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Novel coronavirus pneumonia (COVID-19) is spreading worldwide, causing great harm and stress to humans. Since patients with novel coronavirus (SARS-CoV-2) have a high probability of developing acute respiratory distress syndrome (ARDS) in severe cases, the pathways through which SARS-CoV-2 causes lung injury have become a major concern in the scientific field. In this paper, we investigate the relationship between SARS-CoV-2 and lung injury and explore the possible mechanisms of COVID-19 in ARDS from the perspectives of angiotensin-converting enzyme 2 protein, cytokine storm, activation of the immune response, triggering of Fas/FasL signaling pathway to promote apoptosis, JAK/STAT pathway, NF-κB pathway, type I interferon, vitamin D, and explore the possibility of prevention and treatment of COVID-19. To explore the possibility of SARS-CoV-2, and to provide new ideas to stop the development of ARDS in COVID-19 patients.
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1 Preface

The SARS-CoV-2 was first discovered in China and showed a multi-point outbreak worldwide. For a long time, human life safety and health have been facing a great threat, and the COVID-19 pandemic has caused more than 1 million deaths worldwide. Some data show that the mortality rate of COVID-19 infection is 26%, the ICU admission rate is 47%, and the risk rate of ARDS due to COVID-19 is 3.2 (aOR, 3.20; 95% CI: 1.65-6.18; p=0.001) (Khamis et al., 2021). SARS-CoV-2 has received widespread attention. The World Health Organization (WHO) declared it a global epidemic and tentatively named the coronavirus as 2019 novel coronavirus (2019-nCoV), and pneumonia infected by this virus as “COVID-19”, which was officially named by the International Committee on Classification of Viruses as “SARS-CoV-2”.

The most common symptom of COVID-19 disease is fever with coughing, sneezing, weakness, and shortness of breath, which can rapidly develop into acute respiratory distress syndrome in severe cases (Zarrilli et al., 2021). Currently, a large number of studies have been made on the pathogenic mechanism of SARS-CoV-2, but the medical community still has a limited understanding of SARS-CoV-2. Since the SARS-CoV-2 is a highly transmissible and lethal virus and undergoes rapid recombination and mutation in the human body, forming a variety of mutant strains and creating new virulence, this poses a great challenge to humans in the process of antiviral therapy. Understanding the mechanism of lung injury caused by SARS-CoV-2 will best help us find ways to prevent and treat this disease. In this paper, we will discuss the mechanisms of the acute respiratory syndrome caused by SARS-CoV-2 in terms of angiotensin-converting enzyme 2 protein, cytokine storm, activated immune response, triggering Fas/FasL signaling pathway for pro-apoptosis, JAK/STAT pathway, NF-κB pathway, type I interferon, and vitamin D (Figure 1).




Figure 1 | SARS-CoV-2 causes acute respiratory distress syndrome through angiotensin-converting enzyme 2, cytokine storm, immune cells, Fas/FasL pathway, JAK/STAT pathway, NF-κB pathway, type I interferon, and vitamin D.





2 Association of SARS-CoV-2 With Acute Respiratory Distress Syndrome

SARS-CoV-2 causes a positive correlation between the incidence and severity of ARDS, and the challenges associated with SARS-CoV-2 and this syndrome are becoming more prominent, for example in terms of their high mortality rate and the lack of effective pharmacological treatment (Meyer et al., 2021). ARDS is characterized histologically by diffuse alveolar damage with increased vascular permeability and reduced compliance, affecting gas exchange and leading to intractable hypoxemia (Batah and Fabro, 2021). Over the last 50 years, researchers have conducted numerous basic and clinical studies on ARDS, but the morbidity and mortality of ARDS remain high and there is a lack of specific drugs for ARDS. Currently, 15-30% of people hospitalized with COVID-19 will go on to develop ARDS (Attaway et al., 2021).

