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Severe manifestations of coronavirus disease 2019 (COVID-19) are mostly restricted to distinct groups of people who have preexisting morbidities. Most COVID-19 animal models develop a mild pathology that resolves within a relatively short period of time, reflecting the more prevalent asymptomatic-to-mild performance of the disease observed in humans. Mice are normally unaffected by SARS coronavirus-2 infection, because of the inability of the virus to bind effectively to the murine angiotensin-converting enzyme 2 (ACE2) receptor. We have previously demonstrated that induction of mild and transient pulmonary morbidity, by application of low doses of ricin, rendered CD1 mice to be susceptible to this virus, which was displayed by sustained body weight loss and mortality rates >50%. In the present study, we performed transcriptomic analyses charting the major alterations in gene expression of mice that were pre-exposed to low doses of ricin and then subjected to SARS-CoV-2 infection compared to mice that were solely exposed to ricin or infected with SARS-CoV-2. Mice intoxicated and infected with ricin and SARS-CoV-2 demonstrated a marked stimulation of essential immunity genes and biological pathways involved in the activation of natural-killer response, cell death receptors, cytotoxic T-cells, Toll-like receptor signaling and the NLRP3 inflammasome pathway. At the protein level, an induced early and transient interferon response was recorded which was subsequently suppressed. The activation of this array of genes predicts clinical manifestations that are consistent with severe COVID-19 in humans, thereby establishing the suitability of this unique animal model for the study of severe COVID-19 disease.
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INTRODUCTION

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), the causative agent of coronavirus disease 2019 (COVID-19), belongs to the Coronaviruses (CoV) family, a group of enveloped, single, positive-stranded RNA viruses causing mild to severe respiratory illnesses in humans (1–3). There are common motifs that characterize the immune response to infection by respiratory viruses, including the CoV family. After infection, viruses are typically detected by pattern recognition receptors (PRRs) such as the inflammasome sensor NLRP3, which signal the release of interferons (IFNs) and inflammatory cytokines including the IL-1 family, IL-6, and TNF, that activate a local and systemic response to infection (4, 5). This involves the recruitment, activation, and differentiation of innate and adaptive immune cells, including neutrophils, inflammatory myeloid cells, CD8 T cells, and natural killer (NK) cells. Resolution of infection is largely dependent on the cytotoxic activity of CD8 T cells and NK cells, which enable clearance of virus-infected cells. Failure to clear virus-infected cells may facilitate a life-threatening hyper-inflammatory cytokine storm (6, 7).

Suitable animal models are essential for revealing the pathogenesis of SARS-CoV-2 and evaluating countermeasures and vaccines. In the literature, most COVID-19 animal models, including hamsters, non-human primates and ferrets, develop mild symptoms and transient inflammation which resolves within a relatively short period of time reflecting the more prevalent asymptomatic-to-mild manifestation of the disease observed in humans (8–10). Mice are normally unaffected by SARS-CoV-2 infection, since the virus does not bind effectively to the murine version of the angiotensin-converting enzyme 2 (ACE2) receptor molecule (11). A few transgenic mouse models expressing the human ACE2 gene are available (11–13) but most except for the K18-hACE2 transgenic mouse show limited infectability by SARS-CoV-2 and develop mild symptoms upon infection. Although severe clinical manifestations were observed in K18-hACE2 transgenic mouse, these were not dependent on pre-existing morbidities and may well be due to high-level indiscriminate expression of human ACE2 in a wide spectrum of cells which do not normally express this molecule.

Nevertheless, a previous study carried out at our laboratory demonstrated that induction of pulmonary morbidities by application of low doses of the acute lung injury stimulant ricin toxin, rendered outbred genetically non-modified mice to be susceptible to this virus (14). Specifically, exposure of CD-1 mice to SARS-CoV-2 after induction of mild pulmonary injury by administration of low-dose ricin (LDR-SC2 mice) caused a severe disease which was manifested by sustained body weight loss (~30%) and mortality rates >50%. Mice that were only exposed to low-dose ricin (LDR-mice) or SARS-CoV-2 (SC2 mice) presented transient and mild weight loss (10%) or no weight loss at all, respectively and without mortality. Furthermore, quantitative RT-PCR analysis of lungs 2 days after infection demonstrated the presence of significantly higher levels of viral RNA in the lungs, nasal turbinate, trachea, heart and serum of LDR-SC2 mice compared with SC2 mice and this levels remained high in the lungs, heart and serum even 7 days after infection. Additionally, viral growth kinetic profiling and sub-genomic RNA analysis of lung extracts at 3 days post infection testified the presence of infectible and multiplying virus in the lungs derived from the acute lung injury stimulant-pretreated mice (LDR-SC2). The deleterious effects of SARS-CoV-2 infection were effectively alleviated by passive transfer of polyclonal or monoclonal antibodies generated against the SARS-CoV-2 receptor binding domain (RBD), indicating that viral cell entry in the sensitized mice occurs via viral RBD binding, albeit by a mechanism other than the canonical ACE2-mediated uptake route (14).

The existence of a unique mode of entry for the SARS-CoV-2 virus, justifies the characterization of the disease that develops in the wake of such a viral infection. In the present study, by performing comparative transcriptomic analyses, we charted the major alterations in gene expression of mice that were pretreated with low doses of ricin and then subjected to viral infection. The activation of a large array of differentially expressed genes (DEGs) predicts clinical manifestations that are consistent with severe COVID-19 in humans, thereby establishing the suitability of this unique animal model for the study of severe COVID-19 disease.



MATERIALS AND METHODS


Cells and Virus

African green monkey kidney clone E6 cells (Vero E6, ATCC® CRL-1586TM) were grown in Dulbecco's Eagle's medium (DMEM) containing 10% fetal bovine serum (FBS), MEM non-essential amino acids (NEAA), 2 mM L-Glutamine, 100 units/ml penicillin, 0.1 mg/ml streptomycin, 12.5 units/ml nystatin (P/S/N) (Biological Industries, Israel). Cells were cultured at 37°C, 5% CO2 at 95% air atmosphere.

