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To characterize transcriptomic changes in endothelial cells (ECs) infected by coronaviruses, and stimulated by DAMPs, the expressions of 1311 innate immune regulatomic genes (IGs) were examined in 28 EC microarray datasets with 7 monocyte datasets as controls. We made the following findings: The majority of IGs are upregulated in the first 12 hours post-infection (PI), and maintained until 48 hours PI in human microvascular EC infected by middle east respiratory syndrome-coronavirus (MERS-CoV) (an EC model for COVID-19). The expressions of IGs are modulated in 21 human EC transcriptomic datasets by various PAMPs/DAMPs, including LPS, LPC, shear stress, hyperlipidemia and oxLDL. Upregulation of many IGs such as nucleic acid sensors are shared between ECs infected by MERS-CoV and those stimulated by PAMPs and DAMPs. Human heart EC and mouse aortic EC express all four types of coronavirus receptors such as ANPEP, CEACAM1, ACE2, DPP4 and virus entry facilitator TMPRSS2 (heart EC); most of coronavirus replication-transcription protein complexes are expressed in HMEC, which contribute to viremia, thromboembolism, and cardiovascular comorbidities of COVID-19. ECs have novel trained immunity (TI), in which subsequent inflammation is enhanced. Upregulated proinflammatory cytokines such as TNFα, IL6, CSF1 and CSF3 and TI marker IL-32 as well as TI metabolic enzymes and epigenetic enzymes indicate TI function in HMEC infected by MERS-CoV, which may drive cytokine storms. Upregulated CSF1 and CSF3 demonstrate a novel function of ECs in promoting myelopoiesis. Mechanistically, the ER stress and ROS, together with decreased mitochondrial OXPHOS complexes, facilitate a proinflammatory response and TI. Additionally, an increase of the regulators of mitotic catastrophe cell death, apoptosis, ferroptosis, inflammasomes-driven pyroptosis in ECs infected with MERS-CoV and the upregulation of pro-thrombogenic factors increase thromboembolism potential. Finally, NRF2-suppressed ROS regulate innate immune responses, TI, thrombosis, EC inflammation and death. These transcriptomic results provide novel insights on the roles of ECs in coronavirus infections such as COVID-19, cardiovascular diseases (CVD), inflammation, transplantation, autoimmune disease and cancers.
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Introduction

The endothelium is a highly specialized, dynamic, disseminated organ with many essential functions in physiological processes (1). More than 60 trillion endothelial cells (EC) constitute the largest interconnected organ in the human body, weighing three kilograms (2). Due to this vast coverage and the nature of being the first cell type to encounter any pathogens in the blood circulation, the endothelium (3) could function as the primary intravascular sentinel system (4–6). Thus, based on the comparison of EC to prototypic innate immune cells such as macrophages (7) in 13 innate immune features, we proposed a new paradigm that EC are innate immune cells (1, 8), which: 1) system; 2) acquire function as antigen-presenting cells; 3) play immune enhancing and immune suppressive roles depending on their cytokine secreting panel; 4) have plasticity to switch into other cell types (1, 8). EC express major histocompatibility class I (MHC I) molecules for antigen presentation and PAMPs receptors (pattern-recognition receptors, PPRs)/DAMPs (9), which detect PAMPs in their quiescent state (10, 11). A great deal of DNA microarrays have documented changes in gene expression of EC in PAMP- and DAMP- induced inflammatory responses, which have revealed the enrollment of EC in sensing and immediate response to danger signaling at the frontier line to limit tissue damage (12). For example, Toll-like receptors (TLR) recognition in EC of bacterial products results in the secretion of cytokines that recruit other cells (13) and directly activating innate effectors (14). By using tissue-specific TLR pathway component myeloid differentiation primary response 88 (Myd88)-deficient mice, a recent study revealed that EC, not hematopoietic cells, hepatocytes, pericytes, or bone marrow (BM) stromal cells, are the primary source of granulocyte colony-stimulating factor (G-CSF) production in response to lipopolysaccharide (LPS) stimulation (15) or infection with Escherichia coli (E. coli), which mediated by the EC-intrinsic TLR4/Myd88 signaling pathway (16). This pathogen dissemination process is required to initiate emergency granulopoiesis, skewing myeloid progenitor lineage toward granulocyte-macrophage progenitors then accelerating BM neutrophil generation (17). In addition, by taking advantage of mice that had TLR4 exclusively on the endothelium, the residential sensitivity of anti-pathogen defense was identified in EC and other tissues (4). When exposed to a systemic LPS or intraperitoneal E. coli challenge, in contrast to BM-derived immune cells, which were critical for pathogen detection at barrier sites, such as lung, EC mobilize neutrophils to primary sites of infection, clear bacteria, and resist a lethal dose of E. coli.

In addition to PAMPs derived from microbes, EC express caspase-1/inflammasomes (18), one type of PAMPs/DAMPs receptors (PRRs) (11), and sense CVD risk factors such as hyperlipidemia (13, 19), hyperhomocysteinemia (20), uremia toxins associated with chronic kidney disease (21), and hypoxia (22), which activate EC and accelerate vascular inflammation (21, 23) and atherosclerosis (24, 25). Mitochondrial ROS (mtROS) and proton leak mediate a newly-termed physiological activation and pathological activation (26–29). Moreover, under the stimulation by proatherogenic lipids chronic disease conditions such as hyperlipidemia, EC have a novel prolonged activation status, as we reported, with four innate immune features including upregulation of EC adhesion molecules (30) and secretion of cytokines and chemokines (31), upregulation of additional DAMP receptors such as CD36, and increased expression of co-signaling receptors and MHC class II molecules (32). Furthermore, acetylation of histone 3 lysine 14 (H3K14) in genomic regions that encode trained immunity enzymes in lysophosphatidylcholine (LPC)-activated human aortic EC (HAEC) are increased in comparison to the genomic areas that encode for EC activation genes (33). These findings suggest that the acetylation of H3K14 participates in mediating innate immune memory (trained immunity, TI) function of EC, which are not suppressed by anti-inflammatory and anti-EC activation cytokines interleukin-35 (IL-35) (15, 34, 35) and IL-10 (34, 36). In addition to facilitating inflammatory cell trans-EC migration and immune responses, EC increase the expression of T cell co-stimulation receptors and immune checkpoint receptors/T cell co-inhibition receptors when stimulated by tumor necrosis factor-α (TNF-α) and interferon-γ (IFN-γ) (37), suggesting that EC may also play immune tolerogenic function during inflammation via reverse signaling of immune checkpoint receptors (7, 38). Similarly, EC execute innate antiviral machinery by inducing expression of several immunomodulatory genes in response to IFNs and to double-stranded RNA (dsRNA) (39); and the early intervention of EC to produce dsRNA protein kinase and activate intrinsic and extrinsic apoptotic pathways is of vital importance in restricting viral dissemination and eliminating viral infection (40). Hence, EC contribute to the early detection and destruction of transformed host cells (1). Once the innate immune responses are disrupted in EC, such as heavily infected with Ebola virus, the immune systems are consequently unable to receive signals to generate a timely inflammatory response; and the infection is usually fatal (41, 42). A comprehensive list of innate immune regulators has been identified and collected in the innate immune database (https://www.innatedb.com/) (43). However, an important question remained whether EC have innate immune transcriptome and trained immunity that are similar to that identified in monocytes and macrophages (8, 44), making cytokine response amplified into cytokine storms.

The spread of severe acute respiratory syndrome coronavirus 2 [SARS-CoV-2, COVID-19 (45)] has already taken on pandemic proportions, affecting over 100 countries in a matter of weeks (46) (also see https://www.nih.gov/health-information/coronavirus). In addition, SARS-CoV and Middle East respiratory syndrome coronavirus (MERS-CoV) are two highly transmissible and pathogenic viruses that emerged in humans at the beginning of the 21st century (47). It has been reported that SARS-CoV-2 invades human cells via receptor angiotensin-converting enzyme II (ACE2) (48). Given the respiratory nature SARS-CoV-2 pathology and ACE2 binding, the lung ACE2-rich epithelium may be the main target during infection (49–51). However, some patients also exhibit non-respiratory symptoms, such as kidney failure, implying that SARS-CoV-2 could also invade other organs (52). SARS-CoV similarly binds to ACE2 (47); and MERS-CoV binds to two host cell surface molecules dipeptidyl peptidase-4 [DPP4, CD26, MERS-CoV receptor (47)] and α2,3-sialic acids (53). Human and primate brain microvascular EC can be infected by coronavirus, which modulate the expression of intercellular adhesion molecule 1 (ICAM-1) and vascular cell adhesion molecule 1 (VCAM-1) and human leukocyte antigen 1 (HLA-1) (54). Cell tropism for human coronaviruses includes ciliated bronchial cells, both type I and II alveolar cells, and EC, the latter of which express ACE2 and DPP4 (55). Human transmembrane serine proteases such as transmembrane serine protease 2 (TMPRSSII) and human airway trypsin-like protease (HAT) cleave and activate human coronavirus strain 229E (HCoV-229E), SARS- and MERS-CoV spike (S) proteins during viral entry (55).

It has been reported that endoplasmic reticulum (ER) stress and oxysterols trigger EC apoptosis, apoptotic ECs and EC denudation may constitute a critical step in the transition to atherosclerotic plaque erosion and vessel thrombosis (56) related to COVID-19 (57). Besides, a study identified that a dual mode of cell death pathways, including apoptosis and necroptosis might lead to the lung damage in the COVID-19 patients (58). Previous reports from our group (59, 60) and others revealed that the virus-triggered cell death pathways might pose anti-viral responses or immune pathogenesis depending on the activation status. We previously reported that SARS-CoV Envelope protein induces T cell death, which may be a molecular mechanism underlying SARS-CoV-induced lymphopenia (59, 60) Post-mortem histology results from COVID-19 patient revealed lymphocytic endothelitis in lung, heart, kidney, liver and endothelialitis of the submucosal vessels, facilitating the induction of cell death (61).

Regardless of the significant progress in understanding EC role in innate immunity, a few important questions remained. First, whether the expressions of innate immune regulators in EC are differentially modulated in response to stimulations of PAMPs and DAMPs; second, whether EC are equipped with ACE2 to serve as cellular targets for infections by SARS-CoV-2 and other viruses; third, whether EC have trained immunity function which amplifies cytokine responses into cytokine storms; and fourth, EC undergo various types of cell death in response to virus infections and DAMP stimuli, which trigger thromboembolism and cardiovascular complications of COVID-19. Our new transcriptomic results in addressing these issues provide novel insights on the roles of ECs in coronavirus infections such as COVID-19, CVD, inflammation, transplantation, autoimmune disease and cancers.



Methods


EC Transcriptomics Data and Database Content

EC transcriptomics datasets available in the public domain were collected and organized. To do this, a two-step approach (Figure 1 and Supplementary Table S1) was used: 1) the key words “endothelial OR endothelium” and “Virus”, “endothelial OR endothelium” and “LPS, “endothelial OR endothelium” and “IFNs”) were used to search ArrayExpress EC transcriptomics datasets, and then the title, and abstract of the datasets were screened; and necessary sample information was used to determine which of these studies were performed for gene expression profiling in ECs specifically. Due to intrinsic technical limitation of the datasets, RNA-seq datasets and the studies that data was not made available in the public domain were excluded. Thus, a total of nine human and one mouse studies comprising 26 bulk transcriptomics datasets were analyzed. In addition, we included two endothelial datasets from our previous reports; 2) Four studies comprising seven datasets filtered by key words (“macrophage” and “LPS OR IFNs”) were used as classical innate immune cell controls.




Figure 1 | The heat map analyses indicate that 1311 innate immune regulatomic genes are differentially expressed in various endothelial cells. All the microarray datasets were collected from NIH-NCBI Geo DataSets database (https://www.ncbi.nlm.nih.gov/gds/), whose datasets IDs were included. (A) Twenty-eight endothelial cell microarray datasets (1-28) were collected from NIH-Geo database in 16 published studies. Twenty-four human and four mouse endothelial cells were included in in vitro and ex vivo experiments. Specifically, seven comparisons were set in virus infections, four comparisons were set in LPS stimulation, five were set in interferons treatment, nine were set in sterile danger signals, and other situations were associated with key molecules deficiency of innate immune system. Seven datasets of the microarrays (a-g) from human CD14+ peripheral blood mononuclear cells (PBMCs) or CD14+ PBMCs-derived macrophages stimulated with interferon-g (IFNg) or lipopolysaccharide (LPS), which served as the prototypic innate immune cell controls. The datasets were analyzed to maximally mimic the formats used in the original published studies. The expression profiles of 1311 innate immune regulators from a comprehensive innate immune database (https://www.innatedb.com/) in these 35 microarray datasets were analyzed in a panoramic manner. To avoid the bias resulting from the differences between each independent experimental design and techniques, the values of Log fold change (logFC) were adopted in each specific experimental comparison to generate heat map. In addition, cluster analysis grouped the genes that share a similar expression pattern among all samples, regardless of how the data were generated for. A cluster of 1311 genes that shows change (P. value<0.05) in at least one dataset were shown. A color scale was designated the expression signature, where the intensity of the cell's color reflects the value of logFC. Red bar represented the upregulation of gene while blue represented the downregulation of gene (See Supplementary Table 1). (B) Bar charts displayed the counts of up- and down-regulate genes with P.value<0.05 and |LogFC|>1 in each datasets (See Supplementary Table 2). (C, D) According to function annotation of Ingenuity Pathway Analysis (IPA), genes with significant change (P.value<0.05 and |LogFC|>1) and all 1311 innate immune genes are categorized, respectively. The category that has a higher percentage than average (Average=counts of gene with significance/1311) in each datasets are displayed in the figure. In order to evaluate the counts of changed gene have statistically significant association with categories, we performed Chi-square tests in JMP pro. ## means P.value (under Prob>ChiSq) <0.001; # means P.value <0.05; (See Supplementary Table 3).





Transcriptomic Analyses of Innate Immune Regulators in Endothelial Cells

Expression Profiles of 1311 innate immune regulators (IGs) from a comprehensive innate immune database (https://www.innatedb.com/) (43) were collected from 16 published studies deposited in NIH-NCBI Geo DataSets database (https://www.ncbi.nlm.nih.gov/gds/) as we reported (62–64), whose datasets IDs are included in Table 1. These datasets included 24 human and four mouse EC from in vitro and ex vivo experiments. Specifically, seven comparisons were set in virus infection such as influenza virus, MERS-coronavirus, four comparisons were set in LPS stimulation, five were set in interferons treatment, nine were set in danger signals including oxidized phospholipid 1-palmitoyl-2-arachidonoyl-sn-glycero-3-phosphorylcholine (oxPAPC) (65), LPC (66), bacterium Borrelia burgdorferi infection (lyme disease agent, https://www.cdc.gov/lyme/index.html), and other situations were associated with key molecule deficiencies of innate immune system. Besides, another seven studies of prototypic innate immune cells such as dendritic cells and macrophages in response to similar stimulations were included as classical innate immune cell controls (Table 1). The datasets analyses were processed to approximate the format that was used in the original published studies. To avoid bias resulting from the differences between each independent experimental design and technology, we adopt the value of Log fold changes (logFC) in each specific experimental comparison to generate a heat map (12, 67).


Table 1 | The information are presented on the profiles of the 35 transcriptomic datasets deposited in NIH-NCBI-Geo Datasets database and EMBL-EBI-ArrayExpress database including 28 datasets collected from twenty-four human and four mouse endothelial cells in in vitro and ex vivo experiments, and seven datasets collected from dendritic cells and macrophages as controls.





Cluster Analyses of Innate Immune Regulators

As reported (68), cluster analysis groups the genes that shared a similar expression pattern among all samples, regardless of how the data were generated for. A cluster of 1311 genes that showed changes (p <0.05) in at least one dataset were shown in Figure 1A. A color scale was designated for the expression where the intensity of the cell's color reflected the value of logFC. The red bar represented the upregulation of genes while the blue bar represented the downregulation of genes. Genes are categorized to thirteen categories according to the functional annotations obtained from Ingenuity Pathway Analysis (IPA) as we reported (63).



Ingenuity Pathway Analysis

IPA using genes with P value <0.05 as expression value cutoff. Gene set enrichment analysis were performed by using Hallmark gene sets from Molecular Signatures Database (MSigDB) (69, 70).




Results


The Majority of Modulated Innate Immune Regulators (IGs) Were Upregulated in the First 12 Hours Post-Infection and Maintained Until 48 hr PI in Human Microvascular Endothelial Cells Infected by Middle East Respiratory Syndrome-Coronavirus (MERS-CoV)

Based on progress in the field and our own reports, we proposed a new working model that EC are innate immune cells (1, 8). However, a panoramic view on transcriptomic changes of whole IGs in EC remained unknown. We hypothesized that EC have transcriptomic changes in response to PAMPs from viruses, bacterial components and DAMPs derived from the risk factors of cardiovascular and metabolic diseases such as hyperlipidemia, and disturbed shear stress. To test this hypothesis, we filtered around 1000 transcriptional-profiling experimental datasets of EC deposited in the European Molecular Biology Laboratory-European Bioinformatics Institute (EMBL-EBI) ArrayExpress repository (https://www.ebi.ac.uk/arrayexpress/) and the NIH-Geo database (https://www.ncbi.nlm.nih.gov/gds/) and selected 28 EC microarray datasets (Table 1). We argued that transcriptional profiling would provide a wealth of information about many specific innate immune reactions, and the systematic comparison of multiple different datasets would identify common and specific gene expression patterns that might provide further insights into the innate immune response applied by EC. The results show that: 1) influenza virus (RNA virus) infection in human umbilical vein EC (HUVEC) (GSE59226) led to significant IG expression changes with 468 out of 1311 (35.7%) gene upregulation and 641 out of 1311 (48.9%) gene downregulation (Figure 1B and Supplementary Table 2); 2) a special group of IGs were upregulated and downregulated in human microvascular EC (HMECs) stimulated with wild-type middle east respiratory syndrome coronavirus (MERS-CoV, RNA virus) (icMERS) and collected at five time points 0, 12, 24, 36, 48 hours (hr) post-infection (PI) (GSE79218), with upregulated 188 IGs (14.3%)/downregulated 117 IGs (8.9%) at 0 h PI, upregulated 460 IGs (35.1%)/downregulated 150 IGs (11.4%) at 12 hr PI, upregulated 526 IGs (40.1%)/downregulated 428 IGs (32.6%) at 24 hr PI, upregulated 563 IGs (42.9%)/downregulated 469 IGs (35.8%) at 36 hr PI, upregulated 502 IGs (38.3%)/downregulated 342 IGs (26.1%) at 48 hr PI, respectively. Of note, the majority of MERS-CoV-modulated IGs were upregulated rather than downregulated at 12 hr PI, which lasted more than 36 hr PI and started to decrease at 48 hr PI. Since the numbers of IGs upregulated were three times higher in 24 hr PI than 0 hr, suggesting that trained immunity (8, 33, 44) with significantly enhanced response as a novel mechanism may play a significant role in ECs in enhancing innate immune response to MERS-CoV infection; and 3) Kaposi's sarcoma-associated herpesvirus (KSHV, double-stranded DNA virus) infection, which primarily brings down the cellular innate immune response in B cells (71), downregulated 12.7% GIs in endothelial cells (primary human dermal EC, HDMEC), more than twice as the upregulated ones (6.2%) (72).