Gibson et al (Gibson et al., 2020) concluded that the prognosis of COVID-19 ARDS appears to be worse than that of ARDS due to other causes, which are pneumonia, pulmonary contusion, toxic substance inhalation, and severe systemic infections. Mortality rates ranged from 26% to 61.5% in patients with COVID-19 ARDS who had been admitted to an intensive care unit, and from 65.7% to 94% in patients receiving mechanical ventilation. Several analyses have shown that COVID-19 ARDS has pathophysiological features similar to those of non-COVID-19 ARDS, namely reduced respiratory compliance, high respiratory mechanics heterogeneity, and hypoxemia. The study suggests that lung-protective ventilation should be implemented in all mechanically ventilated patients with COVID-19 ARDS, and noninvasive ventilation can be performed in mild and moderate patients using dedicated respiratory arrest (Grasselli et al., 2021). Severe COVID-19 produces impairment of ARDS-like hyper inflammation and endothelial dysfunction, ultimately leading to respiratory and multiorgan failure and death. A proportion of surviving patients will have a persistent fibroproliferative response, and interstitial lung disease (ILD) and pulmonary fibrosis will in turn lead to an increased risk of severe disease (Ntatsoulis et al., 2021). This disease is difficult to control in advanced stages, and early treatment is critical for prognosis in controlling and improving symptoms such as pulmonary inflammation, thick airway mucus secretion, elevated levels of pro-inflammatory cytokines, lung injury, and micro thrombosis in patients with ARDS due to SARS-CoV-2 (Quesada-Gomez et al., 2020).



3 Possible Mechanisms of the ARDS Caused by SARS-CoV-2


3.1 SARS-CoV-2 S Protein Binds to Angiotensin-Converting Enzyme 2 (ACE2) Protein to Cause the ARDS

SARS-CoV-2 S protein in the respiratory tract with respect to alveolar type 2 epithelial cells angiotensin-converting enzyme 2. ACE2 was found to be a major indicator of mortality in COVID-19 patients, and overexpression of ACE2 enhanced viral entry. ACE2 is a transmembrane type I glycoprotein with two functional domains, the N-terminal peptidase domain, and the C-terminal domain, whose physiological role is to control blood pressure and vasoconstriction. SARS-CoV-2 S protein binding to ACE2 protein invades alveolar epithelial cells (Seyed Hosseini et al., 2020), inducing ARDS and leading to death in most patients (Balkhi, 2021). This shows that maintaining normal ACE2 levels in the lung is crucial. The study (Datta et al., 2020) found that ACE2 was expressed at high levels in the epithelial cells of the lung after the death of COVID-19 patients and that targeting the ACE2/Ang 1-7 axis and blocking the S-protein interaction of ACE2 with SARS-CoV-2 to prevent the entry of SARS-CoV-2 into the cells could be used to treat and prevent COVID-19. The study demonstrated (van Eeden et al., 2020a) that ACE2 is the cellular receptor for SARS-CoV-2 entry into the host and that the high affinity of the receptor-binding domain (RBD) of the SARS-CoV-2 S protein for the ACE2 receptor accelerates the spread of SARS-CoV-2 (Chilamakuri and Agarwal, 2021) (Figure 2).




Figure 2 | SARS-CoV-2 enters cells through ACE2 receptors, and ACE2 increases capillary permeability, allowing more SARS-CoV-2 to enter cells, which in turn induces the development of ARDS. COVID-19 activated an immune response in which NK cells, CD4+ T lymphocytes, CD8+ T lymphocytes and B cells reacted immunologically in COVID-19 patients, causing the production of cytokines IL-6, IL-1β, TNF, etc. Reducing COVID-19 infection and prevent ARDS through Fas/FasL pathway, JAK/STAT pathway, and NF-κB pathway. Helping patients to prevent and treat COVID-19 by increasing type I interferon and vitamin D.



The study has pointed out the key role of ACE2 in acute lung injury through a clinical report of COVID-19 patients, in which ACE, angiotensin II, and angiotensin II type 1a receptor (AT1a) promote the development of the disease and induce pulmonary edema causing impairment of lung function (Verdecchia et al., 2020). It has been shown by mouse models that ACE-deficient mice have a significant improvement in lung function and pulmonary edema, and that recombinant ACE2 prevents mice from suffering acute lung injury. However, other contrary study found the mechanism of ACE2-causing lung injury in experiments with data from acute lung injury models as a decrease in intrapulmonary ACE2 levels, leading to increased vascular permeability, inflammatory cell aggregation, and severe hypoxia causing pulmonary edema (Imai et al., 2005). In conclusion, maintaining normal intrapulmonary ACE2 levels inhibits ARDS, while the mechanisms by which high or low ACE2 levels affect ARDS still need to be further explored and determined (Figure 2).



