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Long non-coding RNAs (lncRNAs) are RNA transcripts that are over 200 nucleotides and rarely encode proteins or peptides. They regulate gene expression and protein activities and are heavily involved in many cellular processes such as cytokine secretion in respond to viral infection. In severe COVID-19 cases, hyperactivation of the immune system may cause an abnormally sharp increase in pro-inflammatory cytokines, known as cytokine release syndrome (CRS), which leads to severe tissue damage or even organ failure, raising COVID-19 mortality rate. In this review, we assessed the correlation between lncRNAs expression and cytokine release syndrome by comparing lncRNA profiles between COVID-19 patients and health controls, as well as between severe and non-severe cases. We also discussed the role of lncRNAs in CRS contributors and showed that the lncRNA profiles display consistency with patients’ clinic symptoms, thus suggesting the potential of lncRNAs as drug targets or biomarkers in COVID-19 treatment.
Keywords: COVID-19, SARS-CoV-2, cytokine release syndrome, lncRNA profiling, NLRP3 inflammasome, IL-6, IFN-I, IL-17
INTRODUCTION
The human genome produces ∼20,000 protein coding transcripts corresponding to a small portion of the whole cell transcriptome (Piovesan et al., 2019). The majority of RNA transcripts do not encode an open reading frame (ORF) and are referred as non-coding RNAs (ncRNAs) which include the well-known transfer RNAs (tRNA), microRNAs (miRNA) and long non-coding RNAs (lncRNAs) that are over 200 nucleotides in length. LncRNA can be transcribed from the non-coding regions between genes or regions close to/within the coding regions, such as introns and enhancers in either or both sense and antisense manners (Ma et al., 2013). LncRNA has more in common with messenger RNA (mRNA) than other shorter ncRNA. mRNA and lncRNA are both transcribed by RNA polymerase II (RNA pol II), and lncRNAs also undergo 5′-capping, polyA tailing and co-transcriptional splicing, but at lower efficiency than mRNA (Ransohoff et al., 2018).
Functionally, lncRNAs are mostly regulatory and can work in cis (regulate genes in close genomic proximity to their loci) or in trans (act in cytosol or on genomic regions distal from their transcription sites) (Figure 1). cis-lncRNAs are more of a transcriptional regulator than trans-lncRNA and function through transcriptional interference or chromatin modification. Due to their sequence complementarity and/or similarity, they can be tethered to loci of the target genes and influence RNA pol II occupancy by signaling/decoying transcription factors (TFs), enhancing chromatin looping or providing scaffolds for ribonucleoprotein complexes (Bhat et al., 2016). cis-lncRNAs can also recruit epigenetic modifiers to the loci and alter the active state of the genomic region. For example, polycomb repressive complex 2 (PRC2) is recruited by the lncRNA X-inactive specific transcript (XIST) to silence one of the X chromosomes during development (Maenner et al., 2010). trans-lncRNA, in addition to these mechanisms, can also translocate out of the nucleus and regulate miRNA and even protein activities. Some lncRNAs are miRNA precursors which can be digested to directly increase miRNA levels, whereas some regulate miRNA transcription (Sun et al., 2020). However, the most well-studied mechanism of gene regulation by lncRNAs is its ability to act as a ‘sponge’ by binding to miRNA and preventing their mRNA targeting (Lopez-Urrutia et al., 2019). LncRNA is present in almost every cellular process, including cell cycle progression and cell differentiation, as well as in responses to intra- and extracellular stimuli.
[image: Figure 1]FIGURE 1 | Regulatory mechanisms of lncRNA. LncRNAs regulate gene expression through (A) decoying or guiding transcription factors and/or (B) epigenetic modifier to the target loci. LncRNAs can also be (C) processed into mature miRNAs or (D) bind miRNA to sponge the miRNAs miRNA mediated gene repression or mRNA degradation.
In December 2019, an outbreak of pneumonia caused by a novel severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) erupted in Hubei Province of China. The disease, given the name coronavirus disease 2019 (COVID-19), quickly started spreading and eventually became a global pandemic. Most COVID-19 patients are able to recover, but some severe cases may develop life-threatening acute respiratory distress syndrome (ARDS) and multi-organ dysfunction. Studies have shown that ARDS is highly related to a sharp increase in the level of pro-inflammatory cytokines, termed cytokine release syndrome (CRS) (Pasrija and Naime, 2021). Cytokines are small molecules responsible for signaling and controlling cell growth, differentiation, migration and antibody production in the immune system. Common cytokines include interferons (IFNs), interleukins (ILs), transforming growth factors (TGFs) and tumor necrosis factors (TNFs), and they can be pro-inflammatory or anti-inflammatory. Pro-inflammatory cytokines, such as IL-1β, IL-6, and TNF-α, are predominantly produced by activated macrophages and increases inflammatory reactions, whereas anti-inflammatory ones including IL-4, IL-10 and TGF-β suppress pro-inflammatory responses and prevent auto-immune damage (Zhang and An, 2007). Cytokine release is a crucial step in the innate immune defense mechanism, however the response induced by SARS-CoV-2 in CRS is dysregulated systemic hyperinflammation which eventually leads to lung injury and respiratory failure, sometimes before eliminating the virus.
Throughout 2019‒2022, SARS-CoV-2 has been undergoing constant mutation, with the Omicron variant and its subvariants being the current (at the time of writing) dominant strains of the globe. Early assessment in South Africa reported lower hospitalization rates and fewer severe cases, comparing to the Delta infection period (Wolter et al., 2022); some preprints have also claimed less severe symptoms in Omicron-infected rodent models (Bentley et al., 2021; Halfmann, 2022). On the other hand, Imperial College London has released data showing no evidence of diminished hospitalizations in Omicron vs Delta infection comparisons (Ferguson et al., 2021). Recently, a large study (preprint) covering more than 130,000 COVID-19 patients in the USA suggested that Omicron is just as deadly as all previous variants and the lower apparent severity was likely due to higher vaccination rates and a younger infected population on average (Strasser et al., 2022). However, considering the fast mutation rate and increasing immune evasion of Omicron subvariants [the latest Omicron BA.4 and BA.5 even escape antibodies elicited by BA.1 infection (Xie et al., 2022)], continuous studies on COVID-19 severity and treatments are necessary for global healthcare systems and preventing death in high risk groups (Mohsin and Mahmud, 2022).
LncRNA is heavily involved in the activation and/or differentiation of cytokine secreting cells (Carpenter and Fitzgerald, 2018), which undergo dramatic changes in their proteome and transcriptome in response to SARS-CoV-2 infection (Bojkova et al., 2020; Singh et al., 2021). In this review, we discussed the relationship between lncRNA expression profile and the severity of COVID-19 patients, and the role of lncRNAs in three main contributors of CRS. We found that lncRNA detected in patients’ blood cells and other tissue samples are relatively consistent with their clinical performance, making lncRNA expression patterns a potential biomarker indicating the inflammatory state of the patient. Thus, the understanding of lncRNAs and their roles in immune responses, especially cytokine secretion, could hopefully open a new gate for developing new therapies or drug targets for cytokine release syndrome (CRS) and decreasing mortality caused by SARS-CoV-2 infection.
LNCRNA EXPRESSION DURING SARS-COV-2 INFECTION
General and SARS-CoV-2-specific changes in lncRNA expression profile
As the primary target of SARS-CoV-2, lung tissues have been the primary focus for studies into changes in lncRNA expression during COVD-19 infection. Using RNA-seq, Vishnubalaji et al. identified 155 upregulated and 195 downregulated lncRNAs in normal human bronchial epithelial cells (NBHE) during COVID-19 infection, whereas Moazzam-Jazi et al. found 207 differentially expressed lncRNA in bronchoalveolar lavage fluid (BALF), of which 50% are upregulated (Vishnubalaji et al., 2020; Moazzam-Jazi et al., 2021). Two specific lncRNAs, metastasis associated lung adenocarcinoma transcript 1 (MALAT1) and nuclear paraspeckle assembly transcript 1 (NEAT1), show significant increase in expression in both NBHE and BALF. These two lncRNAs are known for their activation of innate immune responses and triggering pro-inflammatory cytokine secretion from M1 macrophages (Cui et al., 2019; Zhang P. et al., 2019c; Li Y. et al., 2020b and Wang and Guo, 2020), thus high abundance of MALAT1 and NEAT1 in lung samples could be associated with the inflammation in the local region.
Outside the lungs, lncRNA expression profiles in COVID-19 patients’ peripheral blood samples also display differences compared to healthy controls. In an RNA-seq study of total RNA extracted from peripheral blood, gene ontology (GO) functional enrichment indicates that the most differentially expressed lncRNAs are involved in cell signaling pathways and protein/RNA metabolism, influencing processes such as ion fluxes, protein phosphorylation and protein/RNA degradation (Wu et al., 2021). Consistently, signaling pathways and metabolism are also highlighted after Kyoto encyclopedia of genes and genomes (KEGG) enrichment. The altered lncRNA expression pattern was seen to affect nuclear factor kappa B (NF-κB) and T cell activation signaling pathways the most, as well as anabolism of substances such as the biosynthesis of steroid, ubiquinone and terpenoid-quinone (Wu et al., 2021). However, total RNA extraction would mix lncRNA from both peripheral blood mononuclear cells (PBMCs) and plasma, which could display different RNA landscapes.
The majority of altered lncRNAs from patients’ PBMCs are related to immune processes or the cell cycle, and influence protein coding genes in cis- or trans-acting manners. The lncRNA CCAAT enhancer-binding protein alpha divergent transcript (CEBPA-DT) is one such cis-lncRNA (Moazzam-Jazi et al., 2021). It enhances the expression of transcription factor CEBPA, which suppresses interferon gamma (IFN-γ) expression in T cells (Tanaka S. et al., 2014a). GO enrichment also identified clusters of trans-lncRNAs that are relevant to mitosis, chromosome segregation and other cyclin A/B1/B2-associated events in patients’ PBMCs, which could be related to viral infection induced cell cycle arrest and proliferation of immune cells (Moazzam-Jazi et al., 2021). On the other hand, cell-free plasma RNA profiling showed that only a small portion of total plasma RNAs (1.3%) are lncRNAs, and they regulate cytokine secretion by sponging miRNAs present in the plasma. For example, upregulation of the lncRNA GJA9-MYCBP was detected in COVID-19 patients. This lncRNA contains let-7 miRNA binding sites and thus could potentially sponge let-7 miRNAs and indirectly increase the expression levels of IL-6 and IL-6R, contributing to CRS (Wang et al., 2022).
The differential expression of lncRNA may be due to the hijacking mechanisms of SARS-CoV-2, rather than the host’s antiviral responses. Although the viral-host protein-protein interaction network and the associated proteome changes have been the center of many studies (Gordon et al., 2020; Stukalov et al., 2021), evidence of direct association between viral RNA/proteins and host lncRNA is still limited, possibly as an effect of the low abundance of lncRNAs in cells. However, these proteome data can still provide insights to lncRNA differential expressions indirectly caused by viral hijacking. For example, TGF-β receptor 2 (TGFBR2) was found in association with SARS-CoV-2 ORF8 (Stukalov et al., 2021), and its inactivation in tumor-initiating hepatocytes led to an increase in a lncRNA called H19 (Zhang J. et al., 2019a). Interestingly, H19 was also found dramatically upregulated in BALF of COVID-19 patients (Moazzam-Jazi et al., 2021). Since H19 is well-known for its role in inflammatory responses [reviewed in (Shi et al., 2020)], the sharp increase in H19 is more likely related to its function of stimulating IL-1β, IL-6 and IL-17 production (Hu et al., 2019; Zhang et al., 2020), and ORF8 hijacking might just be one of the many contributors to the outcome. On the other hand, a contradictory example is the lncRNA small nucleolar RNA host gene 6 (SNHG6). SNHG6 interacts with up-frameshift protein 1 (UPF1) to mediate the TGF-β/Smad pathway in hepatoma cells (Chang et al., 2016). UPF1 is one of the interactors of SARS-CoV-2 Nucleocapsid (N) protein (Gordon et al., 2020) and since SNHG6 is only slightly varied in patients’ BALF (Moazzam-Jazi et al., 2021), the cause of this change in expression is ambiguous. Therefore, the influence of viral hijacking mechanisms on lncRNA expression changes needs to be cautiously considered when determining if it is a suitable biomarker candidate.
The effect of SARS-CoV-2 on lncRNA could be different to other types of coronavirus infection. The lncRNA eosinophil granule ontogeny transcript (EGOT), a negative regulator of the type-I interferon (IFN-I) response (Carnero et al., 2016), shows a much greater upregulation in SARS-CoV-2 infection compared to Middle East Respiratory Syndrome coronavirus (MERS-CoV) infection, as seen in the Calu3 lung cancer cell model (Mukherjee et al., 2021). Similarly, wound and keratinocyte migration–associated lncRNA 2 (WAKMAR2), which restricts inflammatory chemokine production in keratinocytes (Herter et al., 2019), is upregulated in SARS-CoV-2 but not in MERS-CoV infected cells (Mukherjee et al., 2021). Since WAKMAR2 expression can be induced by TGF-β (Herter et al., 2019), a higher level of this lncRNA could be an indication of aberrant cytokine environment.
Overall, lncRNAs undergo differential expression in response to SARS-CoV-2 both generally and virus-specifically. They mainly function by regulating the protein-coding mRNA or sponging regulatory miRNA, thus altering the expression of proteins involved in immune cell differentiation and cytokine production. In addition, these lncRNAs also induce pro-inflammatory responses by activating processes that are related to CRS. However, comparing COVID-19 patients and health controls without considering severity cannot fully reveal the role of lncRNAs in CRS, which is more commonly observed in severe cases.
LncRNA profile in severe vs. non-severe cases
The severity of COVID-19 has been associated with several factors, including age, gender, selected comorbidities and genetic variants (Fang et al., 2020; Noor and Islam, 2020; Choudhary et al., 2021; Fadl et al., 2021). On the molecular level, severe cases show differences in their immune response to infection compared to mild and moderate cases.
