses, characterized by a notable upregulation of both type I and type III IFNs, along with the induction of numerous ISGs. The type I interferon gene IFNB1 and type III interferon cytokine genes (IFNL2 and IFNL3), as well as 11 ISGs, were significantly upregulated in the highly pathogenic SARS-CoV-2, SARS-CoV, and MERS groups (Figure 4B and Supplementary Table 2), indicating common antiviral mechanisms of highly pathogenic coronaviruses. The type III interferon gene IFNL1 was significantly upregulated in both SARS-CoV-2 and SARS-CoV groups but not following MERS-CoV infection. IFNL1 can inhibit viral replication in infected cells (52). In addition to its antiviral activity, IFNL1 also plays a part in modulating the immune response, helping to regulate inflammation, and preventing tissue damage (53). Besides, the upregulation of IFNL4 was observed only in SARS-CoV-2 infection (Figure 4B). IFNL4 is a member of the human type III IFNs (54) and plays a critical role in antiviral immunity. IFNL4 activates the JAK/STAT pathway, leading to the expression of ISGs (55). It is reported that IFNL4 has stronger therapeutic effects in reducing coronavirus infection with higher ISG induction compared to other type III IFNs (56). Given the importance of the IFN response in the control of viral infections, IFN (IFNL1 and IFNL4) targeted therapies for COVID-19 are currently being developed.

Interferon-stimulated genes that impeded virus replication during the four HCoV infections were also identified. Specifically, we have identified 52 and 3 ISGs that were significantly enriched in functional terms associated with virus replication in the SARS-CoV-2 and SARS-CoV groups, respectively. None of these ISGs were identified in the MERS-CoV infection. These observations provided valuable insights into the comparatively milder pathogenesis and lower fatality rate of SARS-CoV-2, in contrast to SARS-CoV and MERS-CoV. Moreover, these ISGs could be treated as potential therapeutic targets against highly pathogenic HCoV infections. Indeed, we have identified 13 of these ISGs as drug targets (Supplementary Table 2). Among these, the JAK2 inhibitors, Ruxolitinib and Tofacitinib, had been used to treat COVID-19 and cytokine release syndrome (57, 58). Additionally, Rintatolimod, a TLR3 agonist, had been suggested for treating post-COVID syndrome (59). Drugs and vaccines for SARS-CoV-2 infection are being developed (60–62). These ISG agonists identified in this study hold promise for treating COVID-19 patients, while further studies are warranted to validate their efficacy and safety in larger clinical trials.

The interferon response is the first defense for the host against virus infections. HCoVs have evolved certain proteins that can inhibit IFN responses to evade host immunity, which may result in different IFN responses after infections with different HCoVs. The significant differences in the ability to activate interferon-related pathways of different HCoVs may reflect the mutational differences among them. ORF6 is an important virulence factor of HCoVs that can inhibit IFN response. Previous studies found that the inhibitory efficiency of SARS-CoV-2 ORF6 on IFN response is lower than that of SARS-CoV ORF6 (63). Replacement of SARS-CoV ORF6 with the full-length gene of SARS-CoV-2 ORF6 or deletion of SARS-CoV ORF6 by stop codon results in decreased replication efficiency of SARS-CoV, while the ability of ORF6 to antagonize IFN response is weakened. Papain-like protease (PLpro) is another crucial IFN antagonist found in HCoVs. PLpro can inhibit the activation of IFN response by suppressing IRF3 through its deubiquitinating activity and de-ISGylation activity (64). Compared to SARS-CoV, SARS-CoV-2 PLpro has a higher buried interface size, a conserved catalytic triad (C111, H278, and D293), and a lower number of interacting residues in ubiquitin with PLpro. These differences might contribute to a slightly lower deubiquitinating activity in SARS-CoV-2 Plpro. Both SARS-CoV and SARS-CoV-2 NSP1 proteins can inhibit IFN response. However, Lacasse et al. (65) discovered that NSP2 of SARS-CoV-2 can activate the NF-κB pathway and the IFNβ promoter. They also found that NSP2 of SARS-CoV-2 partially counteracts the IFN inhibitory activity of NSP1. The phenomenon of genetic mutations altering the ability of the virus to induce IFN responses is not unique to HCoVs but is also present in other viruses, such as the Zika virus. The A188V mutation on the NS1 protein of Zika virus can reduce the phosphorylation of TBK1, thereby leading to a decreased expression level of IFNβ (66). Therefore, it is speculated that SARS-CoV-2 significantly activates IFN response, which may be attributed to genetic mutations in certain genes of SARS-CoV-2. These genetic mutations enhance the ability of certain proteins to activate IFN response or weaken the inhibitory capacity of certain proteins against IFN, as compared to SARS-CoV.

