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Abstract: The novel coronavirus pneumonia (COVID-19) is spreading worldwide and threatening people greatly. The routes by which SARS-CoV-2 causes lung injury have grown to be a major concern in the scientific community since patients with new Coronavirus, severe acute respiratory syndrome coronavirus (SARS-CoV-2) have a high likelihood of developing acute respiratory distress syndrome (ARDS) in severe cases. The mortality rate of COVID-19 has increased over the period due to rapid spread, and it becomes crucial to understand the disease epidemiology, pathogenic mechanisms, and suitable treatment strategies. ARDS is a respiratory disorder and is one of the clinical manifestations observed in patients with severe COVID-19. In this scenario, it is important to address this problem to develop suitable treatment strategies. This review attempts to present the prevalence of ARDS in COVID-19 patients and their predictive causes and risk factors, highlighting the contrasting features of COVID-19-induced ARDS with typical ARDS. This review also presents insights into the association between SARS-CoV-2 and lung damage while exploring the potential COVID-19 mechanisms in ARDS from the perspective of the angiotensin-converting enzyme 2 protein, cytokine storm, immune responses, and other signaling pathways. The review also discusses the diagnosis strategies, pathogenesis, risk factors, and treatment options of COVID-19-related ARDS.
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Introduction

Coronavirus disease of 2019 (COVID-19) is a highly contagious respiratory disease caused by Severe Acute Respiratory Syndrome Coronavirus-2 (SARS-CoV-2) which was first reported in Wuhan, China, in late December 2019. COVID-19 has swiftly spread across the globe and has become a global pandemic in a short period. Patients affected by COVID-19 develop symptoms during the incubation period of 1–14 days (Hu et al., 2021). The most common symptoms of COVID-19 include fever, dry cough, and other manifestations like fatigue and headache (Pullen et al., 2020). Several investigations have shown that older persons aged 60 years and above are especially prone to infection. The condition becomes critical when patients are found to have major comorbidities such as hypertension (30.7%), diabetes (14.3%), cardiovascular disease (11.9%), and respiratory diseases (Hu et al., 2021; Siordia, 2020). The highly infectious and fatal nature of COVID-19 led to the development of different vaccines. In addition, a few conventional anti-viral drugs and protease inhibitors were found to be effective against SARS-CoV-2

Most of the patients admitted to the hospital with COVID-19 infection had developed pneumonia, followed by Acute respiratory distress syndrome (ARDS) (Sanyaolu et al., 2020). ARDS is a life-threatening condition caused by the accumulation of fluid in the lungs air sacs. Patients often have trouble in breathing and require ventilator support for their survival. The most noticeable characteristics of ARDS are diffuse alveolar injury and pulmonary edema (Matthay et al., 2018). Despite significant progress in understanding the pathogenic mechanisms of ARDS, only a few pharmaceutical treatments are effective. The most common treatment for ARDS is mechanical ventilation. ARDS, in most of the severe COVID-19 patients, has been identified as disease primarily affecting the lungs. The occurrence of ARDS in COVID-19 patients increases mortality (Wu et al., 2020). The primary objective of this review is to identify the prevalence of ARDS in patients with COVID-19 and briefly understand their cause and risk factors, followed by the impact of current COVID-19 vaccines with respect to ARDS. The review also summarizes the epidemiology, pathogenesis, and current treatment strategies of ARDS and COVID-19. We have also tried to present the effect of different SARS-CoV-2 variants in developing ARDS.

Coronavirus - Disease of 2019

SARS-CoV-2, the cause of COVID-19 infection, is known to replicate mostly in the lower respiratory tract. Due to human-to-human transmission, the virus has quickly spread to various parts of the world, with a high rate of transmission. When the infected person coughs or sneezes, fluid particles from their mouth or nose can spread to other people in the vicinity. To avoid contracting viruses, people are urged to practice preventive measures such as masks, social distancing, and adequate sanitization. Reverse transcription-polymerase chain reaction (RT-PCR) assays can be used to detect COVID-19 infections in patients (World Health Organization, 2023). However, the relentless research in the development of different vaccines have paved the way for reduced transmission and death. In this review, we discuss the epidemiology and structural characteristics of SARS-CoV-2 virus followed by their pathogenesis and treatment strategies currently followed.