Severely affected patients also display a different lncRNA profile in their PBMC compartment. The results of Moazzam-Jazi et al. showed that 83% of lncRNAs in PBMCs of COVID-19 patients are downregulated, but Cheng’s study claimed that the underlying expression changes are more complicated than initially believed (Cheng et al., 2021). By splitting the patients into severe and non-severe groups and comparing their lncRNA profiles with that of healthy controls, Cheng et al. found that the non-severe cases have more upregulated lncRNAs than controls, whereas lncRNAs in severe patients display an overall downregulated trend compared to control and non-severe cases (Cheng et al., 2021). For example, XIST and LINC01619 are upregulated in non-severe cases yet the expression levels are not as high in severe cases. Likewise, LINC00278 is weakly downregulated for non-severe cases but significantly upregulated in correlation with the severity of infection. LINC00278 was recently reported to promote apoptosis by suppressing eukaryotic elongation factor 2 kinase (eEF2K) expression (Wu S. et al., 2020b), whereas LINC01619 overexpression enhances cell viability in SPCA1 cells and alleviates oxidative stress in podocytes (Bai et al., 2018; Liu Z. et al., 2020c). Thus, the downregulation of LINC01619 and upregulation of LINC00278 suggest an inflammatory and/or low survival state of PBMCs in severely affected patients. On the other hand, XIST suppresses the activation of the NF-κB signaling pathway and inflammasome (Ma et al., 2019), as well as promoting anti-inflammatory M2 macrophage polarization (Sun and Xu, 2019). Reduced levels of XIST in severe cases thus is highly likely to be correlated with CRS and severity in COVID-19 progression.
MALAT1 and NEAT1, whose upregulation in SARS-CoV-2 infected cell lines and in BALF from COVID-19 patients was discussed earlier, also stand out in the comparative analysis of severe vs. non-severe cases. In red blood cell depleted whole blood, severe cases have significantly higher levels of NEAT1 and MALAT1 in comparison to moderate cases, whereas there is no difference between moderate vs healthy control (Tang et al., 2020). Recurring observations were also made using BALF and PBMCs where MALAT1 and NEAT1 expression levels correlate with severity and an increase in pro-inflammatory cell types (Huang et al., 2022). Both lncRNAs are involved in macrophage and dendritic cell (DC) differentiation, enhancing pro-inflammatory cytokine production, and inhibiting their anti-inflammatory functions by sponging miRNA (Dai et al., 2018; Zhang M. et al., 2019b; Wu J. et al., 2020a; Wang and Guo, 2020). Hence, these results once again suggest the connection between aberrant expression of some cytokine-related lncRNAs in immune cells and severity of the disease.
Overall, lncRNA expression profiles differentiate not only between healthy and infected patients, but also between severe and non-severe COVID-19 cases (Summarised in Table 1). Severe cases display higher expression levels of lncRNAs involved in pro-inflammatory cytokine secretion, such as XIST, MALAT1 and NEAT1, reflecting a more inflammatory and less suppressive immune response that differentiate them from mild cases.
TABLE 1 | Summary of lncRNAs undergoing differential expression in non-severe and severe COVID-19 cases. Relative levels of up and downregulation of the lncRNA are presented by + and −, respectively.
[image: Table 1]LncRNA in severity-specific leukocyte signatures
Severe COVID-19 cases present several aberrant immune landscapes, such as abnormalities in their leukocyte counts, typically lymphopenia (decreased lymphocyte numbers) and neutrophilia (high neutrophil counts).
Lymphopenia is highly correlated with COVID-19 severity (Qin et al., 2020; Song et al., 2020; Wang et al., 2020; Cheng et al., 2021). This reduction covers a wide range of lymphocytes, including CD4+ T cells, CD8+ T cells, Natural Killer (NK) cells and B cells, all of which are critical for viral clearance. The exact causes of this phenomenon are unclear but could be due to the dysregulated serum levels of TNF, IL-6 and IL-10 (Diao et al., 2020). Morenikeji et al. identified 22 lncRNAs that regulate expression of the ten most observed cytokines in COVID-19 CRS. Among them, five out of the ten cytokines (IL-6, IL-10, CSF3, TNF and CXCL10) can be regulated by a lncRNA called non-coding RNA activated by DNA damage (NORAD) (Morenikeji et al., 2020). As a lncRNA activated by DNA damage, NORAD expression might increase due to aberrant SARS-CoV-2 replication (Morenikeji et al., 2020), and its upregulation has been shown to reduce the growth of a lymphoblastoid cell line (Wang C. et al., 2019a), suggesting a potential role of NORAD in lymphopenia. Another key feature of T cells from severe cases is the higher expression of exhaustion markers, such as programmed cell death protein-1 (PD-1) and T cell immunoglobulin and mucin domain-3 (Tim-3) (Diao et al., 2020; Song et al., 2020). They are inhibitory receptors and an indication of T cell activation, but prolonged activation causes antigen-specific T cells to enter an exhaustion state, reflected by their reduced proliferative and cytotoxic capacity. This state is often associated with chronic viral infection (Barber et al., 2006; Terawaki et al., 2011; Wherry and Kurachi, 2015). LncRNAs are involved in regulation of both PD-1 and Tim-3. For example, lnc-Tim3 binds to the intracellular domain of Tim-3 and inhibits the activation of the pathway required for IFN-γ and IL-2 secretion from CD8+ T cells (Ji et al., 2018). Furthermore, MALAT1 upregulates PD-1 by sponging inhibitory miR-195 (Wang Q. M. et al., 2019b), whereas Tim-3 expression can be facilitated by NEAT1 through miR-155 (Yan et al., 2019), eventually increasing apoptosis of CD8+ T cells. Thus, the lncRNA profile in PBMCs suggests a close correlation between lncRNA and lymphopenia in severe cases of COVID-19.
Neutrophilia, is also observed in distal parts of the lung and blood of severely affected patients (Giamarellos-Bourboulis et al., 2020; Liao et al., 2020). Similar to lymphopenia, the mechanism causing neutrophilia is complicated and poorly understood. However, the fact that severe COVID-19 cases exhibit a mixture of neutrophil precursors and dysfunctional mature neutrophils suggests a dysregulation in neutrophil development is involved (Schulte-Schrepping et al., 2020). RNA-seq of whole blood cell transcriptomes shows that myeloid RNA regulator of Bim-induced death (MORRBID, as known as CYTOR) is significantly increased in severe COVID-19 cases (Aschenbrenner et al., 2021). MORRBID is an anti-apoptotic lncRNA and prolongs neutrophil lifespans, and thus a high level of MORRBID could be strongly corelated with neutrophilia (Kotzin et al., 2016). Neutrophils counteract infection by releasing neutrophil extracellular traps (NETs), but its excessive presence and NETosis, neutrophils cell death in the process of releasing NET, can also damage the surrounding tissue (Weiss, 1989).
In summary, in addition to the CRS, severity of COVID-19 infection is also associated with lymphopenia and neutrophilia. Neither of these symptoms have defined causes but lncRNA dysregulation is likely to play a role. Alongside the presence of high levels of pro-inflammatory cytokines, elevated levels of NORAD, lnc-Tim3, MALAT1 and NEAT1 may negatively impact T cell proliferation and function, impairing the immune response in infected patients. The neutrophilia seen in severe COVID-19 cases may be partially caused by expression of MORRBID prolonging neutrophil survival.
LNCRNA CONTRIBUTORS TO CRS IN COVID-19 CASES
One of the major sources of tissue damage in SARS-CoV-2 infections comes from the immune system itself, instead of viral replication or infection. This hyperinflammation is caused by CRS, which arises due to a combination of several dysregulated processes such as NLRP3 inflammasome hyperactivation, IL-6 and IL-17 overexpression as well as delayed IFN-I response.
Hyperactivation of the NLRP3 inflammasome
One of the main sources of proinflammatory cytokines in CRS is the NOD-like receptor family, pyrin domain-containing 3 (NLRP3) inflammasome pathway (Lin et al., 2019; Sendler et al., 2020), which mainly functions in monocytes and is an important component of innate immune system activation. The NLRP3 inflammasome is an intracellular multimeric protein complex consisting of an NLRP3 sensor, an apoptosis associated speck-like protein containing CARD (ASC) adaptor and enzymatic subunit caspase-1. Upon auto-proteolytic activation, caspase-1 cleaves and activates the precursors of cytokines, including pro-IL-1β and pro-IL-18, triggering the downstream cytokine cascade and pyroptosis (Martinon et al., 2002) (Figure 2). NLRP3 inflammasome activation requires a priming step and activation step. Priming involves signal recognition by Toll-like receptors (TLRs) and cytokine receptors such as IL-1 and TNF receptors, followed by nuclear translocation of NF-κB to upregulate the expression of downstream genes, primarily NLRP3, pro-IL-18 and pro-IL-1β. The second step is triggered by a wide range of danger/pathogen-associated molecular patterns (DAMPs/PAMPs) (Bauernfeind et al., 2011; Franchi et al., 2014; Kelley et al., 2019) and K+/Ca2+ fluxes (Kelley et al., 2019), which induce conformational changes in NLRP3 (Meng et al., 2009), leading to inflammasome assembly, and the subsequent maturation of ILs.
[image: Figure 2]FIGURE 2 | Two-step activation of NLRP3 inflammasome and the main regulatory lncRNAs. The priming step can be triggered by ligand recognition of TLRs, cytokine (such as IL-1) receptors and TNF receptors (TNFR). NF-κB is then activated by myeloid differentiation primary response 88 (MYD88) and TRIF in the TLR pathways, resulting in nuclear translocation of NF-κB and upregulation of NLRP3, pro-IL-18 and pro-IL-1β. A secondary signal, such as ATP, toxins, dsRNA, DAMPs and PAMPs stimulates the activation step, leading to the assembly of the inflammasome containing NLRP3, ASC and pro-caspace-1, which cleaves pro-IL-18 and pro-IL-1β into the mature cytokines. Most lncRNAs involved in this process regulate the priming step. XIST and PACER promotes or suppresses NF-κB activation respectively. In contrast, EPS, AC009088.1, MALAT1, and NEAT1 regulate the expression of primed genes. NEAT1 also participates in the activation step by stabilizing mature caspase-1 for inflammasome assembly.
Patients with severe COVID-19 can progress to ARDS, which is usually accompanied by inflammatory biomarkers, especially IL-1β, IL-6, IL-8, IL-18 and TNF (Wilson and Calfee, 2020). Many papers have addressed the association of elevated plasma IL-18 level with mortality in ARDS (Makabe et al., 2012; Dong et al., 2019; Rogers et al., 2019), emphasizing the connection between NLRP3 inflammasome and COVID-19 progression. Indeed, accumulating evidence has shown that the Spike (S) protein from SARS-CoV-2 can trigger IL-1β secretion from the NLRP3 inflammasome in macrophages (Theobald et al., 2021) and increase NF-κB nuclear translocation, NLRP3 expression levels and caspase-1 activity in PBMCs (Olajide et al., 2021). Meanwhile, the ssRNA from SARS-CoV-2 triggers a greater inflammatory response than SARS-CoV-1 and HIV-1 (Campbell et al., 2021), as cell death induced by these cytokines also releases more PAMPs/DAMPs, thus leading to both local and systematic NLRP3 hyperactivation as well as a positive feedback loop of cytokine signaling, which results in eventually lethal damage to the whole body (Channappanavar et al., 2016; Fu et al., 2020).
LncRNAs play a key role in regulating NLRP3 activation, especially at the priming step. In M1 macrophages, the expression of p50-associated cyclooxygenase-2 extragenic RNA (PACER, also known as lnc-Cox-2) is induced by the TLR receptor pathway (Ye et al., 2018). PACER removes the repressive subunit of the NF-κB complex and promotes NF-κB nuclear translocation, thus modulating the downstream expression of NLRP3, ASC and cytokine precursors (Krawczyk and Emerson, 2014; Xue et al., 2019). Knockdown of PACER reduces caspase-1 activation and IL-1β secretion from macrophages, confirming the correlation between this lncRNA and NLRP3 activation (Xue et al., 2019). Another example is lncRNA MALAT1. By sponging inhibitory miRNA, such as miR-133, miR-23c and miR-224-5p, MALAT1 overexpression enhances NLRP3 inflammasome activity and promotes macrophage pyroptosis (Li et al., 2017; Yu et al., 2018; Du et al., 2020), while silencing MALAT1 inhibits the secretion of pro-inflammatory cytokines such as TNF, IL-6, and IL-1β (Dai et al., 2018). NEAT1 also mediates the activation of the NLRP3 inflammasome in macrophages. NEAT1 binds and stabilizes mature caspase-1 to promote inflammasome assembly (Zhang P. et al., 2019c). Reducing the level of NEAT1 limits NLRP3 expression, as well as TNF, IL-1β and IL-6 production from M1 macrophages (Zhang P. et al., 2019c; Li Y. et al., 2020b; Wang and Guo, 2020). NEAT1 expression can also influence the NLRP3 inflammasome by directing DC differentiation. In DCs, NEAT1 competes with miR-3076-3p, which downregulates the expression of both NEAT1 and NLRP3 inflammasome-related genes such as NLRP3, caspase-1, and ASC (Zhang M. et al., 2019b). Knockdown of NEAT1 induces a tolerogenic phenotype in DCs which produces anti-inflammatory cytokines and suppresses the expression of NLRP3 and IL-1β (Zhang M. et al., 2019b).
There are also negative lncRNA regulators that inhibit NLRP3 inflammasome activation and are commonly expressed in unstimulated or resting macrophages/DCs. The lncRNA erythroid prosurvival (EPS) and lncRNA AC009088.1 inhibit the expression of ASC, encoded by the Pycard gene. EPS binds to regulatory regions of its target genes to help maintain an epigenetic repressive state and reduce RNA pol II accessibility in resting macrophages (Atianand et al., 2016). Conversely, AC009088.1 is a cis-acting reverse transcript of Pycard (Moazzam-Jazi et al., 2021) and might act in a similar way as another Pycard antisense lncRNA, PYCARD-AS1, which binds Pycard mRNA and prevents ribosome assembly and protein translation from occurring (Miao et al., 2019). In addition, a stimulatory effect of lncRNA XIST knockdown on the expression of NLRP3, TNF, IL-1β, IL-8 and IL-6 is observed bovine cell models (Ma et al., 2019). The absence of XIST enhances phosphorylation levels of the p65 subunit of NF-κB, thus promoting NF-κB activation and downstream gene expression. The inhibitory effect of XIST may also related to its function of silencing one of the X-chromosomes in females. Strickland et al. linked improper X-chromosome inactivation to elevated expression of immune response genes in autoimmune disorders, as many genes encoded on X-chromosomes are related to CD4+ T cell and macrophage activation (Strickland et al., 2012).
Interestingly, many of the NLRP3-regulating lncRNAs undergo changes in expression levels during SARS-CoV-2 infection. The positive regulators such as MALAT1 and NEAT1 are increased in expression, whereas the levels of inhibitory lncRNAs such as XIST and AC009088.1 are downregulated in PBMCs (Moazzam-Jazi et al., 2021). Furthermore, the effects of MALAT1, NEAT1 and XIST are correlated with COVID-19 severity. Such consistency between lncRNA mechanisms and clinical observations suggests the potential of lncRNAs as diagnostic or possibly predictive biomarkers for SARS-CoV-2 infection.
Serum IL-6 elevation
Although IL-6 is not the sole contributor to the CRS, studies have found that levels of IL-6 are strongly correlated with patients’ clinical severity, including severe lung injury and high mortality rates (Coomes and Haghbayan, 2020). Meta-analysis found that the mean IL-6 concentration in severe cases is ∼2.9-fold higher than non-severe cases (Coomes and Haghbayan, 2020). Furthermore, severe COVID-19 symptoms can be alleviated by drugs such as Tocilizumab that blocks IL-6 binding to its receptor on cell surfaces (Liu B. et al., 2020a; Angriman et al., 2021).