The immune response is a double-edged sword. On the one hand, an effective immune response can limit viral replication and clear the virus, thereby reducing morbidity and mortality. On the other hand, an exaggerated and dysregulated immune response can result in a cytokine storm, leading to tissue damage, multi-organ dysfunction, and even death. SARS-CoV-2 infection has been demonstrated to contribute to a cytokine storm, which is linked to COVID-19 severity and is also a very important determinant of mortality of COVID-19 (67). In contrast, SARS-CoV and MERS-CoV infections are associated with a lower incidence of cytokine storms (68). The findings of our article revealed that SARS-CoV-2 induced a higher expression of multiple cytokine genes and activated more cytokine-related pathways than SARS-CoV, MERS-CoV, and HCoV-229E (Figures 4A, B), and the cytokines IL-6, CXCL10, and CSF2 might serve as pivotal determinants in triggering the onset of a cytokine storm in SARS-CoV-2. This finding was consistent with previous studies on the cytokine storm in COVID-19 (23, 69), where a plethora of cytokines were produced following SARS-CoV-2 infection. Recent research has highlighted the importance of the IL-6/CXCL10/macrophage axis in driving the initiation and maintenance of the cytokine storm (70). IL-6 could activate the JAK/STAT pathway, resulting in the large production of cytokines, especially chemokines (70–72). These cytokines induce the local enrichment of CSF2, leading to further JAK/STAT pathway activation in the inflamed tissues (73). CSF2 and chemokines, especially CXCL10, form a channel for invading immune cells and promote the recruitment of many immune cells in the lung tissues, which readily induce tissue damage. This characteristic vicious cycle of the SARS-CoV-2 infection-evoked cytokine storm was not observed in HCoV-229E-infected cells, where the downregulation of CSF2 might prevent the activation and recruitment of innate immune cells, avoid hyperactivation of the immune response, inflammation, and tissue damage.

These identified cytokines, such as IL-6, CXCL10, and CSF2, could be potential therapeutic targets for COVID-19 damage management. Blocking the IL-6 pathway has been demonstrated to be an effective approach for reversing pulmonary failure and reducing mortality in COVID-19 (74–76). CXCL10 may exert functions in the development of COVID-19, as described in research on the role of the CXCL10-CXCR3 axis in the pathogenesis of COVID-19 (77). Anti-CSF2 receptor monoclonal antibodies have been used to improve clinical symptoms in COVID-19 patients with severe pulmonary disease (78). Further research is needed to investigate the mechanism of differential regulation of cytokines, especially IL-6, CXCL10, and CSF2, between highly pathogenic HCoVs and common circulating HCoVs.

This study aimed to investigate the differential transcriptome responses induced by the four HCoVs. Nevertheless, it is important to recognize the limitations of our study. Firstly, the lack of available high-throughput sequencing data from patients infected with SARS-CoV during the 2003 outbreak prevented their inclusion in our analysis. Additionally, due to the rapid control of the epidemic, limited transcriptome data were available from these patients. Besides, the relatively mild symptoms and low mortality rate associated with common HCoVs (HCoV-HKU, HCoV-229E, HCoV-OC43, and HCoV-NL63) resulted in a paucity of transcriptome data for analysis. Furthermore, validation of the identified targets by in vitro experiments is impossible owing to laboratory constraints. In spite of these limitations, we believe that our analysis provides valuable insights into the different pathogenesis of highly and lowly pathogenic HCoVs. The identification of key IFNs and ISGs in our study may be beneficial for the future development of treatments for COVID-19 together with other highly pathogenic coronaviruses.



Data availability statement

The datasets presented in this study can be found in online repositories. The names of the repository/repositories and accession number(s) can be found in the article/Supplementary material.



Ethics statement

Ethical approval was not required for the studies on humans in accordance with the local legislation and institutional requirements because only commercially available established cell lines were used.



Author contributions

YL: Conceptualization, Investigation, Methodology, Software, Writing – original draft, Writing – review and editing. TL: Methodology, Software, Writing – original draft. CL: Methodology, Writing – original draft. XW: Writing – review and editing. FC: Writing – review and editing. LY: Conceptualization, Methodology, Supervision, Writing – review and editing. CJ: Conceptualization, Supervision, Writing – review and editing.



Funding

The author(s) declare financial support was received for the research, authorship, and/or publication of this article. This research was funded by the National Natural Science Fund of China (Nos. 32070932 and 32170944), the Science and Technology Development Plan Project of Jilin Province (20220402044GH), and the Science Research Project of the Education Department of Jilin Province (JJKH20211056KJ).



Acknowledgments

The authors thank all the contributors of the gene expression profiling datasets used in this study for making it available publicly.



Conflict of interest

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



Publisher’s note

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



Supplementary material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmed.2023.1267903/full#supplementary-material



References

1. Chu H, Hou Y, Yang D, Wen L, Shuai H, Yoon C, et al. Coronaviruses exploit a host cysteine-aspartic protease for replication. Nature. (2022) 609:785. doi: 10.1038/s41586-022-05148-4

2. World Health Organization. Summary of Probable Sars Cases with Onset of Illness from 1 November 2002 to 31 July 2003. (2015). Available online at: https://www.who.int/publications/m/item/summary-of-probable-sars-cases-with-onset-of-illness-from-1-november-2002-to-31-july-2003 (accessed July 24, 2015).

3. World Health Organization. Mers Situation Update, January 2019 (updated January 2020). (2019). Available online at: https://www.emro.who.int/pandemic-epidemic-diseases/mers-cov/mers-situation-update-january-2019.html (accessed January 2020).