SARS-CoV-2 (GISAID accession EPI_ISL_406862) was kindly provided by Bundeswher Institute of Microbiology, Munich, Germany. Virus stocks were propagated (four passages) and titered on Vero E6 cells. Handling and working with SC2 virus were conducted in a BSL3 facility in accordance with the biosafety guidelines of the Israel Institute for Biological Research (IIBR).



Ricin

Crude ricin was prepared by us, as described previously (15), from seeds of endemic Ricinus communis.



Animal Experiments

Animals in this study were female CD-1 mice (Charles River Laboratories Ltd., Margate, UK) at the age of 8–10 weeks, weighing 27–32 grams Prior to treatment or infection, animals were habituated to the experimental animal unit for at least 5 days. All mice were housed in filter-top cages in an environmentally controlled room and maintained at 21 ± 2°C and 55 ± 10% humidity. Lighting was set to mimic a 12/12 h dawn to dusk cycle. Animals had access to food and water ad libitum. Treatment of animals was in accordance with regulations outlined in the USDA Animal Welfare Act and the conditions specified in the National Institute of Health Guide for Care and Use of Laboratory Animals.

Ricin (1.7 μg/kg) was administered intranasally (25 μl per nostril) to mice anesthetized by an intraperitoneal (i.p.) injection of ketamine (1.9 mg/mouse) and xylazine (0.19 mg/mouse). Mice displaying weight loss of >30%, were euthanized by cervical dislocation.

SARS-CoV-2 diluted in PBS supplemented with 2% FBS was intranasally instilled to mice anesthetized as above at a dose of 5 x 106 PFU/mouse.



RNA Extraction

Mice, under deep anesthesia (ketamine, 1.9 mg/mouse and xylazine, 0.19 mg/mouse), were employed to in situ infusion of the RNA preserving reagent RNAlater (1 ml, Thermo Fisher Scientific, Waltham, MA, USA) into the lungs through the trachea. The thoracic cavity was dissected, lungs were removed after PBS perfusion via the heart and subsequently placed in a 50 mL test tube containing 25 mL RNAlater for 24 h. RNA was isolated from lungs using Qiagen RNeasy mini kits (Qiagen, CA, USA) with an on-column DNase step (Qiagen, CA, USA) according to the manufacturers' instructions. RNA quantification was carried out in a Qubit fluorometer using the Qubit RNA HS assay kit (Invitogen, CA, USA). Quality control analysis of RNA integrity was performed using High Sensitivity RNA ScreenTape and the TapeStation Analysis software (Agilent Technologies). All the samples reached a RIN (RNA integrity number) score of >8.



RNA-Seq

RNA-seq was performed at the JP Sulzberger Columbia Genome Center (NY, NY). Libraries were generated using the Ilumina TrueSeq Standard mRNA kit according to manufacturers' instructions. Sequencing of 100 bp paired-end was performed on the Ilumina NovaSeq 6000 system. RNA-seq quality control was performed using fastQC v0.11.5, checking for per base sequence quality, per sequence quality scores and adapter content. Pseudoalignment to a kallisto index created from transcriptomes (Mouse: GRCm38) was performed using kallisto (0.44.0) (16). We verified that each sample reached at least 78.7% of the target read goal and checked for adequate sequence alignment percentages. Sequencing yielded 15 M to 24.9M reads per sample resulting in identification of 35,199 transcripts. Analysis of differentially expressed genes under various conditions was performed using the R package DESeq2 v1/18.1 (17) with default parameters. DESeq2 uses a negative binomial distribution to model the RNA-seq counts, having a good balance between specificity and sensitivity. Its input consists of non-normalized read counts at either the gene or transcript level. Once each gene is modeled, a Wald Test is usually applied for hypothesis testing, followed by Benjamini-Hochberg multiple test correction. DESeq2 results tables describe the log2 fold changes, standard errors, p-values and adjusted p-values (FDR) for each gene. In this study, genes with an adjusted p-value below a threshold of 0.01 and fold change (FC) of ≥ 1.5 or ≤ 0.66 were defined as Differentially Expressed Genes. The mouse GRCm38 annotation file was downloaded from the ensemble BioMart website (https://www.ensembl.org/Mus_musculus/Info/Index).



Data and Materials Availability

The transcriptomic data have been deposited in NCBI's Gene Expression Omnibus (GEO) (accession number of the transcriptome series is GSE189015 and the SRA BioProject number is PRJNA781200).



IPA Functional Analysis

Differentially expressed genes were functionally analyzed based on the QIAGEN's Ingenuity Pathway Analysis (IPA®, QIAGEN Redwood City, www.qiagen.com/ingenuity) software, which included canonical pathway analysis, upstream regulators and gene networks. The IPA system was used for subsequent downstream analysis. A network algorithm was applied to segment the network map between molecules into multiple networks and assign scores for each network (18, 19). Canonical pathways were scored for degree by analyzing a ratio of the number of genes that map to the pathway. The created genetic networks describe functional relationships among genes or proteins based on known associations in the databases. The p-value calculated by Fisher's exact test was used to determine whether the probability of the association was not due to chance. For upstream regulators, the P-value of overlap <0.01 was set as the threshold.



Broncho-Alveolar Lavage Fluid Analysis

Mice were anesthetized by an intraperitoneal (i.p.) injection of ketamine (1.9 mg/mouse) and xylazine (0.19 mg/mouse). BAL was preformed by flushing the lungs with 1 ml of PBS using a tracheal cannula. BAL fluids were centrifuged at 3,000 rpm at 4°C for 10 min. Supernatants were collected and stored at −20°C until further use. BAL fluids of Interferone-α (IFN-α), IFN-β and IFN-γ were determined by ELISA (R&D systems, Minneapolis, MN, USA).