IL-6 is a pivotal cytokine secreted from several types of immune cells, especially T cells and monocytes. IL-6 is one of the most important cytokines during viral infection, along with IL-1 and TNF-ɑ (Dienz and Rincon, 2009). It stimulates antibody production in B cells and also the differentiation of macrophages and cytotoxic T cells (Tanaka T. et al., 2014b). However, IL-6 also inhibits the development of regulatory T cells which modulate effector T cell function (Kimura and Kishimoto, 2010). Upon ligand binding, IL-6 receptors (IL-6R) initiates a signal cascade through the Janus kinase/signal transducer and activator of transcription (JAK/STAT) pathway (Wang et al., 2013), which also triggers phosphatidylinositol 3-kinase (PI3K)-AKT and Ras-dependent pathways to activate NF-κB (Nakafuku et al., 1992; Yamada et al., 2012), facilitating the expression of pro-inflammatory cytokines, proliferation-related genes, and more IL-6 (Tanaka et al., 2016) (Figure 3). Furthermore, IL-6 activates the extracellular soluble form of IL-6R (sIL-6R), which can trigger the IL-6 cascade in surrounding cells, causing systemic cytokine responses, autoimmune responses and chronic inflammation (Jones et al., 2001). Treatment with SARS-CoV-2 S protein increases IL-6 up to 7-fold in human PBMCs (Dosch et al., 2009), and 50-fold in murine macrophages through NF-κB-mediated transcriptional activation (Wang et al., 2007). However, S protein not only stimulates the release of IL-6, but also sIL-6R, enhancing the hyper-inflammatory response and weakening the effect of Tocilizumab by bypassing the need for IL-6R binding (Patra et al., 2020; Chen et al., 2021).
[image: Figure 3]FIGURE 3 | IL-6 signal cascade and regulatory lncRNA involved in the process. IL-6-bound IL-6R or sIL-6R forms complexes with membrane protein glycoprotein 130 (gp130), which triggers the JAK/STAT pathway and eventually leads to STAT3 phosphorylation and nuclear translocation. NF-κB is also activated via the (PI3K)-AKT pathway and, together with STAT3, promotes immune cell differentiation and IL-6, IL-8 expression. Throughout the process, lncRNAs such as DANCR, HOTAIR, HOTAIRM1, DILC and MALAT1 are involved in either or both pathways by regulating STAT3 phosphorylation, NF-κB interacting with chromatin or the degradation of IκB. Meanwhile, IL-AS1 can regulate IL-6 expression by sponging miR-149-5p, thus protecting IL-6 mRNA.
IL-6 is regulated by multiple factors including lncRNAs (Figure 3). Some lncRNAs act on both or either NF-κB and/or JAK/STAT pathways to regulate IL-6 production. A lncRNA called downregulated in liver cancer stem cells (DILC), for example, has a suppressive role in both pathways. Knockdown of DILC increases STAT3 phosphorylation and tumor propagation, possibly through blocking the autocrine activity of IL-6. This lncRNA also competes with NF-κB to bind the IL-6 promoter and thus inhibits IL-6 transcription at high expression levels (Wang et al., 2016). In contrast, the lncRNA called HOX antisense intergenic RNA (HOTAIR) upregulates IL-6 via both pathways. HOTAIR facilitates the degradation of IκBα, an inhibitor of NF-κB nuclear translocation, and thus activates NF-κB and its downstream gene transcription as well as IL-6 release from macrophages (Obaid et al., 2018). HOTAIR also interacts with PRC2 and enhancer of zeste homolog 2 (EZH2), the lysine methyltransferase subunit of PRC2, which binds and methylates STAT3, leading to enhanced tyrosine phosphorylation and activity of STAT3 (Gupta et al., 2010; Kim et al., 2013). IL-6 antisense RNA 1 (IL6-AS1) is another IL-6 upregulator and promotes the expression of IL-6 by sponging miR-149-5p to stabilize IL-6 mRNA and recruiting epigenetic modifiers to increase active H3K4me3 and H3K27ac at the IL-6 promoter (Yi et al., 2021).
Interestingly, many lncRNAs which are differentially expressed in COVID-19 patients’ BALF were heavily involved in lncRNA-mediated regulation of IL-6. HOTAIR myeloid 1 (HOTAIRM1), for example, undergoes a dramatic reduction of expression in COVID-19 patients (Moazzam-Jazi et al., 2021). HOTAIRM1 reduces phosphorylation of p65 and IκBα, inactivating the NF-κB pathway (Ren et al., 2021), thus its reduction is consistent with the observation of high IL-6 level in the patients. Positive regulatory lncRNAs such as differentiation antagonizing nonprotein coding RNA (DANCR), on the other hand, are expressed at a higher-level during SARS-CoV-19 infection (Moazzam-Jazi et al., 2021). DANCR transcript levels increase upon IL-6 stimulation in a STAT3-dependent manner, but itself also promotes the interaction between STAT3 and JAK1, thus amplifying IL-6 production and signaling (Zhang X. et al., 2019d), forming a positive feedback loop that keeps enhancing inflammation in the local area. However, the effects of some lncRNAs can be more complicated. Knockdown of MALAT1 upregulates NF-κB and IL-6 expression in renal ischemia-reperfusion injury (Tian et al., 2018), but also inhibits IL-1β, IL-6 and TNF-ɑ production in Lipopolysaccharide (LPS)-induced acute lung injury (Dai et al., 2018), suggesting a duel function of this lncRNA in inflammatory regulation.
High IL-17 levels and ORF8 hijacking
IL-17 (IL-17A) is another cytokine that dramatically increases in ARDS caused by SARS-CoV (Muir et al., 2016), MERS-CoV (Mahallawi et al., 2018), and SARS-CoV-2 (Hasan et al., 2021). IL-17 is a pivotal cytokine mainly produced by T helper 17 (TH17) cells (Harrington et al., 2005; Park et al., 2005), and is commonly known for its role in neutrophils differentiation and recruitment, thus high IL-17 level might contribute to neutrophilia in severe COVID-19 patients.
TH17 cell differentiation is defined by the expression of retinoic acid receptor-related orphan nuclear receptor γt (RORγt), a transcription factor essential for TH17 programming and IL-17 production (Ivanov et al., 2006). The secreted IL17 dimerizes and signals through IL-17 receptor A and C subunits (IL-17RA/C). IL-17RA/C initiates the downstream cascade via adaptor molecule Act1 which recruits TNF receptor associated factor 6 (TRAF6) to activated NF-κB pathway (Wu et al., 2012). Transcription factors activator protein 1 (AP1) and CEBP also translocate into nucleus and, together with NF-κB, induce the expression of many pro-inflammatory cytokines such as IL-6 and TNF-⍺, as well as neutrophil-specific CXC chemokines (Zenobia and Hajishengallis, 2015) (Figure 4).
[image: Figure 4]FIGURE 4 | Production and signaling pathways of IL-17 and regulatory lncRNAs in the process. Left panel. TH17 cells differentiate upon receiving IL-23, IL-6 and other cytokine signaling. Activated IL-6 and IL-23 receptors leads to phosphorylation and dimerization of STAT3 which subsequently initiates the expression of genes related to TH17 programming. LncRNAs such as DANCR and HOTAIR stimulate STAT3 dimerization in a similar manner to that of in the IL-6 pathway, whereas H19 sponges miR-22-5p and miR-675-5p to stimulate IL-17 production. GAS5 inhibits TH17 differentiation by promoting STAT3 degradation and suppresses RORγt and IL-17 expression. Right panel. IL-17 from TH17 cells dimerizes and binds to IL-17RA/C, which activates Act1 and then TRAF6 to facilitate nuclear translocation of CBEP, AP-1 and NF-κB and thus the release of IL-6, TNF-⍺ and CXCs. This pathway also induces the expression of the lncRNA AK018453, which, together with PACER and MALAT1, enhances NF-kB-mediated IL-17-dependent responses. Whereas TRAF3IP2-AS1 downregulated the expression of Act1 and suppress the effect of IL-17.
Similar to the cases of NLRP3 and IL-6, many lncRNAs involved in IL-17 pathways also undergo differential expression during SARS-CoV-2 infection. For example, H19 is one of the most overly expressed lncRNA in patient’s BALF (Moazzam-Jazi et al., 2021), and its overexpression increases the production of IL-17 (and also IL-23) by mediating miR-22-5p and miR-675-5p (Zhang et al., 2020). In contrast, an anti-inflammatory lncRNA, growth arrest-specific 5 (GAS5), is expressed at a lower level in severe cases comparing to non-severe cases (Cheng et al., 2021). GAS5 overexpression reduces the level of RORγt, possibly through promoting ubiquitination and subsequent degradation of STAT3 (Li J. et al., 2020a), suggesting that the high TH17/IL-17 level and neutrophilia in severe cases might be related to their low GAS5 level.
Noteworthy, the treatment of COVID-19 using IL-17 inhibitor such as Secukinumab (human monoclonal antibody to IL-17) did not improve patients’ hospitalization time and intensive care unit demand (Resende et al., 2022), possibly because IL-17R can also be hijacked by SARS-CoV-2 ORF8 protein, which interacts with IL-17RA and activates the pathway in a stronger and broader manner than IL-17 (Lin et al., 2021; Wu et al., 2022). Therefore, it might be more efficient to restrict the outcome the IL-17 overexpression by interfering in the downstream pathways of IL-17R rather than the release of IL-17. One potential target is AK018453, an IL-17-induced lncRNA that carries out the effect of IL-17 by promoting gene expression through TRAF1/Smad pathway. AK018453 knockdown was also reported to reduce pro-inflammatory cytokine production in the IL-17-treated astrocytes (Zhang et al., 2022). Another example, TRAF3IP2-AS1, is the antisense lncRNA of the gene encoding for Act1 (TRAF3IP2) and negatively regulates IL-17 signal by downregulating the transcription factor essential for Act1 expression (He et al., 2021).
Overall, the involvement of lncRNAs in both IL-17 production and downstream pathways suggest that they can both be used as biomarkers and/or therapeutic targets in order to bypass SARS-Cov-2 hijacking.
Impaired type I IFN (IFN-I) response
Hyperactivation of the NLRP3 inflammasome and elevated IL-6 are commonly seen in CRS induced by a number of viruses, such as avian influenza, SARS-CoV-1, MERS-CoV and Ebola virus (Teijaro, 2017). However, the cytokine response triggered by SARS-CoV-2 is different to other CRS-inducing viruses, as it does not trigger as much secretion of IL-2, IL-10, IL-4, or IL-5 and the IFN-I response is much delayed (Hadjadj et al., 2020; Olbei et al., 2021).
IFNs, especially type I, are crucial cytokines in the immune defense against viral infection. IFN-I consists of several IFN-ɑ subtypes and IFN-β, which are all secreted by a number of cells, including lymphocytes, macrophages and endothelial cells. PAMPs, LPS or foreign nucleic acid sensed by TLRs and cytosolic receptors, such as retinoic acid-inducible gene I (RIG-I), trigger a signal cascade that activate TRAF6 and eventually phosphorylates IFN-regulatory factor 3/7 (IRF3/7) or NF-κB to induce expression of IFNs (McNab et al., 2015). IFNɑ/β can also act in an autocrine or paracrine manner to initiate expression of IFN-stimulated genes (ISGs) by binding to IFN-I receptors (IFNAR) on a wide range of cell types, including macrophages, DCs, and NK cells (de Weerd and Nguyen, 2012). The IFNAR is a heterodimer of the proteins IFNAR1 and IFNAR2. IFN-I binding to the IFNAR causes activation of tyrosine kinases 2 (TYK2) and JAK1, which subsequently phosphorylate STAT1/2/3. Activated STAT1 and two dimerize and interact with IRF9 to form ISG factor 3 (ISGF3) whereas phosphorylated STAT1 or STAT3 forms homodimers and induces ISG expression by binding to corresponding DNA IFN-stimulated response elements (ISREs) or γ-activated sequences (GAS) (Figure 5) (Ivashkiv and Donlin, 2014).
[image: Figure 5]FIGURE 5 | LncRNA regulation and feedback loops in IFN-I production and ISG expression. PAMPs or foreign nucleic acid are sensed by TLRs and RIG-I, respectively. The TLR pathway activates IRF6 and NF-κB through TRAF6, whereas RIG-I activates IRF3/7 directly, leading to their nuclear translocation and IFN-I expression. IFN-I can then stimulate IFNAR in either autocrine or paracrine manners to trigger a STAT1/2/3-mediated pathway, promoting ISG expression. LncRNAs regulate one or more elements in the IFN-I production cascade, including activation of TRAF6 and RIG-I by NEAT1, activation of NF-κB by MALAT1 and PACER, or inhibition of NF-κB by THRIL and Lethe. EGOT forms a negative feedback loop, itself is induced by TLR and RIG-1 pathways but also regulates IFN-1 induced responses by inhibiting the expression of ISG and other anti-viral lncRNAs such as NeST and BISPR.
Throughout the process, lncRNAs regulate both IFN-I production and ISG expression. PACER, as described above, is induced via the TLR pathway, and promotes NF-κB nuclear translocation (Krawczyk and Emerson, 2014). In contrast, MALAT1, on top of activating NF-κB, also binds and prevents the activation of transactive response DNA-binding protein (TDP43) which inhibits IRF3 degradation, thus negatively regulating IFN-I (Liu W. et al., 2020b). The lncRNA called TNF-α and hnRNPL-related immunoregulatory lincRNA (THRIL) can indirectly downregulate IFN-I expression by promoting TNF expression (Li et al., 2014), which in turn induces expression of another lncRNA Lethe, an inhibitor of NF-κB DNA-binding activity (Rapicavoli et al., 2013).
Feedback loops are also commonly seen in lncRNA-mediated regulation of IFN-I. For example, NEAT1 is upregulated through the RIG-1-IRF7 pathway upon viral infection and forms a positive feedback loop that enhances IFN-β production by increasing RIG-I expression (Ma et al., 2017). In contrast, EGOT is expressed via RIG-I and TLR/NB-κB pathways, but in turn, suppresses the antiviral responses induced by IFN-I (Carnero et al., 2016). Thus, the high level of MALAT1, NEAT1 and EGOT observed in COVID-19 patients potentially work together and are correlated to the delayed IFN-I response (Moazzam-Jazi et al., 2021). However, due to the lack of lncRNA profiling of COVID-19 patients at early vs late stages of infection, evaluating the contribution of lncRNA is challenging.
Common viral infections can quickly induce IFN-I production, but many coronaviruses have evolved to inhibit IFN-I response, including SARS-CoV-1, MERS-CoV and SARS-CoV-2 (Totura and Baric, 2012; Lau et al., 2013; Channappanavar et al., 2016). SARS-CoV-2 can interfere with the IFN-I expression pathway using multiple structural and non-structural proteins. ORF3b of SARS-CoV-2, for instance, can inhibit IFN-I production by impairing nuclear translocation of IRF3, and is more potent than its SARS-CoV-1 ortholog (Konno et al., 2020). Furthermore, SARS-CoV-2 ORF6 and Nsp1 protein not only impede IRF3 translocation and IFN-I production, but also the downstream IFN-β-induced ISG expression by inhibiting STAT1/2 phosphorylation and nuclear translocation (Lei et al., 2020; Miorin et al., 2020; Thoms et al., 2020). This disrupted IFN-I timeframe causes several negative impacts on the downstream immune system and is often associated with disease severity (Blanco-Melo et al., 2020; Hadjadj et al., 2020). Firstly and most fundamentally, attenuation of IFN-I production suppresses the host’s ability to restrict viral replication at early stages of infection (Channappanavar et al., 2016). IFN-I induces many anti-viral lncRNAs such as BST2 IFN-stimulated positive regulator (BISPR), which helps prevent the release of viral particles from cells (Barriocanal et al., 2014), as well as Nettoie Salmonella pas Theiler’s (NeST), which upregulates IFN-γ expression from NK cells (Gomez et al., 2013). If this limitation on viral replication is insufficient, the subsequent cell death and local inflammation caused induce additional cytokines and recruit more immune cells into the lung (Rodriguez and Brodin, 2020). Moreover, IFN-I epigenetically reprograms TNF-induced tolerance in monocytes, restoring their responses to certain TLR signals and enhancing their inflammatory responses (Park et al., 2017). This is possibly due to the feedback loops between ISG expression and IFN-induced lncRNA, as some lncRNAs such as EGOT are suppressive and prevent hyperactivation of immune responses. Thus, high levels of other cytokines combined with a delayed IFN-I signal cause accumulated activation of monocytes as well as their cytokine production. And lastly, because IFN-I is still released at later stages of infection, it could interfere with lncRNA expression control. Indeed, its concentration was found to correlate with COVID-19 severity (Contoli et al., 2021). For example, MORRBID is expressed upon IFN-I stimulation (Kotzin et al., 2019), but its overexpression could lead to neutrophilia (Kotzin et al., 2016), which is more commonly observed in severe patients.