3.2 ARDS due to Cytokine Storm Triggered by SARS-CoV-2 Infection

Recently, a large number of domestic and international experts have pointed out that the severity of COVID-19 is associated with cytokine storm and that the overproduction of pro-inflammatory factors leads to acute respiratory distress syndrome and accelerates the death of patients. Cytokines are produced by a variety of immune cells, including natural killer cells and adaptive T and B lymphocytes (Ragab et al., 2020), which play an important regulatory role in the response to antiviral immunity and inflammation (Tisoncik et al., 2012). Cytokine storm (CS) refers to a series of clinical disorders caused by immune response disorders (Kim et al., 2021), such as inflammatory lung injury and ARDS (Li et al., 2020b), accompanied by the rapid production of large amounts of cytokines (IL-1β, IL-1RA, IL-7, IL-8, IL-10, IFN-γ, and TNF-α) (Figure 2).

It has been clinically found that serum pro-inflammatory factor levels are elevated in COVID-19 patients, and the severity of COVID-19 patients increases (Anka et al., 2021). Due to the abnormal release of pro-inflammatory factors that disrupt the pulmonary microvascular and alveolar epithelial cell barriers, leading to alveolar edema and hypoxia (Ragab et al., 2020; Balkhi, 2021). In clinical applications, it has been found that severe COVID-19 patients presenting with ARDS lead to an increase in pro-inflammatory factors, most notably interleukin 1β (IL-1β), interleukin-6 (IL-6), and TNF (Anka et al., 2021). In an analysis of cytokine-responsive gene sets, one author (Lee et al., 2020) found a significant TNF/IL-1β inflammatory response in lung tissue and that the severity of COVID-19 disease was accompanied by a TNF/IL-1β response.IL-6 is a family of cytokines involved in immune cell differentiation and activation (Sun et al., 2020), and the latest il-6 inhibitor pertuzumab has the potential to treat COVID-19 (Gu et al., 2020) (Figure 2).



3.3 SARS-CoV-2 Activates the Immune Response Leading to the ARDS

SARS-CoV-2 infection can activate both innate and adaptive immune responses, and SARS-CoV-2 may lead to too long a delay in the innate immune response as well as an inability to initiate an adaptive immune response for a long time, leading to severe lung disease (Sette and Crotty, 2021).

The innate immune sensing mechanism is the first line of defense against viruses and is an important aspect of viral immunity (Anka et al., 2021). SARS-CoV-2 innate immune responses are initially stimulated by pulmonary epithelial cells, alveolar macrophages, and neutrophils, which then trigger an adaptive immune response involving T and B lymphocytes (Toor et al., 2021). The innate immune response limits viral replication within infected cells, creating an antiviral state in the local tissue environment and initiating an adaptive immune response (Sette and Crotty, 2021). SARS-CoV-2 has four basic components of adaptive immunity: NK cells, B cells, CD4+ T cells, and CD8+ T cells. In COVID-19 patients, total lymphocytes, CD4+ T cells, CD8+ T cells, B cells, and NK cells were found to be decreased (Wang et al., 2020a; Anka et al., 2021), and for data from blood tests at admission, lymphocyte counts were found to be significantly lower in patients with severe disease than in patients with mild disease (0.9×109 cells/L [range 0.8–0.9] versus 1.2 [1.0–1.6]; p = 0.011) (Zhou et al., 2020). The possible mechanisms of lung injury caused by these cells will be summarized below (Figure 1).