RESULTS AND DISCUSSION

cDNA libraries were prepared from lungs of CD-1 mice subjected to the following treatments (1) intranasal exposure to low dose ricin (1.7 μg/kg body weight, LDR, n = 4), (2) intranasal infection with SARS-CoV-2 (5 x 106 PFU per mouse, SC2, n = 3), (3) exposure to low dose ricin and 2 days later, infection with SARS-CoV-2 (a combination of 1 and 2; LDR-SC2, n = 4). A fourth group comprising naïve mice, served as control (n = 4). Lungs of mice groups 1–3 were harvested 4 days after ricin application and/or 2 days following viral infection (Figure 1A). The rational for performing the RNA-seq analysis on lungs 2 days post SARS-CoV-2 infection stems from the fact that at this time point the viral RNA levels are highest compared to later time points tested (5 and 7 days post infection) in lungs of LDR-SC2 and SC2 mice. Moreover, at this time point the viral growth kinetic profiling and the subgenomic RNA analysis of the virus indicated on the presence of infectible and multiplying virus in both infected groups (14).


[image: Figure 1]
FIGURE 1. (A) Time-table for treatment and lung harvest for RNA-seq analysis of the various mice groups. The scheme was created with BioRender.com. (B) PCA scatter plot of gene expression in lungs of mice. PCA analysis shows clustering of RNA-seq samples by treatment.



Sequence Output

In total, 327,586,108 reads were generated for the 15 samples (3–4 mice per group), ranging between 19.1 and 29.3 million per sample. On average, 83.4%, ranging between 79.5 and 85%, of all the clean reads were aligned to the reference genome. A summary of the RNA sequencing and mapping of all 15 samples is presented in Supplementary Table S1. Principal Component Analysis (PCA) performed on the normalized counts (based on the DESeq2 method) demonstrated unequivocally the distinct clustering of RNA-seq samples of the various treatment groups, highlighting the differential impact of the various treatments on the overall transcription in the mice lungs (Figure 1B). While PC1, explaining 49% of the total variance, separates all treated samples from control (naïve) samples, PC2, explaining 24% of the total variance, differentiates LDR from LDR+SC2 samples.



Analysis of Differentially Expressed Genes

Lung transcripts of each treated group were subjected to statistical analysis to evaluate differential gene expression compared to the naïve group. Differentially Expressed Genes (DEGs) were defined as such when having false discovery rate (FDR) value (p-adjusted) of ≤ 0.01 and a fold change (FC) of ≥1.5 or ≤ 0.66. The numbers of up/downregulated DEGs following the different treatments are displayed as volcano plots in Figures 2A–C.


[image: Figure 2]
FIGURE 2. RNA-seq data analysis. (A–C) Volcano plot representation of differential expression analysis of genes in the LDR (A), LDR-SC2 (B) and SC2 (C) treatment groups vs. naïve mice. Black and red dots mark the genes with significantly decreased and increased expression, respectively (p ≤ 0.01). The x-axis shows log2 fold-changes in expression and the y-axis the p-value (log10) of a gene being differentially ex-pressed. (D–F) Heatmap of hierarchical clustering performed for the 50 top DEGs (ranked by p-adjusted value) indicating differentially expressed genes (rows) in LDR (D), LDR-SC2 (E) and SC2 (F) treatment groups vs. naïve mice (fold-change ≥ 1.5 or ≤ 0.66, P < 0.01). Notice the clear presence of groups of genes that are systematically, either up-regulated (red) or down-regulated (green) in each analyzed group, n = 3–4.


Analysis of LDR-treated mice transcripts resulted in the detection of 6684 DEGs, 55% upregulated and 45% downregulated as compared to naïve mice. Similarly, in LDR-SC2 treated mice, a total of 6,044 genes were differentially expressed, 52% induced and 48% repressed. Considerably fewer (797, 67% upregulated and 33% downregulated) DEGs were differentially expressed in the SC2 mice group. Nevertheless, the appearance of even hundreds of DEGS in this treatment group was more than expected in view of the fact that SARS-CoV-2 infection alone does not cause any noticeable clinical disease in CD-1 mice (14).

Hierarchical clustering analyses (according to the Pearson correlation) performed for the 50 top regulated DEGs (ranked by p-adjusted value) in each treatment group are presented as heat maps (Figures 2D–F). Individual gene expression was normalized across samples to percentages ranging from marked downregulation (deep green) to marked upregulation (deep red). These heat maps suggest that the treatments and naive samples were clearly separated by the expression profile of DEGs.

Detailed examination of the 50 top DEGs (Supplementary Table S2) detected in the LDR treated mice group revealed that 40% of these are involved in the inflammation response (e.g., Ccl7, Cxcl1, Ccl12, Nfkbie, Ccl3, Cd14) and 38% are cell cycle related genes (ex. Cdk1, Psrc1, Cdc20, Ckap2, Cks1b, Mcm3). Only 14% of these genes were found to overlap with the 50 top DEGs of the LDR-SC2 group. In contrast, in the LDR-SC2 and SC2 groups (Supplementary Table S2), 60 and 62%, respectively, of the top regulated genes were found to be interferon-stimulated genes (ISG, e.g., Mx1, Mx2, Iigp1, Usp18, Apol9a, Trim30a, Oas1, Oas3) with a 76% match in the 50 top DEGs between these two groups. The induction of an interferon response following viral stimulus is expected since interferons provide a first line of defense against virus infections by generating an intracellular environment that restricts virus replication by signaling the presence of a viral pathogen to the adaptive arm of the immune response. Interferons stimulate cells in the local environment to activate a network of interferon-stimulated genes encoding for proteins that possess antiviral, antiproliferative and immunomodulatory activities (20). In a single-cell RNA sequencing (scRNA-seq) study of peripheral blood mononuclear cells (PBMCs) from COVID-19 patients, a strong upregulation of numerous ISGs was observed in a patient with severe disease compared to patients with mild disease (21). Moreover, a transcriptome study of BAL fluid from COVID-19 patients showed increased expression of numerous ISGs in addition to marked increases in proinflammatory and chemokine genes, suggesting proinflammatory roles of upregulated ISGs in COVID-19 (22). However, the fold change expression of these identical genes in the LDR-SC2 group is on average 5.6 higher than in the SC2 group, consistent with the fact that the pathological outcome manifested in the mice of these two treatment groups differs dramatically; while combined LDR-SC2 treatment leads to a severe pulmonary disorder, SC2 treatment in itself does not cause any discernable pathology.