Epidemiology

The incidence of a pandemic caused by a coronavirus is not totally new to the world, since coronaviruses such as SARS-CoV and the Middle East Respiratory Syndrome Coronavirus (MERS-CoV) had emerged in the past. Scientists hypothesized that like SARS-CoV and MERS-CoV, SARS-CoV-2 may have evolved from bats because of its similarities to bat coronaviruses (Ganesh et al., 2021; Kuba et al., 2021). The first incidence of SARS-CoV epidemic was reported in China in the year 2002. A total of 8098 people were affected, with a death rate of 9.56%. The second outbreak, caused by MERS-CoV, began in Saudi Arabia in 2012 and affected 2279 persons worldwide, with Saudi Arabia reporting a high mortality rate (38.5%) (Ganesh et al., 2021). Next-generation sequencing of bronchoalveolar lavage fluid (BALF) samples collected from a patient infected by SARS-CoV-2 revealed a new kind of beta coronavirus (Zhou et al., 2020). Within a short period, the virus has rapidly spread across different cities of China through human-to-human transmission. The first case of SARS-CoV-2 outside China was reported in Thailand on 13 January 2020 followed by Japan and the USA, while India reported its first case on 30 January 2020 (Dhar Chowdhury and Oommen, 2020).

In January 2020, the World Health Organization (WHO) initially termed this new infection as 2019-Novel Coronavirus (2019-nCoV). Following that, the International Committee on Taxonomy of Viruses named the novel coronavirus as SARS-CoV-2, and WHO termed the disease as COVID-19 on February 11, 2020. SARS-CoV-2 spread fast around the globe in less than a month, prompting the WHO to declare it a global pandemic (Hu et al., 2021). Patients under the age of 18 years are more likely to be asymptomatic, increasing the risk of infection and transmission (Siordia, 2020). As of today (September 18 2023), Coronavirus has affected 770 million individuals, resulting in 6.9 million deaths. The United States of America has the most COVID-19 incidences with 103 million, followed by China with 99 million (World Health Organization, 2023).

Virology

SARS-CoV-2 is a beta coronavirus that has a crown-like appearance due to spikes when viewed under the electron microscope. It belongs to the Orthocoronavirinae subfamily of the Coronaviridae family, which includes four genus classifications: alpha, beta, delta, and gamma, with only alpha and beta being infectious to humans (Samudrala et al., 2020). SARS-CoV-2 is a positive-sensed single-strand RNA virus with four components: nucleocapsid protein (N), envelope protein (E), membrane protein (M), and spike proteins (S1, S2). Fig. 1 illustrates the typical structure of SARS-CoV-2. Nucleocapsid protein aids in the transcription of viruses and their assembly into host cells, whereas envelope protein, the smallest transmembrane protein, promotes in viral proliferation. Membrane protein helps in the entry of the virus into host cells, inhibits host cell genes and facilitates virus replication (Xia et al., 2021). Among all these proteins, spike protein is the most significant because it binds the virus to host cell receptor. Spike protein has two subunits, S1 and S2; S1 contains an N-terminal domain (NTD) and receptor binding domain (RBD), and the S2 subunit contains a fusion peptide, heptapeptide repeat sequence 1,2 (HR1, HR2), TM domain, and C-terminal domain (Huang et al., 2020). SARS-CoV-2 is highly prone to genetic mutations where nearly five different variants of the virus have been identified as ‘variants of concern’. WHO has named these variants with Greek letter alphabets like alpha, beta, gamma, delta, epsilon, Mu, and omicron (World Health Organization, 2023). Currently, Omicron variant has been identified to be highly virulent and it mostly affects the younger population and is less susceptible to vaccines (Firouzabadi et al., 2023).
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Figure 1: Structure of SARS-CoV-2.