4. Wu F, Zhao S, Yu B, Chen Y-M, Wang W, Song Z-G, et al. A new coronavirus associated with human respiratory disease in China. Nature. (2020) 579:265. doi: 10.1038/s41586-020-2008-3

5. Li J, Huang DQ, Zou B, Yang H, Hui WZ, Rui F, et al. Epidemiology of COVID-19: a systematic review and meta-analysis of clinical characteristics, risk factors, and outcomes. J Med Virol. (2021) 93:1449–58. doi: 10.1002/jmv.26424

6. Shete AM, Patil DY, Sahay RR, Sapkal GN, Deshpande GR, Yadav PD. Waning natural and vaccine-induced immunity leading to reinfection with Sars-Cov-2 omicron variant. Hum Vacc Immunother. (2022) 18:2127289. doi: 10.1080/21645515.2022.2127289

7. Sharma RP, Gautam S, Sharma P, Singh R, Sharma H, Parsoya D, et al. Genomic profile of Sars-Cov-2 omicron variant and its correlation with disease severity in Rajasthan. Front Med. (2022) 9:888408. doi: 10.3389/fmed.2022.888408

8. Joshi M, Mohandas S, Prasad S, Shinde M, Chavan N, Yadav PD, et al. Lack of evidence of viability and infectivity of Sars-Cov-2 in the fecal specimens of Covid-19 patients. Front Public Health. (2022) 10:1030249. doi: 10.3389/fpubh.2022.1030249

9. Lauer SA, Grantz KH, Bi QF, Jones FK, Zheng QL, Meredith HR, et al. The incubation period of coronavirus disease 2019 (Covid-19) from publicly reported confirmed cases: estimation and application. Ann Intern Med. (2020) 172:577. doi: 10.7326/m20-0504

10. Kin N, Miszczak F, Lin W, Gouilh MA, Vabret A, Epicorem C. Genomic analysis of 15 human coronaviruses Oc43 (Hcov-Oc43s) circulating in France from 2001 to 2013 reveals a high intra-specific diversity with new recombinant genotypes. Viruses-Basel. (2015) 7:2358–77. doi: 10.3390/v7052358

11. Grove J, Marsh M. The cell biology of receptor-mediated virus entry. J Cell Biol. (2011) 195:1071–82. doi: 10.1083/jcb.201108131

12. Lu R, Zhao X, Li J, Niu P, Yang B, Wu H, et al. Genomic characterisation and epidemiology of 2019 novel coronavirus: implications for virus origins and receptor binding. Lancet. (2020) 395:565–74. doi: 10.1016/s0140-6736(20)30251-8

13. Lan J, Chen P, Liu WM, Ren WL, Zhang LQ, Ding Q, et al. Structural insights into the binding of Sars-Cov-2, Sars-Cov, and Hcov-Nl63 spike receptor-binding domain to horse ace2. Structure. (2022) 30:1432. doi: 10.1016/j.str.2022.07.005

14. Xie YX, Karki CB, Du D, Li HT, Wang J, Sobitan A, et al. Spike proteins of Sars-Cov and Sars-Cov-2 utilize different mechanisms to bind with human ace2. Front Mol Biosci. (2020) 7:591873. doi: 10.3389/fmolb.2020.591873

15. Kikkert M. Innate immune evasion by human respiratory Rna viruses. J Innate Immunity. (2020) 12:4–20. doi: 10.1159/000503030

16. Sefik E, Qu R, Junqueira C, Kaffe E, Mirza H, Zhao J, et al. Inflammasome activation in infected macrophages drives Covid-19 pathology. Nature. (2022) 606:585. doi: 10.1038/s41586-022-04802-1

17. Gu J, Korteweg C. Pathology and pathogenesis of severe acute respiratory syndrome. Am J Pathol. (2007) 170:1136–47. doi: 10.2353/ajpath.2007.061088

18. Yang Y, Zhang L, Geng H, Deng Y, Huang B, Guo Y, et al. The structural and accessory proteins M, Orf 4a, Orf 4b, and Orf 5 of middle east respiratory syndrome coronavirus (Mers-Cov) are potent interferon antagonists. Protein Cell. (2013) 4:951–61. doi: 10.1007/s13238-013-3096-8

19. Kong SL, Chui P, Lim B, Salto-Tellez M. Elucidating the molecular physiopathology of acute respiratory distress syndrome in severe acute respiratory syndrome patients. Virus Res. (2009) 145:260–9. doi: 10.1016/j.virusres.2009.07.014

20. Huang KJ, Su IJ, Theron M, Wu YC, Lai SK, Liu CC, et al. An interferon-gamma-related cytokine storm in Sars patients. J Med Virol. (2005) 75:185–94. doi: 10.1002/jmv.20255

21. Min C-K, Cheon S, Ha N-Y, Sohn KM, Kim Y, Aigerim A, et al. Comparative and kinetic analysis of viral shedding and immunological responses in Mers patients representing a broad spectrum of disease severity. Sci Rep. (2016) 6:25359. doi: 10.1038/srep25359

22. Kim ES, Choe PG, Park WB, Oh HS, Kim EJ, Nam EY, et al. Clinical progression and cytokine profiles of middle east respiratory syndrome coronavirus infection. J Korean Med Sci. (2016) 31:1717–25. doi: 10.3346/jkms.2016.31.11.1717

23. Huang C, Wang Y, Li X, Ren L, Zhao J, Hu Y, et al. Clinical features of patients infected with 2019 novel coronavirus in Wuhan, China. Lancet. (2020) 395:497–506. doi: 10.1016/s0140-6736(20)30183-5

24. Chen L, Liu H, Liu W, Liu J, Liu K, Shang J, et al. Analysis of clinical features of 29 patients with 2019 novel coronavirus pneumonia. Chin J Tubercul Respir Dis. (2020) 43:203–8.