Functional Analysis of Gene Expression

The identified DEGs were subjected to functional analyses, employing the Ingenuity Pathway Analysis (IPA) tool. As described above, DEGs were defined as having p-adjusted ≤ 0.01 and fold change ≥1.5 or ≤ 0.66. Figure 3 depicts the significant canonical pathways identified in all three treatment groups, (ranked according to their –log (P-value) >2.5 threshold) as well as the ratios between the number of molecules from the dataset mapping to the pathway and the total number of molecules that map to the canonical pathway according to the IPA database. Consistent with the data gleaned from the analysis of individual genes, the canonical pathways identified in the LDR-SC2 treatment group displayed a 65 and 40% overlap with those determined for in the LDR and SC2 treatment groups, respectively. The vast majority of these pathways are related to inflammatory responses (e.g., “interferon signaling,” “role of pattern recognition receptors in recognition of bacteria and viruses” and “communication between innate and adaptive immune cells”). As to pathways which are unique to the LDR-SC2 treatment group, comparison of these pathways to those of the LDR treatment group, demonstrates advanced activation of T cells and specific antiviral defense mechanisms (e.g., “role of PKR in interferon induction and antiviral response” and “role of RIG1-like receptors in antiviral innate immunity”) in the former group. Comparison of the unique pathways of the LDR-SC2 treatment group to those of the SC2 group demonstrates in the former an induction of the inflammasome pathway, Natural Killer cell signaling and T-Helper cell differentiation, as well as anti-inflammatory pathways (e.g., IL-10 signaling, MSP-RON signaling and inhibition of Matrix Metalloproteases).
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FIGURE 3. Top canonical pathways derived from Ingenuity pathway analysis. The canonical pathways are analyzed with both up and down-regulated genes (p ≤ 0.01) and ranked ac-cording to their –log (P-value) (blue bars). “Threshold” (red line) indicates the minimum significance level (scored as –log [P-value] set here at 2.5). “Ratio” (black curve) indicates the number of molecules from the data set that map to the pathway listed divided by the total number of molecules that map to the canonical pathway from within the IPA database. (A) naïve vs. LDR. (B) naïve vs. LDR-SC2. (C) naïve vs. SC2.


The canonical pathway “Coronavirus pathogenesis” was found to be affected in all three treatment groups, however the direction of its regulation toward activation or inhibition, differed between treatment groups (as reflected by the z-score, z>0-upregulated, z <0 downregulated). Thus, as shown in Figure 4A, this pathway is strongly downregulated in the LDR group, slightly inhibited in mice which were only infected with SC2 and upregulated in the LDR-SC2 group. These finding are fully in line with the fact that LDR-treated mice were not exposed to the virus, SC2-treated mice were exposed to the virus but did not develop any discernible disease while the LDR-SC2-treated mice groups displayed severe symptoms and high mortality rates following viral infection (14). The fact that the “Coronavirus pathogenesis” pathway is activated in the lungs of LDR-SC2 mice demonstrates that our severe COVID-19 mouse model is a bona fide model for human COVID-19 disease.


[image: Figure 4]
FIGURE 4. The canonical pathway “Coronavirus pathogenesis.” (A) Biological pathway analysis revealed significant activation of the “Coronavirus pathogenesis pathway” for all 3 treatments (LDR, LDR-SC2 and SC2) presented by their Z-scores. Positive and negative values indicate overall activation or inhibition of downstream targets, respectively (B–I). Expression levels (presented as fold change values compared to non-treated (naïve) mice group) of a subset of the expressed genes of the “Coronavirus pathogenesis pathway” in the various treatment groups presented by their Fold Change value.


The DEGs comprising this pathway are presented in Figures 4B–I. Three transcription regulators, IRF7, IRF9 and STAT1, which mediate type I interferon (IFN)-dependent immune responses are upregulated in all three treatment groups, the rank order of overexpression being LDR-SC2>>SC2 > LDR (Figures 4B,C,H). However genes of the “coronavirus pathogenesis” pathway that specify an active inflammation response, like IL-6, IL-1β and IFN-β, were not activated in the SC2 treatment group (Figures 4D–F). As to these three genes, IL-1β was upregulated mostly in the LDR group while IL-6 and IFN-β were mainly amplified in the LDR-SC2 group. As expected, DDX58, an innate immune receptor that senses cytoplasmic viral nucleic acids, exhibited increased expression only in the mice groups that were exposed to the virus, being markedly higher in the LDR-SC2 group (x2.5) than in the SC2 group (Figure 4G). Upregulation of the Serpin1 gene was observed mostly in the LDR-SC2 treatment group (Figure 4I). This gene, which belongs to the serine protease inhibitor (SERPIN) gene family, codes for the major physiologic inhibitor of the urokinase plasminogen activator (uPA)-dependent pericellular plasmin-generating cascade. The urokinase pathway regulates fibrinolytic and procoagulative responses designed to prevent vascular permeability and hemorrhage (23, 24). We suggest that lethal SC2 infection overwhelms the normally protective, profibrinolytic signaling of the urokinase pathway, leading to overall dysregulation, including increased Serpin1 expression, and severe lung disease. While fibrin is required for normal wound healing, persistent and excessive intra-alveolar fibrin levels can contribute to acute inflammatory and chronic interstitial lung disease.