Therefore, SARS-CoV-2 proteins disrupt the timing of IFN-I response by inhibiting its release at beginning phase of infection. This effect restricts patients’ early virus clearance ability and when IFN-I production peaks, it coincides with the recruitment and activation of monocytes. An increase in SARS-CoV-2 viral load enhances inflammatory cytokine release and suppresses monocytes leading to atypical CRS and increasing risk of severity.
LNCRNA AS BIOMARKERS AND/OR THERAPEUTIC TARGETS FOR COVID-19
LncRNAs are participants in crucial pathways of regulating host immune responses and cytokine secretion, and some of them display significant changes during disease stage transition and progression, and thus many papers have suggested using lncRNA profiles as biomarkers to predict the infection progression or as therapeutic targets for COVID-19 (Cheng et al., 2021; Yang et al., 2021).
The lncRNA profiles among healthy, non-severely affected and severely affected patients have distinct characteristics. NEAT1 and MALAT1 are two of the most significantly changed due to their involvement in multiple inflammatory pathways. The fact that NEAT1 and MALAT1 upregulation is more pronounced in severe cases than in mild and moderate cases also highlights their potential as biomarkers. In addition, these two lncRNAs are highly present not only in patient’s lung samples and PBMCs but also saliva and nasopharyngeal swab samples, making them easily accessible for daily testing and monitoring (Rodrigues et al., 2021). However, both of these lncRNAs have been proposed as biomarkers for various types of cancer (Li et al., 2018; Thankachan et al., 2021), which calls their specificity as biomarkers for COVID-19 into question. Therefore, it is necessary to combine them with other clinical and biochemical signatures, for instance by adding profiles of multiple lncRNAs as one of the values into the COVID-19 scoring system and risk stratification.
The changes in lncRNA and immunopathology of COVID-19 are likely to be correlated both in time and space, thus using lncRNAs as predictive markers of disease severity may have limited application. Instead, lncRNA profiles are a good reflection of physiological and pathological conditions of the patients and can act as a guide for the corresponding therapy. Such a strategy is more commonly seen in cancer treatment. For example, the mRNA-lncRNA signature in triple negative breast cancer is currently undergoing a clinical trial as a biomarker of chemotherapy efficacy (www.clinicaltrials.gov; identifier NCT02641847). For COVID-19, an abnormal expression pattern of lncRNAs related to T cell differentiation/activation could be a potential indicator for T-lymphopenia and requirement for modulating effector vs regulatory T cell balance, which could lead to better outcomes of in treatment and recovery (Zheng et al., 2020). Moreover, some lncRNAs and miRNAs are also found to be associated with SARS-CoV-2 infection-induced male infertility/reproductive disorder, which is a less immediate outcome of the infection and these ncRNAs could serve as early diagnostic biomarkers, thus encouraging early treatment (Sabetian et al., 2021).
Therapeutically, lncRNAs could be used to suppress CRS in COVID-19 patients. LncRNAs are heavily involved in NLRP3 inflammasome activation and dysregulation of IL-6 signaling pathways that are both correlated with CRS. This makes lncRNAs ideal targets for manipulating the immune response during COVID-19. For example, by adjusting the timing of the lncRNA expression with medications, clinicians might be able to re-initiate IFN-I production at early infection and reduce prolonged proinflammatory responses. Some anti-inflammatory drugs use similar approaches, such as emodin, which upregulates the lncRNA TUG1 to attenuate inflammation induced by LPS (Liang and Ren, 2018). However, there are still other factors that need to be considered. First is specificity: one lncRNA targets more than one gene/transcript/biological pathway in the immunity network, such as MALAT1 being a dual regulator of IL-6 in different tissues and an upregulator of both protective IFN-I and proinflammatory NLRP3 inflammasome. The lncRNA and tissue of choice need to be carefully considered to ensure a successful therapy. Secondly, three strategies have been proposed for lncRNA treatment in cancer (Wang W. T. et al., 2019c), but all involve a RNAi-like approach; that is, using single-stranded antisense oligonucleotides with specific complementarity to promote target RNA degradation by RNase H, with differences mainly existing in the nucleotide type (RNA/DNA/locked nucleotides) and the oligo lengths. So far, these strategies have been applied to silence or suppress lncRNAs such as MALAT1 in mouse models of myotonic dystrophy type 1 (Wheeler et al., 2012). Lastly, the method of delivery must be considered. Several RNA carrier systems have been extensively investigated, including nanoparticles and ncRNA modification, to varying degrees of success. Nanoparticles can be either lipid-based, inorganic or polymeric, and lipid nanoparticles have been already used for mRNA delivery in many clinical trials/therapies, including for COVID-19 vaccines (Hou et al., 2021). Using modified nucleotides is another way to improve lncRNA durability and targeting precision. For example, chemically conjugated RNA with (2–3)N-acetylgalactosamine (GalNAc) can greatly increase the delivery efficiency (Nair et al., 2014). Adding 2′-O-methyl and 2′-deoxy-2′-fluoro ribose modifications can further stabilise siRNA (Foster et al., 2018). Currently, the number of clinical trials involving lncRNAs is still significantly lower than other therapies. Given the involvement of lncRNAs in the immune response to and pathogenesis of SARS-CoV-2 infection, evaluation of their therapeutic and diagnostic potential is warranted. However, further studies are still required for practical lncRNA application in COVID-19 and other diseases.
In conclusion, lncRNAs have been gaining popularity as a new research, clinical, and therapeutic target. In this review, we discussed the lncRNA expression profiles in both non-severe and severe COVID-19 cases, as well as the involvement of lncRNAs in lymphopenia, neutrophilia, NLRP3 activation, IL-6 dysregulation, and IFN-I response delay. LncRNAs expression pattern shows high consistency with patient’s infection severity and other immune landscapes, suggesting the value of comparing lncRNA profiles from patients with different severities or even at different infection stages. However, the number of this type of extensive studies is still low even in the third year into the pandemic, leaving a gap remaining to be filled. As the understanding of lncRNAs in COVID-19 infection grows, so do their potential as biomarkers for both diagnosing and evaluating a patient’s CRS state, as well as for being the therapeutic target in RNA-based vaccines and treatments.
AUTHOR CONTRIBUTIONS
YZ and SA conceived the review focus, conducted literature review, summarized, and finalized the manuscript. CA and MS proofread and contributed to the overall structure of the review. All authors approved final version of manuscript.
FUNDING
This work was supported by The University of Sydney internal funds to SA.
ACKNOWLEDGMENTS
All figures were created with BioRender.com. We would like to thank Ngaio Smith for the critical reading of the manuscript.
PUBLISHER’S NOTE
All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.
REFERENCES
 Angriman, F., Ferreyro, B. L., Burry, L., Fan, E., Ferguson, N. D., Husain, S., et al. (2021). Interleukin-6 receptor blockade in patients with COVID-19: Placing clinical trials into context. Lancet. Respir. Med. 9 (6), 655–664. doi:10.1016/S2213-2600(21)00139-9
 Aschenbrenner, A. C., Mouktaroudi, M., Kramer, B., Oestreich, M., Antonakos, N., Nuesch-Germano, M., et al. (2021). Disease severity-specific neutrophil signatures in blood transcriptomes stratify COVID-19 patients. Genome Med. 13 (1), 7. doi:10.1186/s13073-020-00823-5
 Atianand, M. K., Hu, W., Satpathy, A. T., Shen, Y., Ricci, E. P., Alvarez-Dominguez, J. R., et al. (2016). A long noncoding RNA lincRNA-EPS acts as a transcriptional brake to restrain inflammation. Cell 165 (7), 1672–1685. doi:10.1016/j.cell.2016.05.075
 Bai, X., Geng, J., Li, X., Wan, J., Liu, J., Zhou, Z., et al. (2018). Long noncoding RNA LINC01619 regulates MicroRNA-27a/forkhead box protein O1 and endoplasmic reticulum stress-mediated podocyte injury in diabetic nephropathy. Antioxid. Redox Signal. 29 (4), 355–376. doi:10.1089/ars.2017.7278
 Barber, D. L., Wherry, E. J., Masopust, D., Zhu, B., Allison, J. P., Sharpe, A. H., et al. (2006). Restoring function in exhausted CD8 T cells during chronic viral infection. Nature 439 (7077), 682–687. doi:10.1038/nature04444
 Barriocanal, M., Carnero, E., Segura, V., and Fortes, P. (2014). Long non-coding RNA BST2/BISPR is induced by IFN and regulates the expression of the antiviral factor tetherin. Front. Immunol. 5, 655. doi:10.3389/fimmu.2014.00655
 Bauernfeind, F., Ablasser, A., Bartok, E., Kim, S., Schmid-Burgk, J., Cavlar, T., et al. (2011). Inflammasomes: current understanding and open questions. Cell. Mol. Life Sci. 68 (5), 765–783. doi:10.1007/s00018-010-0567-4
 Bentley, E. G., Kirby, A., Sharma, P., Kipar, A., Mega, D. F., Bramwell, C., et al. (2021). SARS-CoV-2 Omicron-B.1.1.529 Variant leads to less severe disease than Pango B and Delta variants strains in a mouse model of severe COVID-19. 474085. bioRxiv, 2021.2012.2026. doi:10.1101/2021.12.26.474085
 Bhat, S. A., Ahmad, S. M., Mumtaz, P. T., Malik, A. A., Dar, M. A., Urwat, U., et al. (2016). Long non-coding RNAs: Mechanism of action and functional utility. Noncoding. RNA Res. 1 (1), 43–50. doi:10.1016/j.ncrna.2016.11.002
 Blanco-Melo, D., Nilsson-Payant, B. E., Liu, W. C., Uhl, S., Hoagland, D., Moller, R., et al. (2020). Imbalanced host response to SARS-CoV-2 drives development of COVID-19. Cell 181 (5), 1036–1045. e1039. doi:10.1016/j.cell.2020.04.026
 Bojkova, D., Klann, K., Koch, B., Widera, M., Krause, D., Ciesek, S., et al. (2020). Proteomics of SARS-CoV-2-infected host cells reveals therapy targets. Nature 583 (7816), 469–472. doi:10.1038/s41586-020-2332-7
 Campbell, G. R., To, R. K., Hanna, J., and Spector, S. A. (2021). SARS-CoV-2, SARS-CoV-1, and HIV-1 derived ssRNA sequences activate the NLRP3 inflammasome in human macrophages through a non-classical pathway. iScience 24 (4), 102295. doi:10.1016/j.isci.2021.102295
 Carnero, E., Barriocanal, M., Prior, C., Pablo Unfried, J., Segura, V., Guruceaga, E., et al. (2016). Long noncoding RNA EGOT negatively affects the antiviral response and favors HCV replication. EMBO Rep. 17 (7), 1013–1028. doi:10.15252/embr.201541763
 Carpenter, S., and Fitzgerald, K. A. (2018). Cytokines and long noncoding RNAs. Cold Spring Harb. Perspect. Biol. 10 (6), a028589. doi:10.1101/cshperspect.a028589
 Chang, L., Yuan, Y., Li, C., Guo, T., Qi, H., Xiao, Y., et al. (2016). Upregulation of SNHG6 regulates ZEB1 expression by competitively binding miR-101-3p and interacting with UPF1 in hepatocellular carcinoma. Cancer Lett. 383 (2), 183–194. doi:10.1016/j.canlet.2016.09.034
 Channappanavar, R., Fehr, A. R., Vijay, R., Mack, M., Zhao, J., Meyerholz, D. K., et al. (2016). Dysregulated type I interferon and inflammatory monocyte-macrophage responses cause lethal pneumonia in SARS-CoV-infected mice. Cell Host Microbe 19 (2), 181–193. doi:10.1016/j.chom.2016.01.007
 Chen, L. Y. C., Biggs, C. M., Jamal, S., Stukas, S., Wellington, C. L., and Sekhon, M. S. (2021). Soluble interleukin-6 receptor in the COVID-19 cytokine storm syndrome. Cell Rep. Med. 2 (5), 100269. doi:10.1016/j.xcrm.2021.100269
 Cheng, J., Zhou, X., Feng, W., Jia, M., Zhang, X., An, T., et al. (2021). Risk stratification by long non-coding RNAs profiling in COVID-19 patients. J. Cell. Mol. Med. 25 (10), 4753–4764. doi:10.1111/jcmm.16444
 Choudhary, S., Sreenivasulu, K., Mitra, P., Misra, S., and Sharma, P. (2021). Role of genetic variants and gene expression in the susceptibility and severity of COVID-19. Ann. Lab. Med. 41 (2), 129–138. doi:10.3343/alm.2021.41.2.129
 Contoli, M., Papi, A., Tomassetti, L., Rizzo, P., Vieceli Dalla Sega, F., Fortini, F., et al. (2021). Blood interferon-alpha levels and severity, outcomes, and inflammatory profiles in hospitalized COVID-19 patients. Front. Immunol. 12, 648004. doi:10.3389/fimmu.2021.648004
 Coomes, E. A., and Haghbayan, H. (2020). Interleukin-6 in covid-19: A systematic review and meta-analysis. Rev. Med. Virol. 30 (6), 1–9. doi:10.1002/rmv.2141
 Cui, H., Banerjee, S., Guo, S., Xie, N., Ge, J., Jiang, D., et al. (2019). Long noncoding RNA Malat1 regulates differential activation of macrophages and response to lung injury. JCI Insight 4 (4), 124522. doi:10.1172/jci.insight.124522
 Dai, L., Zhang, G., Cheng, Z., Wang, X., Jia, L., Jing, X., et al. (2018). Knockdown of LncRNA MALAT1 contributes to the suppression of inflammatory responses by up-regulating miR-146a in LPS-induced acute lung injury. Connect. Tissue Res. 59 (6), 581–592. doi:10.1080/03008207.2018.1439480
 de Weerd, N. A., and Nguyen, T. (2012). The interferons and their receptors--distribution and regulation. Immunol. Cell Biol. 90 (5), 483–491. doi:10.1038/icb.2012.9
 Halfmann, P. J. (2022). SARS-CoV-2 Omicron virus causes attenuated disease in mice and hamsters. Nature 603 (7902), 687–692.
 Diao, B., Wang, C., Tan, Y., Chen, X., Liu, Y., Ning, L., et al. (2020). Reduction and functional exhaustion of T cells in patients with coronavirus disease 2019 (COVID-19). Front. Immunol. 11, 827. doi:10.3389/fimmu.2020.00827
 Dienz, O., and Rincon, M. (2009). The effects of IL-6 on CD4 T cell responses. Clin. Immunol. 130 (1), 27–33. doi:10.1016/j.clim.2008.08.018
 Dong, G., Wang, F., Xu, L., Zhu, M., Zhang, B., and Wang, B. (2019). Serum interleukin-18: A novel prognostic indicator for acute respiratory distress syndrome. Med. Baltim. 98 (21), e15529. doi:10.1097/MD.0000000000015529
 Dosch, S. F., Mahajan, S. D., and Collins, A. R. (2009). SARS coronavirus spike protein-induced innate immune response occurs via activation of the NF-kappaB pathway in human monocyte macrophages in vitro. Virus Res. 142 (1-2), 19–27. doi:10.1016/j.virusres.2009.01.005
 Du, P., Wang, J., Han, Y., and Feng, J. (2020). Blocking the LncRNA MALAT1/miR-224-5p/NLRP3 Axis inhibits the hippocampal inflammatory response in T2DM with OSA. Front. Cell. Neurosci. 14, 97. doi:10.3389/fncel.2020.00097
 Fadl, N., Ali, E., and Salem, T. Z. (2021). COVID-19: Risk factors associated with infectivity and severity. Scand. J. Immunol. 93 (6), e13039. doi:10.1111/sji.13039
 Fang, X., Li, S., Yu, H., Wang, P., Zhang, Y., Chen, Z., et al. (2020). Epidemiological, comorbidity factors with severity and prognosis of COVID-19: a systematic review and meta-analysis. Aging (Albany NY) 12 (13), 12493–12503. doi:10.18632/aging.103579
 Ferguson, N., Ghani, A., Cori, A., Hogan, A., Hinsley, W., and Volz, E. (2021). Report 49: Growth, population distribution and immune escape of Omicron in England. Imperial College London. (16-12-2021) https://doiorg/1025561 93038.
 Foster, D. J., Brown, C. R., Shaikh, S., Trapp, C., Schlegel, M. K., Qian, K., et al. (2018). Advanced siRNA designs further improve in vivo performance of GalNAc-siRNA conjugates. Mol. Ther. 26 (3), 708–717. doi:10.1016/j.ymthe.2017.12.021
 Franchi, L., Eigenbrod, T., Munoz-Planillo, R., Ozkurede, U., Kim, Y. G., Arindam, C., et al. (2014). Cytosolic double-stranded RNA activates the NLRP3 inflammasome via MAVS-induced membrane permeabilization and K+ efflux. J. Immunol. 193 (8), 4214–4222. doi:10.4049/jimmunol.1400582