3.3.1 Natural Killer Cells

Natural killer cells are required for the control of viral infections, thus restoring NK cell function has the potential to overcome the immune homeostasis required for COVID-19 infection. NK cells play a crucial role in regulating the immune response, not only by forming part of the innate immune system but also by regulating the adaptive immune response (Schuster et al., 2016; van Eeden et al., 2020b). Recent studies have highlighted that NK cells are regulatory cells that interact with dendritic cells, macrophages, T cells, and endothelial cells (Vivier et al., 2008).NK cells can limit or exacerbate the immune response. The role of NK cells as effectors against transformed and virally infected cells has been demonstrated (Schuster et al., 2016). SARS-CoV-2 infection in alveolar pneumocytes, resident alveolar macrophages, epithelial cells of the alveoli, and damaged lung cells trigger an inflammatory response with the release of cytokines and chemokines. This response further attracts natural killer cells, which enter the alveoli from the bloodstream and exacerbate the inflammatory response. The worsening of excessive inflammation triggers a cytokine storm that eventually progresses to ARDS and even death (Satarker et al., 2021). NKG2A is a receptor expressed on NK cells that induces IFN-γ and TNF-α (André et al., 2018; van Eeden et al., 2020b), and NKG2A expression by NK cells is activated in the peripheral and pulmonary microenvironment of patients with COVID-19 (Hammer et al., 2022). The number of NK cells is reduced in patients with COVID-19, and the function of NK cells is depleted as NKG2A expression increases in patients. Importantly, after treatment and recovery, the number of NK cells in these patients recovered with the decrease in NKG2A expression (Zheng et al., 2020). Chemokines MCP-1 and IP-10 recruit NK cells to inflammatory tissues, yet NK cell cytotoxicity and immune regulation are diminished, leading to an inflammatory response in SARS-CoV-2 infected patients (van Eeden et al., 2020b). This could suggest that the functional depletion of NK cells is associated with infection with SRAS-CoV-2 (Figure 2).



3.3.2 CD4+T and CD8+T Lymphocytes

T lymphocytes, CD4+T and CD8+T, play a key role in autoimmune and inflammatory responses (Wang et al., 2020b). Some speculations have been made on the mechanism of lung injury caused by SARS-CoV-2 (Li et al., 2020a). SARS-CoV-2 may act mainly on T lymphocytes, which in turn leads to the deterioration of the patient’s condition. It has been shown that T cells undergo immune activation and antiviral immune responses triggered by SARS-CoV-2 and induce infected cell death (Toor et al., 2021). However, the pathogenic synergy between T cell-associated bystander effects and the more pronounced training innate immune effects in adults than in children can lead to abnormal or excessive immune responses in SARS-CoV-2 infected patients, which in turn can lead to tissue damage (Li et al., 2020a; de Candia et al., 2021). T lymphocyte subsets can be divided into CD4+ T cells and CD8+ T cells.19 CD4+T and CD8+ T cells in patients with nCoV are important in clearing infected cells by inducing immune damage SRAS-CoV-2 plays a very important role (Satarker et al., 2021). The study suggested (Zheng et al., 2020) that the functional failure of CD8+ T cells was associated with SRAS-CoV-2 infection. This shows the significance of CD8+ T cells for COVID-19. S protein is an important structural protein in SARS-CoV-2 that mediates the entry of SARS-CoV-2 into host cells (Chilamakuri and Agarwal, 2021). The importance of T lymphocytes in viral clearance and recovery is also greatly implied by the fact that CD4+ and CD8+ T cells in most recovered patients produce a large number of antiviral immune responses against S proteins (Toor et al., 2021). Another study (Grifoni et al., 2020)also identified circulating SARS-CoV-2 specific CD8+ T cells and CD4+ T cells in COVID-19 recovered patients and also found that CD4+ T cells were positively correlated with the size of anti-SARS-CoV-2 IgG and IgA titers, and anti-acute RBD antibody responses made by COVID-19 patients were positively correlated with the size of specific CD4+ T and CD8+ T cell responses (Figure 2).



3.3.3 B Cells

B cells mainly perform humoral immunity of the body and can differentiate into plasma cells upon antigen stimulation, which can further synthesize specific antibodies and play a certain role in immune protection. In response to most viral infections, B cells can bind to viral proteins through their antigen receptors, by secreting effector molecules (IL-2, IL-4, IL-6, IFN-γ, TNF-α) to help contain viral infections (Rodda et al., 2021). Studies have shown that the serum-neutralizing antibody response to SARS-CoV-2 spiking proteins occurs within two weeks after the onset of symptoms, but memory B cells can be rapidly reactivated after secondary infection to help prevent SARS-CoV-2 infection and death (Lee and Oh, 2021). The mechanism of action lies in the fact that B cells can differentiate into plasma cells or form germinal centers through extrafollicular antibody (EF) responses, and in COVID-19 patients, antibodies produced by EF responses effectively neutralize SARS-CoV-2 (Luo and Yin, 2021). Patients recovering from COVID-19 produce specific immunoglobulin (IgG) antibodies that neutralize plasma and memory B cells that persist for at least 3 months. SARS-CoV-2-specific IgG memory B cells increase over time and memory B cell receptors neutralize the virus. Thus COVID-19 patients produce memory cells and display antiviral immunity (Luo and Yin, 2021) (Figure 2).