Identification of the changes in expression of downstream genes by transcriptomic analysis, may enable to predict upstream regulators responsible for these observed changes. Indeed, by employing the Ingenuity analysis tool, we were able to detect 1,365, 1,565 and 1,045 upstream potential regulators (P < 0.01) in the LDR, LDR-SC2 and SC2 treatment groups, respectively. The 20 top significant upstream regulators of the LSR-SC2 group, compared to those of the LDR and SC2 groups (sorted by their Z score value which predict their activation or inhibition status) are presented in Figure 5 under three molecular type headings: cytokines, transcription regulators and transmembrane receptors. Overall, substantial differences (activated Z-score ratio ≥ 2 between groups) were observed mostly between the LDR and LDR-SC2 groups compared to the SC2 group. Six cytokines (TNF, IL1B, CSF2, IL6, IL2 and CD40LG) were found to be considerable upregulated in the LDR-SC2 group as compared to the SC2 group. Most interestingly is IL4, a Th2 cytokine with pleiotropic effects on the immune system. While being activated in LDR and LDR-SC2 treatment groups, this particular cytokine is inhibited in the lungs of mice that were only infected with SC2. Among the upstream transcription regulators, STAT3, IRF8, CEBPB, NFKB1 and ETS1, all of which have an important role in the regulation of genes involved in the immune and inflammatory response, were found to be activated to a significantly lesser degree in the SC2 treatment group than in the LDR-SC2 treatment group. As in the case of IL-4, the TREM1 receptor (Triggering receptor expressed on myeloid cells 1) of the “transmembrane receptors” category was activated in the LDR and LDR-SC2 treatment groups and inhibited in the lungs of mice only infected with SC2. This receptor which is mainly expressed on myeloid cells, has been recently implicated to play an important role in modulating the intensity of innate immune responses by amplifying Toll-like receptors induced inflammation (25). As to the trans-membrane receptors CD28, CD40, Klrk1, TNFRSF1B and CTLA4 level of expression, these were found to be markedly higher in the LDR-SC2 treatment group than in the SC2 treatment group. These transmembrane receptors are mainly expressed on immune cells (CD40- antigen presenting cells, CD28 and CTLA4- T cells, Klrk1- NK cells) and have a pivotal role in regulating cell inflammatory response. It should be noted that upstream regulator analyses failed to detect any significant difference between the predicted upstream regulators of the LDR-SC2 and LDR treatment groups, even though only in the case of combined LDR-SC2 treatment, the arising inflammatory response leads to severe and sustained illness and mortality.
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FIGURE 5. Analysis of upstream regulators. The Ingenuity pathway analysis revealed upstream regulators responsible for gene expression changes in the LDR-SC2 group com-pared to the LDR and SC2 groups presented by their activated Z-score value. Thresh-old was defined as p < 0.05 and −2 ≥ Z-score or Z-score >2 in the RS group. (A) cytokines. (B) transcription regulators. (C) transmembrane receptors.


The major significant entities (canonical pathways, upstream regulators, biological functions) and the links between them as predicted by the Ingenuity analysis (Figure 6), allows us to appreciate the main biological processes that occur in each of the treatment groups. The main processes identified in the lungs of the LDR treated mice are related to tissue damage, cell death and immune pro-inflammatory response (activation of TNF-α, IL-1β and IL-6). In both the SC2 and LDR-SC2 treatment groups, activation of immune-response and interferon-response pathways were observed. On the other hand, the two groups differed in the intensity of their inhibition of viral replication responses, which was markedly more prominent in mice treated with SC2 only (inhibition of replication of viral replicon/virus). Likewise, specific inhibition of infection responses in the lungs were observed too in this treatment group. In the case of LDR-SC2 treated mice, the pathways related to activation of T-helper immune response and natural killer cells were specifically stimulated. It seems that the difference between the LDR-SC2 and SC2 treated lungs is in the intensity and effectiveness of the inflammation that develops with the exposure to the virus. The ability of the SARS-CoV-2 virus to enter cells and to replicate in them, as indeed happens in the LDR-SC2 but not in the SC2 treatment group (14) leads to a dysregulated and excessive immune response characterized by overexpression of proinflammatory cytokines/chemokines, massive infiltration of inflammatory cells to the lungs, as well as by employment of SC2-induced evasive strategies through the suppression of antiviral type I interferon responses in infected cells. In contrast, in the SC2 treatment group, the anti-viral immune response mounted following viral infection is highly effective presumably due to the inability of the virus to replicate.


[image: Figure 6]
FIGURE 6. Graphical summary of the major biological processes predicted by the Ingenuity analysis. (A) LDR mice (B) LDR-SC2 mice (C) SC2 mice.