 Fu, Y., Cheng, Y., and Wu, Y. (2020). Understanding SARS-CoV-2-mediated inflammatory responses: From mechanisms to potential therapeutic tools. Virol. Sin. 35 (3), 266–271. doi:10.1007/s12250-020-00207-4
 Giamarellos-Bourboulis, E. J., Netea, M. G., Rovina, N., Akinosoglou, K., Antoniadou, A., Antonakos, N., et al. (2020). Complex immune dysregulation in COVID-19 patients with severe respiratory failure. Cell Host Microbe 27 (6), 992–1000. e1003. doi:10.1016/j.chom.2020.04.009
 Gomez, J. A., Wapinski, O. L., Yang, Y. W., Bureau, J. F., Gopinath, S., Monack, D. M., et al. (2013). The NeST long ncRNA controls microbial susceptibility and epigenetic activation of the interferon-gamma locus. Cell 152 (4), 743–754. doi:10.1016/j.cell.2013.01.015
 Gordon, D. E., Jang, G. M., Bouhaddou, M., Xu, J., Obernier, K., White, K. M., et al. (2020). A SARS-CoV-2 protein interaction map reveals targets for drug repurposing. Nature 583 (7816), 459–468. doi:10.1038/s41586-020-2286-9
 Gupta, R. A., Shah, N., Wang, K. C., Kim, J., Horlings, H. M., Wong, D. J., et al. (2010). Long non-coding RNA HOTAIR reprograms chromatin state to promote cancer metastasis. Nature 464 (7291), 1071–1076. doi:10.1038/nature08975
 Hadjadj, J., Yatim, N., Barnabei, L., Corneau, A., Boussier, J., Smith, N., et al. (2020). Impaired type I interferon activity and inflammatory responses in severe COVID-19 patients. Science 369 (6504), 718–724. doi:10.1126/science.abc6027
 Harrington, L. E., Hatton, R. D., Mangan, P. R., Turner, H., Murphy, T. L., Murphy, K. M., et al. (2005). Interleukin 17-producing CD4+ effector T cells develop via a lineage distinct from the T helper type 1 and 2 lineages. Nat. Immunol. 6 (11), 1123–1132. doi:10.1038/ni1254
 Hasan, M. Z., Islam, S., Matsumoto, K., and Kawai, T. (2021). SARS-CoV-2 infection initiates interleukin-17-enriched transcriptional response in different cells from multiple organs. Sci. Rep. 11 (1), 16814. doi:10.1038/s41598-021-96110-3
 He, R., Wu, S., Gao, R., Chen, J., Peng, Q., Hu, H., et al. (2021). Identification of a long noncoding RNA TRAF3IP2-AS1 as key regulator of IL-17 signaling through the SRSF10-IRF1-act1 Axis in autoimmune diseases. J. Immunol. 206 (10), 2353–2365. doi:10.4049/jimmunol.2001223
 Herter, E. K., Li, D., Toma, M. A., Vij, M., Li, X., Visscher, D., et al. (2019). WAKMAR2, a long noncoding RNA downregulated in human chronic wounds, modulates keratinocyte motility and production of inflammatory chemokines. J. Invest. Dermatol. 139 (6), 1373–1384. doi:10.1016/j.jid.2018.11.033
 Hou, X., Zaks, T., Langer, R., and Dong, Y. (2021). Lipid nanoparticles for mRNA delivery. Nat. Rev. Mater. 6, 1078–1094. doi:10.1038/s41578-021-00358-0
 Hu, Y., Li, S., and Zou, Y. (2019). Knockdown of LncRNA H19 relieves LPS-induced damage by modulating miR-130a in osteoarthritis. Yonsei Med. J. 60 (4), 381–388. doi:10.3349/ymj.2019.60.4.381
 Huang, K., Wang, C., Vagts, C., Raguveer, V., Finn, P. W., and Perkins, D. L. (2022). Long non-coding RNAs (lncRNAs) NEAT1 and MALAT1 are differentially expressed in severe COVID-19 patients: An integrated single-cell analysis. PLoS One 17 (1), e0261242. doi:10.1371/journal.pone.0261242
 Ivanov, , McKenzie, B. S., Zhou, L., Tadokoro, C. E., Lepelley, A., Lafaille, J. J., et al. (2006). The orphan nuclear receptor RORgammat directs the differentiation program of proinflammatory IL-17+ T helper cells. Cell 126 (6), 1121–1133. doi:10.1016/j.cell.2006.07.035
 Ivashkiv, L. B., and Donlin, L. T. (2014). Regulation of type I interferon responses. Nat. Rev. Immunol. 14 (1), 36–49. doi:10.1038/nri3581
 Ji, J., Yin, Y., Ju, H., Xu, X., Liu, W., Fu, Q., et al. (2018). Long non-coding RNA Lnc-Tim3 exacerbates CD8 T cell exhaustion via binding to Tim-3 and inducing nuclear translocation of Bat3 in HCC. Cell Death Dis. 9 (5), 478. doi:10.1038/s41419-018-0528-7
 Jones, S. A., Horiuchi, S., Topley, N., Yamamoto, N., and Fuller, G. M. (2001). The soluble interleukin 6 receptor: mechanisms of production and implications in disease. FASEB J. 15 (1), 43–58. doi:10.1096/fj.99-1003rev
 Kelley, N., Jeltema, D., Duan, Y., and He, Y. (2019). The NLRP3 inflammasome: An overview of mechanisms of activation and regulation. Int. J. Mol. Sci. 20 (13), E3328. doi:10.3390/ijms20133328
 Kim, E., Kim, M., Woo, D. H., Shin, Y., Shin, J., Chang, N., et al. (2013). Phosphorylation of EZH2 activates STAT3 signaling via STAT3 methylation and promotes tumorigenicity of glioblastoma stem-like cells. Cancer Cell 23 (6), 839–852. doi:10.1016/j.ccr.2013.04.008
 Kimura, A., and Kishimoto, T. (2010). IL-6: regulator of treg/Th17 balance. Eur. J. Immunol. 40 (7), 1830–1835. doi:10.1002/eji.201040391
 Konno, Y., Kimura, I., Uriu, K., Fukushi, M., Irie, T., Koyanagi, Y., et al. (2020). SARS-CoV-2 ORF3b is a potent interferon antagonist whose activity is increased by a naturally occurring elongation variant. Cell Rep. 32 (12), 108185. doi:10.1016/j.celrep.2020.108185
 Kotzin, J. J., Iseka, F., Wright, J., Basavappa, M. G., Clark, M. L., Ali, M. A., et al. (2019). The long noncoding RNA Morrbid regulates CD8 T cells in response to viral infection. Proc. Natl. Acad. Sci. U. S. A. 116 (24), 11916–11925. doi:10.1073/pnas.1819457116
 Kotzin, J. J., Spencer, S. P., McCright, S. J., Kumar, D. B. U., Collet, M. A., Mowel, W. K., et al. (2016). The long non-coding RNA Morrbid regulates Bim and short-lived myeloid cell lifespan. Nature 537 (7619), 239–243. doi:10.1038/nature19346
 Krawczyk, M., and Emerson, B. M. (2014). p50-associated COX-2 extragenic RNA (PACER) activates COX-2 gene expression by occluding repressive NF-κB complexes. Elife 3, e01776. doi:10.7554/eLife.01776
 Lau, S. K. P., Lau, C. C. Y., Chan, K. H., Li, C. P. Y., Chen, H., Jin, D. Y., et al. (2013). Delayed induction of proinflammatory cytokines and suppression of innate antiviral response by the novel Middle East respiratory syndrome coronavirus: Implications for pathogenesis and treatment. J. Gen. Virol. 94 (12), 2679–2690. doi:10.1099/vir.0.055533-0
 Lei, X., Dong, X., Ma, R., Wang, W., Xiao, X., Tian, Z., et al. (2020). Activation and evasion of type I interferon responses by SARS-CoV-2. Nat. Commun. 11 (1), 3810. doi:10.1038/s41467-020-17665-9
 Li, J., Tian, J., Lu, J., Wang, Z., Ling, J., Wu, X., et al. (2020a). LncRNA GAS5 inhibits Th17 differentiation and alleviates immune thrombocytopenia via promoting the ubiquitination of STAT3. Int. Immunopharmacol. 80, 106127. doi:10.1016/j.intimp.2019.106127
 Li, X., Zeng, L., Cao, C., Lu, C., Lian, W., Han, J., et al. (2017). Long noncoding RNA MALAT1 regulates renal tubular epithelial pyroptosis by modulated miR-23c targeting of ELAVL1 in diabetic nephropathy. Exp. Cell Res. 350 (2), 327–335. doi:10.1016/j.yexcr.2016.12.006
 Li, Y., Guo, W., and Cai, Y. (2020b). NEAT1 promotes LPS-induced inflammatory injury in macrophages by regulating MiR-17-5p/TLR4. Open Med. 15, 38–49. doi:10.1515/med-2020-0007
 Li, Z., Chao, T. C., Chang, K. Y., Lin, N., Patil, V. S., Shimizu, C., et al. (2014). The long noncoding RNA THRIL regulates TNFα expression through its interaction with hnRNPL. Proc. Natl. Acad. Sci. U. S. A. 111 (3), 1002–1007. doi:10.1073/pnas.1313768111
 Li, Z. X., Zhu, Q. N., Zhang, H. B., Hu, Y., Wang, G., and Zhu, Y. S. (2018). MALAT1: a potential biomarker in cancer. Cancer Manag. Res. 10, 6757–6768. doi:10.2147/CMAR.S169406
 Liang, Z., and Ren, C. (2018). Emodin attenuates apoptosis and inflammation induced by LPS through up-regulating lncRNA TUG1 in murine chondrogenic ATDC5 cells. Biomed. Pharmacother. 103, 897–902. doi:10.1016/j.biopha.2018.04.085
 Liao, M., Liu, Y., Yuan, J., Wen, Y., Xu, G., Zhao, J., et al. (2020). Single-cell landscape of bronchoalveolar immune cells in patients with COVID-19. Nat. Med. 26 (6), 842–844. doi:10.1038/s41591-020-0901-9
 Lin, L., Xu, L., Lv, W., Han, L., Xiang, Y., Fu, L., et al. (2019). An NLRP3 inflammasome-triggered cytokine storm contributes to Streptococcal toxic shock-like syndrome (STSLS). PLoS Pathog. 15 (6), e1007795. doi:10.1371/journal.ppat.1007795
 Lin, X., Fu, B., Yin, S., Li, Z., Liu, H., Zhang, H., et al. (2021). ORF8 contributes to cytokine storm during SARS-CoV-2 infection by activating IL-17 pathway. iScience 24 (4), 102293. doi:10.1016/j.isci.2021.102293
 Liu, B., Li, M., Zhou, Z., Guan, X., and Xiang, Y. (2020a). Can we use interleukin-6 (IL-6) blockade for coronavirus disease 2019 (COVID-19)-induced cytokine release syndrome (CRS)?J. Autoimmun. 111, 102452. doi:10.1016/j.jaut.2020.102452
 Liu, W., Wang, Z., Liu, L., Yang, Z., Liu, S., Ma, Z., et al. (2020b). LncRNA Malat1 inhibition of TDP43 cleavage suppresses IRF3-initiated antiviral innate immunity. Proc. Natl. Acad. Sci. U. S. A. 117 (38), 23695–23706. doi:10.1073/pnas.2003932117
 Liu, Z., Han, L., Yu, H., Gao, N., and Xin, H. (2020c). LINC01619 promotes non-small cell lung cancer development via regulating PAX6 by suppressing microRNA-129-5p. Am. J. Transl. Res. 12 (6), 2538–2553.
 Lopez-Urrutia, E., Bustamante Montes, L. P., Ladron de Guevara Cervantes, D., Perez-Plasencia, C., and Campos-Parra, A. D. (2019). Crosstalk between long non-coding RNAs, micro-RNAs and mRNAs: Deciphering molecular mechanisms of master regulators in cancer. Front. Oncol. 9, 669. doi:10.3389/fonc.2019.00669
 Ma, H., Han, P., Ye, W., Chen, H., Zheng, X., Cheng, L., et al. (2017). The long noncoding RNA NEAT1 exerts antihantaviral effects by acting as positive feedback for RIG-I signaling. J. Virol. 91 (9), e02250-16. doi:10.1128/JVI.02250-16
 Ma, L., Bajic, V. B., and Zhang, Z. (2013). On the classification of long non-coding RNAs. RNA Biol. 10 (6), 925–933. doi:10.4161/rna.24604
 Ma, M., Pei, Y., Wang, X., Feng, J., Zhang, Y., and Gao, M. Q. (2019). LncRNA XIST mediates bovine mammary epithelial cell inflammatory response via NF-κB/NLRP3 inflammasome pathway. Cell Prolif. 52 (1), e12525. doi:10.1111/cpr.12525
 Maenner, S., Blaud, M., Fouillen, L., Savoye, A., Marchand, V., Dubois, A., et al. (2010). 2-D structure of the A region of Xist RNA and its implication for PRC2 association. PLoS Biol. 8 (1), e1000276. doi:10.1371/journal.pbio.1000276
 Mahallawi, W. H., Khabour, O. F., Zhang, Q., Makhdoum, H. M., and Suliman, B. A. (2018). MERS-CoV infection in humans is associated with a pro-inflammatory Th1 and Th17 cytokine profile. Cytokine 104, 8–13. doi:10.1016/j.cyto.2018.01.025
 Makabe, H., Kojika, M., Takahashi, G., Matsumoto, N., Shibata, S., Suzuki, Y., et al. (2012). Interleukin-18 levels reflect the long-term prognosis of acute lung injury and acute respiratory distress syndrome. J. Anesth. 26 (5), 658–663. doi:10.1007/s00540-012-1409-3
 Martinon, F., Burns, K., and Tschopp, J. (2002). The inflammasome: a molecular platform triggering activation of inflammatory caspases and processing of proIL-beta. Mol. Cell 10 (2), 417–426. doi:10.1016/s1097-2765(02)00599-3
 McNab, F., Mayer-Barber, K., Sher, A., Wack, A., and O'Garra, A. (2015). Type I interferons in infectious disease. Nat. Rev. Immunol. 15 (2), 87–103. doi:10.1038/nri3787
 Meng, G., Zhang, F., Fuss, I., Kitani, A., and Strober, W. (2009). A mutation in the Nlrp3 gene causing inflammasome hyperactivation potentiates Th17 cell-dominant immune responses. Immunity 30 (6), 860–874. doi:10.1016/j.immuni.2009.04.012
 Miao, H., Wang, L., Zhan, H., Dai, J., Chang, Y., Wu, F., et al. (2019). A long noncoding RNA distributed in both nucleus and cytoplasm operates in the PYCARD-regulated apoptosis by coordinating the epigenetic and translational regulation. PLoS Genet. 15 (5), e1008144. doi:10.1371/journal.pgen.1008144
 Miorin, L., Kehrer, T., Sanchez-Aparicio, M. T., Zhang, K., Cohen, P., Patel, R. S., et al. (2020). SARS-CoV-2 Orf6 hijacks Nup98 to block STAT nuclear import and antagonize interferon signaling. Proc. Natl. Acad. Sci. U. S. A. 117 (45), 28344–28354. doi:10.1073/pnas.2016650117
 Moazzam-Jazi, M., Lanjanian, H., Maleknia, S., Hedayati, M., and Daneshpour, M. S. (2021). Interplay between SARS-CoV-2 and human long non-coding RNAs. J. Cell. Mol. Med. 25 (12), 5823–5827. doi:10.1111/jcmm.16596
 Mohsin, M., and Mahmud, S. (2022). Omicron SARS-CoV-2 variant of concern: A review on its transmissibility, immune evasion, reinfection, and severity. Med. Baltim. 101 (19), e29165. doi:10.1097/MD.0000000000029165
 Morenikeji, O. B., Bernard, K., Strutton, E., Wallace, M., and Thomas, B. N. (2020). Evolutionarily conserved long non-coding RNA regulates gene expression in cytokine storm during COVID-19. Front. Bioeng. Biotechnol. 8, 582953. doi:10.3389/fbioe.2020.582953
 Muir, R., Osbourn, M., Dubois, A. V., Doran, E., Small, D. M., Monahan, A., et al. (2016). Innate lymphoid cells are the predominant source of IL-17a during the early pathogenesis of acute respiratory distress syndrome. Am. J. Respir. Crit. Care Med. 193 (4), 407–416. doi:10.1164/rccm.201410-1782OC
 Mukherjee, S., Banerjee, B., Karasik, D., and Frenkel-Morgenstern, M. (2021). mRNA-lncRNA Co-expression network analysis reveals the role of lncRNAs in immune dysfunction during severe SARS-CoV-2 infection. Viruses 13 (3), 402. doi:10.3390/v13030402
 Nair, J. K., Willoughby, J. L., Chan, A., Charisse, K., Alam, M. R., Wang, Q., et al. (2014). Multivalent N-acetylgalactosamine-conjugated siRNA localizes in hepatocytes and elicits robust RNAi-mediated gene silencing. J. Am. Chem. Soc. 136 (49), 16958–16961. doi:10.1021/ja505986a
 Nakafuku, M., Satoh, T., and Kaziro, Y. (1992). Differentiation factors, including nerve growth factor, fibroblast growth factor, and interleukin-6, induce an accumulation of an active Ras.GTP complex in rat pheochromocytoma PC12 cells. J. Biol. Chem. 267 (27), 19448–19454. doi:10.1016/s0021-9258(18)41796-6
 Noor, F. M., and Islam, M. M. (2020). Prevalence and associated risk factors of mortality among COVID-19 patients: A meta-analysis. J. Community Health 45 (6), 1270–1282. doi:10.1007/s10900-020-00920-x
 Obaid, M., Udden, S. M. N., Deb, P., Shihabeddin, N., Zaki, M. H., and Mandal, S. S. (2018). LncRNA HOTAIR regulates lipopolysaccharide-induced cytokine expression and inflammatory response in macrophages. Sci. Rep. 8 (1), 15670. doi:10.1038/s41598-018-33722-2
 Olajide, O. A., Iwuanyanwu, V. U., Lepiarz-Raba, I., and Al-Hindawi, A. A. (2021). Induction of exaggerated cytokine production in human peripheral blood mononuclear cells by a recombinant SARS-CoV-2 spike glycoprotein S1 and its inhibition by dexamethasone. Inflammation 44, 1865–1877. doi:10.1007/s10753-021-01464-5
 Olbei, M., Hautefort, I., Modos, D., Treveil, A., Poletti, M., Gul, L., et al. (2021). SARS-CoV-2 causes a different cytokine response compared to other cytokine storm-causing respiratory viruses in severely ill patients. Front. Immunol. 12, 629193. doi:10.3389/fimmu.2021.629193
 Park, H., Li, Z., Yang, X. O., Chang, S. H., Nurieva, R., Wang, Y. H., et al. (2005). A distinct lineage of CD4 T cells regulates tissue inflammation by producing interleukin 17. Nat. Immunol. 6 (11), 1133–1141. doi:10.1038/ni1261
 Park, S. H., Kang, K., Giannopoulou, E., Qiao, Y., Kang, K., Kim, G., et al. (2017). Type I interferons and the cytokine TNF cooperatively reprogram the macrophage epigenome to promote inflammatory activation. Nat. Immunol. 18 (10), 1104–1116. doi:10.1038/ni.3818
 Pasrija, R., and Naime, M. (2021). The deregulated immune reaction and cytokines release storm (CRS) in COVID-19 disease. Int. Immunopharmacol. 90, 107225. doi:10.1016/j.intimp.2020.107225
 Patra, T., Meyer, K., Geerling, L., Isbell, T. S., Hoft, D. F., Brien, J., et al. (2020). SARS-CoV-2 spike protein promotes IL-6 trans-signaling by activation of angiotensin II receptor signaling in epithelial cells. PLoS Pathog. 16 (12), e1009128. doi:10.1371/journal.ppat.1009128