3.4 COVID-19 Triggers Fas/FasL Signaling Pathway Pro-Apoptosis Causing the ARDS

Fas is a tumor necrosis cell surface receptor factor, which has long been considered a death receptor and maintains immune homeostasis by mediating cell apoptosis (Bellesi et al., 2020). The pro-apoptotic role of the Fas/FasL signaling pathway is important in the development of acute lung injury (ALI). The Fas pathway has been studied as a potential contributor to lung inflammation and alveolar epithelial cell apoptosis in patients with ALI. The Fas pathway is activated by activation by FasL binding to Fas on the cell surface, leading to an intracellular cascade response that results in inflammation and apoptosis of Fas-bearing cells. It has been found (Andre et al., 2022) that activated T cells are susceptible to death via the Fas/FasL signaling pathway and that sFasL and Fas/CD95 expression correlated positively with T cell apoptosis in the plasma of COVID-19 patients. Selective blockade of Fas was found to attenuate lung injury in animal models, and lung injury could result from Fas activation (Glavan et al., 2011). Another study found that SARS-CoV-2 entered the airway and infected mainly fine bronchial epithelial cells and alveolar epithelial cells, causing local inflammation associated with lung injury (Rendeiro et al., 2021). In contrast, Fas/FasL, an apoptotic mediator, can induce inflammation by releasing pro-inflammatory factors that cause the migration of neutrophils and macrophages to the site of injury (Yu and Fehlings, 2011), and the Fas death receptor is normally expressed on lung epithelial cells. It is hypothesized that COVID-19 infection acts on alveolar epithelial cells to activate the Fas/FasL signaling pathway, which in turn induces abnormal apoptosis and causes acute lung injury (Figures 1 and 2).



3.5 COVID-19 Triggers Inflammation Through the JAK/STAT Pathway Causing the ARDS

COVID-19 virus induces activators of message transcription and transcription 1 (STAT1) dysfunction and compensatory hyperactivation of STAT3. The recruitment and subsequent activation of innate immune cells in the infected lung drive the destruction of lung structures, which leads to regional endothelial cell infection and the formation of a hypoxic environment where over-produced PAI-11 binds to TLR4 on macrophages and induces the secretion of pro-inflammatory cytokines and chemokines (Matsuyama et al., 2020). The JAK-STAT signaling pathway refers to the phosphorylation and dimerization of STAT by JAK, followed by its passage through the nuclear membrane translocation to the nucleus to regulate the expression of related genes, which in turn causes a cytokine storm (Zhang et al., 2020a). Some investigators have found in the pathology of SARS-CoV-2 disease that concentrations of pro-inflammatory cytokines and chemokines correlate with disease severity and adverse clinical outcomes, and that levels of pro-inflammatory factors (IL-2, IL-4, IL-6, IL-7, IL-10, TNF-α, and IFN-γ) and chemokines (CCL2, CCL8) are significantly elevated, IL-6 has been shown to activate the JAK-STAT signaling pathway, giving the body an immunomodulatory function, and thus it is hypothesized that the JAK-STAT signaling pathway is a key part of immunity and immunopathology during COVID-19 infection (Luo et al., 2020). The SARS-CoV-2 infection triggers inflammation through the JAK/STAT pathway, leading to lung cells, endothelial cells, macrophages, monocytes, lymphocytes, natural killer cells, and dendritic cells recruitment towards cytokine storm and eventual development of ARDS or even death (Satarker et al., 2021). Today an increasing number of anti-inflammatory drugs are used in the treatment of COVID-19, among which JAK inhibitors, are predicted to be of particular importance in the treatment of SARS-CoV-2 disease (Zhang et al., 2020b) (Figures 1 and 2).