25. Del Valle DM, Kim-Schulze S, Huang H-H, Beckmann ND, Nirenberg S, Wang B, et al. An inflammatory cytokine signature predicts Covid-19 severity and survival. Nat Med. (2020) 26:1636. doi: 10.1038/s41591-020-1051-9

26. Krishnamoorthy P, Raj AS, Roy S, Kumar NS, Kumar H. Comparative transcriptome analysis of Sars-Cov, Mers-Cov, and Sars-Cov-2 to identify potential pathways for drug repurposing. Comput Biol Med. (2021) 128:18. doi: 10.1016/j.compbiomed.2020.104123

27. Blanco-Melo D, Nilsson-Payant BE, Liu WC, Uhl S, Hoagland D, Moller R, et al. Imbalanced host response to Sars-Cov-2 drives development of Covid-19. Cell. (2020) 181:1036. doi: 10.1016/j.cell.2020.04.026

28. Wyler E, Mosbauer K, Franke V, Diag A, Gottula LT, Arsie R, et al. Transcriptomic profiling of Sars-Cov-2 infected human cell lines identifies Hsp90 as target for Covid-19 therapy. Iscience. (2021) 24:102151. doi: 10.1016/j.isci.2021.102151

29. Friedman N, Jacob-Hirsch J, Drori Y, Eran E, Kol N, Nayshool O, et al. Transcriptomic profiling and genomic mutational analysis of human coronavirus (Hcov)-229e-infected human cells. PLoS One. (2021) 16:e0247128. doi: 10.1371/journal.pone.0247128

30. Staff Sras. Using the Sra Toolkit to Convert.Sra Files into Other Formats (Text). National Center for Biotechnology Information (US) (2014). Available online at: https://www.ncbi.nlm.nih.gov/pubmed/ (accessed March 18, 2014).

31. Kraemer A, Green J, Pollard J Jr., Tugendreich S. Causal analysis approaches in ingenuity pathway analysis. Bioinformatics. (2014) 30:523–30. doi: 10.1093/bioinformatics/btt703

32. Martinez-Pomares L. The mannose receptor. J Leukocyte Biol. (2012) 92:1177–86. doi: 10.1189/jlb.0512231

33. Cipriano R, Miskimen KLS, Bryson BL, Foy CR, Bartel CA, Jackson MW. Conserved oncogenic behavior of the Fam83 family regulates Mapk signaling in human cancer. Mol Cancer Res. (2014) 12:1156–65. doi: 10.1158/1541-7786.Mcr-13-0289

34. Tang T, Yang LT, Cao YJ, Wang MN, Zhang SS, Gong ZJ, et al. Lncrna Aatbc regulates Pinin to promote metastasis in nasopharyngeal carcinoma. Mol Oncol. (2020) 14:2251–70. doi: 10.1002/1878-0261.12703

35. Zhang WY, Liu QH, Zhao J, Wang TJ, Wang JS. Long noncoding Rna Aatbc promotes the proliferation and migration of prostate cancer cell through Mir-1245b-5p/Cask axis. Cancer Manage Res. (2021) 13:5091–100. doi: 10.2147/cmar.S310529

36. Chen M, Li C, Luo Q, Tan A. Lncrna Linc02257: a potential biomarker for diagnosis and prognosis of colorectal cancer. J Oncol. (2022) 2022:4330630. doi: 10.1155/2022/4330630

37. Wu DB, Li D, Liu ZY, Liu XW, Zhou SH, Duan HY. Role and underlying mechanism of Spata12 in oxidative damage. Oncol Lett. (2018) 15:3676–84. doi: 10.3892/ol.2018.7749

38. Ragab D, Salah Eldin H, Taeimah M, Khattab R, Salem R. The Covid-19 cytokine storm; what we know so far. Front Immunol. (2020) 11:1446. doi: 10.3389/fimmu.2020.01446

39. Mostafavi S, Yoshida H, Moodley D, LeBoite H, Rothamel K, Raj T, et al. Parsing the interferon transcriptional network and its disease associations. Cell. (2016) 164:564–78. doi: 10.1016/j.cell.2015.12.032

40. Fensterl V, Sen GC. Interferon-induced Ifit proteins: their role in viral pathogenesis. J Virol. (2015) 89:2462–8. doi: 10.1128/jvi.02744-14

41. Bernheim A, Millman A, Ofir G, Meitav G, Avraham C, Shomar H, et al. Prokaryotic viperins produce diverse antiviral molecules. Nature. (2021) 589:120–U230. doi: 10.1038/s41586-020-2762-2

42. Wang Y, Yuan S, Jia X, Ge Y, Ling T, Nie M, et al. Mitochondria-localised Znfx1 functions as a dsRNA sensor to initiate antiviral responses through Mavs. Nat Cell Biol. (2019) 21:1346. doi: 10.1038/s41556-019-0416-0

43. Zheng J, Zhi L, Wang W, Ni N, Huang Y, Qin Q, et al. Fish Trim21 exhibits antiviral activity against grouper iridovirus and nodavirus infection. Fish Shellfish Immunol. (2022) 127:956–64. doi: 10.1016/j.fsi.2022.06.053

44. Munnur D, Banducci-Karp A, Sanyal S. Isg15 driven cellular responses to virus infection. Biochem Soc Trans. (2022) 50:1837–46. doi: 10.1042/bst20220839

45. Deymier S, Louvat C, Fiorini F, Cimarelli A. Isg20: an enigmatic antiviral Rnase targeting multiple viruses. Febs Open Bio. (2022) 12:1096–111. doi: 10.1002/2211-5463.13382

46. Schelle L, Corte-Real JV, Esteves PJ, Abrantes J, Baldauf H-M. Functional cross-species conservation of guanylate-binding proteins in innate immunity. Med Microbiol Immunol. (2022) 212:141–52. doi: 10.1007/s00430-022-00736-7

47. Zhao J, Li R, Li Y, Chen J, Feng F, Sun C. Broadly antiviral activities of Tap1 through activating the Tbk1-Irf3-mediated type I interferon production. Int J Mol Sci. (2021) 22:4668. doi: 10.3390/ijms22094668