Taken together, these new results showed that first, human ECs, regardless of the tissue origins of human ECs (umbilical vein, microvascular, or dermal), can be infected by various RNA viruses and DNA viruses, suggesting that human EC express influenza virus receptor α2,6- or α2,3-linked sialic acid (73), MERS receptor dipeptidyl peptidase-4 (DPP4, CD26) (74), and KSHV receptor heparin sulfate proteoglycans containing proteins (75); second, the innate immune regulators were significantly upregulated in the first 12 hr PI and maintained until 48 hr PI in HMEC infection by MERS-CoV, suggesting that EC activation at the early stage of viral infection may contribute to inflammatory cell migration from circulating blood to infected tissues and vessels; third, since MERS-CoV belongs to the coronavirus family, the same as severe acute respiratory syndrome coronavirus 2 (SARS-CoV2), SARS-CoV2 might also infect the ECs, in which the SARS-CoV2 receptor ACE2 is expressed; and fourth, the IGs upregulated by influenza virus infection in HUVECs are significantly different from those upregulated by MERS-CoV in HMECs, and those upregulated by KSHV in HDECs. During KSHV infection of EC, IFN-γ-inducible protein 16 (IFI16) (76) interacts with the adaptor molecule Apoptosis-associated speck-like protein containing a CARD (ASC) and procaspase-1 to form a functional protein complex inflammasome initially detected in the nucleus and subsequently in the perinuclear area (25). KSHV gene expression and/or latent KSHV genome is required for inflammasome activation; and IFI16 colocalizes with the KSHV genome (77, 78) and Epstein-Barr (EB) virus (79) in the infected cell nucleus. In contrast, influenza virus (80) and MERS-CoV-homologous SARS-CoV (81) activates inflammasomes from the cytosol (5, 82). Future studies are needed to determine whether those differences result from tissue origins of ECs, viral replications in cytosol or nucleus, or the types of viruses. These results have demonstrated that EC, as innate immune cels (1, 8), can be infected by viruses, which may contribute to the pathogenesis of viral infection-induced vascular inflammation, facilitation of inflammatory cell migration to infected tissues and systemic infections, disseminated intravascular coagulopathy and thrombosis (83).



The Expressions of Innate Immune Regulators Were Significantly Modulated in 21 Transcriptomic Datasets From Human ECs Stimulated by Various PAMPs/DAMPs Including LPS, IFNs, Notch 1 siRNAs, oxPAPC, LPC, Shear Stress, Hyperlipidemia and oxLDL 

It has been well accepted that EC play significant roles in facilitating inflammatory cell recruitment into arteries and accelerating atherosclerosis (3, 5, 11). Recently, others and we reported that EC are capable in recognizing DAMPs and conditional DAMPs (9, 66) derived from metabolic diseases such as hyperlipidemia. However, how those DAMPs and conditional DAMPs modulate the expressions of IGs in ECs have not been compared. We hypothesized that the expressions of IGs in ECs are modulated in ECs by various DAMPs and conditional DAMPs (9). To examine this hypothesis, we collected 21 transcriptomic datasets from EC stimulated by various PAMPs/DAMPs and conditional DAMPs including lipopolysaccharide (LPS) (15, 30), interferons (IFNs), proinflammatory master regulator Notch 1 siRNAs, TLR4 antagonist oxidized 1-palmitoyl-2-arachidonyl-sn-glycero-3-phosphorylcholine (PAPC) (oxPAPC) (65) [most of the truncated oxidized phospholipids induce vascular leak and exacerbate inflammation (84)], proatherogenic lipids lysophosphatidylcholine (LPC) (26, 32, 66, 85, 86), shear stress (19), hyperlipidemia and oxidized low density lipoprotein (oxLDL) (13, 34). The results showed in Figure 1B and Supplementary Table 2 that the expressions of: a) innate immune regulators were significantly modulated in human lung microvascular ECs stimulated by TLR4 agonist LPS over a time course of 4, 8 and 24 hr after LPS stimulation in comparison to non-stimulated controls. The expressions of 292 out of 1311 (22.3%) IGs were upregulated, and 149 out of 1311 (11.4%) were downregulated at 4 hr; 223 (17%) upregulated/129 (9.8%) downregulated at 8 hr; 153 (11.7%) upregulated/146 (11.1%) downregulated at 24 hr, suggesting that LPS induces innate immune responses in EC at 4 - 8 hr. These results correlated well with our previous report (15); b) IGs were significantly modulated in HUVECs stimulated by IFNα (180 (13.7%) upregulated/89 (6.8%) downregulated), IFNγ (176 (13.4%) upregulated/56 (4.3%) downregulated), and IFNβ (79 (6.0%) upregulated/176 (13.4%) downregulated) for 5 hr in comparison to non-stimulated controls. These results were well correlated with that we reported for the significant roles of IFNα in anti-tumor immune responses (87–89) and the roles of IFNγ in modulating EC immune responses (37); c) innate immune regulators were significantly modulated in HUVECs stimulated by Notch 1siRNA with 263 genes (20.1%) upregulated/262 (20.0%) genes downregulated), Notch 1 siRNA plus interleukin-1β (IL-1β) with 231 genes (17.6%) upregulated/350 (26.7%) genes downregulated), and Notch 1siRNA with 224 genes (17.1%) upregulated/336 (25.6%) genes downregulated at 5 hr in comparison to non-stimulated controls; d) IGs were significantly modulated in HAECs stimulated by TLR4 antagonist oxPAPC with 353 genes (26.9%) upregulated/320 (24.4%) genes downregulated for 6 hr in comparison to non-stimulated controls. It is interesting to see that first, anti-inflammatory oxidized phospholipids oxPAPC (90) modulate the expressions of equal numbers of upregulated and downregulated IGs in ECs; and second, the total numbers (51.3%) of oxPAPC-modulated IGs were the highest among that in ECs stimulated by conditional DAMPs and DAMPs; e) IGs in the datasets #18 and #19 were significantly modulated in HAECs stimulated by proatherogenic lipids LPC with 17 genes (1.3%) upregulated/16 genes (1.2%) downregulated for 18 hr in comparison to non-stimulated controls. The expressions of IGs were significantly modulated in HAECs stimulated by proatherogenic lipids LPC plus anti-inflammatory cytokine IL-35 with 5 (0.4%) genes upregulated/6 (0.5%) genes downregulated for 18 hr in comparison to non-stimulated controls. Although these numbers were smaller than other groups above discussed, the results were well correlated with that we reported (26, 32, 34, 36); f) IGs were significantly modulated in HUVECs stimulated by Lyme disease agent Borrelia burgdorferi with 21 genes (1.6%) upregulated/1 gene (0.08%) downregulated in comparison to non-stimulated controls. In addition, the expressions of IGs were significantly modulated in HUVECs stimulated by proinflammatory/Type 1 T helper cell (Th1) cytokine IFNγ with 75 genes (5.7%) upregulated/10 gene (0.8%) downregulated in comparison to controls. Of note, the numbers of IGs in HUVECs stimulated by IFNγ for 8 hr were different from that in the dataset #12, also with IFNγ stimulation for 5 hr, suggesting the roles of different stimulation time. Moreover, the expressions of IGs were significantly modulated in HUVECs stimulated by Lyme disease agent bacteria Borrelia burgdorferi plus IFNγ with 103 genes (7.9%) upregulated/21 gene (1.6%) downregulated in comparison to controls. The results were correlated well with that reported, IFNγ alters the response of Borrelia burgdorferi-activated endothelium to favor chronic inflammation (91); g) IGs were significantly modulated in fibrosa human aortic valve ECs (fHAVECs) stimulated by oscillatory shear with 70 genes (5.4%) upregulated/69 genes (5.3%) downregulated in comparison to laminar shear controls. In addition, the expressions of IGs were significantly modulated in ventricularis human aortic valve ECs (vHAVECs) stimulated by oscillatory shear stress with 227 genes (17.3%) upregulated/202 genes (15.4%) downregulated in comparison to laminar shear controls (92); and h) IGs were significantly modulated in mouse aortic ECs (MAECs) stimulated by LPS for 4 hr with 238 genes (18.2%) upregulated/224 genes (17.1%) downregulated in comparison to controls. In addition, the expressions of IGs were significantly modulated in MAECs from atherogenic apolipoprotein E deficient (ApoE KO) mice with 115 genes (8.8%) upregulated/166 genes (12.7%) downregulated in comparison to that from wild-type controls (93). Moreover, the expressions of IGs were significantly modulated in MAECs stimulated by oxidized oxLDL for 4 hr with 139 genes (10.6%) upregulated/206 genes (15.7%) downregulated in comparison to controls; and MAECs stimulated by oxPAPC for 4 hr with 215 genes (16.4%) upregulated/281 genes (21.4%) downregulated in comparison to controls.

Taken together, our EC transcriptomic data have demonstrated the following: first, the differential expressions of IGs in ECs stimulated by various PAMPs/conditional DAMPs are even remarkable than that observed in the transcriptomic data from prototypic innate immune cells such as macrophages with equivalent stimuli (Figure 1B). Once again, our results suggest that ECs are innate immune cells not only in virus infections or PAMPs-stimulation but also in CVD risk factor-derived DAMPs and conditional DAMPs (1, 8); second, IGs are more upregulated than downregulated (Figure 1B and Supplementary Table 2) upon multiple stimuli, including early stage of LPS stimulation, IFNα/IFNγ, Borrelia burgdorferi (BB) plus IFNγ, suggesting that upregulated IGs play more important roles in promoting EC activation and other innate and adaptive immune responses; third, human ECs present different IGs expression pattern from mice ECs in response to oxPAPC stimulation, which mimics several pro- and anti-inflammatory effects induced by oxidized lipoproteins (94); and fourth, proatherogenic stimuli including oscillatory shear stress, oxLDL, IFNs, LPS, Notch 1, hyperlipidemia, and LPC significantly upregulate IGs in various ECs with different scales, suggesting that ECs of different origin have different sensitivity in response to proatherogenic stimuli, and those changes of IG in ECs play critical roles in promoting vascular inflammation and atherogenesis.We examined a hypothesis that the expressions of different functional groups of IGs are modulated in response to various pathophysiological stimuli in EC. The gene categories were followed by the functional annotations obtained from Ingenuity Pathway Analysis (IPA). As shown by the heat map in Figure 2, IGs were classified into ten major groups, including cytokines (51 IGs), enzymes (230 IGs), kinases (109 IGs), peptidases (51 IGs), phosphatases (22 IGs), transcription factors (232 IGs), translational regulators (10 IGs), transmembrane receptors (87 IGs), transporters (89 IGs), and the last diversified group with G-protein coupled receptors (21 IGs), growth factors (20 IGs), ion channels (8 IGs), ligation-dependent nuclear receptors (6 IGs), and other regulators (375 IGs). In order to evaluate the changed genes with a statistically significant association in each category, we performed Chi-square tests. The results in Figures 1C, D showed that the counts of changed genes have statistically significant association with categories in 16 datasets: 1) In influenza virus infected ECs, IGs in multiple categories were above average, especially ion channels and ligation-dependent nuclear receptors; 2) In MERS-infected ECs, IGs in growth factor and transmembrane receptor have the most impact at 24 hr PI, IGs in growth factor and translation regulator have the most impact at 36 hr PI ; 3) Upon LPS and IFN-γ treatments, ECs from human and mouse both exhibited that IGs in cytokines have the most impact, similar as CD14+ PBMC presented (95); 4) In IFN-β treated EC, in addition to cytokines, IGs in peptidase also have the most impact on the significant association; and 5) Although IGs in enzymes and transcription factors were not rank the highest impact, IGs in these two categories devoted to the significance more than average in ECs upon virus infection and IFN-γ stimulation.




Figure 2 | The heatmap plot with customized color scales indicates that some of 11 functional groups of innate immune regulatomic genes are shared in endothelial cells infected by viruses and stimulated by DAMPs. The values of LogFC (P value <0.05) in each comparison are colored via the color scales. The datasets (Cells) in blank (N/A) indicates that differentiation expression (DE) of the gene has no statistical significance (P value ≥ 0.05) in the comparisons. The gene categories were identified by the functional annotations in the Ingenuity Pathway Analysis (IPA).



Our results taken together have demonstrated that growth factors, enzymes, and transcription factors are among the most dynamic changed IG groups in virus-infected endothelial cells, whereas cytokines are the most significantly upregulated IG group shared by ECs stimulated with various stimuli.

To further zoom in on the significantly upregulated IGs, the expression patterns of 106 out of 1311 IGs (8.1%), including TLRs (11, 96), signaling adaptors and transcription factors, those closely related to classical innate immunity, were selected to be presented in Figure 2. The results showed that i) LPS induced a strong increase in TLR2 mRNA but not in TLR1, TLR4 and TLR6 mRNA in HLMECs, similar to the change in umbilical vein derived EC, when receiving TNF-α, LPS or IL-1beta administration (97). Meanwhile, the expression level of transcription factors RELB, NFKB1, and NFKB2 increased, which may responsible for the induction of TLR2 by inflammation stimuli. In addition, two RLRs, DDX58 (RIG-I) and IFIH1 (MDA5), were induced by LPS, similar to what had been found in macrophages (98, 99). ii) TLR3, a receptor for viral dsRNA, displayed a strong reduction in influenza virus and icMERS infection, while TICAM1, TRAF1, TRAF2, TRAF3 and TRAF6, adaptors responsible for TLR3, changed in an opposite direction with TLR3. Similar expression pattern happened on the IFN regulatory factor IRF3, IRF9, which could induce type I IFN production (100, 101). Although no impressive change of IFNG, IFNB shown in the endothelial cells in current collected data, IFNGR1, IFNAR1, and IFNAR2, the receptors of IFN- γ and IFN-α exhibited similar change as TLR3; iii) Different from IFN-α and IFN-β, IFN-γ treatment uniquely induced TLR4 expression in HUVECs (102) but caused a less up-regulation of adaptors TRIF (TICAM1) and MYD88; iv) Interferon regulatory factor (IRF) family members, such as IRF1, IRF2, IRF7 and IRF9, displayed a strong elevation upon the type I IFN stimulation, similar to the change in macrophage and DCs. While IRF3 (103), one of the most well characterized transcription factors involved in the regulation of innate immune responses, had response to neither type I IFN nor LPS stimulation at the transcription level in human ECs. Of note, IRF3 in MAECs exhibited decreased transcriptional level upon oxLDL and oxPAPC treatments; v) STAT1, STAT2, STAT3, members of transcriptional regulator family which modulate the crucial aspect of innate and adaptive immunity 28, exhibited downregulated transcription level in HUVECs with active influenza virus infection, and in HMECs with icMERS as well. Taken together, these results have demonstrated that a large number of innate immune mediators and regulators in ECs presented sensitive reactions to various viruses infection and stimulations by DAMPs; the upregulations of TLR3 (104), AIM2 (105, 106), IFI16 (25), IRF3, IRF5, IRF7, and NF-kB (105) suggest upregulation of sensors for nucleic acid dangers (107, 108) during virus infection, neurodevelopment (106), and vascular diseases (104); and a set of upregulated IGs upregulated in EC are shared among EC infected by viruses and EC stimulated by DAMPs such as nucleic acid sensors, suggesting ECs use similar or same innate immune mechanisms at least partially in virus infections and DAMP stimulations.



Human Heart EC and Mouse Aortic EC Express All Four Types of Coronavirus Receptors Such as ANPEP, CEACAM1, ACE2, DPP4 and Virus Entry Facilitator TMPRSS2 (Human Heart); Most of Coronavirus Replication-Transcription Protein Complexes Are Expressed in Human Microvascular EC, Which Contribute to Viremia, Thromboembolism, and CVDs 

SARS-CoV2 virus, the etiological agent of coronavirus disease 2019 (COVID-19), can directly infect immune and EC by docking viral proteins (109). To consolidate this finding, we hypothesized that EC express all the four coronavirus receptors identified, including membrane alanyl aminopeptidase (ANPEP, CD13, a receptor for human coronavirus-229E), carcinoembryonic antigen family cell adhesion molecule 1 (CEACAM1, a receptor for mouse hepatitis virus), angiotensin-converting enzyme 2 (ACE2, a receptor for SARS-CoV, and SARS-CoV2), and dipeptidyl peptidase-4 (DPP4, a receptor for MERS-CoV) as well as transmembrane serine protease 2 (TMPRSS2) (110, 111). To test this hypothesis, we searched the expression of these four receptors and coronavirus S protein priming serine protease TMPRSS2 (112) in human EC in the MIT-Harvard Broad Institute Single CellBeta Porter single-cell RNA-Seq database, Study: Transcriptional and Cellular Diversity of the Human Heart (https://singlecell.broadinstitute.org/single_cell/study/SCP498). As shown in Figures 3A–E, all the four types of coronavirus receptors were expressed in two EC clusters in the human heart. In addition, as shown in Figures 3F–J, all the four types of coronavirus receptors were also expressed in three EC clusters in mouse aorta in another single-cell RNA-Seq dataset, Study: Single-cell analysis of the normal mouse aorta reveals functionally distinct EC populations (https://singlecell.broadinstitute.org/single_cell/study/SCP289) (113). Of note, TMPRSS2 expression was not found in mouse aortic EC. In addition to expression evidence of coronavirus entry receptors in EC, we further examined a hypothesis that coronavirus replication-transcription host cell protein complexes (114) (RTC) are expressed in EC and other cells. As shown in Table 2, coronavirus replication-transcription host cell protein complexes included 52 host factors based on their significances to virus replication and transcription, including five translation factors, 20 transport factors, six catabolic process factors, two cell organization factors, 19 other factors. We found that in the transcription level, a major part of RTC genes (p<0.05) in ECs exhibited a down-regulation at early time points (12 hr, 24 hr PI), while started to reverse along with the infection time. It suggested that ECs regulated key host responses from anti-virus to a pro-virus replication environment during the MERS infection. To better understand the host response outcomes through RTC genes during the infection timeline, we also compared the transcription level of RTC in icSARS-CoV infected Calu-3 human lung cells. The results showed that Calu-3 cells had an overwhelming number of RTC downregulated from 36 hr to 48 hr, and the down-regulation became diminished at 72 hr. Of note, parts of the downregulated factors were increased when icSARS-CoV was mutated in the open reading frame 6 (ORF6) (115), indicating ORF6 in icSARS-CoV not only attenuated the activity of host transcription factors that are critical for establishing antiviral responses (115), but, to some extent, lessened the host favor of virus replication. In addition, in mouse lung tissue infected by SARS-CoV (116), no significant downregulation RTC genes were found, and the increase of several RTC genes started around 4 to 7 days, suggesting the differences of host reaction between in vitro and in vivo. Taken together, our results have demonstrated that, first, human heart EC and mouse aortic EC express all four types of coronavirus receptors such as ANPEP, CEACAM1, ACE2, DPP4 and virus entry facilitator TMPRSS2 (human heart endothelial cells); second, most of coronavirus RTC are expressed in human microvascular EC, which may contribute to coronavirus viremia, thromboembolism, and CVDs (Figure 3K); and third, use of RTC for coronavirus replication and transcription may have cell-type specificity.