Pathogenesis and pathophysiology

The spike protein of SARS-CoV-2 plays a significant role in the entry of the virus through the human angiotensin converting enzyme-2 (hACE2) receptor into the host cell, and the pathogenesis is illustrated in Fig. 2. Initially, the RBD of the S1 subunit of spike protein binds to the hACE2 receptor (Huang et al., 2020). Researchers have found that the host cell proteases cleave the specific furin site between the S1 and S2 subunits, which ultimately facilitates the fusion of the virus with the host cell. Subsequently, the virus is internalized via endocytosis (Ou et al., 2020). After endosome formation, the virus releases viral RNA into the cytoplasm through cathepsin L-mediated process, where viral RNA is replicated and translated into new viral proteins (Hu et al., 2021). SARS-CoV-2 genomic RNA is reported to encode 28 proteins, including structural, non-structural, and accessory proteins (Pullen et al., 2020). Finally, newly formed viral particles are produced in the host cell and released into the circulation by exocytosis (Yuki et al., 2020). COVID-19 is usually transmitted via respiratory droplets from the coughing and sneezing of infected patients. The high transmission efficiency of COVID-19 is because of the 10%–20% higher binding capacity of SARS-CoV-2 spike protein to the hACE2 receptor (Ganesh et al., 2021). The binding of SARS-CoV-2 to the hACE2 receptor inhibits the binding of angiotensin (Ang-II). This competitive binding modulates renin-angiotensin-aldosterone-system (RAAS) signaling pathway (Beyerstedt et al., 2020; Kuba et al., 2021). The RAAS pathway regulates vasoconstriction and vasodilation. Renin converts angiotensinogen into Ang-I and angiotensin converting enzyme (ACE) converts Ang-I to Ang-II. Ang-II has deleterious effects like vasoconstriction, eventually it gets converted into Ang (1-7) by ACE2. If SARS-CoV-2 binds to the hACE2 receptor, it will downregulate the expression of ACE2 and eventually will lead to more amount of Ang-II presence in cells. Conclusively, it leads to oxidative stress and inflammation (Beyerstedt et al., 2020).
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Figure 2: Pathogenesis of SARS-CoV-2.

When the person contracts the SARS-CoV-2, the inhaled virus binds to the epithelial cells of the nasal cavity and replicates. Then, the virus migrates to the conducting airways of the respiratory tract, which is defined as the mild stage of the infection. Some patients progress to the severe stage where the virus affects the type II alveolar epithelial cells (Mason, 2020). Most of the patients experience fever, dry cough and headache during infection and some patients have symptoms like loss of smell and taste (hyposmia, hypogeusia) (Singh et al., 2021). SARS-CoV-2 mainly affects the lungs which cause interstitial pneumonia, diffuse alveolar damage (DAD), lymphocytic inflammation, and pulmonary edema. Apart from lungs, it also affects other organs and causes multiple organ dysfunction in 2%–20% of patients who require mechanical ventilation (Tabary et al., 2020).

Current treatment strategies

The United States Food and Drug Administration (FDA) and WHO have approved a wide range of drugs and vaccines. Corticosteroids have proven good therapeutic efficacy against ARDS; therefore, they are used to treat COVID-19. Corticosteroids decrease inflammation by binding to glucocorticoid and mineralocorticoid receptors. Dexamethasone has shown a promising anti-inflammatory effect, reduces the need for mechanical ventilation, and decreases mortality. Further, dexamethasone is now advised as a conventional treatment at a dosage of 6 mg per day for 10 days (Taher et al., 2023). Other corticosteroids such as hydrocortisone, methylprednisolone, and prednisone have also been used to treat COVID-19 infections, but only when a conventional medication is not available (Johns et al., 2021; Raju et al., 2021). Prior to the COVID-19 pandemic, vaccines for coronaviruses were not proven to be effective since the MERS vaccine had only completed phase 1 clinical trials (Modjarrad et al., 2019). The deadly nature of COVID-19 infections necessitates the development of vaccines, and a list of widely used vaccines is provided in Table 1 (Venkadapathi et al., 2021).
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Vaccines