48. Tolomeo M, Cavalli A, Cascio A. Stat1 and its crucial role in the control of viral infections. Int J Mol Sci. (2022) 23:4095. doi: 10.3390/ijms23084095

49. Darnell JE, Kerr IM, Stark GR. Jak-Stat pathways and transcriptional activation in response to Ifns and other extracellular signaling proteins. Science. (1994) 264:1415–21. doi: 10.1126/science.8197455

50. Han Y, Bai X, Liu S, Zhu J, Zhang F, Xie L, et al. Xaf1 protects host against emerging Rna viruses by stabilizing Irf1-dependent antiviral immunity. J Virol. (2022) 96:e0077422. doi: 10.1128/jvi.00774-22

51. Tikellis C, Thomas MC. Angiotensin-converting enzyme 2 (Ace2) is a key modulator of the renin angiotensin system in health and disease. Int J Pept. (2012) 2012:256294. doi: 10.1155/2012/256294

52. Zhou J-h, Wang Y-n, Chang Q-y, Ma P, Hu Y, Cao X. Type Iii interferons in viral infection and antiviral immunity. Cell Physiol Biochem. (2018) 51:173–85. doi: 10.1159/000495172

53. Li M, Liu X, Zhou Y, Su SB. Interferon-lambdas: the modulators of antivirus, antitumor, and immune responses. J Leukocyte Biol. (2009) 86:23–32. doi: 10.1189/jlb.1208761

54. O’Brien TR, Prokunina-Olsson L, Donnelly RP. Ifn-lambda 4: the paradoxical new member of the interferon lambda family. J Interf Cytokine Res. (2014) 34:829–38. doi: 10.1089/jir.2013.0136

55. Prokunina-Olsson L, Muchmore B, Tang W, Pfeiffer RM, Park H, Dickensheets H, et al. A variant upstream of Ifnl3 (Il28b) creating a new interferon gene Ifnl4 is associated with impaired clearance of hepatitis C virus. Nat Genet. (2013) 45:164–71. doi: 10.1038/ng.2521

56. Jeon YJ, Gil CH, Jo A, Won J, Kim S, Kim HJ. The influence of interferon-lambda on restricting middle east respiratory syndrome coronavirus replication in the respiratory epithelium. Antiviral Res. (2020) 180:104860. doi: 10.1016/j.antiviral.2020.104860

57. Ovilla-Martinez R, Cota-Rangel X, De la Pena-Celaya J, Alejandra Alvarado-Zepeda M, Jimenez Sastre A, Azuara Forcelledo H, et al. Ruxolitinib as a treatment strategy for Sars-Cov-2 pneumonia: clinical experience in a real-world setting. J Infect Dev Count. (2022) 16:63. doi: 10.3855/jidc.15126

58. Festa S, De Biasio F, Aratari A, Papi C. Intentional treatment with tofacitinib in a patient with severe refractory ulcerative colitis and concomitant sars-cov-2 infection. Digest Liver Dis. (2022) 54:1598–9. doi: 10.1016/j.dld.2022.08.038

59. Mustafa DAM, Saida L, Latifi D, Wismans LV, de Koning W, Zeneyedpour L, et al. Rintatolimod induces antiviral activities in human pancreatic cancer cells: opening for an anti-covid-19 opportunity in cancer patients? Cancers. (2021) 13: 2896. doi: 10.3390/cancers13122896

60. Verma S, Twilley D, Esmear T, Oosthuizen CB, Reid A-M, Nel M, et al. Anti-Sars-Cov natural products with the potential to inhibit sars-cov-2 (Covid-19). Front Pharmacol. (2020) 11:561334. doi: 10.3389/fphar.2020.561334

61. Malik YS, Kumar P, Ansari MI, Hemida MG, El Zowalaty ME, Abdel-Moneim AS, et al. Sars-Cov-2 spike protein extrapolation for covid diagnosis and vaccine development. Front Mol Biosci. (2021) 8:607886. doi: 10.3389/fmolb.2021.607886

62. Sahay RR, Yadav PD, Nandapurkar A, Dhawde R, Suryawanshi A, Patil DY, et al. Evaluation of immunogenicity post two doses of inactivated Sars-Cov-2 vaccine, covaxin after six months. Hum Vaccin Immunother. (2022) 18:2156753. doi: 10.1080/21645515.2022.2156753

63. Schroeder S, Pott F, Niemeyer D, Veith T, Richter A, Muth D, et al. Interferon antagonism by Sars-Cov-2: a functional study using reverse genetics. Lancet Microbe. (2021) 2:E210–8. doi: 10.1016/s2666-5247(21)00027-6

64. Devaraj SG, Wang N, Chen Z, Chen Z, Tseng M, Barretto N, et al. Regulation of Irf-3-dependent innate immunity by the papain-like protease domain of the severe acute respiratory syndrome coronavirus. J Biol Chem. (2007) 282:32208–21. doi: 10.1074/jbc.M704870200

65. Lacasse É, Gudimard L, Dubuc I, Gravel A, Allaeys I, Boilard É, et al. Sars-Cov-2 Nsp2 contributes to inflammation by activating Nf-κb. Viruses. (2023) 15:334. doi: 10.3390/v15020334

66. Xia H, Luo H, Shan C, Muruato AE, Nunes BTD, Medeiros DBA, et al. An evolutionary Ns1 mutation enhances zika virus evasion of host interferon induction. Nat Commun. (2018) 9:414. doi: 10.1038/s41467-017-02816-2