  

Table 2 | The expressions of majority 43 out of 52 (82.7%) (non-changed and upregulated) coronavirus replication-transcription complex (RTC)-proximal host factors (PMID: 30632963) in coronavirus-infected cells indicate that endothelial cells and other cells may use these factors for viral replication and RNA transcription,which may be novel therapeutic targets.







Figure 3 | (A–E) The mRNA transcripts of four types of coronavirus receptors such as membrane alanyl aminopeptidase (ANPEP, CD13, receptor for human coronavirus-229E), carcinoembryonic antigen family cell adhesion molecule 1 (CEACAM1, receptor for mouse hepatitis virus), angiotensin-converting enzyme 2 (ACE, receptor for SARS-CoV, SARS-CoV2), and dipeptidyl peptidase-4 (DPP4, receptor for MERS-CoV) as well as TMPRSS2 are found in two clusters of human heart endothelial cells. The data mining analyses were performed on the Single Cell RNA-Seq database of the Broad Institute of MIT and Harvard (Single CellBeta Portal; https://singlecell.broadinstitute.org/single_cell/study/SCP498/transcriptional-and-cellular-diversity-of-the-human-heart#study-summary). (F–J) The mRNA transcripts of four types of coronavirus receptors such as ANPEP, CEACAM1, ACE, and DPP4 are found in mouse aortic endothelial cell clusters. The data mining analyses were performed on the Single Cell RNA-Seq database of the Broad Institute of MIT and Harvard (Single CellBeta Portal; https://singlecell.broadinstitute.org/single_cell/study/SCP289/single-cell-analysis-of-the-normal-mouse-aorta-reveals-functionally-distinct-endothelial-cell-populations#study-summay, PMID: 31146585). (F) ANPEP expressions in three endothelial cell clusters were circled in red in the Scatter; (G) ANPEP expressions in three endothelial cell clusters were boxed in red in the Distribution; (H) CEACAM1 expressions in three endothelial cell clusters were also boxed in read in the Distribution; (I) ACE expressions in three endothelial cell clusters were also boxed in read in the Distribution; (J) DPP4 expressions in three endothelial cell clusters were also boxed in read in the Distribution. (K) A new working model: Infection of vascular endothelial cells by SARS-CoV2/MERS-CoV causes innate immune responses in endothelial cells, which may induces cytokine storm, and triggers thromboembolism. The part of figure was created with BioRender.com.





Upregulated Proinflammatory Cytokines Such as TNFα, IL6, CSF1 and CSF3, Trained Immunity (TI) Marker IL-32, and TI Metabolic Enzymes, and Epigenetic Reprogramming Enzymes Indicate TI in EC Infected by MERS-CoV and Drive Cytokine Storm; and Upregulated CSF1 and CSF3 Demonstrate a Novel Function of EC in Promoting Myelopoiesis

We critically analyzed EC immunity evidence and found that immunometabolism and innate immune memory (trained immunity, TI) enhance the innate immune functions of ECs (8, 44) following a priming-resting-rechallenging with CVD risk factors, PAMPs and DAMPs. A previous report showed that endothelial cells are central regulators for suppressing cytokine amplification and cytokine storm (117) during influenza virus infection (118), which was correlated with our previous report on tolerogenic function of ECs (37). On the other hand, our recent paper reported novel molecular evidence that human aortic EC have innate immune memory (also termed trained immunity, TI) function and that acetylation of histone 3 lysine 14 (H3K14) bound in the genomic regions that encode TI enzymes in oxidized low-density lipoprotein (oxLDL)-derived proatherogenic lipids LPC-activated human aortic EC are increased in comparison to that encoded EC activation genes (33). Along the same line, a recent report also showed that oxLDL-mediated EC activation represents an immunologic memory event, which triggers metabolic and epigenetic reprogramming (119). Several cytokines have been reported as the readouts of TI such as TNFα, IL-1β, IL-6 and IL-32 (44), in which IL-32 is a marker of TI (120). To search for the evidence that TI as a mechanism to enhance EC responses infected by MERS-CoV, the expression changes of cytokines and chemokines were analyzed in MERS-CoV-infected human microvascular EC (HMEC) microarray datasets with a time course of 0h, 12h, 24h, 36h and 48h PI. As shown in Figure 4A, the expressions of 20 cytokines and chemokines such as IL-6, IL-8, IL-17C, IL-32, IL-19, IL21, IL-1A, IL-24, TNFSF18, TNFSF4, CSF1, CSF3, CCL2, CCL7, CXCL1, CXCL2, CXCL12, CXCL13, CCL20, and CXCL16 were significantly upregulated. TNFSF4 has been reported to be upregulated in metabolic reprogramming in macrophages stimulated with immune complex (ova-IC) (121). CSF1 is upregulated in TI (122), and CSF3 secreted from EC is a major source to promote myelopoiesis during systemic inflammation (123). In addition, as shown in Table 3, 15 cytokine and chemokine receptors including IL3RA, IL4R, IL7R, IL13RA2, IL15RA, IL17RE, IL20RB, CCRL1, CXCR4, TNFRSF10A, TNFRSF10B, TNFRSF10C, TNFRSF10D, TNFRSF11A, IFNGR2 were upregulated in in MERS-CoV-infected HMEC. Similar to TNFSF4, TNFSF10, a ligand for TNFRSF10A, TNFRSF10B, TNFRSF10C, TNFRSF10D, has been reported to be upregulated in metabolic reprogramming in macrophages stimulated with immune complex (Ova-IC) (121) and in neutrophils stimulated by a prototypic TI stimulus BCG vaccine for EC adhesion (124). Taken together, these results have demonstrated that at least 20 cytokines and chemokines are selectively upregulated as MERS-CoV infection process progresses, suggesting the enhancement of innate immune responses as one of the key features of TI. The upregulation of TI marker cytokine IL-32 further supports this argument. High levels of expressions of cytokines such as IL6, IL19, IL21, IL1A, CSF1 and CSF3 in EC after MERS-CoV infection are 12 hours after infection, earlier than that of most cytokine and chemokine receptors at 24 hours after infection, emphasizing the forward signaling roles of ECs in stimulating migrated inflammatory cells. Meanwhile, an upregulation of the cytokine receptors TNFRSF10A, TNFRSF10B, TNFRSF10C, and TNFRSF10D comes together with a down expression level of the ligand, TNFSF10, suggesting there may be a reverse signaling delivered from other cells to further stimulate the activated ECs. These results indicate the highly productive cellular interaction between activated ECs and migrated inflammatory cells. Furthermore, upregulations of CSF1 and CSF3 in ECs during infection have demonstrated EC promotion of myelopoiesis to accelerate the maturation and roles of myeloid cells in anti-infectious diseases, which is a new innate immune function of ECs (1, 8) beyond promoting the inflammatory cell migration (63), and is a function usually carried out by hematopoietic stem cell (HSC) niche supportive cells (123). We reported that IL-17A stimulation of human aortic ECs upregulates CSF2 (granulocyte-macrophage colony stimulating factor, GM-CSF) (31), which stimulates myelopoiesis and TI in human monocytes (125).


Table 3 | The receptors of cytokines, chemokines, TNFs, and IFNs are differentially expressed in HMECs infected by MERS-CoV at 12 hours (h), 24h, 36h, 48h post infection (PI) with ic-MERS virus.






Figure 4 | (A) The 31 cytokines, chemokines, tumor necrosis factor family members (TNFs), and colony stimulation factors (CSFs) are differentially expressed (DE) in human microvascular endothelial cells (HMECs) infected by MERS-CoV at different HPI (hours post infection). These secretory molecules were selected to be presented since their expressions were changed with the P value <0.05 and |logFC|>1 at more than one time point. (B) As coronavirus infection progress from 12 hours (h), 24h, 36h, and 48h post infection (PI), more trained immunity pathway enzymes show upregulation than the controls in time-course sensitive manner in human microvascular endothelial cells (HMECs) infected by MERS-CoV. These trained immunity pathway enzymes were selected to be presented since their expressions were changed with the P value <0.05 and |logFC|>1 (see Supplementary Table 4); (C) As coronavirus infection progress from 24h and 36h post infection (PI), more out of 168 epigenetic reprogramming enzymes are upregulated than 12h and 48h PI in human microvascular endothelial cells (HMECs) infected by MERS-CoV. These epigenetic enzymes were selected to be presented since their expressions were changed with the P value <0.05 and |logFC|>1. The color in front of each gene represents the enzyme category it belongs to (see Supplementary Table 5). (D) A new working model: Infection of vascular endothelial cells by SARS-CoV2/MERS-CoV causes endothelial cell trained immunity induces cytokine storm.



These findings also suggest that EC upregulation of CSFs in promoting myelopoiesis is another indicator of TI function of ECs as reported (126). Previous reports that microbial components in priming and inducing TI are limited to bacterial and fungal compounds such as lipopolysaccharide (LPS), Bacille Calmette-Guérin vaccine (BCG), β-glucan; and that viral proteins have not yet been reported (44). Our novel results have demonstrated that MERS-CoV infection of ECs is also capable of inducing TI. Previous reports also indicated that the resting time between priming stimulation and re-stimulation during the TI can range from 24 hours to 6 days in vitro cell culture models (127). Continuous upregulation of many proinflammatory cytokines and innate immune effectors during 48 hours PI may be driven by the TI mechanism because the following arguments: 1) human microvascular ECs are a heterogenous population so that the cells may be different in resting time requirement; 2) no special regulators are identified for the resting time during TI; and 3) no essential mechanisms have been identified to correlate the length of resting time with the enhancement scale of proinflammatory response after re-stimulation (44).

To further search for the evidence of TI in HMECs infected with MERS-CoV, the expressions of 95 TI genes were examined in Figure 4B as we reported (33). Four glycolysis enzymes were upregulated at 12h PI, eight were upregulated at 24 and 36 hr PI, and nine glycolysis enzymes including hexokinase 1 (HK1, a rate-limiting enzyme (128) to phosphorylate glucose to produce glucose-6-phosphate, the first step in most glucose metabolism pathways) were upregulated in at 48h PI (p <0.05). Two acetyl-CoA generating enzymes BDH1 and GOT1 were upregulated too. With the input of TI genes with p value<0.05, the pathway analysis indicated glycolysis was inhibited at 12 and 24 hr post MERS infection, but reversed at 48 hr PI (Supplementary Figure 1). Among the genes, those involving in the glycoses pathway, ENO1, PGAM1 and PGK1 were greatly induced at 48hr PI, compared to the quiescent or suppressed status at earlier time points. Of note, In SARS-COV-2 infected Caco-2 cells, the induction of ENO1 was observed at 24hr PI at the translation level, as well as the protein level (129). Of note, the expressions of mevalonate biosynthesis enzymes were not modulated. On the other side, epigenetic reprogramming has been reported as the key component for TI (33, 44). We reported that more downregulation than upregulation of 164 histone modification enzymes in metabolic diseases makes a few upregulated enzymes the potential novel therapeutic targets in metabolic diseases and other inflammatory diseases (62). Since DNA methylation also participates in TI in addition to enzymes in histone acetylation and methylation (130), thus, 168 epigenetic reprogramming genes (ERGs) in eight groups including 164 histone modification enzymes such as histone acetyltransferases, histone deacetylases, histone methyltransferases, histone demethylases, histone serine kinases, histone ubiquitination enzymes, histone small ubiquitin-like modifier (SUMO)ylation enzymes plus four DNA methyltransferases were examined in Figure 4C. One ERGs, 12 ERGs, 30 ERGs, 24 ERGs and 18 ERGs were upregulated in 0h, 12h, 24h, 36h, and 48h PI (fold changes = | log2|>1, p <0.05), respectively. In the detailed results, as shown in Table 4A, 15 out of 31 histone acetyltransferases (48.4%) and five out of 18 histone deacetylases (27.8%) were upregulated in coronavirus infections. Among them, seven histone acetyltransferases and four histone deacetylases were increased in HMECs infected by MERS-CoV. As shown in Table 4B, 26 out of 55 histone methyltransferases (47.2%) were upregulated in coronavirus infections. 11 out of 24 histone demethylases (45.8%) were upregulated in coronavirus infections. Sixten histone methyltransferases and eight histone demethylases were increased in HMECs infected by MERS-CoV. Of note, future work is needed to determine specific requirements for histone methylation and acetylation in coronavirus-infected human EC as we reported for histone 3 lysine 14 acetylation in LPC-activated human aortic EC using mass spectrometer and chromatin immunoprecipitation followed by DNA-sequencing (CHIP-Seq) (34). Taken together, considering that the endothelium is a highly specialized, dynamic, disseminated organ composed of 1 to 6 × 1013 ECs covering a surface area of more than 1000 square meters (1, 8), our findings have provided novel transcriptomic insights on epigenetic reprogramming in human ECs infected by MERS-CoV and lung cells infected by SARS-CoV, suggesting that TI is a significant mechanism for enhancement of endothelial contributions of cytokine storms and thromboembolism to COVID-19 (SARS-CoV2-induced disease) (131) (Figure 4D). Our findings were well correlated with recent proposals that TI is going to be targeted for reducing susceptibility to and the severity if SARS-CoV2 infection (132).


Table 4A | The 31 histone acetyl transferases and 18 deacety lasesare differentially expressed in endothelial cells and other cells infected by several coronaviruses such as SARS-CoV, MERS-CoV and mutant coronaviruses.




Table 4B | The 55 histone methyltransferases and 24 demethylases are differentially expressed in endothelial cells and other cells infected by several coronaviruses such as SARS-CoV, MERS-CoV and mutant coronaviruses.






Increased Unfolded Protein Response and ER Stress, Downregulated Mitochondrial Oxidative Phosphorylation Complexes and Increased Reactive Oxygen Species as the Signal Mechanisms Facilitate Proinflammatory Response and TI

SARS-CoV2 virus, the etiological agent of coronavirus disease 2019 (COVID-19), can lead to COVID-associated coagulopathy (CAC) based on evidence of microthrombi and macrothrombi, both in venous and arterial systems (57, 133), increased levels of inflammatory mediators, EC dysfunction, and infiltration of inflammatory cells into the organs (134). To improve our understanding on SARS-CoV2, we chose MERS-CoV-infected ECs as a model system since the genome of MERS-CoV has as high as 50% homology to that of SARS-CoV2 (135). This time we included all differential expressed genes at 0h, 12h, 24, 36, 48h post-infection (PI) (in the datasets 2-6 with p <0.05), respectively (Figure 5A). We then performed the IPA on the differential expressed genes and identified the pathways with |z score|≥2 in each time point. Bars in red represent activation of the pathway and in blue represent inhibition (Figure 5B). Empty bars were pathways only identified in each time point, and filled ones were pathways shared by at least two time points. Specifically, three pathways underlined, unfolded protein response (UPR), cell cycle: G1/S checkpoint regulation, oxidative phosphorylation were shared by three time points. In Figure 5C, the dot plot described the trend of the z scores of these pathways, of which the pathway of URP was activated at 24h, 36h and 48h PI. It has been reported that UPR and ER stress have crucial functions in immunity, inflammation (136) and provoke many diseases, including autoimmunity (137). In Figure 5D, the Vein diagram showed the overlap of the genes in three datasets, which are involved in the activation of UPR (138). Virus infection represents an arm race between virus and the host. On the one hand, the host mobilizes the UPR in an attempt to restrict virus infection since UPR as a consequence of ER stress results in activation of protein kinases IKKβ and JNK, impacting TLR signaling and immune training (139). On the other hand, the virus subverts or even manipulates the UPR to assist in its own infection. The consequence of this is that the UPR is often skewed during virus infections to either favor virus elimination or virus invasion. ER stress has been found to affect NLRP3 inflammasome activation (5) via UPR, calcium or lipid metabolism and reactive oxygen species (140). UPR and ER stress are mediated in part by the assembly of multi-protein complex, named the UPRosome, which regulates the crosstalk with other pathways and triggers adaptive programs or apoptosis of terminally damaged cells (141).




Figure 5 | The modulations of innate immune regulatomic genes in HMECs infected with MERS-CoV indicate significant signal pathway changes including increased unfolded protein response, promoted endoplasmic reticulum (ER) stress, enhanced reactive oxygen species (ROS), and downregulated mitochondrial oxidative phosphorylation complexes, which may facilitate proinflammatory response and trained immunity (TI). (A) The total counts of genes those are differential expressed in dataset 2-6 with P value<0.05 and with |logFC|>1. (B) Ingenuity Pathway Analysis identified the pathways with |z score|≥2 in each time point. Bars in red represent activation of the pathway and in blue represent inhibition. Empty bars are pathways only identified in each time point, and filled ones are pathways shared by at least two time points. Specifically, three pathways underlined are shared by three time points. (C) The dot plot described the trend of the z scores of these pathways (z-score=0 means no significance). (D) Vein diagram shows the overlap of the genes in three datasets (24h, 36h and 48h PI) those are enrolling in the activation of unfolded protein response. (E) Oxidative phosphorylation are inhibited upon icMERS infection at 12 hours (h), 24h, and 36h post infection (PI). To further understand the differential expression genes related to OXPHOS, we generate the heatmap for 200 hall marks of OXPHOS from GSEA hall mark datasets, including genes from mitochondrial complex I-IV and others. Genes with |logFC|≥1 are listed.