 Piovesan, A., Antonaros, F., Vitale, L., Strippoli, P., Pelleri, M. C., and Caracausi, M. (2019). Human protein-coding genes and gene feature statistics in 2019. BMC Res. Notes 12 (1), 315. doi:10.1186/s13104-019-4343-8
 Qin, C., Zhou, L., Hu, Z., Zhang, S., Yang, S., Tao, Y., et al. (2020). Dysregulation of immune response in patients with coronavirus 2019 (COVID-19) in wuhan, China. Clin. Infect. Dis. 71 (15), 762–768. doi:10.1093/cid/ciaa248
 Ransohoff, J. D., Wei, Y., and Khavari, P. A. (2018). The functions and unique features of long intergenic non-coding RNA. Nat. Rev. Mol. Cell Biol. 19 (3), 143–157. doi:10.1038/nrm.2017.104
 Rapicavoli, N. A., Qu, K., Zhang, J., Mikhail, M., Laberge, R. M., and Chang, H. Y. (2013). A mammalian pseudogene lncRNA at the interface of inflammation and anti-inflammatory therapeutics. Elife 2, e00762. doi:10.7554/eLife.00762
 Ren, Y., Zhang, K., Wang, J., Meng, X., Du, X., Shi, Z., et al. (2021). HOTAIRM1 promotes osteogenic differentiation and alleviates osteoclast differentiation by inactivating the NF-κB pathway. Acta Biochim. Biophys. Sin. 53 (2), 201–211. doi:10.1093/abbs/gmaa164
 Resende, G. G., da Cruz Lage, R., Lobe, S. Q., Medeiros, A. F., Costa, E. S. A. D., Nogueira Sa, A. T., et al. (2022). Blockade of interleukin seventeen (IL-17A) with secukinumab in hospitalized COVID-19 patients - the BISHOP study. Infect. Dis. 54 (8), 591–599. doi:10.1080/23744235.2022.2066171
 Rodrigues, A. C., Adamoski, D., Genelhould, G., Zhen, F., Yamaguto, G. E., Araujo-Souza, P. S., et al. (2021). NEAT1 and MALAT1 are highly expressed in saliva and nasopharyngeal swab samples of COVID-19 patients. Mol. Oral Microbiol. 36, 291–294. doi:10.1111/omi.12351
 Rodriguez, L., and Brodin, P. (2020). Unraveling the immune response in severe COVID-19. J. Clin. Immunol. 40 (7), 958–959. doi:10.1007/s10875-020-00849-9
 Rogers, A. J., Guan, J., Trtchounian, A., Hunninghake, G. M., Kaimal, R., Desai, M., et al. (2019). Association of elevated plasma interleukin-18 level with increased mortality in a clinical trial of statin treatment for acute respiratory distress syndrome. Crit. Care Med. 47 (8), 1089–1096. doi:10.1097/CCM.0000000000003816
 Sabetian, S., Castiglioni, I., Jahromi, B. N., Mousavi, P., and Cava, C. (2021). In silico identification of miRNA-lncRNA interactions in male reproductive disorder associated with COVID-19 infection. Cells 10 (6), 1480. doi:10.3390/cells10061480
 Schulte-Schrepping, J., Reusch, N., Paclik, D., Bassler, K., Schlickeiser, S., Zhang, B., et al. (2020). Severe COVID-19 is marked by a dysregulated myeloid cell compartment. Cell 182 (6), 1419–1440. e1423. doi:10.1016/j.cell.2020.08.001
 Sendler, M., van den Brandt, C., Glaubitz, J., Wilden, A., Golchert, J., Weiss, F. U., et al. (2020). NLRP3 inflammasome regulates development of systemic inflammatory response and compensatory anti-inflammatory response syndromes in mice with acute pancreatitis. Gastroenterology 158 (1), 253–269. e214. doi:10.1053/j.gastro.2019.09.040
 Shi, X., Wei, Y. T., Li, H., Jiang, T., Zheng, X. L., Yin, K., et al. (2020). Long non-coding RNA H19 in atherosclerosis: What role?Mol. Med. 26 (1), 72. doi:10.1186/s10020-020-00196-w
 Singh, K., Chen, Y. C., Hassanzadeh, S., Han, K., Judy, J. T., Seifuddin, F., et al. (2021). Network analysis and transcriptome profiling identify autophagic and mitochondrial dysfunctions in SARS-CoV-2 infection. Front. Genet. 12, 599261. doi:10.3389/fgene.2021.599261
 Song, J. W., Zhang, C., Fan, X., Meng, F. P., Xu, Z., Xia, P., et al. (2020). Immunological and inflammatory profiles in mild and severe cases of COVID-19. Nat. Commun. 11 (1), 3410. doi:10.1038/s41467-020-17240-2
 Strasser, Z., Hadavand, A., Murphy, S., and Estiri, H. (2022). SARS-CoV-2 omicron variant is as deadly as previous waves after adjusting for vaccinations, demographics, and comorbidities. doi:10.21203/rs.3.rs-1601788/v1
 Strickland, F. M., Hewagama, A., Lu, Q., Wu, A., Hinderer, R., Webb, R., et al. (2012). Environmental exposure, estrogen and two X chromosomes are required for disease development in an epigenetic model of lupus. J. Autoimmun. 38 (2-3), J135–J143. doi:10.1016/j.jaut.2011.11.001
 Stukalov, A., Girault, V., Grass, V., Karayel, O., Bergant, V., Urban, C., et al. (2021). Multilevel proteomics reveals host perturbations by SARS-CoV-2 and SARS-CoV. Nature 594 (7862), 246–252. doi:10.1038/s41586-021-03493-4
 Sun, B., Liu, C., Li, H., Zhang, L., Luo, G., Liang, S., et al. (2020). Research progress on the interactions between long non-coding RNAs and microRNAs in human cancer. Oncol. Lett. 19 (1), 595–605. doi:10.3892/ol.2019.11182
 Sun, Y., and Xu, J. (2019). TCF-4 regulated lncRNA-XIST promotes M2 polarization of macrophages and is associated with lung cancer. Onco. Targets. Ther. 12, 8055–8062. doi:10.2147/OTT.S210952
 Tanaka, S., Tanaka, K., Magnusson, F., Chung, Y., Martinez, G. J., Wang, Y. H., et al. (2014a). CCAAT/enhancer-binding protein alpha negatively regulates IFN-gamma expression in T cells. J. Immunol. 193 (12), 6152–6160. doi:10.4049/jimmunol.1303422
 Tanaka, T., Narazaki, M., and Kishimoto, T. (2014b). IL-6 in inflammation, immunity, and disease. Cold Spring Harb. Perspect. Biol. 6 (10), a016295. doi:10.1101/cshperspect.a016295
 Tanaka, T., Narazaki, M., and Kishimoto, T. (2016). Immunotherapeutic implications of IL-6 blockade for cytokine storm. Immunotherapy 8 (8), 959–970. doi:10.2217/imt-2016-0020
 Tang, H., Gao, Y., Li, Z., Miao, Y., Huang, Z., Liu, X., et al. (2020). The noncoding and coding transcriptional landscape of the peripheral immune response in patients with COVID-19. Clin. Transl. Med. 10 (6), e200. doi:10.1002/ctm2.200
 Teijaro, J. R. (2017). Cytokine storms in infectious diseases. Semin. Immunopathol. 39 (5), 501–503. doi:10.1007/s00281-017-0640-2
 Terawaki, S., Chikuma, S., Shibayama, S., Hayashi, T., Yoshida, T., Okazaki, T., et al. (2011). IFN-alpha directly promotes programmed cell death-1 transcription and limits the duration of T cell-mediated immunity. J. Immunol. 186 (5), 2772–2779. doi:10.4049/jimmunol.1003208
 Thankachan, S., Bhardwaj, B. K., Venkatesh, T., and Suresh, P. S. (2021). Long non-coding RNA NEAT1 as an emerging biomarker in breast and gynecologic cancers: a systematic overview. Reprod. Sci. 28 (9), 2436–2447. doi:10.1007/s43032-021-00481-x
 Theobald, S. J., Simonis, A., Georgomanolis, T., Kreer, C., Zehner, M., Eisfeld, H. S., et al. (2021). Long-lived macrophage reprogramming drives spike protein-mediated inflammasome activation in COVID-19. EMBO Mol. Med. 13 (8), e14150. doi:10.15252/emmm.202114150
 Thoms, M., Buschauer, R., Ameismeier, M., Koepke, L., Denk, T., Hirschenberger, M., et al. (2020). Structural basis for translational shutdown and immune evasion by the Nsp1 protein of SARS-CoV-2. Science 369 (6508), 1249–1255. doi:10.1126/science.abc8665
 Tian, H., Wu, M., Zhou, P., Huang, C., Ye, C., and Wang, L. (2018). The long non-coding RNA MALAT1 is increased in renal ischemia-reperfusion injury and inhibits hypoxia-induced inflammation. Ren. Fail. 40 (1), 527–533. doi:10.1080/0886022X.2018.1487863
 Totura, A. L., and Baric, R. S. (2012). SARS coronavirus pathogenesis: host innate immune responses and viral antagonism of interferon. Curr. Opin. Virol. 2 (3), 264–275. doi:10.1016/j.coviro.2012.04.004
 Vishnubalaji, R., Shaath, H., and Alajez, N. M. (2020). Protein coding and long noncoding RNA (lncRNA) transcriptional landscape in SARS-CoV-2 infected bronchial epithelial cells highlight a role for interferon and inflammatory response. Genes (Basel) 11 (7), E760. doi:10.3390/genes11070760
 Wang, C., Li, D., Zhang, L., Jiang, S., Liang, J., Narita, Y., et al. (2019a). RNA sequencing analyses of gene expression during epstein-barr virus infection of primary B lymphocytes. J. Virol. 93 (13), e00226-19. doi:10.1128/JVI.00226-19
 Wang, F., Nie, J., Wang, H., Zhao, Q., Xiong, Y., Deng, L., et al. (2020). Characteristics of peripheral lymphocyte subset alteration in COVID-19 pneumonia. J. Infect. Dis. 221 (11), 1762–1769. doi:10.1093/infdis/jiaa150
 Wang, Q. M., Lian, G. Y., Song, Y., Huang, Y. F., and Gong, Y. (2019b). LncRNA MALAT1 promotes tumorigenesis and immune escape of diffuse large B cell lymphoma by sponging miR-195. Life Sci. 231, 116335. doi:10.1016/j.lfs.2019.03.040
 Wang, W., and Guo, Z. H. (2020). Downregulation of lncRNA NEAT1 ameliorates LPS-induced inflammatory responses by promoting macrophage M2 polarization via miR-125a-5p/TRAF6/TAK1 Axis. Inflammation 43 (4), 1548–1560. doi:10.1007/s10753-020-01231-y
 Wang, W. T., Han, C., Sun, Y. M., Chen, T. Q., and Chen, Y. Q. (2019c). Noncoding RNAs in cancer therapy resistance and targeted drug development. J. Hematol. Oncol. 12 (1), 55. doi:10.1186/s13045-019-0748-z
 Wang, W., Ye, L., Ye, L., Li, B., Gao, B., Zeng, Y., et al. (2007). Up-regulation of IL-6 and TNF-alpha induced by SARS-coronavirus spike protein in murine macrophages via NF-kappaB pathway. Virus Res. 128 (1-2), 1–8. doi:10.1016/j.virusres.2007.02.007
 Wang, X., Sun, W., Shen, W., Xia, M., Chen, C., Xiang, D., et al. (2016). Long non-coding RNA DILC regulates liver cancer stem cells via IL-6/STAT3 axis. J. Hepatol. 64 (6), 1283–1294. doi:10.1016/j.jhep.2016.01.019
 Wang, Y., Li, J., Zhang, L., Sun, H. X., Zhang, Z., Xu, J., et al. (2022). Plasma cell-free RNA characteristics in COVID-19 patients. Genome Res. 32 (2), 228–241. doi:10.1101/gr.276175.121
 Wang, Y., van Boxel-Dezaire, A. H., Cheon, H., Yang, J., and Stark, G. R. (2013). STAT3 activation in response to IL-6 is prolonged by the binding of IL-6 receptor to EGF receptor. Proc. Natl. Acad. Sci. U. S. A. 110 (42), 16975–16980. doi:10.1073/pnas.1315862110
 Weiss, S. J. (1989). Tissue destruction by neutrophils. N. Engl. J. Med. 320 (6), 365–376. doi:10.1056/NEJM198902093200606
 Wheeler, T. M., Leger, A. J., Pandey, S. K., MacLeod, A. R., Nakamori, M., Cheng, S. H., et al. (2012). Targeting nuclear RNA for in vivo correction of myotonic dystrophy. Nature 488 (7409), 111–115. doi:10.1038/nature11362
 Wherry, E. J., and Kurachi, M. (2015). Molecular and cellular insights into T cell exhaustion. Nat. Rev. Immunol. 15 (8), 486–499. doi:10.1038/nri3862
 Wilson, J. G., and Calfee, C. S. (2020). ARDS subphenotypes: Understanding a heterogeneous syndrome. Crit. Care 24 (1), 102. doi:10.1186/s13054-020-2778-x
 Wolter, N., Jassat, W., Walaza, S., Welch, R., Moultrie, H., Groome, M., et al. (2022). Early assessment of the clinical severity of the SARS-CoV-2 omicron variant in South Africa: a data linkage study. Lancet 399 (10323), 437–446. doi:10.1016/S0140-6736(22)00017-4
 Wu, J., Zhang, H., Zheng, Y., Jin, X., Liu, M., Li, S., et al. (2020a). Corrigendum: The long noncoding RNA MALAT1 induces tolerogenic dendritic cells and regulatory T cells via miR155/dendritic cell-specific intercellular adhesion molecule-3 grabbing nonintegrin/IL10 Axis. Front. Immunol. 11, 582491. doi:10.3389/fimmu.2020.582491
 Wu, L., Zepp, J., and Li, X. (2012). Function of Act1 in IL-17 family signaling and autoimmunity. Adv. Exp. Med. Biol. 946, 223–235. doi:10.1007/978-1-4614-0106-3_13
 Wu, S., Zhang, L., Deng, J., Guo, B., Li, F., Wang, Y., et al. (2020b). A novel micropeptide encoded by Y-linked LINC00278 links cigarette smoking and AR signaling in male esophageal squamous cell carcinoma. Cancer Res. 80 (13), 2790–2803. doi:10.1158/0008-5472.CAN-19-3440
 Wu, Y., Zhao, T., Deng, R., Xia, X., Li, B., and Wang, X. (2021). A study of differential circRNA and lncRNA expressions in COVID-19-infected peripheral blood. Sci. Rep. 11 (1), 7991. doi:10.1038/s41598-021-86134-0
 Xie, X., Cao, Y., Yisimayi, A., Jian, F., Song, W., Xiao, T., et al. (2022). BA. 2.12. 1, BA. 4 and BA. 5 escape antibodies elicited by Omicron BA. 1 infection. 
 Xue, Z., Zhang, Z., Liu, H., Li, W., Guo, X., Zhang, Z., et al. (2019). lincRNA-Cox2 regulates NLRP3 inflammasome and autophagy mediated neuroinflammation. Cell Death Differ. 26 (1), 130–145. doi:10.1038/s41418-018-0105-8
 Yamada, O., Ozaki, K., Akiyama, M., and Kawauchi, K. (2012). JAK-STAT and JAK-PI3K-mTORC1 pathways regulate telomerase transcriptionally and posttranslationally in ATL cells. Mol. Cancer Ther. 11 (5), 1112–1121. doi:10.1158/1535-7163.MCT-11-0850
 Yan, K., Fu, Y., Zhu, N., Wang, Z., Hong, J. L., Li, Y., et al. (2019). Repression of lncRNA NEAT1 enhances the antitumor activity of CD8(+)T cells against hepatocellular carcinoma via regulating miR-155/Tim-3. Int. J. Biochem. Cell Biol. 110, 1–8. doi:10.1016/j.biocel.2019.01.019
 Yang, Q., Lin, F., Wang, Y., Zeng, M., and Luo, M. (2021). Long noncoding RNAs as emerging regulators of COVID-19. Front. Immunol. 12, 700184. doi:10.3389/fimmu.2021.700184
 Ye, Y., Xu, Y., Lai, Y., He, W., Li, Y., Wang, R., et al. (2018). Long non-coding RNA cox-2 prevents immune evasion and metastasis of hepatocellular carcinoma by altering M1/M2 macrophage polarization. J. Cell. Biochem. 119 (3), 2951–2963. doi:10.1002/jcb.26509
 Yi, E., Zhang, J., Zheng, M., Zhang, Y., Liang, C., Hao, B., et al. (2021). Long noncoding RNA IL6-AS1 is highly expressed in chronic obstructive pulmonary disease and is associated with interleukin 6 by targeting miR-149-5p and early B-cell factor 1. Clin. Transl. Med. 11 (7), e479. doi:10.1002/ctm2.479
 Yu, S. Y., Dong, B., Tang, L., and Zhou, S. H. (2018). LncRNA MALAT1 sponges miR-133 to promote NLRP3 inflammasome expression in ischemia-reperfusion injured heart. Int. J. Cardiol. 254, 50. doi:10.1016/j.ijcard.2017.10.071
 Zenobia, C., and Hajishengallis, G. (2015). Basic biology and role of interleukin-17 in immunity and inflammation. Periodontol. 2000 69 (1), 142–159. doi:10.1111/prd.12083
 Zhang, J., Han, C., Ungerleider, N., Chen, W., Song, K., Wang, Y., et al. (2019a). A transforming growth factor-beta and H19 signaling Axis in tumor-initiating hepatocytes that regulates hepatic carcinogenesis. Hepatology 69 (4), 1549–1563. doi:10.1002/hep.30153
 Zhang, J. M., and An, J. (2007). Cytokines, inflammation, and pain. Int. Anesthesiol. Clin. 45 (2), 27–37. doi:10.1097/AIA.0b013e318034194e
 Zhang, M., Zheng, Y., Sun, Y., Li, S., Chen, L., Jin, X., et al. (2019b). Knockdown of NEAT1 induces tolerogenic phenotype in dendritic cells by inhibiting activation of NLRP3 inflammasome. Theranostics 9 (12), 3425–3442. doi:10.7150/thno.33178
 Zhang, P., Cao, L., Zhou, R., Yang, X., and Wu, M. (2019c). The lncRNA Neat1 promotes activation of inflammasomes in macrophages. Nat. Commun. 10 (1), 1495. doi:10.1038/s41467-019-09482-6
 Zhang, Q., Yang, Y., Chen, Y., Wang, Y., Qin, S., Lv, R., et al. (2022). The LncRNA AK018453 regulates TRAP1/smad signaling in IL-17-activated astrocytes: A potential role in EAE pathogenesis. Glia . doi:10.1002/glia.24239
 Zhang, X., Ji, S., Cai, G., Pan, Z., Han, R., Yuan, Y., et al. (2020). H19 increases IL-17a/IL-23 releases via regulating VDR by interacting with miR675-5p/miR22-5p in ankylosing spondylitis. Mol. Ther. Nucleic Acids 19, 393–404. doi:10.1016/j.omtn.2019.11.025
 Zhang, X., Yang, J., Bian, Z., Shi, D., and Cao, Z. (2019d). Long noncoding RNA DANCR promotes nasopharyngeal carcinoma progression by interacting with STAT3, enhancing IL-6/JAK1/STAT3 signaling. Biomed. Pharmacother. 113, 108713. doi:10.1016/j.biopha.2019.108713
 Zheng, H. Y., Xu, M., Yang, C. X., Tian, R. R., Zhang, M., Li, J. J., et al. (2020). Longitudinal transcriptome analyses show robust T cell immunity during recovery from COVID-19. Signal Transduct. Target. Ther. 5 (1), 294. doi:10.1038/s41392-020-00457-4
 Wu, X., Xia, T., Shin, W.J., Yu, K.M., Jung, W., Herrmann, A., et al. (2022). Viral Mimicry of Interleukin-17A by SARS-CoV-2 ORF8. mBio 13 (2), e0040222. doi:10.1128/mbio.00402-22
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 © 2022 Zhong, Ashley, Steain and Ataide. 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.
OPS/images/fmolb-09-975322-g005.gif