Four different kinds of vaccines have been developed until now: mRNA vaccine, adenoviral vector vaccine, inactivated whole virus vaccine, and subunit vaccine. In the case of the mRNA vaccine, mRNA of viral antigen, primarily protein present on its surface, is injected to elicit an immune response. Following this principle, two mRNA vaccines, like the Pfizer-BioNTech and Moderna vaccines, were approved. The benefit of employing the mRNA vaccine is that the sequence of mRNA can be altered, which can act effectively against different variants (Forchette et al., 2021). A few drawbacks of mRNA vaccines include RNA degradation, stability, and transport difficulties, but they can be resolved by using lipid nanoparticles (LNP) (Heinz and Stiasny, 2021). However, LNP encapsulation for mRNA vaccines will be stable under refrigerated temperatures only for 5–30 days (Forchette et al., 2021).

Adenovirus vaccines like Sputnik V and Johnson and Johnson use DNA that encodes viral spike protein and uses an adenovirus vector for delivery of antigen instead of LNP. China has developed two inactivated vaccines, including the Sinopharm BIBP vaccine and Sinovac-Coronavac, where the virus is inactivated using heat, radiation, and chemical processes, producing an immune response in the body without causing infection (Firouzabadi et al., 2023; Venkadapathi et al., 2021). Currently, in India, two vaccines are predominantly used: Covaxin and Covisheild (ChAdOx1 nCoV-19) (Kaushik et al., 2021). Covaxin was developed by the Indian company Bharat Biotech and approved by India for emergency use on 03 January, 2021. It is an inactivated whole virus vaccine that is chemically inactivated by β-propiolactone (Heinz and Stiasny, 2021). Covisheild is an adenoviral vector vaccine developed by the University of Oxford and AstraZeneca, UK. Phase 2 clinical study has reported that the Covisheild vaccine induced a strong immune response with less reactogenicity (Folegatti et al., 2020). As of today (18 September, 2023), 70% of the total world population has taken at least one dose of the COVID vaccine (Our World in Data, 2023)

Drugs

Remdesivir is one of the most prescribed anti-viral drugs which has shown effectiveness against SARS, MERS, as well SARS-CoV-2. It reduces the SARS-CoV-2 infection by inhibiting the action of the viral replication enzyme. Plitidepsin is also an anti-viral drug that has shown better results compared to remdesivir in inhibiting COVID-19 by targeting translation factors (Forchette et al., 2021). Favipiravir has shown effectiveness against the Influenza virus and is also effective against the SARS-CoV-2 virus by inhibiting RNA polymerase enzyme. Umifenovir reduces the effect of SARS-CoV-2 by inhibiting the fusion of the virus with the host cell (Wang et al., 2021).

The combinational drug lopinavir/ritonavir, which is a protease inhibitor, has shown good results as it stalls the replication of the virus (Venkadapathi et al., 2021). Monoclonal antibodies have also been used for the treatment of COVID-19. Bevacizumab has been shown to alleviate pulmonary edema by inhibiting vascular endothelial growth factor (VEGF) (Hu et al., 2021). Tocilizumab and Sarilumab suppress the expression of interleukin 6 (IL-6), an inflammatory cytokine that is abundantly expressed in patients with COVID-19. Lenzilumab inhibits the expression of other inflammatory cytokines, namely granulocyte macrophage colony-stimulating factor, and eventually reduces the severity of the disease (Venkadapathi et al., 2021). Passive immunotherapy is also considered an effective therapy against COVID-19, and was followed in India. In this therapy, plasma collected from COVID-19-recovered patients is administered to affected individuals. However, although this passive immunotherapy reduced viral particles in patients, it had adverse side effects such as fever and anaphylactic reactions (Wang et al., 2021).