To understand the differential expression genes related to mitochondrial oxidative phosphorylation (OXPHOS), we generated the heatmap for 200 hallmark genes of OXPHOS from the gene set enrichment analysis (GSEA) database (https://www.gsea-msigdb.org/gsea/index.jsp) hallmark datasets. Besides the mitochondrial complex genes, the rest of the hallmark genes were ordered according to the value of logFC in 24 hr, which has the absolute highest Z score of OXPHOS pathway. Genes with |logFC|≥1 were listed. As shown in Figure 5E, MERS-CoV infection downregulated the OXPHOS-related long list of mitochondrial complexes (I, II, III, IV and V) genes, especially at 12h, 24h, and 36h PI, respectively. Of note, we matched the genes to the IPA analysis database, found that downregulated genes encoding mitochondrial complex I-V were the major genes, deciding the inhibition of OXPHOS. At 48h PI, the inhibition of OXPHOS was not obvious. Our findings were well correlated with the reports that a broken Krebs cycle leads to the accumulation of two metabolites, citrate and succinate, both of which triggers proinflammatory response (142) and trained immunity (143).



Increase of the Cell Death Regulators Such as Mitotic Catastrophe-Regulated Cell Death, Apoptosis, Ferroptosis and Inflammasomes-Driven Pyroptosis in Endothelial Cells Infected With MERS-CoV May Trigger Thrombosis, Which Is Partially Suppressed by BRD4 Inhibitor JQ1; and Upregulated Coagulation Factors and Protease-Activated Receptors (PARs) and Downregulated Anticoagulants Also Promote Thrombosis Potential

A new Nature Review suggests that the prevalence of cardiovascular comorbidities in patients with COVID-19 in the world reaches as high as 19.2-25% (144). It brought us to the attention of the complications associated with unhealthy cell cycle and cell death of vascular ECs during virus infection. In Figure 6A, cell-cycle: G1/S checkpoint regulation was inhibited in HMECs at 24h, 36h, 48h PI by MERS-CoV, indicating a failure of checking and repairing DNA damage before replication (145, 146), in which the induction of E2F transcription family and cyclin family plays a major role. Moreover, to further examine EC death caused by coronavirus infection in details, comprehensive cell death pathways were examined (60, 147, 148). We hypothesized that cell death regulatomic genes are modulated in HMECs infected with MERS-CoV. To test this hypothesis, we examined the expression changes of 305 cell death regulatomic genes in the 13 types of cell death pathways in a new international nomenclature (149) as we reported previously (150). In Figure 6B and Table 5, we listed the differential expressed cell death regulators in 13 categories (151), among which enrolled in apoptosis reached the highest in 24h PI. Of note, we observed that genes in mitotic catastrophe regulated pathway were reduced at the early time and were remarkably induced with the progress of infection (Figures 6B–D), projecting a significant aneuploidy in ECs at 12h PI (z-score>2) and inhibition of aneuploidy and organismal death at 48h PI (z-score<-2). Moreover, the regulators for eight types of cell death such as apoptosis (Supplementary Figure 2), MPT-driven necrosis, ferroptosis, pyroptosis, entotic cell death, ADCD regulated, mitotic catastrophe regulated, and anoikis regulated showed more modulations (modulations >3 genes) than others. Since many types of cell death are newly characterized, the potential causative effects of certain new types of EC death in promoting thrombosis will be determined in the future.


Table 5 | The expressions of the regulators of all 13 cell death Cell types were modulated in human microvascular endothelial cells infected by MERS-CoV.






Figure 6 | Sustained inhibition of cell cycle: G1/S checkpoint regulation pathway and a cell pathway switch along time course indicates an abnormal EC replication upon MERS-CoV infection. (A) Vein diagram shows the overlap of the genes in three datasets (24hr, 36hr and 48hr) those are enrolling in the activation of Cell Cycle: G1/S Checkpoint Regulation. (Genes underlined in 6A are overlapped with genes those significantly reversed by JQ1 (see data analysis from GSE53999 in Supplementary Table 6 and Supplementary Figure 2). (B) Pie chart show the annotation of cell death related gene from 13 categories. Numbers in each pie are the percentage of genes belong to this category. Of note, the response of genes from Mitotic Catastrophe Regulated cell death show remarkable time course-sensitivity. The length of curve represent the percentage of genes with |logFC|>1 in the category, Red, means upregulated and Blue, means downregulated (see Supplementary Table 7). The change of genes enrolled in apoptosis reached the highest in 24h PI (Supplementary Figure 3). (C) Transcription change of genes from category of Mitotic Catastrophe Regulated at 12 and 48 HPI. (D) Disease and Function prediction generated from IPA based on the gene change of Mitotic Catastrophe Regulated. Z- scores are included in the table. No significance were found in 24 and 36 HPI. (E) The expressions of inflammasome pathway regulators were modulated in HMEC infected by MERS-CoV, suggesting that inflammatory cell death (pyroptosis) contribute to endothelial cells infected by MERS-CoV (see Supplementary Table 8). (F) The expressions of 12 pro-coagulation factors were upregulated and the expressions of two anti-coagulation factors were downregulated in HMECs infected by MERS-CoV. (G) Endothelial cell death contributed by 13 cell death pathways may trigger thromboembolism. The part of figure was created with BioRender.com.



Inflammasomes serve as the sensors for PAMPs and DAMPs (9) and bridge infections and metabolism-derived DAMPs to inflammation as our new model proposed (5, 140) and reported (13, 18, 20–22, 25, 152, 153). To detail the expression changes of pyroptosis (inflammatory cell death) pathways in EC, we examined the expression of 94 inflammasome regulators in HMEC infected by MERS-CoV, which were collected from the KEGG database inflammasome pathway (KEGG Pathways NOD-Like Signaling Pathways.). The KEGG inflammasome pathway gene list contains both canonical and non-canonical inflammasome/gasdermin D pathway regulators (154). As shown in Figure 6E, three, 10, seven and five inflammasome regulators were upregulated in 12h, 24h, 36h and 48h PI in HMEC infected by MERS-CoV, respectively. In addition, seven, 18, 18, and eight inflammasome regulators were downregulated in 12h, 24h, 36h and 48h PI in HMEC infected by MERS-CoV, respectively. Moreover, in addition to modulation of canonical inflammasome pathway regulators, one non-canonical inflammasome pathway regulator GBP3 was also upregulated at 24 h PI; and two, two and one non-canonical inflammasome regulators were downregulated at 24h, 36h, and 48h PI, respectively. These results suggest that inflammasome regulators are significantly modulated in EC infected by MERS-CoV to mediate EC pyroptosis.

We then examined a hypothesis that the upregulation of cell death regulatomic genes are associated with modulation of prothrombotic regulators in EC. Nine coagulation factors, one anticoagulants, and three protease-activated receptors (PARs) out of 35 coagulation regulators (155) were upregulated, and two anticoagulants were downregulated (Figure 6F). These results have demonstrated that coronavirus infection of ECs not only increases cell death of EC but also upregulates thrombosis potential (155, 156), which are correlated well with that reported (157). Our results have demonstrated that EC death contributed by 13 cell death pathways together with increased thrombogenic regulators may trigger thromboembolism, which may be an important mechanism underlying increased cardiovascular complications of COVID-19 (Figure 6G).

The bromo- and extra-terminal domain (BET) signaling pathway plays an important role in cell proliferation, cancers, immune responses, and pro-inflammatory responses (158). BRD4, a member of BET protein family, has been reported in cancer for its role in super-enhancers (SEs) organization and oncogenes expression regulation (159). We hypothesized that BRD4 plays a significant role in mediating various cell death pathways related to inflammation in HMEC infected by MERS-CoV. In a microarray datasets in the NIH-NCBI-GeoDatasets database, #GSE53999, the pathway analysis indicated that pathway of Cell Cycle: G1/S Checkpoint Regulation was significantly activated upon JQ1 (BRD4 inhibitor) administration in the conditions of TNF-alpha exposure of EC (160). In Figures 5B and 6A, our results indicated an sustained inhibition of cell-cycle:G1/S checkpoint regulation in HMECs at 24h, 36h, 48h PI by MERS-CoV, suggesting BRD4 inhibitor may provide therapeutic strategies for coronavirus infection through slowing the rate of G1/S phase progression in the presence of DNA damage and improving ECs repair before replication (161). Of note, by looking into the associated genes in this pathway, we found HDAC9 (62), which exhibited sustainable upregulation, could be inhibited by JQ1 (see the data analysis from GSE53999 in Supplementary Table 6 and Supplementary Figure 3), highlighting a potential therapeutic target through epigenetic reprogramming.



NRF2-Mediated ROS Regulate Innate Immune Responses, Trained Immunity, Thromboembolism, EC Activation and Death

Recently we reported that mitochondrial ROS (mtROS) in human aortic EC activated by lysophosphatidylcholine (LPC) can be increased via ATP synthesis coupled and proton leak-accelerated process which differentiate physiological activation of ECs from pathological activation of ECs (27–29, 34, 162, 163). As shown in Figure 5B, nuclear factor-erythroid 2-related factor-2 (NRF2)-suppressed oxidative stress response (164) was found to be increased in HMECs infected by MERS-CoV, 24h PI. Among 13 cell death types listed in Figure 6B, ROS contribute to multiple cell death processes such as MPT-driven necrosis, ferroptosis, pyroptosis, and parthanatos (165). In addition, mitochondrial OXPHOS is connected to ROS generation as we and others reported (26, 34) and reviewed (163, 166); and ROS also mediate various signaling pathways in EC as we reviewed (140, 167). Then, we examined whether the expressions of 164 ROS regulators from the ROS hall marker genes GSEA database are modulated in HMECs infected with MERS-CoV. As shown in Figure 7A, the expressions of 49 ROS regulators were modulated with increased expressions of seven, 13, 15 and 19 ROS regulators in 12h, 24h, 36h, and 48h PI, respectively, suggesting that ROS play significant roles in the pathophysiological processes in HMECs infected with MERS-CoV. We then hypothesized that ROS regulates IGs expressions in various ECs. To test this hypothesis, we determined whether the expressions of IGs, modulated by various PAMPs and DAMPs in all the 28 ECs datasets and seven monocyte datasets in Table 1, are changed in anti-oxidative transcription factor NRF2 deficient microarray datasets NIH-NCBI-GeoDatasets database ID# GSE7810 with the method we reported (63). We argued that if the upregulation of IGs are promoted by the NRF2-mediated ROS pathway, then these genes should be induced when NRF2 is deficient (knock-out, KO) (168). As shown in Figure 7B, the roles of NRF2-mediated ROS in 28 ECs datasets were varied. As high as 46.1% of innate immune regulators upregulated by virus infection (datasets #2-7, Figure 7B boxed) were mediated by NRF2 KO. As high as 31.6% of IGs induced by DAPMs (datasets #8-28, Figure 7B, non-boxed) were upregulated by NRF2 KO. These results have demonstrated that NRF2-suppressed ROS pathways play significant roles in mediating innate immune responses, TI enzymes, cytokine storms (169), thromboembolism, EC activation and death in ECs stimulated by virus infections, PAMPs and DAMPs, which are well correlated with the recent clinical trials with NRF2 activators such as sulforaphane and bardoxolone methyl as potential anti-inflammatory strategy for treating COVID-19 (170–172) (Figure 7C).




Figure 7 | As coronavirus infection progresses in endothelial cells, the expressions of reactive oxygen species regulatomic genes are upregulated; and NRF2-suppressed reactive oxygen species (ROS) promote innate immune responses, trained immunity, thromboembolism, EC activation and death. (A) Bar chart show counts of ROS target genes in HMECs at 12, 24, 36, 48 hours post ic-MERS virus infection (HPI). In GSEA hall mark gene sets (HALLMARK_REACTIVE_OXYGEN_SPECIES_PATHWAY), we got 49 genes modulated by ROS. After matching to the four datasets, we selected genes with p value <0.05 and counted by Log FC, in respectively; (B) The Tables show the counts of NRF2 regulated genes changed in 28 endothelial datasets (I-II) and seven immune cell control datasets (III-IV). Anti-oxidative transcription factor Nrf2-regulated genes obtained for the dataset GSE7810 resulted from our analysis of gene expression in the Nrf2 deficiency (GSE7810) in comparison to that in wild-type controls. The 76 induced and 18 reduced innate immune regulatomic genes (with p value <0.05 and |Log FC|>1) were selected to match to the 28 endothelial datasets and seven immune cell datasets (also see Table 1). The matched genes in datasets with significant changes (with p value <0.05 and |Log FC|>1) were counted as Up and down-regulated gene numbers and the percentages were calculated, accordingly (see Supplementary Table 9). The red rectangle highlight the results of HMEC infected by MERS-CoV at 0, 12, 24, 36, 48 hr PI; (C) A new working model: Nrf2 pathway suppresses innate immune responses, trained immunity, cytokine storms, thromboembolism and endothelial cell death, COVID-19-induced cardiovascular comorbidities.






Discussion

The endothelium is critically important for the delivery of oxygen, nutrients, metabolites, growth factors, cytokines, hormones and other blood components throughout the body under physiological conditions (173). In 2013, we proposed a new working model that EC are innate immune cells based on our detailed analyses of EC’s capacity in carrying out 13 innate immune functions that are played by macrophages, the prototypic innate immune cell (1, 8). In our recent ATVB review, we summarized significant progress in the field (8, 174). However, several important questions remain to be addressed: first, how innate immune transcriptomes change in EC infected by coronaviruses; second, whether there is an innate immune response in endothelial cells infected by viruses and stimulated by PAMPs and DAMPs; third, whether upregulation of cell death regulators are associated with increased expressions of thrombogenic genes; fourth, whether transcriptomic analyses can show that EC have innate immune memory (trained immunity) capacity; and finally, whether ROS pathways play any roles in regulating innate immune responses in EC infected by viruses and stimulated by PAMPs and DAMPs. To answer these questions, we performed extensive transcriptomic analyses of a comprehensive list of 1311 IGs in more than 30 microarray datasets deposited in NIH/NCBI GeoDatasets database and the EMBL-EBI-ArrayExpress repository. We made the following findings: The majority of modulated IGs are upregulated in first 12 hours (hr) post-infection (PI), and maintained until 48 hr PI in human microvascular EC(HMECs) infected by MERS-CoV (an EC model for COVID-19). The expressions of IGs are significantly modulated in 21 human EC transcriptomic datasets by various PAMPs/DAMPs including LPS, IFNs, Notch 1 siRNAs, oxPAPC, LPC, shear stress, hyperlipidemia and oxLDL. Selective 8.1% IGs in 11 functional groups are upregulated in ECs; and upregulation of many IGs such as nucleic acid sensors are shared in EC infected by viruses and stimulated by various PAMPs and DAMPs. To address a significant issue that the prevalence of cardiovascular comorbidities in patients with COVID-19, we examined whether human EC can be infected with coronaviruses and whether coronavirus replication/transcription complexes are upregulated during coronavirus infection. Human heart EC and mouse aortic EC express all four types of coronavirus receptors such as ANPEP, CEACAM1, ACE2, DPP4 and virus entry facilitator TMPRSS2 (human heart); most of coronavirus replication-transcription protein complexes are expressed in human microvascular EC, which contribute to viremia, thromboembolism, and CVDs. We and others reported that ECs have novel innate immune memory function also termed trained immunity (TI), in which subsequent inflammation is significantly enhanced after non-specific priming. Upregulated proinflammatory cytokines such as TNFα, IL6, CSF1 and CSF3, TI marker IL-32, and TI metabolic enzymes, and epigenetic reprogramming enzymes indicate TI functional in ECs infected by MERS-CoV, which may drive cytokine storm; and upregulated CSF1 and CSF3 demonstrate a novel function of ECs in promoting myelopoiesis. Increased UPR and ER stress, downregulated mitochondrial oxidative phosphorylation complexes and increased ROS as the signal mechanisms facilitate proinflammatory response and TI. Increase of the regulators of mitotic catastrophe-regulated cell death, apoptosis, ferroptosis and inflammasomes-driven pyroptosis in ECs infected with MERS-CoV may trigger thrombosis; and upregulated coagulation factors and protease-activated receptors (PARs) and downregulated anticoagulants also promote thrombosis potential. Finally, NRF2-mediated ROS regulate innate immune responses, TI, thromboembolism, EC activation and death, which are well correlated with the recent clinical trials with NRF2 activators such as sulforaphane and bardoxolone methyl as a potential anti-inflammatory strategy for treating COVID-19 (170).

The original microarray experiments used different cells, which prevented us from comparing the effects of proinflammatory regulators in regulating the expressions of IGs in the same cell types. For example, due to the limit datasets available, we did not compare the response patterns from heterogeneous EC populations to the same stimuli. In addition, since the transcriptomic experiments were performed in many different laboratories, variations between the results cannot be ruled out due to different experimental conditions. Of note, a similar method was used in Figure 4B of the Nature Immunology paper from Drs. Mathis and Benoist teams (175). Although our database mining approach was not ideal, however, as the first step to fill in the important knowledge gap this approach was justified (Table 6). Actually, this was a common practice that we (63) and others (176) often used in studying gene expression in non-ideal. For example, transcriptomic analyses have been often performed with heterogenous peripheral blood mononuclear cell populations (PBMCs) (63) in pathophysiological conditions versus healthy conditions, which are actually composed of many cell types, such as B cells (~15 %), T cells (~70 %), monocytes (~5 %), and natural killer (NK) cells (~10 %) among others (177). Another limitation of the current study is that due to the low throughput nature of current verification techniques in the laboratories, we could not verify every result we identified with the analyses of high throughput data. We acknowledge that carefully designed in vitro and in vivo experimental models will be needed to verify the PCs and regulators deficiencies-upregulated innate IGs further and underlying mechanisms we report here.


Table 6 | A novel research publication type with big-omics experimental database mining analyses (pioneered in our lab in 2004, PMID: 15577853) leads to original new findings and generate new hypotheses.