LDR-SC2 Unique Differential Expressed Genes

Further characterization of the distinct SARS-CoV-2 related-disease which develops following sensitization with low doses of ricin, was achieved by analyses of a Venn diagram, depicting the overlapping of the DEGs [FDR (p-adjusted) ≤ 0.01 and fold change (FC) ≥ 1.5 or ≤ 0.66] identified in the different treatment groups (Figures 7A,B). Overall, 388 upregulated and 198 downregulated DEGs were found to be common to all three treatment groups examined. Conversely, 770 upregulated and 840 downregulated DEGs were found to be unique for the LDR-SC2 treated mice. The biological interactions of the DEGs unique to the LDR-SC2 treatment group were examined by the Ingenuity Pathway Analysis (IPA) and their significant canonical pathways [–log (P-value) ≥ 2 threshold] were ranked along with the ratios between the number of molecules from the dataset mapping to the pathway and the total number of molecules that map to the canonical pathway according to the IPA database (Figure 7C). The pathway found to be most pronounced in the LDR-SC2 treatment group is related to interactions between dendritic cells and natural killer (NK) cells. Cooperative interactions between DCs and NK cells play a key role in triggering immune responses against pathogens and results in reciprocal activation of these cells. Thus, mature DCs release cytokines that promote NK cell activation, while IFN-γ, released by the activated NK cells, promotes Th1 polarization and DC maturation (26). NK cells are known to provide an efficient protective shield against virus infections, presumably due to the fact that NK cells do not need prior antigen sensitization and therefore can serve as immediate responders against pathogens. Indeed, NK cells are able to lyse “non-self” cellular targets while sparing normal cells that express adequate levels of “self” major histocompatibility complex of class I (MHC-I) molecules (27, 28). Various data support the fact that NK cell counts are lowered remarkably during SC2 infection, predominantly in critically ill patients (29–31). However, it is yet unclear if this decrease is due to NK cell redistribution in infected sites and sequestration in target organs such as the lungs or to cell death.


[image: Figure 7]
FIGURE 7. LDR-SC2 unique DEGs and Canonical pathways. (A,B) Venn diagram showing the distribution of differentially-expressed genes that are unique or common among the three treatments. (A) upregulated DEGs. (B) downregulated DEGs. (C) Top canonical pathways derived from Ingenuity pathway analysis. The canonical pathways are analyzed with both up and down-regulated genes (p ≤ 0.01) and ranked according to their –log (P-value) (blue bars). “Threshold” (red line) indicates the minimum significance level (scored as –log [P-value] set here at 2.5). “Ratio” (black curve) indicates the number of molecules from the data set that map to the pathway listed divided by the total number of molecules that map to the canonical pathway from within the IPA database.


The death receptor signaling canonical pathway, which was also activated solely in the LDR-SC2 treatment group, triggers death receptors that in response to their cognate ligand binding, stimulate an apoptotic signaling pathway characterized by direct activation of intracellular cysteine proteases (caspases). The induction of apoptosis is a hallmark of SC2 infection. Increased expression of death receptor signaling pathway in response to the virus infection is correlated with the fact that SC2 ORF3a was found to induce apoptosis in cells (32) by activation/cleavage of caspase-8 (extrinsic apoptotic pathway) without effect on Bcl-2 expression levels (intrinsic apoptosis pathway) (33).

Another identified uniquely activated canonical pathway, the Aryl Hydrocarbon (AHR) signaling pathway, was proven previously by RNA-seq analysis of lung epithelial cells to occur following infection with SC2 (34). AHR signaling has been shown to play a physiological role in the regulation of the host anti-viral response (35). Type I IFN (IFN-I), the central regulator of the anti-viral response, induces AHR expression, and as part of a negative feedback loop, AHR can suppress the expression of IFN-I (36, 37). Previous studies using AHR antagonists and gene knockdown have shown that AHR inactivation reduces Influenza A, Zika and Dengue virus replication (35). These findings led to the hypothesis that AHR is a pro-viral host factor targeted by multiple viruses to limit IFN-I/NF-κB-driven host anti-viral immunity and thus promotes virus replication. Indeed, in mice infected with Influenza A virus, AHR antagonism increased IFN-β levels, reduced BALF viral titers and increased survival (38).

An additional canonical pathway found to be upregulated is the calcium signaling pathway. Calcium is necessary for viral entry into host cells, viral gene expression, processing of viral proteins, and viral maturation and release (39–44). To meet their need for calcium, many pathogenic viruses induce increased influx of this ion across cell membranes (39, 40, 42). Such influxes of calcium are often mediated by viral-encoded calcium channels termed viroporins. Vaporins facilitate calcium influx to the cytoplasm from across the cell membrane or the membrane of the endoplasmic reticulum, which acts as a store for intracellular ionic calcium (45). In other host–virus systems, viruses use host encoded cellular calcium channels to increase calcium entry into the cytoplasm (43). In COVID-19, hypocalcemia is highly prominent, being reported in 60% or more of patients upon hospital admission. It is associated with hospitalization itself as the most prominent of 9 risk factors reported in longer hospitalizations, ventilation, ICU admission and mortality (46–48).

Canonical pathways involving T cell activation were also uniquely upregulated the LDR-SC2 treatment group. The expression of different cytotoxic molecules in T cell subpopulations is an important hallmark of virus control (49). Additionally, IPA analysis revealed activation of Th1 and Th2 cells. The Th-1 cell phenotype is pivotal in mediating virus-specific adaptive immunity which together with sufficient anti-viral interferons, promotes the phagocytic activity of macrophages and stimulates the proliferation and activation of cytotoxic T lymphocytes (CTLs) to allow effective and specific viral clearance (50). SARS-CoV-2 infection is associated with a reduction in CD8+ and CD4+ T cells (51, 52). One prominent cause of this lymphopenia may be an enhanced migration of T cells into infected compartments (53, 54). Despite the lymphopenia, expanded virus-specific CD8+ and CD4+ T cells can be detected in COVID-19 patients (55, 56).