3.6 COVID-19 Triggers Inflammation via NF-κB Pathway Causing the ARDS

The severity of COVID-19 is related to the activation of the host immune response, especially the inflammatory response, and an excessive inflammatory response will trigger lung injury. Therefore, limiting the dysfunctional inflammatory response is a critical step in anti-SARS-CoV-2 therapy. It was found (Wu et al., 2021) that SARS-CoV-2 infection leads to the development of an inflammatory response and the release of multiple cytokines by promoting the activation of the NF-κB signaling pathway. The mechanism was experimentally found to be that the nucleocapsid (N) protein in SARS-CoV-2, after binding to viral RNA, undergoes liquid-liquid phase separation (LLPS) to recruit TAK1 and IKK complexes, thus promoting the activation of NF-κB signaling to enhance NF-κB activation. Not only that, but LLPS inhibitors can also attenuate the phase separation of N proteins and limit their regulatory function in NF-κB activation. It has been shown that SARS-CoV-2 ORF3a, M, ORF7a and N proteins are NF-κB activators and that activation is positively correlated with an increase in the amount of viral protein, indicating a dose-dependent activation of NF-κB by SARS-CoV-2 ORF3A, M, ORF7a, and N proteins.SARS-CoV-2 ORF7a protein is the most potent inducer of NF-KB, activating NF-κB signaling and promoting the production of pro-inflammatory cytokines (Su et al., 2021). Recent studies have found that a variety of herbs can inhibit SARS-CoV-2 infection through the NF-κB signaling pathway. Liushen capsule (LS), a traditional Chinese medicine, has anti-inflammatory, antiviral, and immunomodulatory activity properties. Some scholars (Ma et al., 2020) detected the expression of key proteins in the NF-κB/MAPK signaling pathway by protein blotting and found that LS could inhibit SARS-CoV-2 virus infection by downregulating the expression of inflammatory cytokines-induced viruses and regulating the activity of NF-κB/MAPK signaling pathway in vitro (Figure 2).

Alveolar hypercoagulation and fibrinolytic inhibition are important features in ARDS, and they are closely associated with severe hypoxemia, which is one of the important reasons why ARDS is difficult to cure. Several studies have now found that the NF-KB pathway can be involved in regulating endotoxin (LPS)-induced alveolar hypercoagulation and fibrinolysis inhibition. By targeting the NF-KB signaling pathway, alveolar hypercoagulation and fibrinolytic inflammation in ARDS could be improved. It is further hypothesized that the NF-KB signaling pathway can be targeted to reduce the occurrence of inflammatory response and cytokine release, inhibit SARS-CoV-2 infection, and improve alveolar hypercoagulation and fibrinolytic inhibition in ARDS (Pooladanda et al., 2019; Yang et al., 2021) (Figure 1).



3.7 COVID-19 Inhibits IFN-Is Causing the ARDS

Type I interferon (IFN-I) was first discovered in the classical experiments of Isaacs and Lindenman, and IFN-Is were found to have antiviral activity (Schreiber, 2020). The association of IFN-I with lung epithelial barrier function has been demonstrated and some researchers have found that the protective effect of IFN-I can be used in acute lung injury, where the loss of IFN-I signal leads to a significant reduction in barrier function caused by alveolar epithelial type II cell death (Maier et al., 2016). Type I interferons (IFN-Is) secreted by cells are rapidly produced upon viral infection and exhibit their antiviral activity in controlling virus proliferation and dissemination as well as effective antiviral immune responses (King and Sprent, 2021), which, if the immune response is unbalanced, leads to diminished production of IFN-Is and accelerated release of pro-inflammatory cytokines, and eventually, the disease becomes severe (Sa Ribero et al., 2020).SARS-CoV-2 has evolved mechanisms to inhibit IFN-I production to evade the inhibitory effects of IFN-I, by impairing the adaptive immune response and exacerbating inflammatory disease in the late stages of viral infection, ultimately affecting the course and efficiency of disease transmission (King and Sprent, 2021). Currently, in SARS-CoV-2 pneumonia, SARS-CoV-2 is found to cause a delay in IFN-I-mediated defense against viral functions and a large production of cytokines (IFN-α, IFN-β, IL-1, IL-6) (Nilsson-Payant et al., 2021), ultimately maintaining a balance of deleterious host responses.SARS-CoV-2 infection inhibits IFN-I production, impairs the adaptive immune response, and exacerbates inflammatory disease in the late stages of infection. Therefore, clarifying the etiology of SARS-CoV-2 disease is important to investigate the defective responsiveness of IFN-I (King and Sprent, 2021). Hoagland et al. (2021) found reduced viral load and tissue damage by intranasal injection of IFN-I, which reflects that IFN-I can limit viral replication and inflammation. Systemic administration of interferon can lead to some unwanted side effects, but local injection of IFN-I through the respiratory tract has shown excellent recovery in patients with COVID-19, further suggesting that this method may become an effective early intervention in respiratory disease caused by SARS-CoV-2 (Figures 1 and 2).