To summarize our findings here, we propose a new working model (Figure 8). Endothelial cells are innate immune cells, which express innate immune regulatomic genes such as receptors for virus infections, DAMPs/PAMPs (PPRs), cytokines (15), chemokines (31), cell death (13), growth factors (31), immune checkpoints (37), and regulators for trained immunity (44)-related metabolic and epigenetic reprogramming (178), and play significant roles in vascular homeostasis, inflammatory cell recruitment, myelopoiesis, innate immunity, cell death, thromboembolism, cytokine storms and cardiovascular comorbidities of COVID-19 and other viral infections. We acknowledge that extensive future work is needed to verify the high-throughput results reported here with relatively low throughput methods currently in most laboratories. Nevertheless, our findings provide novel insights on the roles of upregulated innate IGs in the pathogenesis of inflammatory diseases and cancers, novel pathways underlying the multi-pathway convergent point suppression therapeutics models as well as new targets for the future therapeutic interventions for inflammations, CVDs, and cancers.




Figure 8 | A new working model: Endothelial cells are innate immune cells, which express innate immune regulatomic genes and regulators for trained immunity-related metabolic and epigenetic reprogramming, and play significant roles in vascular homeostasis, inflammatory cell recruitment, myelopoiesis, innate immunity, cell death, thromboembolism, cytokine storms and cardiovascular comorbidities of COVID-19 and other viral infections.





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.



Author Contributions

YSh carried out data collections, data analyses and drafted the manuscript. JS, KX, YSu, FS, CDIV, YL, JJL, JLP, ETC, XJ, and HW provided material input. XY supervised experimental design and data analyses. XY edited the manuscript.



Funding

Our research activities are supported by grants from the National Institutes of Health (NIH)/National Heart, Lung, and Blood Institute (HL131460, HL132399, HL138749, HL147565, HL130233, DK104116, and DK113775). 



Disclaimer

The content in this article is solely the responsibility of the authors and does not necessarily represent the official views of the NIH.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fimmu.2021.653110/full#supplementary-material



References

1. Mai, J, Virtue, A, Shen, J, Wang, H, and Yang, XF. An Evolving New Paradigm: Endothelial Cells–Conditional Innate Immune Cells. J Hematol Oncol (2013) 6:61. doi: 10.1186/1756-8722-6-61

2. Aird, WC. Phenotypic Heterogeneity of the Endothelium: II. Representative Vascular Beds. Circ Res (2007) 100:174–90. doi: 10.1161/01.RES.0000255690.03436.ae

3. Shao, Y, Cheng, Z, Li, X, Chernaya, V, Wang, H, and Yang, X-F. Immunosuppressive/Anti-Inflammatory Cytokines Directly and Indirectly Inhibit Endothelial Dysfunction-A Novel Mechanism for Maintaining Vascular Function. J Hematol Oncol (2014) 7:80. doi: 10.1186/s13045-014-0080-6

4. Andonegui, G, Zhou, H, Bullard, D, Kelly, MM, Mullaly, SC, McDonald, B, et al. Mice That Exclusively Express TLR4 on Endothelial Cells Can Efficiently Clear a Lethal Systemic Gram-Negative Bacterial Infection. J Clin Invest (2009) 119:1921–30. doi: 10.1172/JCI36411

5. Yin, Y, Pastrana, JL, Li, X, Huang, X, Mallilankaraman, K, Choi, ET, et al. Inflammasomes: Sensors of Metabolic Stresses for Vascular Inflammation. Front Biosci (Landmark Ed) (2013) 18:638–49. doi: 10.2741/4127

6. Pober, JS, and Sessa, WC. Evolving Functions of Endothelial Cells in Inflammation. Nat Rev Immunol (2007) 7:803–15. doi: 10.1038/nri2171

7. Lai, B, Wang, J, Fagenson, A, Sun, Y, Saredy, J, Lu, Y, et al. Twenty Novel Disease Group-Specific and 12 New Shared Macrophage Pathways in Eight Groups of 34 Diseases Including 24 Inflammatory Organ Diseases and 10 Types of Tumors. Front Immunol (2019) 10:2612. doi: 10.3389/fimmu.2019.02612

8. Shao, Y, Saredy, J, Yang, WY, Sun, Y, Lu, Y, Saaoud, F, et al. Vascular Endothelial Cells and Innate Immunity. Arterioscler Thromb Vasc Biol (2020) 40:e138–52. doi: 10.1161/ATVBAHA.120.314330

9. Wang, X, Li, YF, Nanayakkara, G, Shao, Y, Liang, B, Cole, L, et al. Lysophospholipid Receptors, as Novel Conditional Danger Receptors and Homeostatic Receptors Modulate Inflammation-Novel Paradigm and Therapeutic Potential. J Cardiovasc Transl Res (2016) 9:343–59. doi: 10.1007/s12265-016-9700-6

10. Opitz, B, Eitel, J, Meixenberger, K, and Suttorp, N. Role of Toll-Like Receptors, NOD-Like Receptors and RIG-I-Like Receptors in Endothelial Cells and Systemic Infections. Thromb Haemost (2009) 102:1103–9. doi: 10.1160/TH09-05-0323

11. Yang, XF, Yin, Y, and Wang, H. Vascular Inflammation and Atherogenesis are Activated Via Receptors for PAMPS and Suppressed by Regulatory T Cells. Drug Discov Today Ther Strateg (2008) 5:125–42. doi: 10.1016/j.ddstr.2008.11.003

12. Jenner, RG, and Young, RA. Insights Into Host Responses Against Pathogens From Transcriptional Profiling. Nat Rev Microbiol (2005) 3:281–94. doi: 10.1038/nrmicro1126

13. Yin, Y, Li, X, Sha, X, Xi, H, Li, YF, Shao, Y, et al. Early Hyperlipidemia Promotes Endothelial Activation Via a Caspase-1-Sirtuin 1 Pathway. Arterioscler Thromb Vasc Biol (2015) 35:804–16. doi: 10.1161/ATVBAHA.115.305282

14. Khakpour, S, Wilhelmsen, K, and Hellman, J. Vascular Endothelial Cell Toll-Like Receptor Pathways in Sepsis. Innate Immun (2015) 21:827–46. doi: 10.1177/1753425915606525

15. Sha, X, Meng, S, Li, X, Xi, H, Maddaloni, M, Pascual, DW, et al. Interleukin-35 Inhibits Endothelial Cell Activation by Suppressing MAPK-AP-1 Pathway. J Biol Chem (2015) 290:19307–18. doi: 10.1074/jbc.M115.663286

16. Virtue, A, Wang, H, and Yang, XF. Micrornas and Toll-Like Receptor/Interleukin-1 Receptor Signaling. J Hematol Oncol (2012) 5:66. doi: 10.1186/1756-8722-5-66

17. Boettcher, S, Gerosa, RC, Radpour, R, Bauer, J, Ampenberger, F, Heikenwalder, M, et al. Endothelial Cells Translate Pathogen Signals Into G-CSF-Driven Emergency Granulopoiesis. Blood (2014) 124:1393–403. doi: 10.1182/blood-2014-04-570762

18. Shen, J, Yin, Y, Mai, J, Xiong, X, Pansuria, M, Liu, J, et al. Caspase-1 Recognizes Extended Cleavage Sites in Its Natural Substrates. Atherosclerosis (2010) 210:422–9. doi: 10.1016/j.atherosclerosis.2009.12.017

19. Xiao, H, Lu, M, Lin, TY, Chen, Z, Chen, G, Wang, WC, et al. Sterol Regulatory Element Binding Protein 2 Activation of NLRP3 Inflammasome in Endothelium Mediates Hemodynamic-Induced Atherosclerosis Susceptibility. Circulation (2013) 128:632–42. doi: 10.1161/CIRCULATIONAHA.113.002714

20. Xi, H, Zhang, Y, Xu, Y, Yang, WY, Jiang, X, Sha, X, et al. Caspase-1 Inflammasome Activation Mediates Homocysteine-Induced Pyrop-Apoptosis in Endothelial Cells. Circ Res (2016) 118:1525–39. doi: 10.1161/CIRCRESAHA.116.308501

21. Ferrer, LM, Monroy, AM, Lopez-Pastrana, J, Nanayakkara, G, Cueto, R, Li, YF, et al. Caspase-1 Plays a Critical Role in Accelerating Chronic Kidney Disease-Promoted Neointimal Hyperplasia in the Carotid Artery. J Cardiovasc Transl Res (2016) 9:135–44. doi: 10.1007/s12265-016-9683-3

22. Lopez-Pastrana, J, Ferrer, LM, Li, YF, Xiong, X, Xi, H, Cueto, R, et al. Inhibition of Caspase-1 Activation in Endothelial Cells Improves Angiogenesis: A Novel Therapeutic Potential for Ischemia. J Biol Chem (2015) 290:17485–94. doi: 10.1074/jbc.M115.641191

23. Monroy, MA, Fang, J, Li, S, Ferrer, L, Birkenbach, MP, Lee, IJ, et al. Chronic Kidney Disease Alters Vascular Smooth Muscle Cell Phenotype. Front Biosci (Landmark Ed) (2015) 20:784–95. doi: 10.2741/4337

24. Li, YF, Nanayakkara, G, Sun, Y, Li, X, Wang, L, Cueto, R, et al. Analyses of Caspase-1-Regulated Transcriptomes in Various Tissues Lead to Identification of Novel IL-1beta-, IL-18- and Sirtuin-1-Independent Pathways. J Hematol Oncol (2017) 10:40. doi: 10.1186/s13045-017-0406-2

25. Wang, L, Fu, H, Nanayakkara, G, Li, Y, Shao, Y, Johnson, C, et al. Novel Extracellular and Nuclear Caspase-1 and Inflammasomes Propagate Inflammation and Regulate Gene Expression: A Comprehensive Database Mining Study. J Hematol Oncol (2016) 9:122. doi: 10.1186/s13045-016-0351-5

26. Li, X, Fang, P, Li, Y, Kuo, Y-M, Andrews, AJ, Nanayakkara, G, et al. Mitochondrial Reactive Oxygen Species Mediate Lysophosphatidylcholine-Induced Endothelial Cell Activation Highlights. Arterioscler Thromb Vasc Biol (2016) 36:1090–100. doi: 10.1161/ATVBAHA.115.306964

27. Li, X, Fang, P, Yang, WY, Chan, K, Lavallee, M, Xu, K, et al. Mitochondrial ROS, Uncoupled From ATP Synthesis, Determine Endothelial Activation for Both Physiological Recruitment of Patrolling Cells and Pathological Recruitment of Inflammatory Cells. Can J Physiol Pharmacol (2017) 95:247–52. doi: 10.1139/cjpp-2016-0515

28. Cheng, J, Nanayakkara, G, Shao, Y, Cueto, R, Wang, L, Yang, WY, et al. Mitochondrial Proton Leak Plays a Critical Role in Pathogenesis of Cardiovascular Diseases. Adv Exp Med Biol (2017) 982:359–70. doi: 10.1007/978-3-319-55330-6_20

29. Nanayakkara, GK, Wang, H, and Yang, X. Proton Leak Regulates Mitochondrial Reactive Oxygen Species Generation in Endothelial Cell Activation and Inflammation - A Novel Concept. Arch Biochem Biophys (2019) 662:68–74. doi: 10.1016/j.abb.2018.12.002

30. Virtue, A, Johnson, C, Lopez-Pastrana, J, Shao, Y, Fu, H, Li, X, et al. Microrna-155 Deficiency Leads to Decreased Atherosclerosis, Increased White Adipose Tissue Obesity, and Non-Alcoholic Fatty Liver Disease: A Novel Mouse Model of Obesity Paradox. J Biol Chem (2017) 292:1267–87. doi: 10.1074/jbc.M116.739839

31. Mai, J, Nanayakkara, G, Lopez-Pastrana, J, Li, X, Li, YF, Wang, X, et al. Interleukin-17A Promotes Aortic Endothelial Cell Activation Via Transcriptionally and Post-Translationally Activating P38 Mitogen-Activated Protein Kinase (MAPK) Pathway. J Biol Chem (2016) 291:4939–54. doi: 10.1074/jbc.M115.690081

32. Li, X, Wang, L, Fang, P, Sun, Y, Jiang, X, Wang, H, et al. Lysophospholipids Induce Innate Immune Transdifferentiation of Endothelial Cells, Resulting in Prolonged Endothelial Activation. J Biol Chem (2018) 2018:jbc.RA118.002752. doi: 10.1074/jbc.RA118.002752

33. Lu, Y, Sun, Y, Drummer, CT, Nanayakkara, GK, Shao, Y, Saaoud, F, et al. Increased Acetylation of H3K14 in the Genomic Regions That Encode Trained Immunity Enzymes in Lysophosphatidylcholine-Activated Human Aortic Endothelial Cells - Novel Qualification Markers for Chronic Disease Risk Factors and Conditional Damps. Redox Biol (2019) 24:101221. doi: 10.1016/j.redox.2019.101221

34. Li, X, Shao, Y, Sha, X, Fang, P, Kuo, YM, Andrews, AJ, et al. IL-35 (Interleukin-35) Suppresses Endothelial Cell Activation by Inhibiting Mitochondrial Reactive Oxygen Species-Mediated Site-Specific Acetylation of H3K14 (Histone 3 Lysine 14). Arterioscler Thromb Vasc Biol (2018) 38:599–609. doi: 10.1161/ATVBAHA.117.310626

35. Li, X, Mai, J, Virtue, A, Yin, Y, Gong, R, Sha, X, et al. IL-35 Is a Novel Responsive Anti-Inflammatory Cytokine–A New System of Categorizing Anti-Inflammatory Cytokines. PloS One (2012) 7:e33628. doi: 10.1371/journal.pone.0033628

36. Li, X, Fang, P, Sun, Y, Shao, Y, Yang, WY, Jiang, X, et al. Anti-Inflammatory Cytokines IL-35 and IL-10 Block Atherogenic Lysophosphatidylcholine-Induced, Mitochondrial ROS-Mediated Innate Immune Activation, But Spare Innate Immune Memory Signature in Endothelial Cells. Redox Biol (2020) 28:101373. doi: 10.1016/j.redox.2019.101373

37. Shen, H, Wu, N, Nanayakkara, G, Fu, H, Yang, Q, Yang, WY, et al. Co-Signaling Receptors Regulate T-Cell Plasticity and Immune Tolerance. Front Biosci (Landmark Ed) (2019) 24:96–132. doi: 10.2741/4710

38. Dai, J, Fang, P, Saredy, J, Xi, H, Ramon, C, Yang, W, et al. Metabolism-Associated Danger Signal-Induced Immune Response and Reverse Immune Checkpoint-Activated CD40(+) Monocyte Differentiation. J Hematol Oncol (2017) 10:141. doi: 10.1186/s13045-017-0504-1

39. Harcourt, BH, Sanchez, A, and Offermann, MK. Ebola Virus Inhibits Induction of Genes by Double-Stranded RNA in Endothelial Cells. Virology (1998) 252:179–88. doi: 10.1006/viro.1998.9446

40. Kaiser, WJ, Kaufman, JL, and Offermann, MK. IFN-Alpha Sensitizes Human Umbilical Vein Endothelial Cells to Apoptosis Induced by Double-Stranded RNA. J Immunol (2004) 172:1699–710. doi: 10.4049/jimmunol.172.3.1699

41. Zaki, SR, Shieh, WJ, Greer, PW, Goldsmith, CS, Ferebee, T, Katshitshi, J, et al. A Novel Immunohistochemical Assay for the Detection of Ebola Virus in Skin: Implications for Diagnosis, Spread, and Surveillance of Ebola Hemorrhagic Fever. Commission De Lutte Contre Les Epidemies a Kikwit. J Infect Dis (1999) 179 Suppl 1:S36–47. doi: 10.1086/514319

42. Harcourt, BH, Sanchez, A, and Offermann, MK. Ebola Virus Selectively Inhibits Responses to Interferons, But Not to Interleukin-1beta, in Endothelial Cells. J Virol (1999) 73:3491–6. doi: 10.1128/JVI.73.4.3491-3496.1999

43. Breuer, K, Foroushani, AK, Laird, MR, Chen, C, Sribnaia, A, Lo, R, et al. Innatedb: Systems Biology of Innate Immunity and Beyond–Recent Updates and Continuing Curation. Nucleic Acids Res (2013) 41:D1228–33. doi: 10.1093/nar/gks1147

44. Zhong, C, Yang, X, Feng, Y, and Yu, J. Trained Immunity: An Underlying Driver of Inflammatory Atherosclerosis. Front Immunol (2020) 11:284. doi: 10.3389/fimmu.2020.00284

45. Fauci, AS, Lane, HC, and Redfield, RR. Covid-19 - Navigating the Uncharted. N Engl J Med (2020) 382(13):1268–9. doi: 10.1056/NEJMe2002387

46. Remuzzi, A, and Remuzzi, G. COVID-19 and Italy: What Next? Lancet (2020) 395(10231):1225–8. doi: 10.1016/S0140-6736(20)30627-9

47. Cui, J, Li, F, and Shi, ZL. Origin and Evolution of Pathogenic Coronaviruses. Nat Rev Microbiol (2019) 17:181–92. doi: 10.1038/s41579-018-0118-9

48. Wan, Y, Shang, J, Graham, R, Baric, RS, and Li, F. Receptor Recognition by the Novel Coronavirus From Wuhan: An Analysis Based on Decade-Long Structural Studies of SARS Coronavirus. J Virol (2020) 94:e00127–20. doi: 10.1128/JVI.00127-20

49. Zhao, Y, Zhao, Z, Wang, Y, Zhou, Y, Ma, Y, and Zuo, W. Single-Cell RNA Expression Profiling of ACE2, the Receptor of SARS-Cov-2. Am J Respir Crit Care Med (2020) 202:756–9. doi: 10.1164/rccm.202001-0179LE

50. Sungnak, W, Huang, N, Becavin, C, Berg, M, Queen, R, Litvinukova, M, et al. SARS-Cov-2 Entry Factors Are Highly Expressed in Nasal Epithelial Cells Together With Innate Immune Genes. Nat Med (2020) 26:681–7. doi: 10.1038/s41591-020-0868-6

51. Hamming, I, Timens, W, Bulthuis, ML, Lely, AT, Navis, G, and van Goor, H. Tissue Distribution of ACE2 Protein, the Functional Receptor for SARS Coronavirus. A First Step in Understanding SARS Pathogenesis. J Pathol (2004) 203:631–7. doi: 10.1002/path.1570