67. Hu B, Huang S, Yin L. The cytokine storm and covid-19. J Med Virol. (2021) 93:250–6. doi: 10.1002/jmv.26232

68. Olbei M, Hautefort I, Modos D, Treveil A, Poletti M, Gul L, et al. Sars-Cov-2 causes a different cytokine response compared to other cytokine storm-causing respiratory viruses in severely ill patients. Front Immunol. (2021) 12:629193. doi: 10.3389/fimmu.2021.629193

69. Mustafa MI, Abdelmoneim AH, Mahmoud EM, Makhawi AM. Cytokine storm in covid-19 patients, its impact on organs and potential treatment by Qty code-designed detergent-free chemokine receptors. Mediator Inflamm. (2020) 2020:8198963. doi: 10.1155/2020/8198963

70. Coperchini F, Chiovato L, Rotondi M. Interleukin-6, Cxcl10 and infiltrating macrophages in covid-19-related cytokine storm: not one for all but all for one! Front Immunol. (2021) 12:668507. doi: 10.3389/fimmu.2021.668507

71. Choudhary S, Sharma K, Silakari O. The interplay between inflammatory pathways and covid-19: a critical review on pathogenesis and therapeutic options. Microb Pathogen. (2021) 150:104673. doi: 10.1016/j.micpath.2020.104673

72. Reeh H, Rudolph N, Billing U, Christen H, Streif S, Bullinger E, et al. Response to Il-6 trans- and Il-6 classic signalling is determined by the ratio of the Il-6 receptor to Gp130 expression: fusing experimental insights and dynamic modelling. Cell Commun Signal. (2019) 17:46. doi: 10.1186/s12964-019-0356-0

73. Wicks IP, Roberts AW. Targeting Gm-Csf in inflammatory diseases. Nat Rev Rheumatol. (2016) 12:37–48. doi: 10.1038/nrrheum.2015.161

74. Atal S, Fatima Z. Il-6 inhibitors in the treatment of serious covid-19: a promising therapy? Pharm Med. (2020) 34:223–31. doi: 10.1007/s40290-020-00342-z

75. Samaee H, Mohsenzadegan M, Ala S, Maroufi SS, Moradimajd P. Tocilizumab for treatment patients with Covid-19: recommended medication for novel disease. Int Immunopharmacol. (2020) 89:107018. doi: 10.1016/j.intimp.2020.107018

76. Palanques-Pastor T, Lopez-Briz E, Poveda Andres JL. Involvement of interleukin 6 in Sars-Cov-2 infection: siltuximab as a therapeutic option against Covid-19. Eur J Hosp Pharm. (2020) 27:297–8. doi: 10.1136/ejhpharm-2020-002322

77. Gudowska-Sawczuk M, Mroczko B. What is currently known about the role of Cxcl10 in Sars-Cov-2 infection? Int J Mol Sci. (2022) 23:3673. doi: 10.3390/ijms23073673

78. De Luca G, Cavalli G, Campochiaro C, Della-Torre E, Angelillo P, Tomelleri A, et al. Gm-Csf blockade with Mavrilimumab in severe Covid-19 pneumonia and systemic hyperinflammation: a single-centre, prospective cohort study. Lancet Rheumatol. (2020) 2:E465–73. doi: 10.1016/s2665-9913(20)30170-3



OPS/images/fmed-10-1267903-g006.jpg
Increased activation of alkaline phosphatase -
Hepatic Fibrosis Signaling Pathway -
Increased Levels of ALT -

Increased localization of AST -

Increased localization of ALT -

Increased Levels of LDH -

Activation of hepatic stellate cells
Proliferation of liver cells

Proliferation of hepatocytes -

Liver Damage -

Development of hepatocellular carcinoma -
Hepatocellular carcinoma -

] Liver carcinoma -
Liver Liver cancer -
Cardiac Hypertrophy Signaling (Enhanced) -
Role of NFAT in Cardiac Hypertrophy -

Atrial septal defect -

Ventricular septal defect -

Atrial or ventricular septal defect -

Heart Congenital heart disease -
Kidney Cell death of kidney cells -
Injury of kidney -

Cell death of kidney cell lines -

Proliferation of mesangial cells -

Apoptosis of renal tubule -

Cell death of tubular cells -

Damage of kidney -

Apoptosis of kidney cell lines -

Apoptosis of tubular cells -

Proliferation of glomerular cells -

Cell death of renal tubular epithelial cells -
Cell death of renal tubule -

Proliferation of kidney cells -

Apoptosis of renal tubular epithelial cells -

Z_score e Significantly activated (z2>2)
Activated (0 <z < 2)

No change

Inhibited (-2 <z <0)
Significantly inhibited (z<-2)

0o -
o A N O
@

SARS2HC{0 0 0 00000000000 000000 - -

SARS/HCH «
MERS/HC A «

229E/HC » @ -

SARS2/HC{+ » »+ - 000000000000000000000 0000 0000000

SARS/HC- O ® ©® -
MERS/HC -

229E/HCH »