Acute Respiratory Distress Syndrome

ARDS is an inflammatory disorder with the characteristic features of diffuse alveolar damage (DAD), followed by non-cardiogenic pulmonary edema, and increased alveolar permeability (Kaku et al., 2020). Currently, the Berlin definition of ARDS is being followed, which categorizes ARDS as mild, moderate, or severe. The mortality rate of severe ARDS is still as high as 45% of ARDS-affected patients (Ranieri et al., 2012; Wilson and Calfee, 2020). The lungs are primarily engaged in the process of gas exchange, and patients with ARDS have a large dead space fraction, which is associated with greater mortality (Rezoagli et al., 2017). Patients with significant comorbidities are at higher risk than normal people, and numerous cases have also been reported in children. Even after recovering from ARDS, few patients experience muscle weakness, depression, or post-traumatic stress disorder (Dushianthan et al., 2011). Despite the high mortality, only a few therapies are effective due to the wide variety of ARDS phenotypes (Wilson and Calfee, 2020) and the response to treatment varies depending on the phenotypes.

Evolution of acute respiratory distress syndrome and epidemiology

In 1821, ARDS was described as idiopathic pulmonary edema, and after a century, they termed the condition as ARDS in 1967. In 1987, few scientists defined ARDS in the expanded version as ‘the Murray Lung Injury score’ and categorized ARDS into three different categories based on scores (Murray et al., 1988). A milder form of ARDS is called Acute lung injury (ALI) (Rezoagli et al., 2017). The American-European consensus conference was held in 1992 and they classified ALI and ARDS based on the PaO2/FiO2 (PF) ratio and the definition of ARDS outlined in Table 2 (Bernard et al., 1992). Over the years, the American European Consensus Conference (AECC) definition was widely accepted, but it has a few limitations. In 2012, the Berlin definition for ARDS was formulated to address the limitations of AECC, and mortality has been predicted for mild, moderate, and severe as 27%, 32%, and 45%, respectively. The term Acute lung injury has been removed from Berlin’s definition as it confuses clinicians when diagnosing patients, and hydrostatic edema was included as one of the criteria (Ranieri et al., 2012). Even the Berlin definition has certain drawbacks, in that it cannot be applied in a real-time world scenario where there is a limited number of resources for diagnosis. In addition, etiology factors have not been included.
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In 2016, a study with 1046 patients was undertaken in Kigali, and a few alterations to the Berlin criteria were made, including the use of ultrasound, which has shown to be more accurate than chest radiography. In this study, the Spo2/FiO2 ratio 315 was employed to measure oxygenation instead of the PF ratio. Of 1046 patients, 4% fall under Kigali-modified ARDS criteria, and no patient has been classified as ARDS with the Berlin definition. Kigali-modified criteria needs further validation for utilizing it as a primary diagnostic tool (Riviello et al., 2016). ARDS has also been reported in children aged 2 to 17 years, with an incidence of 2.2–5.7 per 100,000 person-years and a death rate of 17%–33% compared to that in adults (Matthay et al., 2018). Recognition of ARDS is the primary factor that determines the survival of patients. Clinicians failed to recognize over 40% of all instances (Bellani et al., 2016). ARDS occurs in probably 10%–15% of patients admitted to the ICU, and among them, 23% of patients need mechanical ventilation. According to a few studies, men are more prone to develop ARDS, but women have a greater fatality rate (Meyer et al., 2021).