3.8 COVID-19 Causes ARDS Through the Vitamin D Pathway

Vitamin D maintains the balance of blood calcium and blood phosphorus, and for those who are deficient in vitamin D, proper supplementation can enhance our immune system and will bring some help in fighting SARS-CoV-2. Many studies today show that COVID-19 patients who are vitamin D deficient usually have a poor prognosis, while patients with high levels of vitamin D have an even better prognosis. Vitamin D is an immunomodulatory hormone whose active form, 1,25 dihydroxy vitamin D (1,25(OH)D), binds to the vitamin D receptor (VDR) to exert anti-inflammatory and immunomodulatory effects, prevent inflammatory response, and accelerate the healing process in affected areas, and it acts mainly in lung tissue with proven effectiveness against various upper respiratory tract infections (Mohan et al., 2020). One study (Rhodes et al., 2021) found that vitamin D deficiency is also related to the severity of respiratory diseases in children. Vitamin D has also been found by many scientists to affect ACE2 by increasing the ratio of ACE2 to ACE, thereby increasing angiotensin II hydrolysis and decreasing the subsequent inflammatory cytokine response to pathogens and lung injury (Mohan et al., 2020; Xiao et al., 2021). Since ACE2 is the host cell receptor for SARS-CoV-2, vitamin D could attenuate acute lung injury and ARDS by affecting ACE2 (Xiao et al., 2021). However, Ghasemian et al (Ghasemian et al., 2021), focused on the role of vitamin D in patients with COVID-19 and entered a meta-analysis of 23 studies in 11,901 subjects, which found that vitamin D deficiency had no substantial effect on mortality in patients with COVID-19. However, patients with low vitamin D levels or vitamin D deficiency had a higher risk of developing severe disease (Figures 1 and 2).




4 Conclusions and Challenges

COVID-19 is a fatal respiratory infectious disease caused by SARS-CoV-2, which can cause the ARDS in severe cases, resulting in lung injury and accelerating the death of patients. In order to reduce the mortality of COVID-19 and gain insight into the study of SARS-CoV-2 causing the ARDS and to develop a broad spectrum of drugs as early as possible, this paper analyzes the possible mechanisms of SARS-CoV-2 causing ARDS in angiotensin-converting enzyme 2, cytokine storm, immune cells, Fas/FasL pathway, JAK/STAT pathway, NF-κB pathway, type I interferon, and vitamin D. Their importance in COVID-19 and the possible mechanisms of lung damage are described. In the future, there are still some areas that need attention and research in the area of SARS-CoV-2 causing the acute respiratory distress syndrome (Figure 1).