The “clathrin-mediated endocytosis signaling” and “inflammasome” pathways were also found to be triggered uniquely in the LDR-SC2 treatment group. Clathrin-mediated endocytosis was recently found to be the major endocytic mechanism employed by the SARS-CoV-2 virus and this mode of entry was shown to be critical for infectivity (57). The inflammasome pathway includes activation of the NLRP3 inflammasome multimeric protein complex, a molecular platform that promotes inflammation via cleavage and activation of key inflammatory molecules including active caspase-1 (Casp1p20), IL-1β, and IL-18 (58). The NLRP3 inflammasome was shown to be activated in response to SARS-CoV-2 infection and is active in COVID-19 patients. The presence of inflammasome-derived products such as Casp1p20 and IL-18 in the sera was found to correlate with established markers of COVID-19 severity and poor clinical outcome such as IL-6, LDH, IL-18 and Casp1p20 (59). Taken together, the arising pathology in LDR-SC2 treated mice is characterized by intense, rapid stimulation of the (NLRP3) inflammasome pathway and release of its products including the proinflammatory cytokines. These findings seem to suggest that the severe tissue injury is a result of dysregulated hyperinflammation in response to viral infection, rather than of viral replication itself.

Upstream analyses of DEGs detected exclusively in the LDR-SC2 treatment group, identified 29 activated and 12 inhibited regulators (Table 1, P < 0.01). In the cytokine segment, major activation of the two subtypes of IFN cell signaling pathways, Type I IFN (including IFNα and IFNβ) and Type II IFN (IFNγ) were observed. Potential activation of upstream regulators responsible for the proliferation and activation of T and NK lymphocytes (IL2, IL15 and IL21) and for the stimulation of the initial inflammatory response (OSM and IL-18) were also determined. In the transcription factors segment we found transcription factors that positively regulate type I interferon gene induction downstream of pattern recognition receptors (IRF7, IRF3), TH1 immune response (IRF1, NFATC2), interferon-stimulating gene transcription (STAT1), activation of apoptosis cascade (TP53) and lymphocyte development and function (RELB). Finally, upstream analyses in the transmembrane receptor segment revealed potential activation of Toll-like receptors (TLR2, TLR3 and TLR4), as well as interferon-α/β, NK cells cytotoxic (KLRK1), T-cell costimulatory (CD28) and antigen-presenting cell (CD40, CD86) receptors. Potential inhibition of the cell surface receptor for IL10, a cytokine that mediates anti-inflammatory processes, was identified as well.


Table 1. Upstream analysis of LDR-SC2 unique DEGs.
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A cytokine storm is a physiological reaction in which the innate immune system elicits an uncontrolled and excessive production of soluble pro-inflammatory factors which, in turn, sustain an aberrant and highly deleterious systemic inflammatory response. The main components involved in the development of cytokine storms are interferons, interleukins, chemokines, colony-stimulating factors and TNF-alpha (60). In line with our observations indicating systemic immune over-activation due to SARS-CoV-2 infection over a low-dose-ricin induced pulmonary disorder background, and with evidence from current studies that show that cytokine storming is an important component in COVID-19 progression (61, 62), we determined the gene expression levels of the chemokine and cytokines that were found to be significantly upregulated in lungs of LDR-SC2 treated mice, as compared to LDR and SC2 treatment groups (Figure 8). High levels of Interferon γ, IL-6, CXCL10 and CCL2, all of which are overexpressed in LDR-SC2 treated mice, are associated with pulmonary inflammation and increased levels of these factors were consistently found in blood samples of COVID-19 patients. High levels of other pro-inflammatory cytokines (IFNβ, IFNγ, IL-1β, IL-6, IL-12, IL-15, IL-27, TNFα) and chemokines (CXCL11, CXCL13, CXCL16, CCL3, CCL5) were detected as well. These pro-inflammatory factors have been shown to precipitate and sustain aberrant systemic inflammatory responses (63–66). Amplified expression of the colony-stimulating factor (CSF) cytokine family and selectin-adhesion molecules was revealed as well. These cytokine families are associated with inflammatory conditions in which CSF proteins are components of an amplification cascade which lead to increased cytokine production by macrophages (67), while selectin molecules mediate the initial attachment of leukocytes to venular endothelial cells, allowing their firm adhesion and subsequent diapedesis (68).


[image: Figure 8]
FIGURE 8. LDR-SC2 significant cytokine and chemokine gene expression in lungs compared to naïve or LDR or or SC2 mice. Normalized gene expressed levels (transcripts per million, TPM) of 23 indicated cytokines and chemokines determined from RNAseq data. Data are presented as average ± SEM (n = 3–4 per group) analyzed using unpaired t-test. *p < 0.05, **p < 0.01, ***p < 0.001.




Interferon Response in BAL Fluid

Since RNA-seq analysis detected major involvement of the interferon response in all areas examined, we quantified and compared the levels of interferon proteins in the lungs of mice treated with low-dose ricin, SC2 and or both, to that of naïve mice. To this end. IFN- α, IFN-β and IFN-γ levels were determined in the BAL fluid sampled at days 4 and 7 after low-dose ricin application and or days 2 and 5 after viral infection (Figure 9A).


[image: Figure 9]
FIGURE 9. (A) Time-table for treatment and BAL fluid collection for interferon protein quantification in the differently treated mice groups. The scheme was created with BioRender.com. (B) Interferon proteins expression in BAL fluid of mice. Concentration of Interferon- α (IFN-α) or Interferon-β (IFN-β) or Interferon- γ (IFN-γ) in BAL fluid of mice treated intranasally with low dose ricin (R, day 4 or 7 post exposure) or SC2 (S, day 2 or 5 post exposure) or low dose ricin and SC2 (RS, day 4/2 and day 7/5) compared to naïve mice (N). Data presented as mean ± SEM, analyzed using 1-way ANO-VA followed by Bonferroni's posttests. *p < 0.05, **p < 0.01, ***p < 0.001, n = 4–8 per group.