- CREB Signaling in Neurons Brain
- Neuroinflammation Signaling Pathway

- Synaptic Long Term Depression

- Ceramide Signaling

- Osteoclastogenesis

- Proliferation of muscle cells

- Growth of muscle tissue

- Inflammation of the large intestine

- Inflammation of gastrointestinal tract

- Gastroenteritis

- Enteritis Gastrointestinal tract

- Cell movement of blood cells Blood vessel
- Activation of blood cells

- Maturation of blood cells

- Adhesion of blood cells

- Binding of blood cells

- Cell viability of blood cells

- Quantity of blood cells

- Cellular infiltration by blood cells

- Accumulation of blood cells

- Development of vasculature

- Angiogenesis

- Proliferation of blood cells

- Vasculogenesis

- Adrenomedullin signaling pathway

- Increased Levels of Red Blood Cells

- Cell death of blood cells

- Arteriosclerosis

- Atherosclerosis

- Renin—Angiotensin Signaling

- Occlusion of blood vessel

- Increased Levels of Blood Urea Nitrogen
. Shape change of blood cells

. Polarization of blood cells

- Cell movement of hematopoietic cells

- Cell movement of hematopoietic progenitor cells





OPS/images/fmed-10-1267903-g005.jpg
. 17 12
o e 2
6 A A .
R . . a1 ® UP
41 B . ® DOWN
Pael ® 11
LCL) "’;.;.::';. &y ? e,
§ 21 wggnag - s | Y @ SARS-2/HC
*Ce s g * ° ~e
3 @ SARS-1/HC
of NN WEEN N B © MERSHC
@ 229E/HC
2 1 ..:o%. i
i ®
17
B
| SARS-2/HC SARS-1/HC MERS/HC 229E/HC Z_score
Replication of Murine herpesvirus4-{ @ =+ =+ = °0
Replication of Herpesviridae {1 @ @® ® - 2 P ® 1
Replication of coronavirus 1@ ® =« - 2 : 2
Replication of Flaviviridae Qo .- - P Z
Replication of RNA virus { @ ® - - ®:
Replication of vesicular stomatitis virus { @ @ <+ -
Replication of Rhabdoviridae 1 @ + =« = e Significantly inhibited (z=-2)
Replication of viral replicon {@) @ -+ - 2 ¢ Inhibited (-2<z<0)
i . e No change
Replication of virus { @ ® « - 5
Viral life cycle - . ° o o »= Number of ISGs
g :Q\E) LEJ :LEJ 25 80 75 25 B0 75 25 50 75 25 50 75 == Number of other genes
§ - o
0w n
¥ oW
L L =
w v
C
Virus replication pathways in SARS-2/HC Virus replication pathways
in SARS-1/HC
o9® .“LO*"
‘. &5
2
@ .‘ Replic’f viral
r
OFIN

TNESE10

Repli f viral ) .
Repli f virus Rep n of
. T"“ He dae
n of _
S@ibo vesicu atitis V"’C'e zo8HBV1
- -
Rep of
RIGTOR O "

Replu:'
.‘I Rep. of
Fla
Replica F.Munne GQJ
n of

iridae

XRN1

1

u‘;s.:‘
LS

ki
4
IFEM3
PARP12

9715 9pON

1.52 Log2FC 6.64

. virus replication pathways

. related ISGs





OPS/images/fmed-10-1267903-g002.jpg
>

Number of Pathways

Number of Functions

80 -

130 1

80 1

30 1

20 -

B Activated
M Inhibited

148 M Increased
M Decreased

B SARS-2/HC | SARS-1/HC MERS/HC 229E/HC
Immune response - 1—| - 7 . 4 1 |
Cytokine signaling - 1_14 I 2 1 I 2 1|
Cellular growth and metabolism{ 3 _ 14 I 3 4 - ¥
Disease related signaling - - 10 |1 | 1 12
Pathogen-influenced signaling 4 - 8 I 3
Cardiovascular signaling - . 5 | 1 | 1 11
Neurotransmitters and | . 5 |1
other nervous system signaling | :
Bl Activated B Inhibited 0 10 20 0 10 20 0 10 20 0 10 20
Number of pathways
SARS-2/HC SARS-1/HC MERS/HC 229E/HC
Immune response 5_ 5_ 43 - 46
Cancer and other diseases is is 1 |3 5-26
Cellular Function and maintenance 4 2 -26 2 .11 1 i10 6-19
Cardiovascular abnormalities A -12 ]2 | 2
Infectious diseases -1.2 1‘ 1 |

B Increased MM Decreased (0 25 50 75100 0 25 50 75100 0 25 50 75100 O 25 50 75 100
Number of functions






OPS/images/cross.jpg
@ Check for updates.





OPS/xhtml/Nav.xhtml




Contents





		Cover



		Comparative transcriptome analysis of SARS-CoV-2, SARS-CoV, MERS-CoV, and HCoV-229E identifying potential IFN/ISGs targets for inhibiting virus replication



		1 Introduction



		2 Materials and methods



		2.1 Data collection and processing



		2.2 Data analysis



		2.3 Pathway and functional enrichment analysis







		3 Results



		3.1 Significant upregulation of DEGs during highly pathogenic HCoV infections



		3.2 SARS-CoV-2 induces stronger immune responses than SARS-CoV and MERS-CoV



		3.3 Specific upregulation of chemokines and interleukins during SARS-CoV-2 infection



		3.4 Strong IFN/ISG response responsible for the inhibition of SARS-CoV-2 replication



		3.5 Multi-organ toxicity of SARS-CoV-2 infection







		4 Discussion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Publisher’s note



		Supplementary Material



		References

















OPS/images/fmed-10-1267903-g001.jpg
800 -
<
> 400 -
o
=
a N M UP
S B8 DOWN
o
Mo
£
35 400 -
Z

800 - . . . '

A e'“\Y\O & f;&‘Y\O
B
SARS-2/HC 229E/HC

SARS-1/HC

MERS/HC

~log10 (p-adj)

~log10 (p-adj)