OPS/images/fmolb-09-975322-t001.jpg
IncRNA  Non- Severe Sample type  Function of IncRNA Reference
severe

NEATI ++ ++++  PMBCs,NBHE  Activates M1 macrophage; directs DC differentiation; ~ (Tang et al., 2020; Vishnubalaji et al., 2020;

and BALF enhances pro-inflammatory cytokine secretion Moazzam-Jazi et al., 2021; Huang et al., 2022)
MALAT1 ++ ++++  PMBCs, NBHE

and BALF
XIST b + PBMCs Supresses NF-kB activation and NLRP3 inflammasome; ~ Cheng et al., 2021

promotes M2 macrophage differentiation
LINCOI6I)  +++ + PBMCs Overexpression enhances cell viability and alleviates
oxidative stress

LINC00278 - ++ PBMCs Promotes apoptosis
IncRNA Infected Sample type Function of IncRNA Reference
CEBPA-DT 4 PBMCs Supresses [FN-y expression Moazzam-Jazi et al., 2021
GJA9- s Cell-free plasms ~ Increases IL-6 and IL-6R expression Wang et al,, 2022
MYCBP
H19 b BALF Increase IL-17 and IL23 expression Moazzam-Jazi et al., 2021
SNHG6 + BALF Activate TGF-B/Smad pathway by binding to UPF1
EGOT s Viral infected Downregulates IFN-I responses Mukherjee et al., 2021