As demonstrated in Figure 9B, at the earlier time-point (4 and 2 days respectively, after low-dose ricin application and/or viral infection, denoted as 4/2) IFN- α and IFN-γ are significantly elevated in mice subjected to the combined treatment with both low-dose ricin and virus (LDR-SC2) as compared to the naïve, LDR and SC2 groups. This observed elevation of IFN- α and IFN-γ proteins in the LDR-SC2 group is however of a transient nature, as expression levels of these proteins almost completely diminished at the later time-point (7 and 5 days, respectively after low-dose ricin application and/or viral infection, denoted as 7/5). IFN-β protein exhibited a similar trend yet its elevation in the LDR-SC2 group at the early time-point was relatively moderate and not significantly different from the LDR and SC2 groups, while at the late time-point IFN-β levels in the LDR-SC2 group were below threshold of detection, and in fact significantly lower than the corresponding values determined in the naïve and SC2 groups. Induction of an interferon response early after exposure to SC2 and its subsequent suppression has been reported recently in COVID-19 critically ill patients (66). Researchers have found that an IFN-I deficiency, manifested by an absence of measureable IFN-β and low IFN-α production and activity, is a hallmark of severe and critical COVID-19 (69, 70). It was reported that type I IFN responses were restricted in postmortem lung tissues from lethal cases of COVID-19 (71), while another study reported that type I IFN responses were highly impaired in the peripheral blood of patients with severe or critical COVID-19, as indicated by low levels of type I IFNs and ISGs, despite increased levels of TNF-α, IL-6 and NFκB -driven inflammatory responses (72). Moreover, it was shown that higher IFN-λ concentrations during ICU entry were associated with lower SC2 viral load in the respiratory tract and faster viral clearance (73).

A recent study which characterized viral proteins of SARS-CoV-2, reported that the viral ORF6, ORF8 and nucleocapsid proteins were potential inhibitors of the type I interferon signaling pathway and mainly of IFN-β (interferon beta). This inhibition may have a crucial negative impact on the host anti-viral response, since treatment with IFN-β was shown to effectively block SC2 replication (74). A finely tuned antiviral response, orchestrated by IFN-λ (type III IFN) and type I IFN (IFN- α, IFN-β) is critical for steering host immunity toward optimal protection and minimal SC2-induced damage (75–77) while an unbalanced anti-viral response can unleash an acute cytokine storm with severely detrimental consequences for human health. SC2 evolves with numerous structural and non-structural proteins that act as antagonists which disturb interferon signaling at various levels by: (1) prevention of pattern recognition receptor (PPR)-dependent recognition of viral RNA, (2) inhibition of type I interferon protein synthesis via abolishment of toll-like receptor-1 (TLR-1) and retinoic acid-inducible gene I (RIG-I) signaling, (3) reduction of STAT-1 signaling and initiation of host mRNA degradation and interruption of host translation machinery (78).




CONCLUSION

Exposure of mice to SARS-CoV-2 virus over a mildly injured tissue background caused by low-dose ricin amplified the inflammatory response, as manifested by a significant upregulation of pro-inflammatory cytokines and chemokines and massive activation of the interferon reaction. Transcriptomic analyses of this mice lungs identified key components of the host response to SARS-CoV-2 infection, including essential immunity genes and biological pathways involved in the activation of interferon and natural-killer responses, cell death receptors, cytotoxic T-cells, Toll-like receptor signaling and the NLRP3 inflammasome pathway. Though CD-1 mice that were not sensitized with an acute-lung-injury (ALI) stimulant compound such as low-dose ricin are refractive to SARS-CoV-2 infection, their exposure to this virus induced marked changes in their transcriptome, most prominently, upregulation of interferon-stimulated genes, albeit, without leading to clinical morbidity. Most importantly, analyzing the unique DEGs of mice that were treated with low-dose ricin and then subjected to SARS-CoV-2 viral infection, predicted clinical manifestations and inflammatory factors that are consistent with severe COVID-19 in humans. This fact underscores the suitability of this mice model, in which mice are exposed to the virus on a background of pulmonary injury, as an appropriate model of severe COVID-19 disease.
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IFNB1
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Transcription regulator STAT1
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[W1:]
IRFT
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TEAD4
NFATC2
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IKZF1
GFI1
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Transmembrane receptor TLR2
TLR4
IFNART
TLRS
Kirkt
CD40
cp28
cp8s
IL1ORA

p-value of overlap*
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0.000015
0.00000838
0.00108
0.0000185
0.00000385
0.000132
0.00000662
0.000017
0.00000754
0.0012
0.000000962
0.000221
0.000825
0.000107
0.00011
0.0000215
0.00892
0.000468
0.000309
0.00000302
0.00555
0.000373
0.00583
0.0001956
0.00201
0.000538
0.000656
0.00127
0.00501
0.00773
0.00638
0.00544
5.44E-08
0.00189
0.00961
1.33E-10
0.00421
0.00659
0.00377
0.000179

Activation z-score**

6.149
4871
3.745
3.688
3.179
3.039
2.963
2914
2578
4623
4.01
3.943
3.761
3551
3.124
2716
2577
2488
2.354
229
2.165
-2.00
-2.038
—2.043
-2.063
—2.077
-2.167
-2.183
—2.369
—2415
-2.611
—2.894
3.772
3.655
3615
3.544
2929
259
2.459
2421
-3.13

Predicted activation state

Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Inhibited

Inhibited

Inhibited

Inhibited

Inhibited

Inhibited

Inhibited

Inhibited

Inhibited

Inhibited

Inhibited

Activated
Activated
Activated
Activated
Activated
Activated
Activated
Activated
Inhibited

*p-value of overlap indlicates whether there is a statistically significant overiap between the dataset genes and the genes that are known to be regulated by a transcriptional reguletor

using Fisher’s exact test.

**Activation z-score is used to infer whether an upstream regulator is likely to be activated (z2 2) or inhibited (z< ~2). It is calculated from the proportions from downstream genes which
are consistent with an expected expression direction based on the known interaction between the regulators and the genes present in the IPA’s database.
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