52. Zou, X, Chen, K, Zou, J, Han, P, Hao, J, and Han, Z. Single-Cell RNA-Seq Data Analysis on the Receptor ACE2 Expression Reveals the Potential Risk of Different Human Organs Vulnerable to 2019-Ncov Infection. Front Med (2020) 14(2):185–92. doi: 10.1007/s11684-020-0754-0

53. Widagdo, W, Sooksawasdi Na Ayudhya, S, Hundie, GB, and Haagmans, BL. Host Determinants of MERS-Cov Transmission and Pathogenesis. Viruses (2019) 11:280. doi: 10.3390/v11030280

54. Cabirac, GF, Murray, RS, McLaughlin, LB, Skolnick, DM, Hogue, B, Dorovini-Zis, K, et al. In Vitro Interaction of Coronaviruses With Primate and Human Brain Microvascular Endothelial Cells. Adv Exp Med Biol (1995) 380:79–88. doi: 10.1007/978-1-4615-1899-0_11

55. Jonsdottir, HR, and Dijkman, R. Coronaviruses and the Human Airway: A Universal System for Virus-Host Interaction Studies. Virol J (2016) 13:24. doi: 10.1186/s12985-016-0479-5

56. Luchetti, F, Crinelli, R, Cesarini, E, Canonico, B, Guidi, L, Zerbinati, C, et al. Endothelial Cells, Endoplasmic Reticulum Stress and Oxysterols. Redox Biol (2017) 13:581–7. doi: 10.1016/j.redox.2017.07.014

57. Moroni, F, and Baldetti, L. COVID-19 and Arterial Thrombosis: A Potentially Fatal Combination. Int J Cardiol (2020) 322:286–90. doi: 10.1016/j.ijcard.2020.10.046

58. Li, S, Zhang, Y, Guan, Z, Li, H, Ye, M, Chen, X, et al. SARS-Cov-2 Triggers Inflammatory Responses and Cell Death Through Caspase-8 Activation. Signal Transduct Target Ther (2020) 5:235. doi: 10.1038/s41392-020-00334-0

59. Yang, Y, Xiong, Z, Zhang, S, Yan, Y, Nguyen, J, Ng, B, et al. Bcl-Xl Inhibits T-Cell Apoptosis Induced by Expression of SARS Coronavirus E Protein in the Absence of Growth Factors. Biochem J (2005) 392:135–43. doi: 10.1042/BJ20050698

60. Yang, Y, Yang, F, Xiong, Z, Yan, Y, Wang, X, Nishino, M, et al. An N-Terminal Region of Translationally Controlled Tumor Protein Is Required for Its Antiapoptotic Activity. Oncogene (2005) 24:4778–88. doi: 10.1038/sj.onc.1208666

61. Varga, Z, Flammer, AJ, Steiger, P, Haberecker, M, Andermatt, R, Zinkernagel, AS, et al. Endothelial Cell Infection and Endotheliitis in COVID-19. Lancet (2020) 395:1417–8. doi: 10.1016/S0140-6736(20)30937-5

62. Shao, Y, Chernaya, V, Johnson, C, Yang, WY, Cueto, R, Sha, X, et al. Metabolic Diseases Downregulate the Majority of Histone Modification Enzymes, Making a Few Upregulated Enzymes Novel Therapeutic Targets–“Sand Out and Gold Stays”. J Cardiovasc Transl Res (2016) 9:49–66. doi: 10.1007/s12265-015-9664-y

63. Zhang, R, Saredy, J, Shao, Y, Yao, T, Liu, L, Saaoud, F, et al. End-Stage Renal Disease is Different From Chronic Kidney Disease in Upregulating ROS-Modulated Proinflammatory Secretome in Pbmcs - A Novel Multiple-Hit Model for Disease Progression. Redox Biol (2020) 101460:101460. doi: 10.1016/j.redox.2020.101460

64. Liu, M, Saredy, J, Zhang, R, Shao, Y, Sun, Y, Yang, WY, et al. Approaching Inflammation Paradoxes-Proinflammatory Cytokine Blockages Induce Inflammatory Regulators. Front Immunol (2020) 11:554301. doi: 10.3389/fimmu.2020.554301

65. Chu, LH, Indramohan, M, Ratsimandresy, RA, Gangopadhyay, A, Morris, EP, Monack, DM, et al. The Oxidized Phospholipid Oxpapc Protects From Septic Shock by Targeting the non-Canonical Inflammasome in Macrophages. Nat Commun (2018) 9:996. doi: 10.1038/s41467-018-03409-3

66. Shao, Y, Nanayakkara, G, Cheng, J, Cueto, R, Yang, WY, Park, JY, et al. Lysophospholipids and Their Receptors Serve as Conditional Damps and DAMP Receptors in Tissue Oxidative and Inflammatory Injury. Antioxid Redox Signal (2017) 28(10):973–86. doi: 10.1089/ars.2017.7069

67. Zong, D, Liu, X, Li, J, Ouyang, R, and Chen, P. The Role of Cigarette Smoke-Induced Epigenetic Alterations in Inflammation. Epigenet Chromatin (2019) 12:65. doi: 10.1186/s13072-019-0311-8

68. D’Alise, AM, Ergun, A, Hill, JA, Mathis, D, and Benoist, C. A Cluster of Coregulated Genes Determines TGF-Beta-Induced Regulatory T-Cell (Treg) Dysfunction in NOD Mice. Proc Natl Acad Sci USA (2011) 108:8737–42. doi: 10.1073/pnas.1105364108

69. Subramanian, A, Tamayo, P, Mootha, VK, Mukherjee, S, Ebert, BL, Gillette, MA, et al. Gene Set Enrichment Analysis: A Knowledge-Based Approach for Interpreting Genome-Wide Expression Profiles. Proc Natl Acad Sci USA (2005) 102:15545–50. doi: 10.1073/pnas.0506580102

70. Liberzon, A, Birger, C, Thorvaldsdottir, H, Ghandi, M, Mesirov, JP, and Tamayo, P. The Molecular Signatures Database (Msigdb) Hallmark Gene Set Collection. Cell Syst (2015) 1:417–25. doi: 10.1016/j.cels.2015.12.004

71. Dittmer, DP, and Damania, B. Kaposi Sarcoma-Associated Herpesvirus: Immunobiology, Oncogenesis, and Therapy. J Clin Invest (2016) 126:3165–75. doi: 10.1172/JCI84418

72. Hong, YK, Foreman, K, Shin, JW, Hirakawa, S, Curry, CL, Sage, DR, et al. Lymphatic Reprogramming of Blood Vascular Endothelium by Kaposi Sarcoma-Associated Herpesvirus. Nat Genet (2004) 36:683–5. doi: 10.1038/ng1383

73. Karakus, U, Pohl, MO, and Stertz, S. Breaking the Convention: Sialoglycan Variants, Coreceptors, and Alternative Receptors for Influenza a Virus Entry. J Virol (2020) 94:e01357–19. doi: 10.1128/JVI.01357-19

74. Solerte, SB, Di Sabatino, A, Galli, M, and Fiorina, P. Dipeptidyl Peptidase-4 (DPP4) Inhibition in COVID-19. Acta Diabetol (2020) 57(7):779–83. doi: 10.1007/s00592-020-01539-z

75. Dollery, SJ. Towards Understanding KSHV Fusion and Entry. Viruses (2019) 11:1073. doi: 10.3390/v11111073

76. Monroe, KM, Yang, Z, Johnson, JR, Geng, X, Doitsh, G, Krogan, NJ, et al. IFI16 DNA Sensor Is Required for Death of Lymphoid CD4 T Cells Abortively Infected With HIV. Science (2014) 343:428–32. doi: 10.1126/science.1243640

77. Kerur, N, Veettil, MV, Sharma-Walia, N, Bottero, V, Sadagopan, S, Otageri, P, et al. IFI16 Acts as a Nuclear Pathogen Sensor to Induce the Inflammasome in Response to Kaposi Sarcoma-Associated Herpesvirus Infection. Cell Host Microbe (2011) 9:363–75. doi: 10.1016/j.chom.2011.04.008

78. Johnson, KE, Chikoti, L, and Chandran, B. Herpes Simplex Virus 1 Infection Induces Activation and Subsequent Inhibition of the IFI16 and NLRP3 Inflammasomes. J Virol (2013) 87:5005–18. doi: 10.1128/JVI.00082-13

79. Ansari, MA, Singh, VV, Dutta, S, Veettil, MV, Dutta, D, Chikoti, L, et al. Constitutive Interferon-Inducible Protein 16-Inflammasome Activation During Epstein-Barr Virus Latency I, II, and III in B and Epithelial Cells. J Virol (2013) 87:8606–23. doi: 10.1128/JVI.00805-13

80. Yamazaki, T, and Ichinohe, T. Inflammasomes in Antiviral Immunity: Clues for Influenza Vaccine Development. Clin Exp Vaccine Res (2014) 3:5–11. doi: 10.7774/cevr.2014.3.1.5

81. Chen, IY, Moriyama, M, Chang, MF, and Ichinohe, T. Severe Acute Respiratory Syndrome Coronavirus Viroporin 3a Activates the NLRP3 Inflammasome. Front Microbiol (2019) 10:50. doi: 10.3389/fmicb.2019.00050

82. Yin, Y, Yan, Y, Jiang, X, Mai, J, Chen, NC, Wang, H, et al. Inflammasomes are Differentially Expressed in Cardiovascular and Other Tissues. Int J Immunopathol Pharmacol (2009) 22:311–22. doi: 10.1177/039463200902200208

83. Connors, JM, and Levy, JH. COVID-19 and Its Implications for Thrombosis and Anticoagulation. Blood (2020) 135:2033–40. doi: 10.1182/blood.2020006000

84. Karki, P, and Birukov, KG. Oxidized Phospholipids in Healthy and Diseased Lung Endothelium. Cells (2020) 9:981. doi: 10.3390/cells9040981

85. Li, YF, Li, RS, Samuel, SB, Cueto, R, Li, XY, Wang, H, et al. Lysophospholipids and Their G Protein-Coupled Receptors in Atherosclerosis. Front Biosci (Landmark Ed) (2016) 21:70–88. doi: 10.2741/4377

86. Wang, X, Li, Y-F, Nanayakkara, G, Shao, Y, Liang, B, Cole, L, et al. Lysophospholipid Receptors, as Novel Conditional Danger Receptors and Homeostatic Receptors Modulate Inflammation—Novel Paradigm and Therapeutic Potential. J Cardiovasc Trans Res (2016) 9:343–59. doi: 10.1007/s12265-016-9700-6

87. Xiong, Z, Liu, E, Yan, Y, Silver, RT, Yang, F, Chen, IH, et al. An Unconventional Antigen Translated by a Novel Internal Ribosome Entry Site Elicits Antitumor Humoral Immune Reactions. J Immunol (2006) 177:4907–16. doi: 10.4049/jimmunol.177.7.4907

88. Xiong, Z, Yan, Y, Liu, E, Silver, RT, Verstovsek, S, Yang, F, et al. Novel Tumor Antigens Elicit Anti-Tumor Humoral Immune Reactions in a Subset of Patients With Polycythemia Vera. Clin Immunol (2007) 122:279–87. doi: 10.1016/j.clim.2006.10.006

89. Ke, X, Wang, J, Li, L, Chen, IH, Wang, H, and Yang, XF. Roles of CD4+CD25(High) FOXP3+ Tregs in Lymphomas and Tumors Are Complex. Front Biosci (2008) 13:3986–4001. doi: 10.2741/2986

90. Karki, P, and Birukov, KG. Lipid Mediators in the Regulation of Endothelial Barriers. Tissue Barriers (2018) 6:e1385573. doi: 10.1080/21688370.2017.1385573

91. Dame, TM, Orenzoff, BL, Palmer, LE, and Furie, MB. IFN-Gamma Alters the Response of Borrelia Burgdorferi-Activated Endothelium to Favor Chronic Inflammation. J Immunol (2007) 178:1172–9. doi: 10.4049/jimmunol.178.2.1172

92. Holliday, CJ, Ankeny, RF, Jo, H, and Nerem, RM. Discovery of Shear- and Side-Specific Mrnas and Mirnas in Human Aortic Valvular Endothelial Cells. Am J Physiol Heart Circ Physiol (2011) 301:H856–67. doi: 10.1152/ajpheart.00117.2011

93. Erbilgin, A, Siemers, N, Kayne, P, Yang, WP, Berliner, J, and Lusis, AJ. Gene Expression Analyses of Mouse Aortic Endothelium in Response to Atherogenic Stimuli. Arterioscler Thromb Vasc Biol (2013) 33:2509–17. doi: 10.1161/ATVBAHA.113.301989

94. Ke, Y, Zebda, N, Oskolkova, O, Afonyushkin, T, Berdyshev, E, Tian, Y, et al. Anti-Inflammatory Effects of Oxpapc Involve Endothelial Cell-Mediated Generation of LXA4. Circ Res (2017) 121:244–57. doi: 10.1161/CIRCRESAHA.116.310308

95. Fu, H, Vadalia, N, Xue, ER, Johnson, C, Wang, L, Yang, WY, et al. Thrombus Leukocytes Exhibit More Endothelial Cell-Specific Angiogenic Markers Than Peripheral Blood Leukocytes do in Acute Coronary Syndrome Patients, Suggesting a Possibility of Trans-Differentiation: A Comprehensive Database Mining Study. J Hematol Oncol (2017) 10:74. doi: 10.1186/s13045-017-0440-0

96. Gong, T, Liu, L, Jiang, W, and Zhou, R. DAMP-Sensing Receptors in Sterile Inflammation and Inflammatory Diseases. Nat Rev Immunol (2020) 20:95–112. doi: 10.1038/s41577-019-0215-7

97. Satta, N, Kruithof, EK, Reber, G, and de Moerloose, P. Induction of TLR2 Expression by Inflammatory Stimuli Is Required for Endothelial Cell Responses to Lipopeptides. Mol Immunol (2008) 46:145–57. doi: 10.1016/j.molimm.2008.07.017

98. Sheikh, F, Dickensheets, H, Gamero, AM, Vogel, SN, and Donnelly, RP. An Essential Role for IFN-Beta in the Induction of IFN-Stimulated Gene Expression by LPS in Macrophages. J Leukoc Biol (2014) 96:591–600. doi: 10.1189/jlb.2A0414-191R

99. Moser, J, Heeringa, P, Jongman, RM, Zwiers, PJ, Niemarkt, AE, Yan, R, et al. Intracellular RIG-I Signaling Regulates TLR4-Independent Endothelial Inflammatory Responses to Endotoxin. J Immunol (2016) 196:4681–91. doi: 10.4049/jimmunol.1501819

100. Uematsu, S, and Akira, S. Toll-Like Receptors and Type I Interferons. J Biol Chem (2007) 282:15319–23. doi: 10.1074/jbc.R700009200

101. Matsumoto, M, and Seya, T. TLR3: Interferon Induction by Double-Stranded RNA Including Poly(I:C). Adv Drug Delivery Rev (2008) 60:805–12. doi: 10.1016/j.addr.2007.11.005

102. Indraccolo, S, Pfeffer, U, Minuzzo, S, Esposito, G, Roni, V, Mandruzzato, S, et al. Identification of Genes Selectively Regulated by IFNs in Endothelial Cells. J Immunol (2007) 178:1122–35. doi: 10.4049/jimmunol.178.2.1122

103. Yanai, H, Chiba, S, Hangai, S, Kometani, K, Inoue, A, Kimura, Y, et al. Revisiting the Role of IRF3 in Inflammation and Immunity by Conditional and Specifically Targeted Gene Ablation in Mice. Proc Natl Acad Sci USA (2018) 115:5253–8. doi: 10.1073/pnas.1803936115

104. Turton, HA, Thompson, AAR, and Farkas, L. RNA Signaling in Pulmonary Arterial Hypertension-a Double-Stranded Sword. Int J Mol Sci (2020) 21:3124. doi: 10.3390/ijms21093124

105. Elkon, KB. Review: Cell Death, Nucleic Acids, and Immunity: Inflammation Beyond the Grave. Arthritis Rheumatol (2018) 70:805–16. doi: 10.1002/art.40452

106. Lammert, CR, Frost, EL, Bellinger, CE, Bolte, AC, McKee, CA, Hurt, ME, et al. AIM2 Inflammasome Surveillance of DNA Damage Shapes Neurodevelopment. Nature (2020) 580:647–52. doi: 10.1038/s41586-020-2174-3

107. Maelfait, J, Liverpool, L, and Rehwinkel, J. Nucleic Acid Sensors and Programmed Cell Death. J Mol Biol (2020) 432:552–68. doi: 10.1016/j.jmb.2019.11.016

108. Bartok, E, and Hartmann, G. Immune Sensing Mechanisms That Discriminate Self From Altered Self and Foreign Nucleic Acids. Immunity (2020) 53:54–77. doi: 10.1016/j.immuni.2020.06.014

109. Magro, C, Mulvey, JJ, Laurence, J, Seshan, S, Crowson, AN, Dannenberg, AJ, et al. Docked SARS Cov-2 Proteins Within the Cutaneous and Subcutaneous Microvasculature and Their Role in the Pathogenesis of Severe COVID-19. Hum Pathol (2020) 106:106–16. doi: 10.1016/j.humpath.2020.10.002

110. Millet, JK, Jaimes, JA, and Whittaker, GR. Molecular Diversity of Coronavirus Host Cell Entry Receptors. FEMS Microbiol Rev (2020) 45(3):fuaa057. doi: 10.1093/femsre/fuaa057

111. Tang, D, Comish, P, and Kang, R. The Hallmarks of COVID-19 Disease. PloS Pathog (2020) 16:e1008536. doi: 10.1371/journal.ppat.1008536

112. Hoffmann, M, Kleine-Weber, H, Schroeder, S, Kruger, N, Herrler, T, Erichsen, S, et al. SARS-Cov-2 Cell Entry Depends on ACE2 and TMPRSS2 and Is Blocked by a Clinically Proven Protease Inhibitor. Cell (2020) 181:271–280 e8. doi: 10.1016/j.cell.2020.02.052

113. Kalluri, AS, Vellarikkal, SK, Edelman, ER, Nguyen, L, Subramanian, A, Ellinor, PT, et al. Single-Cell Analysis of the Normal Mouse Aorta Reveals Functionally Distinct Endothelial Cell Populations. Circulation (2019) 140:147–63. doi: 10.1161/CIRCULATIONAHA.118.038362

114. V’Kovski, P, Gerber, M, Kelly, J, Pfaender, S, Ebert, N, Braga Lagache, S, et al. Determination of Host Proteins Composing the Microenvironment of Coronavirus Replicase Complexes by Proximity-Labeling. Elife (2019) 8:e42037. doi: 10.7554/eLife.42037

115. Sims, AC, Tilton, SC, Menachery, VD, Gralinski, LE, Schafer, A, Matzke, MM, et al. Release of Severe Acute Respiratory Syndrome Coronavirus Nuclear Import Block Enhances Host Transcription in Human Lung Cells. J Virol (2013) 87:3885–902. doi: 10.1128/JVI.02520-12

116. Totura, AL, Whitmore, A, Agnihothram, S, Schafer, A, Katze, MG, Heise, MT, et al. Toll-Like Receptor 3 Signaling Via TRIF Contributes to a Protective Innate Immune Response to Severe Acute Respiratory Syndrome Coronavirus Infection. mBio (2015) 6:e00638–15. doi: 10.1128/mBio.00638-15

117. Tisoncik, JR, Korth, MJ, Simmons, CP, Farrar, J, Martin, TR, and Katze, MG. Into the Eye of the Cytokine Storm. Microbiol Mol Biol Rev (2012) 76:16–32. doi: 10.1128/MMBR.05015-11

118. Teijaro, JR, Walsh, KB, Cahalan, S, Fremgen, DM, Roberts, E, Scott, F, et al. Endothelial Cells Are Central Orchestrators of Cytokine Amplification During Influenza Virus Infection. Cell (2011) 146:980–91. doi: 10.1016/j.cell.2011.08.015

119. Sohrabi, Y, Lagache, SMM, Voges, VC, Semo, D, Sonntag, G, Hanemann, I, et al. Oxldl-Mediated Immunologic Memory in Endothelial Cells. J Mol Cell Cardiol (2020) 146:121–32. doi: 10.1016/j.yjmcc.2020.07.006

120. Dos Santos, JC, Barroso de Figueiredo, AM, Teodoro Silva, MV, Cirovic, B, de Bree, LCJ, Damen, M, et al. Beta-Glucan-Induced Trained Immunity Protects Against Leishmania Braziliensis Infection: A Crucial Role for IL-32. Cell Rep (2019) 28:2659–72.e6. doi: 10.1016/j.celrep.2019.08.004

121. Jing, C, Castro-Dopico, T, Richoz, N, Tuong, ZK, Ferdinand, JR, Lok, LSC, et al. Macrophage Metabolic Reprogramming Presents a Therapeutic Target in Lupus Nephritis. Proc Natl Acad Sci USA (2020) 117:15160–71. doi: 10.1073/pnas.2000943117

122. Zhang, X. The Blueprint of Microglia: Epigenetic Regulation of Microglia Phenotypes. Rijksuniversiteit Groningen (2018).