Calu3 cell line
WAKMAR2  +++ Viral infected Limits inflammatory cytokines during wound recovery

Calu3 cell line





OPS/images/fmolb-09-975322-g003.gif





OPS/images/fmolb-09-975322-g004.gif





OPS/xhtml/nav.xhtml
Contents

		Cover

		Assessing the suitability of long non-coding RNAs as therapeutic targets and biomarkers in SARS-CoV-2 infection		Introduction

		LncRNA expression during SARS-CoV-2 infection		General and SARS-CoV-2-specific changes in lncRNA expression profile

		LncRNA profile in severe vs. non-severe cases

		LncRNA in severity-specific leukocyte signatures





		LncRNA contributors to CRS in COVID-19 cases		Hyperactivation of the NLRP3 inflammasome

		Serum IL-6 elevation

		High IL-17 levels and ORF8 hijacking

		Impaired type I IFN (IFN-I) response





		LncRNA as biomarkers and/or therapeutic targets for COVID-19

		Author contributions

		Funding

		Acknowledgments

		Publisher’s note

		References









OPS/images/cover.jpg
& frontiers | Frontiers in Molecular Biosciences






OPS/images/fmolb-09-975322-g001.gif





OPS/images/fmolb-09-975322-g002.gif









OPS/images/crossmark.jpg
©

|





OPS/images/logo.jpg
P frontiers | Frontiers in Molecular Biosciences