40 -

30 1

20 1

20

SARS-2/HC
UP =857 (i
DOWN = 92 IFNE

5 10
log2(FoldChange)
MERS/HC
UP=269 | igrag] |1

DOWN=9 || °* =« (HSPA7)
Bl
T s incon
: -

log2(FoldChange)

-log10 (p—adj)

-log10 (p—adj)

20

80

(o2}
o

N
o

N
o

SARS-1/HC

1(uP =161 e |
DOWN = 10

: :

. °

o
" °

%

" UBASHEA)

IFNB1

s * % omszer) [(Fni2)e
o

e
3. . AP RS PROL
0 4 8 12
log2(FoldChange)
229E/HC
{uP =546 L
DOWN = 652 . 5

log2(FoldChange)






OPS/images/fmed-10-1267903-g004.jpg
Cytokine-related pathways in SARS-2/HC

«Q

naling

emokinemia
f Influenza

Differential of Cytokine
Productio esand T
Helper Cells and IL-17F
Acute Pha
Erythropoi g Pathway
Differential of Cytokine
Productio Epithelial
Cells by IL-17F

Hypercytokin:
in the Path

Slgnallng

naling

“O

Cytokine-related pathways in SARS-1/HC

Cytokine-related pathways in MERS/HC

CCI22) . CCL5

Hypercytokinet
. MMP13 in the Path
OAS2  NLRP3 i
|II' ) W\
- « K7 Slgnallyg

chemokinemia
of Influenza

. . - Hypercytokin emokinemia
in the Path f Influenza
‘ . . n

FI

Erythropol Pathway

Cytokine-related pathways in 229E/HC

Log2FC & z_score
F

297 0 12.69

~IFNL2 Log2FC
IFNL3

IFNBA1 8
IFNL1

. 6

IFNL4 p

|CXCL11

CCL5 2
|CXCL10 0

|GXG18 -2
|cCLZ2 il
|CX3CL1 6
CXCL8 B

CXCL2

CXCL3

CXCL5

CXCL16 Interferon
CCL2 Chemokine
PF4 .
L6 Interleukin

Tumor necrosis factor
Colony stimulating factor
Growth factor

Other cytokines
Receptor

E
T
Py

TNFRSF1B
TNFRSF11B

SARS-2/HC |
SARS-1/HC
MERS/HC

229E/HC





OPS/images/fmed-10-1267903-g003.jpg
® ® ® - | Phagosome Formation Innate immunity
® ® ® - [ Necroptosis Signaling Pathway
® - - o TREM1 Signaling
® ® - o HMGB1 Signaling
® ® ® - | Role of Pattern Recognition Receptors in Recognition of Bacteria and Viruses
[ N  r Crosstalk between Dendritic Cells and Natural Killer Cells
« + | Production of Nitric Oxide and Reactive Oxygen Species in Macrophages
- @ | Interferon Signaling

* t Acute Phase Response Signaling S
+ + Natural Killer Cell Signaling * 0
¢ -+ I Role of PKR in Interferon Induction and Antiviral Response : ;
* t IL-8 Signaling ®:
« t INOS Signaling W
- t p38 MAPK Signaling @5

« « o | Toll-like Receptor Signaling o .
B « t Activation of IRF by Cytosolic Pattern Recognition Receptors % wigniicanily aclivaled (222 )
-« «  Inflammasome pathway Activated (0 <z <2)

* t MIF Regulation of Innate Immunity e No change

* I MIF-mediated Glucocorticoid Regulation o Inhibited (-2<2z<0)

* r PIBK/AKT Signaling

_ ; @ Significantly inhibited (z<-2)
* t PPAR Signaling

«  Systemic Lupus Erythematosus In B Cell Signaling Pathway Adaptive immunity
« 1 IL-17 Signaling

* 1 IL-6 Signaling

«  Differential Regulation of Cytokine Production in Macrophages and T Helper Cells by IL-17A and IL-17F
«  Differential Regulation of Cytokine Production in Intestinal Epithelial Cells by IL-17A and IL-17F

* r GM-CSF Signaling

* 1 IL-9 Signaling

° © ® ‘[ 1L-15 Production
£ 20
L LLL
3828
LWy
» P =
Innate immunity Functions | SARS-2/HC || SARS-1/HC || MERS/HC 229E/HC
Functions related to leukocytes | s | | 13 . 15
Functions related to phagocytes | mmmm o N3 3
Functions related to dendritic cells {g2 11 11
Functions related to neurtrophils { g2
Functions related to granulocytes {g2 11 11
Functions related to macrophages {m3 11 B2
Functions related to monocytes {1
Innate immune response {1 11 11
M Increased M Decreased 0 10 20 0 10 20 0O 10 20 O 10 20
Number of functions
Adaptive immunity Functions | SARS-2/HC || SARS-1/HC || MERS/HC 229E/HC
Lymphopoiesis | mmmmmmms | |# 1
Cell movement and migration of lymphocytes .| pmm 6 B 4 B 4

Differentiation and growth of lymphocytes | gy 6 K
Response of lymphocytes | g 2
Lymphocyte homeostasis | g 5
Activation of lymphocytes | P D) B
Recruitment of lymphocytes | > —

Interaction and binding of lymphocytes | . 5

¥ Increased M Decreased 0 5 1'0 O 5 1'0 0 5 110 0 5 1'0

Number of functions





OPS/images/cover.jpg
& frontiers | Frontiers in Medicine

Comparative transcriptome
analysis of SARS-CoV-2,
SARS-CoV, MERS-CoV,

and

CoV-229E identifying

potential IFN/ISGs targets
for inhibiting virus replication












OPS/images/logo.jpg
¥ frontiers | Frontiers in Medicine