123. Mitroulis, I, Kalafati, L, Hajishengallis, G, and Chavakis, T. Myelopoiesis in the Context of Innate Immunity. J Innate Immun (2018) 10:365–72. doi: 10.1159/000489406

124. Simons, MP, Moore, JM, Kemp, TJ, and Griffith, TS. Identification of the Mycobacterial Subcomponents Involved in the Release of Tumor Necrosis Factor-Related Apoptosis-Inducing Ligand From Human Neutrophils. Infect Immun (2007) 75:1265–71. doi: 10.1128/IAI.00938-06

125. Borriello, F, Iannone, R, Di Somma, S, Loffredo, S, Scamardella, E, Galdiero, MR, et al. GM-CSF and IL-3 Modulate Human Monocyte TNF-Alpha Production and Renewal in In Vitro Models of Trained Immunity. Front Immunol (2016) 7:680. doi: 10.3389/fimmu.2016.00680

126. Mitroulis, I, Ruppova, K, Wang, B, Chen, LS, Grzybek, M, Grinenko, T, et al. Modulation of Myelopoiesis Progenitors is an Integral Component of Trained Immunity. Cell (2018) 172:147–61.e12. doi: 10.1016/j.cell.2017.11.034

127. Bekkering, S, Blok, BA, Joosten, LA, Riksen, NP, van Crevel, R, and Netea, MG. In Vitro Experimental Model of Trained Innate Immunity in Human Primary Monocytes. Clin Vaccine Immunol (2016) 23:926–33. doi: 10.1128/CVI.00349-16

128. Ahl, PJ, Hopkins, RA, Xiang, WW, Au, B, Kaliaperumal, N, Fairhurst, AM, et al. Met-Flow, a Strategy for Single-Cell Metabolic Analysis Highlights Dynamic Changes in Immune Subpopulations. Commun Biol (2020) 3:305. doi: 10.1038/s42003-020-1027-9

129. Bojkova, D, Klann, K, Koch, B, Widera, M, Krause, D, Ciesek, S, et al. Proteomics of SARS-Cov-2-Infected Host Cells Reveals Therapy Targets. Nature (2020) 583:469–72. doi: 10.1038/s41586-020-2332-7

130. van der Heijden, C, Noz, MP, Joosten, LAB, Netea, MG, Riksen, NP, and Keating, ST. Epigenetics and Trained Immunity. Antioxid Redox Signal (2018) 29:1023–40. doi: 10.1089/ars.2017.7310

131. Oxford, AE, Halla, F, Robertson, EB, and Morrison, BE. Endothelial Cell Contributions to COVID-19. Pathogens (2020) 9:785. doi: 10.3390/pathogens9100785

132. Netea, MG, Giamarellos-Bourboulis, EJ, Dominguez-Andres, J, Curtis, N, van Crevel, R, van de Veerdonk, FL, et al. Trained Immunity: A Tool for Reducing Susceptibility to and the Severity of SARS-Cov-2 Infection. Cell (2020) 181:969–77. doi: 10.1016/j.cell.2020.04.042

133. Jayarangaiah, A, Kariyanna, PT, Chen, X, Jayarangaiah, A, and Kumar, A. Covid-19-Associated Coagulopathy: An Exacerbated Immunothrombosis Response. Clin Appl Thromb Hemost (2020) 26:1076029620943293. doi: 10.1177/1076029620943293

134. Mokhtari, T, Hassani, F, Ghaffari, N, Ebrahimi, B, Yarahmadi, A, and Hassanzadeh, G. COVID-19 and Multiorgan Failure: A Narrative Review on Potential Mechanisms. J Mol Histol (2020) 51(6):613–28. doi: 10.1007/s10735-020-09915-3

135. 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

136. Grootjans, J, Kaser, A, Kaufman, RJ, and Blumberg, RS. The Unfolded Protein Response in Immunity and Inflammation. Nat Rev Immunol (2016) 16:469–84. doi: 10.1038/nri.2016.62

137. Bettigole, SE, and Glimcher, LH. Endoplasmic Reticulum Stress in Immunity. Annu Rev Immunol (2015) 33:107–38. doi: 10.1146/annurev-immunol-032414-112116

138. Chan, SW. The Unfolded Protein Response in Virus Infections. Front Microbiol (2014) 5:518. doi: 10.3389/fmicb.2014.00518

139. Ieronymaki, E, Daskalaki, MG, Lyroni, K, and Tsatsanis, C. Insulin Signaling and Insulin Resistance Facilitate Trained Immunity in Macrophages Through Metabolic and Epigenetic Changes. Front Immunol (2019) 10:1330. doi: 10.3389/fimmu.2019.01330

140. Sun, Y, Lu, Y, Saredy, J, Wang, X, Drummer Iv, C, Shao, Y, et al. ROS Systems are a New Integrated Network for Sensing Homeostasis and Alarming Stresses in Organelle Metabolic Processes. Redox Biol (2020) 101696:101696. doi: 10.1016/j.redox.2020.101696

141. Urra, H, Pihan, P, and Hetz, C. The Uprosome - Decoding Novel Biological Outputs of IRE1alpha Function. J Cell Sci (2020) 133:101696. doi: 10.1242/jcs.218107

142. Zuo, H, and Wan, Y. Metabolic Reprogramming in Mitochondria of Myeloid Cells. Cells (2019) 9:5. doi: 10.3390/cells9010005

143. Williams, NC, and O’Neill, LAJ. A Role for the Krebs Cycle Intermediate Citrate in Metabolic Reprogramming in Innate Immunity and Inflammation. Front Immunol (2018) 9:141. doi: 10.3389/fimmu.2018.00141

144. Nishiga, M, Wang, DW, Han, Y, Lewis, DB, and Wu, JC. COVID-19 and Cardiovascular Disease: From Basic Mechanisms to Clinical Perspectives. Nat Rev Cardiol (2020) 17:543–58. doi: 10.1038/s41569-020-0413-9

145. Paulovich, AG, Toczyski, DP, and Hartwell, LH. When Checkpoints Fail. Cell (1997) 88:315–21. doi: 10.1016/S0092-8674(00)81870-X

146. Zeng, H, Nanayakkara, GK, Shao, Y, Fu, H, Sun, Y, Cueto, R, et al. DNA Checkpoint and Repair Factors Are Nuclear Sensors for Intracellular Organelle Stresses-Inflammations and Cancers can Have High Genomic Risks. Front Physiol (2018) 9:516. doi: 10.3389/fphys.2018.00516

147. Yang, XF, Weber, GF, and Cantor, H. A Novel Bcl-X Isoform Connected to the T Cell Receptor Regulates Apoptosis in T Cells. Immunity (1997) 7:629–39. doi: 10.1016/S1074-7613(00)80384-2

148. Xiong, Z, Yan, Y, Song, J, Fang, P, Yin, Y, Yang, Y, et al. Expression of TCTP Antisense in CD25(High) Regulatory T Cells Aggravates Cuff-Injured Vascular Inflammation. Atherosclerosis (2009) 203:401–8. doi: 10.1016/j.atherosclerosis.2008.07.041

149. Galluzzi, L, Vitale, I, Aaronson, SA, Abrams, JM, Adam, D, Agostinis, P, et al. Molecular Mechanisms of Cell Death: Recommendations of the Nomenclature Committee on Cell Death 2018. Cell Death Differ (2018) 25:486–541. doi: 10.1038/s41418-018-0102-y

150. Wang JL, B, Nanayakkara, G, Yang, Q, Sun, Y, Lu, Y, Shao, Y, et al. Experimental Data-Mining Analyses Reveal New Roles of Low-Intensity Ultrasound in Differentiating Cell Death Regulatome in Cancer and Non-Cancer Cells Via Potential Modulation of Chromatin Long-Range Interactions. Front Oncol (2019) 2019:00600. doi: 10.3389/fonc.2019.00600

151. Kroemer, G, Galluzzi, L, Vandenabeele, P, Abrams, J, Alnemri, ES, Baehrecke, EH, et al. And Nomenclature Committee on Cell D. Classification of Cell Death: Recommendations of the Nomenclature Committee on Cell Death 2009. Cell Death Differ (2009) 16:3–11. doi: 10.1038/cdd.2008.150

152. Li, YF, Huang, X, Li, X, Gong, R, Yin, Y, Nelson, J, et al. Caspase-1 Mediates Hyperlipidemia-Weakened Progenitor Cell Vessel Repair. Front Biosci (Landmark Ed) (2016) 21:178–91. doi: 10.2741/4383

153. Fagenson, AM, Xu, K, Saaoud, F, Nanayakkara, G, Jhala, NC, Liu, L, et al. Liver Ischemia Reperfusion Injury, Enhanced by Trained Immunity, Is Attenuated in Caspase 1/Caspase 11 Double Gene Knockout Mice. Pathogens (2020) 9:101696. doi: 10.3390/pathogens9110879

154. Broz, P, Pelegrin, P, and Shao, F. The Gasdermins, A Protein Family Executing Cell Death and Inflammation. Nat Rev Immunol (2020) 20:143–57. doi: 10.1038/s41577-019-0228-2

155. Yau, JW, Teoh, H, and Verma, S. Endothelial Cell Control of Thrombosis. BMC Cardiovasc Disord (2015) 15:130. doi: 10.1186/s12872-015-0124-z

156. Iba, T, and Levy, JH. Inflammation and Thrombosis: Roles of Neutrophils, Platelets and Endothelial Cells and Their Interactions in Thrombus Formation During Sepsis. J Thromb Haemost (2018) 16:231–41. doi: 10.1111/jth.13911

157. Wang, M, Hao, H, Leeper, NJ, Zhu, L, and Early Career, C. Thrombotic Regulation From the Endothelial Cell Perspectives. Arterioscler Thromb Vasc Biol (2018) 38:e90–5. doi: 10.1161/ATVBAHA.118.310367

158. Shi, X, Liu, C, Liu, B, Chen, J, Wu, X, and Gong, W. JQ1: A Novel Potential Therapeutic Target. Pharmazie (2018) 73:491–3. doi: 10.1691/ph.2018.8480

159. Donati, B, Lorenzini, E, and Ciarrocchi, A. BRD4 and Cancer: Going Beyond Transcriptional Regulation. Mol Cancer (2018) 17:164. doi: 10.1186/s12943-018-0915-9

160. Brown, JD, Lin, CY, Duan, Q, Griffin, G, Federation, A, Paranal, RM, et al. NF-Kappab Directs Dynamic Super Enhancer Formation in Inflammation and Atherogenesis. Mol Cell (2014) 56:219–31. doi: 10.1016/j.molcel.2014.08.024

161. Barnum, KJ, and O’Connell, MJ. Cell Cycle Regulation by Checkpoints. Methods Mol Biol (2014) 1170:29–40. doi: 10.1007/978-1-4939-0888-2_2

162. Li, X, Fang, P, Li, Y, Kuo, YM, Andrews, AJ, Nanayakkara, G, et al. Mitochondrial Reactive Oxygen Species Mediate Lysophosphatidylcholine-Induced Endothelial Cell Activation. Arterioscler Thromb Vasc Biol (2016) 36:1090–100. doi: 10.1161/ATVBAHA.115.306964

163. Li, X, Fang, P, Mai, J, Choi, ET, Wang, H, and Yang, XF. Targeting Mitochondrial Reactive Oxygen Species as Novel Therapy for Inflammatory Diseases and Cancers. J Hematol Oncol (2013) 6:19. doi: 10.1186/1756-8722-6-19

164. Kim, J, Cha, YN, and Surh, YJ. A Protective Role of Nuclear Factor-Erythroid 2-Related Factor-2 (Nrf2) in Inflammatory Disorders. Mutat Res (2010) 690:12–23. doi: 10.1016/j.mrfmmm.2009.09.007

165. Tang, D, Kang, R, Berghe, TV, Vandenabeele, P, and Kroemer, G. The Molecular Machinery of Regulated Cell Death. Cell Res (2019) 29:347–64. doi: 10.1038/s41422-019-0164-5

166. West, AP, Shadel, GS, and Ghosh, S. Mitochondria in Innate Immune Responses. Nat Rev Immunol (2011) 11:389–402. doi: 10.1038/nri2975

167. Zhang, L, Wang, X, Cueto, R, Effi, C, Zhang, Y, Tan, H, et al. Biochemical Basis and Metabolic Interplay of Redox Regulation. Redox Biol (2019) 26:101284. doi: 10.1016/j.redox.2019.101284

168. Reddy, NM, Kleeberger, SR, Yamamoto, M, Kensler, TW, Scollick, C, Biswal, S, et al. Genetic Dissection of the Nrf2-Dependent Redox Signaling-Regulated Transcriptional Programs of Cell Proliferation and Cytoprotection. Physiol Genomics (2007) 32:74–81. doi: 10.1152/physiolgenomics.00126.2007

169. Kobayashi, EH, Suzuki, T, Funayama, R, Nagashima, T, Hayashi, M, Sekine, H, et al. Nrf2 Suppresses Macrophage Inflammatory Response by Blocking Proinflammatory Cytokine Transcription. Nat Commun (2016) 7:11624. doi: 10.1038/ncomms11624

170. Cuadrado, A, Pajares, M, Benito, C, Jimenez-Villegas, J, Escoll, M, Fernandez-Gines, R, et al. Can Activation of NRF2 be a Strategy Against COVID-19? Trends Pharmacol Sci (2020) 41:598–610. doi: 10.1016/j.tips.2020.07.003

171. Yu, XH, Zhang, DW, Zheng, XL, and Tang, CK. Itaconate: An Emerging Determinant of Inflammation in Activated Macrophages. Immunol Cell Biol (2019) 97:134–41. doi: 10.1111/imcb.12218

172. McCord, JM, Hybertson, BM, Cota-Gomez, A, Geraci, KP, and Gao, B. Nrf2 Activator PB125((R)) as a Potential Therapeutic Agent Against COVID-19. Antioxidants (Basel) (2020) 9. doi: 10.1101/2020.05.16.099788

173. Al-Soudi, A, Kaaij, MH, and Tas, SW. Endothelial Cells: From Innocent Bystanders to Active Participants in Immune Responses. Autoimmun Rev (2017) 16:951–62. doi: 10.1016/j.autrev.2017.07.008

174. Drummer, IVC, Saaoud, F, Shao, Y, Sun, Y, Xu, K, Lu, Y, et al. Trained Immunity and Reactivity of Macrophages and Endothelial Cells. Arterioscler Thromb Vasc Biol (2021) 41:1032–46. doi: 10.1161/ATVBAHA.120.315452

175. Zemmour, D, Zilionis, R, Kiner, E, Klein, AM, Mathis, D, and Benoist, C. Single-Cell Gene Expression Reveals a Landscape of Regulatory T Cell Phenotypes Shaped by the TCR. Nat Immunol (2018) 19:291–301. doi: 10.1038/s41590-018-0051-0

176. Li, Y, Oosting, M, Smeekens, SP, Jaeger, M, Aguirre-Gamboa, R, Le, KTT, et al. A Functional Genomics Approach to Understand Variation in Cytokine Production in Humans. Cell (2016) 167:1099–110.e14. doi: 10.1016/j.cell.2016.10.017

177. Corkum, CP, Ings, DP, Burgess, C, Karwowska, S, Kroll, W, and Michalak, TI. Immune Cell Subsets and Their Gene Expression Profiles From Human PBMC Isolated by Vacutainer Cell Preparation Tube (CPT) and Standard Density Gradient. BMC Immunol (2015) 16:48. doi: 10.1186/s12865-015-0113-0

178. Saaoud, F, Drummer, IVC, Shao, Y, Sun, Y, Lu, Y, Xu, K, et al. Circular RNAs Are a Novel Type of Non-Coding RNAs in ROS Regulation, Cardiovascular Metabolic Inflammations and Cancers. Pharmacol Ther (2020) 107715:107715. doi: 10.1016/j.pharmthera.2020.107715



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.