In terms of ACE2, ACE2 receptor is the key entry point for viral to entry cells, and genetic mutations in ACE2 may affect expression levels as well as protein conformation and stability, which may change the affinity of the SARS-CoV-2 S protein, making individuals more resistant or susceptible to viral infection (Antony and Vijayan, 2021). This latest speculation provides a future understanding of the clinically relevant COVID-19 pathophysiological response brings significant help for the future understanding of COVID-19 clinically relevant pathophysiological response and provides ideas for vaccine development. In terms of cytokine storm, the cytokine storm triggered by COVID-19 exacerbates disease progression and leads to immune disorders, which provides a potential approach to treat COVID-19 by early identification of cytokine storm and anti-inflammatory therapy that reduces cytokine response, ultimately leading to reduced morbidity and mortality. There are a number of anti-cytokine approaches that have been shown to be effective in the treatment of cytokine storm syndrome, such as anti-IL-1, IL-6, and IFN-γ drugs (Nile et al., 2020), but further experiments are needed to determine which drugs are effective in patients with cytokine storm syndrome caused by SARS-CoV-2. In terms of immune response, NK cells control cellular infection and play a key role in maintaining immune homeostasis, and SARS-CoV-2 infection controls NK cell function, thereby disrupting this balance. B cells also play a very important role in maintaining humoral immunity in the body, and the persistence of the immune response is essential to prevent reinfection in patients recovering from COVID-19, and persistent humoral Immunity is mediated by memory B cells and memory B cells can provide protection against re-infection of the body with viruses (Ogega et al., 2021), but there are still many gaps in knowledge and understanding of the immune memory response to SARS-CoV-2. It is hoped that future drug development will be carried out from the perspective of improving NK cell function and exploiting the memory response of B cells. It has been shown that physical inactivity decreases NK cell activity and IFN-γ expression (van Eeden et al., 2020b). This suggests the importance of increased exercise in patients with COVID-19. CD4+ T cells as coordinators of antiviral immune responses can enhance the effector function of CD8+ T cells or directly kill infected cells (Meckiff et al., 2020). CD4+ T cells and CD8+ T cells-mediated immune responses are present throughout the course of COVID-19 disease, but evidence of CD4+ T cells and CD8+ T cells in COVID-19 disease surveillance is still lacking in large samples. It is hoped that the dynamic detection of CD4+ T and CD8+ T cells can be used in the clinic in the future to grasp the patient’s disease and eventually eliminate SARS-CoV-2 and prevent the patient from progressing to ARDS (Figure 2).

Fas maintains immune homeostasis and the Fas/FasL pathway mediates the formation of ALI. sFasL, Fas/CD95 expression was also found in COVID-19 patients (Glavan et al., 2011). It is hypothesized that COVID-19 infection activates the Fas/FasL signaling pathway, induces abnormal apoptosis, and causes ARDS. COVID-19 infection triggers inflammation through the JAK/STAT pathway, causing a cytokine storm that eventually develops into ARDS. The pro-inflammatory factor IL-6 has been shown to activate the JAK/STAT signaling pathway (Luo et al., 2020), and more experiments are needed to prove whether other pro-inflammatory factors in COVID-19 patients have the same effect. SARS-CoV-2 ORF3a, M, ORF7a and N proteins can promote activation of the NF-κB signaling pathway, with ORF7a being the most potent activator leading to the development of inflammatory responses and cytokine release (Su et al., 2021). the NF-κB pathway can be involved in the regulation of LPS and ameliorate ARDS-induced alveolar hypercoagulation and fibrinolysis inhibition. Although the viral proteins that activate the inflammatory response and their molecular mechanisms are not yet known. However, it can be speculated that by targeting the NF-κB signaling pathway, SARS-CoV-2 infection and inflammatory response can be effectively inhibited and the symptoms of ARDS can be improved. In summary, by inhibiting several aspects of the Fas/FasL signaling pathway, NF-κB signaling pathway, and JAK/STAT pathway, all of them can reduce the infection of COVID-19 to some extent and further prevent the development of ARDS. Future studies can focus on these three pathways as well as other pathways to provide new strategies for the treatment of COVID-19. Increasing type I interferon and vitamin D has a good effect on the prevention and treatment of COVID-19. In the future, intranasal intake of IFN-I may be used as an early treatment to eliminate the virus. For people who lack vitamin D, appropriate vitamin D supplementation can enhance the immune ability and bring some help to fight the virus However, it is still unclear to what extent vitamin D helps patients with COVID-19, and there is a lack of sufficient favorable evidence. (Figure 2).

Currently, ARDS remains a state of high morbidity and mortality due to the lack of specific drugs, supportive treatment by mechanical ventilation and non-mechanical ventilation, and long-term sequelae of patients after treatment. Therefore, research on the molecular and physiological mechanisms of ARDS needs to be further improved to develop specific drugs and find better treatment strategies to reduce the mortality caused by this syndrome.

Nowadays, people all over the world are engaged in the fight against SARS-CoV-2, and the mechanisms of SARS-CoV-2-induced acute respiratory distress syndrome are playing an increasingly important role in understanding the virus, fighting the epidemic, and developing drugs. It is expected that in the future, we will have a deeper understanding of the SARS-CoV-2 and be able to supplement the understanding of the mechanism of acute respiratory distress syndrome with more experimental data and clinical observations, to contribute to the prevention and control of the epidemic as well as to the medical field.
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