Copyright © 2021 Shao, Saredy, Xu, Sun, Saaoud, Drummer, Lu, Luo, Lopez-Pastrana, Choi, Jiang, Wang and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.


OEBPS/Text/toc.xhtml


  

    Table of Contents



    

		Cover



      		

        Endothelial Immunity Trained by Coronavirus Infections, DAMP Stimulations and Regulated by Anti-Oxidant NRF2 May Contribute to Inflammations, Myelopoiesis, COVID-19 Cytokine Storms and Thromboembolism

      

        		

          Introduction

        



        		

          Methods

        

          		

            EC Transcriptomics Data and Database Content

          



          		

            Transcriptomic Analyses of Innate Immune Regulators in Endothelial Cells

          



          		

            Cluster Analyses of Innate Immune Regulators

          



          		

            Ingenuity Pathway Analysis

          



        



        



        		

          Results

        

          		

            The Majority of Modulated Innate Immune Regulators (IGs) Were Upregulated in the First 12 Hours Post-Infection and Maintained Until 48 hr PI in Human Microvascular Endothelial Cells Infected by Middle East Respiratory Syndrome-Coronavirus (MERS-CoV)

          



          		

            The Expressions of Innate Immune Regulators Were Significantly Modulated in 21 Transcriptomic Datasets From Human ECs Stimulated by Various PAMPs/DAMPs Including LPS, IFNs, Notch 1 siRNAs, oxPAPC, LPC, Shear Stress, Hyperlipidemia and oxLDL 

          



          		

            Human Heart EC and Mouse Aortic EC Express All Four Types of Coronavirus Receptors Such as ANPEP, CEACAM1, ACE2, DPP4 and Virus Entry Facilitator TMPRSS2 (Human Heart); Most of Coronavirus Replication-Transcription Protein Complexes Are Expressed in Human Microvascular EC, Which Contribute to Viremia, Thromboembolism, and CVDs 

          



          		

            Upregulated Proinflammatory Cytokines Such as TNFα, IL6, CSF1 and CSF3, Trained Immunity (TI) Marker IL-32, and TI Metabolic Enzymes, and Epigenetic Reprogramming Enzymes Indicate TI in EC Infected by MERS-CoV and Drive Cytokine Storm; and Upregulated CSF1 and CSF3 Demonstrate a Novel Function of EC in Promoting Myelopoiesis

          



          		

            Increased Unfolded Protein Response and ER Stress, Downregulated Mitochondrial Oxidative Phosphorylation Complexes and Increased Reactive Oxygen Species as the Signal Mechanisms Facilitate Proinflammatory Response and TI

          



          		

            Increase of the Cell Death Regulators Such as Mitotic Catastrophe-Regulated Cell Death, Apoptosis, Ferroptosis and Inflammasomes-Driven Pyroptosis in Endothelial Cells Infected With MERS-CoV May Trigger Thrombosis, Which Is Partially Suppressed by BRD4 Inhibitor JQ1; and Upregulated Coagulation Factors and Protease-Activated Receptors (PARs) and Downregulated Anticoagulants Also Promote Thrombosis Potential

          



          		

            NRF2-Mediated ROS Regulate Innate Immune Responses, Trained Immunity, Thromboembolism, EC Activation and Death

          



        



        



        		

          Discussion

        



        		

          Author Contributions

        



        		

          Funding

        



        		

          Disclaimer

        



        		

          Supplementary Material

        



        		

          References

        



      



      



    



  



OEBPS/Images/fimmu-12-653110-g002.jpg
rs [ LogFc>1 [ 0585 5LogFC <1 [] 0<LogfC <0585

I Logrc<-1 [ -0:585> LogFc 21 [] 0> LogfC >-0585

I





OEBPS/Images/crossmark.jpg
©

2

i

|





OEBPS/Images/table4a.jpg
virus. MERS-Cov SARS-Cov ‘SARS-Cov (ORFS mutant) MA-15 (SARS-CoV)

origin HMECs Calu3 colls: Mouse Lung tissues (W)
Time 120 24(h) 360) d8f) 1200 240) 360) 4B(he) T2Ahe) 12 240 o) dBf) T2 20 49 T
Histone acetaton 108 104
HATY 27

KAT2A -

<ATZE 165 230 219 48 105 105

KATEA 150 192
KATGE 408 134 -

RATT 158 160

KATE 158 148

e1P3 109 118

NCOAT 108 102

NCORS 106 105 104

cLoCK 121 206 124 40 161

CreeP 140 130 e 192
£P300 158 159
ATATI a2 s 13 a3 102 158

TaF1 138

GIFacH o1 12 35 166 117 aom s
NATIO 118

NATO 159

NATS 81 131 118 118
NATIA 173

BPTF 128 120

NARTO 67 165 e

N0 12 166 181 104 107
NSO 101 140 105 164 01 148

NSO

NARIO ERTRREY

NSO 1 1as

TAFSL 28 oo
TAFSL 34 18t

BTAF1 208 179
istone deacetyaton

HDACA 148

HDACS 100 116 6 105 105

HOACT 102

HDACO s21 501 209 179 312 209 299 319 285
HACE 75 168 144 144 107
HACTO. 130

HOAC 09 200 217 135 135 128 128
HOAC2 119

HOACS am

HDACE 100 a7 s a7
ST 110 208 230
sAr2 20 218 128 28

SAT3 108 117 s 182

ST 21 186 127 106 168

SRS s 200 190 104
SRTG s 187

SRT7 106

HDACT! 236 181 200 101 101 145 -

T0 100 7C vabie 0¥ oorae lth P vae 008 ancl WPt ove Shows.





OEBPS/Images/fimmu-12-653110-g008.jpg
T
Inte mmune
regulatome 7 | ” [+ Homeostasis
‘Metabolic + Inflammation cell recruitment
reprograning oroncement | + Innatemmanity
* Cell death
Epigenetic ) } + Myelopoiesis
reprogramming Trained Immunity * Thromboembolism
(Innate immune memory) + Cytokine storms
- Cardiovascular comorbidiies of
covp1s
s
Adhesion  inflammatory
o O molecules T cell recruitment
Endothelial -o---
cell T
/./l\ =gt
0000
myelopoiesis

Vessels/tissues





OEBPS/Images/fimmu-12-653110-g004.jpg





OEBPS/Images/table3.jpg
Gene symbol Binding Ligand

Cytokine receptor
(A LICSF2ALS
LR W8
LR LA AALNL1S
L3Rz e
L1sRA

L17RE

1208

wiRt

LosT

L10RE

L1gRAT

L17RA

Cremosin receptor

ceAL coLiaocL21eoL2s
oxCi oxaLr
ccRe coz0
TIF receptor

TNERSFI0A TNFSFI0
TNFRSF108 TNFSFI0
INFRSF10C TNFSFIO
TNFRSF100 TNFSFI0
TNFRSFT1A TNFSF11
INFRSF 118 TNFSF11
TNFRSF12A TNESFI2
CD40 ool
TNFRSFA oxaoL
TNFRSF14 TNFSF1A
TNFRSF19 TNFSFIO
INFRSF25 TFSF25
N roceptor

FNGR2 ™G
FNARY A
FNGR1 NG

12}

028
108

028
298
o0

087
101
083
028
02

017

152
256

19
100
089
031
04

055

048

053
057

101
091
196
166
284

162
281
217
153
051
108

138
L2
107

a6(m)

025
o078

165
oz
084
116
054
2%

136
a
088

196
022

129

152
a2z

177
445
100
102
82
.15
050
o711
082

127
108
140





OEBPS/Images/logo.jpg
’ frontiers
in Immunology





OEBPS/Images/fimmu-12-653110-g001.jpg
Retieve wanscrtomc | .
st rom N GEO

e win
‘st

Harvst g s rom esch dtases (P Valuec0.05)

Match the g st o eachdstasts o 1311 nnate immune reglators and dogt the values of Lo 1og°C
i were e s 361 h Pk nt o th e

rganice 14 tabies by cotgores accoing o

Generate hevumap fo  predetermined arder of
ows, and2scoesware clcate o eachrow each
ene) (PO 15806054, 25466736, 2543435)

[y

Oyttinetss)

Enmetz30)

Kinase09)

peptdosets)

Phosphatose(z2)

Tanscrption

— Reguorz32)

Transoion equirorio)
Transmembrone
Receptor?)

Tansportertss)

G protencopted
Receptorzi),

owth foto(20,

o chammels,

pand dependentuceor
Receptort),
andothers37s)

RowZscore

= o -
Hreen . -
= 7 [+
i Lt 3 &
Ee et e eerery L R e R
] T At
— § e
o MATG o1 Py s & ool o
i £ * lon Channel
I P ——
I [y
5. T Tmergion epsor
- . e
of | s B - " 3|
= s @ 2 @ ] G
el i B e b g g g s Oy






OEBPS/Images/table4b.jpg
Virus. MERS-Cov SARS-Cov SARS-Cov (ORF6 mutant)  MA-15 (SARS-CoV)

Origin HMECs. Galu-3 colls: Mouse Lung tissues
Time 120 2400 36() 48l 1200e) 24() 6lhe) 480e) 7200) 1200) 240) G6M) de) T2) 2) Q) T

Histone methyransiease.
KMT2A 1z e 198

AMT2D 110 152

AMT2C 105 158 145 21

w28 17 140

AMT2E 125 100 191

SETD1A 121 108 120

SETD18 110

ASHIL 118 120 15 180

EHMT2 168 01 110

SUV3OH! a7

suvaore a5 15

seTD81 128 125

EHMT1 100

PROM2 140 138 115 8 120 188 107 195 161

seTD2 119 108 150 146

NSO 146 143 165 147 288 473

svM02

poTiL 116 120 100 130 s s 162

SeTD7 07 87 197

seTD8 10 110 106

SUVAZOH!

Va0 44 224 185 120 308 221
22 104 150
241 161 161 108 85 152

€103 0 132

SETD4 181 248 207 101

SETDS 118 116 109 12 s

SETDG-1

wHSCH 3 165 120 160 170 215 123
SETVAR £V

SeTD82 00 67 12

PROMIB 130 166 156

PROMS 108

PROM1 13 206 280 158 351 408

PROMI1 7o 142

106

PROM1Z 203
PROM14
PROM?

49 105

PROMS 200 an .70
PROMA 102 a7 1% 144
PROMIO

PROMIS

PRMTZ 129 159 140 108 205 171 88 135 A7
148

PRMTS 158 135 125
PRT 11

PRMT7 07 165 164 104

a9 27 10 134

Ev 165
108

iston demathyso
KOM1A
sl

Yy
s,






OEBPS/Images/fimmu-12-653110-g005.jpg
el 2 . P ]
FTo T T——y N
- ooy
- -
e ity
et [ T o s s ——
ey
[ e ooy ———
Tl aa & o & e ———

R HEHTHHEHT

|
i
|






OEBPS/Images/fimmu.2021.653110_cover.jpg
’ frontiers
in Immunology

Endothelial Immunity Trained by
Coronavirus Infections, DAMP
Stimulations and Regulated by

Anti-Oxidant NRF2 May Contribute to
Inflammations, Myelopoiesis, COVID-19
Cytokine Storms and Thromboembolism





OEBPS/Images/table6.jpg
Category

Aralyss of igh-roughps expremental Data
Mcroaray from NIH-GEO-atasels)

Now publication typas aftor ~omics and high
throughput experimontal data generation
denticaton o potentl Targets

dentiication of potential Targats those were not
fall into the focus of the original research
Origoalnow ndngs.

Summary of previous eports

More dimensions data exploring by combining
multple high-throughput datasots

Gencrating now information o the pubic domain
(NHGEO, Expression Atas, GSEA and otfers)

Low touhput oxporemontal vercaton

Exampl (L35 eated pubicatonsfrom ou lab)

Big-omics Database mining _ Literature review

Yo No
Yes No
Yes No
Yes No
Yos No
Yos Yes
Yes No
Yes No
No No
PMID: 22038068 PMID 25387908

Original experimental research
Yes (ganerated i the b nd not the main approach
No.

Yes
No.

Yes
Yes
No.

Yes

Yes
PMIOs: 26085004, 26971247

A fow aspocts of comparsons wero made Wi U sty ushg s exparivontal Gtabaso g apRr0aches, 1o adtons Rl o a1 0gocl expormenta.

iy





OEBPS/Images/table4bb.jpg
KOvBA
JHOMID

v

MIDIC 188
ome

IS

MNA

C140RF169

)

PiiF2

167

105

133

132
130
248
175

238
124

e

168

158
189

129
182
108

215

A

40

13

a7

108

150

110

The LooFC value of 9ense with P valve <0.05 end IoFCl >1 o8 shome.

100

168

R

an

134

295
301
a7
108

Exn
183

125

a2

ar

102

07

177

143

249

102

150

108

197

200

229

Bl

142

199

165

248





OEBPS/Images/table2.jpg
Gene Significance. HMECS Calu-3 cells Mouse Lung tissues

ic-MERS. ic-SARS. ic-SARS deltaORFG mutant MA-15 (SARS-CoV)
[with § PFU (laque- (with 105 PFU per mouse) (with 105PFU per mouse)
forming unit) per cell]

2 2 % a8 1
m ) ) ) o0

% 4 T 12 2 % 4 T A0 W 70
) G0 G0 G0 G0 (0 (0 (o)

4

Tansaton
crFaE

186 170 110
155 149 201 246 145 a2 a8 87
118 191 183 21 120
125 18 47 148 100 a2
41 165

cFel

K1 = 173 151 143 115 135 106
100 240 149 148

201 205 171 73 188 7 101 120 108

cuNT - 100 144 146 118

owviL - 102

G8F1 - 152

208 106 128 204 230 225
100 109
176 185 125 07 21 10

RANGAPT 16 127
SCFD1 100
148 a21 192 477 a2 a3
105 115

swes 100 18

VAPA = 128 102 144 214
K6 a2 a4
e 40 108 173 168
Catabokc process

ONAICIO - 110 106 171 184 126 177 183
FMIsE 196 293 7 169 109
Psus 120 210 182 7 188 102
PSwC2 138 109

PSMD1 17 110

7B = a4 473 428 841

Cat rganization

CRAPS. 134 140

P - 13 156 186 12

Otrers

8AGS ~ 188 525 4 276 182 301 286
BPNT1 149 107 167 143 153

cHo? 175 162 108
HAUSS 105 106 180 197 110

RSt
RRL - 131 74 132

<aTT : 158 160

RRFPT - a4 102 126 168 100 104 a3

NUDCDT

PaNTI 15 120 102
iR Am s

PRMTT 107 165 164 104

RAM2 07 102 178 129 189 238 118 192 206 282
S100A11 37 207 87 136 143 113

pechanking T Ak

100 158

192






OEBPS/Images/fimmu-12-653110-g006.jpg





OEBPS/Images/table2b.jpg
=5 e A e =l et rise
UHRF1 68 101 223 228 118 127 145 129 282 277
P20 - 138 150 135 106 108






OEBPS/Images/fimmu-12-653110-g007.jpg
ROS Target 'y © PAMP/OAMP receptors s receptors.
. o ~ .
: =2 ] W
- = 2
ERr = /[ actvate wanseprion of
5 downsream atleot 29 genes
= eguated by A2 aniodant
&, aens | | reioonse cements (ae)
= oty (IS 35915120,
= 7 e
k) o
=3 Nzt heteodimer
= st Amadant
= esponse demets
= e
= ‘Anew working model N2 pathway suppresses
- innate immune responses, trained immunity,
okine sarms, romboembotem and
endotheal cl st COVID-19nduced
Cordovaiclrcomarbidties
= B .
T e )






OEBPS/Images/fimmu-12-653110-g003.jpg





OEBPS/Images/table1.jpg
Conditions

FNg

FNGILPS.
22 KO

Key moecules defiency and stede
canger sgnas exposuer

APOE KO
oXLOL and Oxpape.

el origin

CD14+ cols from PBMG

CD14+ cols rom PEMC
RAW264.7 Macrophoge

Puman umbical voi endothola oot

Puman microvasauar endotnalal
cels (HMECS)

human dermal endotheial cols
(HOMECs)

Puman kng microvasciar
endotnesal cels (HLMECS)

HUVECS

human sorc endothesal cals

HACES

HUVECS

Firosa human aortc vawiar
endotnesal cals (HAVECS)
Venticuaris HAVECS
mousa aor endotholal cets
(MAECS)

‘Specific comparisons

LPS stimuation or 24w
1FN.g stmudaton, FN-g prmed + stimaton, and g
primed onyfor 24 Irs vs Gontrol

1FN-g + LPS and FN-g stimulaton for 24 s

vt WT

infenza vius infction vs noculation of inactated vius

Wi type MERS:CoVIGMERS) infoction vs mock (o Ot
aivs, 24tvs, 36, 48

isolated Kaposi's sarcoma associted herpes vus (KSHV)
infotion for 7 days vs unifected
lipopolysaccharde (LPS) exposure for s, Bvs, 24vs

1FN-2, IFN-g, IFN-D exposurs for 5 rs
Notcht SANA s scrambied SRNA

Notcht SRNA+ IL-1b for 4 hrsvs sramised SRNA + IL-
m

OUPAPC reatment for 61vs

LPG toratment for 18 s

LPG + 1L.35 tratmentys
PG for 18hvs

Boreta bugdore necton vs urstmuation

INF-g stindation vs nstimuation

Boeta burgdore + INF-g vs unstimuaton
osclatory shear exposur for 24 h vs aminar shoar
expostue

LPS exposire for 4 v

From Apo:/mice at four woeks 0k vs WT mice
OXLDL, OXPAPC exposurs for 4 hes

GEo
profiles

GsE1025

D
0026271
GSEs0226
aserezis
Gseier7

Gsestss

GseBsosT

PMD
9760317

89.10

11213
18
15

1
18
19
£
21
2
2

2
2

2%
2728






OEBPS/Images/table5.jpg
Categories.

Miotc Catastrophe Reguated (28)
Apoptosis (102)

Fenoptosis 24)

Pyroptosi (23)

Entotc cel death (23

D Reguiated (23)

ADCD Reguiated (22)

MPT.-ceiven nocrosis (18)

NETot (12)

Nocroptoss (10)

pociis Relted (10)

Lysosome dependent oa death (7)
Parthanatos ()

200

20

4a8ne