Pathogenesis

The impairment of alveolar-capillary permeability and alveolar fluid clearance processes are the main causes of ARDS. In healthy lungs, the alveolar capillary membrane, commonly known as the “blood-air barrier”, is made up of endothelial cells, alveolar epithelial cells (Types I and II), alveolar macrophages, and extracellular matrix. Alveolar epithelial type I cells (ATI) are thin, flat cells that primarily regulate gas exchange (CO2, O2) between the alveolar unit and blood capillaries, as well as producing pro-inflammatory cytokines in response to infection. Alveolar epithelial type II cells (AT-II) are small, cuboidal and involved in the secretion of surfactant, which acts as a local defense system and reduces surface tension (Matthay et al., 2018). In response to injury or damage, these AT-II cells repair the tissue by trans-differentiating into AT-I cells. Impairment of endothelial permeability is the main factor in the pathogenesis of ARDS. Besides local defense mechanisms, alveolar macrophages are found within the epithelium. Fibroblast is found between the epithelium and the endothelium, and it aids in lung tissue wound repair (Nova et al., 2019).

In the first step of lung injury, the endothelial cells are activated, which alters endothelial permeability. Endothelial cells are activated by various factors like pathogens (bacteria, viruses), cytokines, and hypoxia (Meyer et al., 2021). The disintegration of vascular endothelial cadherin junctions can result in gaps and increased endothelial permeability (Huppert et al., 2019), which leads to the recruitment of neutrophils and platelets. Activated neutrophils release pro-inflammatory cytokines, chemokines, proteases, and reactive oxygen species, and they also interact with platelets and form aggregates. Although alveolar endothelial injury is not enough to generate ARDS, some degree of epithelial injury is essential for disease progression (Matthay and Zemans, 2011). In alveolar epithelial injury, activated neutrophils migrate to the epithelium via a paracellular route. The migrating neutrophils induce apoptosis of alveolar epithelial cells by releasing inflammatory mediators like matrix metalloproteinases, elastase, and reactive oxygen species (Matthay and Zemans, 2011). Another factor that contributes to the development of ARDS is impaired alveolar fluid clearance. The alveolar epithelial membrane in healthy lungs contains ion channels like the epithelial sodium channel (ENaC), which drains the fluid in the lungs and subsequently by the lymphatic system. This mechanism is disturbed due to multiple factors like hypoxia, the release of pro-inflammatory cytokines (tumor necrosis factor (TNF)-α, IL-8), and biomechanical injury (Huppert et al., 2019). In Fig. 3, the healthy alveolar-capillary membrane and ARDS-affected membrane are compared.
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Figure 3: Comparison of healthy and ARDS affected alveolar capillary membrane.

ARDS has been differentiated into three different phases: exudative phase, proliferative phase, and fibrotic phase. After the onset of the disease, the first seven days are known as the exudative phase. Diffuse alveolar damage is a key aspect of the exudative phase, where alveolar epithelial and endothelial cells undergo apoptosis, and mostly AT-I cells degenerate. Histopathological examination of lung tissue revealed the formation of a hyaline membrane containing leaked plasma proteins. Downregulation of ENaC and alveolar fluid clearance results in non-cardiogenic pulmonary edema (Derwall et al., 2018; Tomashefski, 2020). The proliferative phase lasts about 7–14 days and is called the recovery phase, wherein AT-II cells start to proliferate into AT-I cells (Tomashefski, 2020). The fibrotic phase begins after 14 days, and extensive fibrosis and squamous metaplasia are seen (Sharp et al., 2015).

Risk factors

ARDS is caused by a number of factors, including sepsis, trauma, smoking, alcohol consumption, and severe acute pancreatitis. Sepsis is found to be the most common risk factor for the development of ARDS, and mortality was also high for sepsis-induced ARDS. Age and sex were identified as crucial factors, whereby males tend to develop ARDS more than females (TenHoor et al., 2001). Trauma is one of the etiological factors for ARDS, although the incidence declined after 2012 (Tignanelli et al., 2019). In 2018, a study identified the most common risk factors as sepsis, pneumonia, and shock whereas pancreatitis, drowning, and pulmonary contusion as the less common risk factors (Eworuke et al., 2018).

Blood transfusion has previously been identified as a primary cause of ARDS, accounting for about 25%–40% of cases (Eworuke et al., 2018; Kaku et al., 2020); however, its prevalence has decreased since 2009. One study reported aspiration-induced ARDS in 30% of cases and mortality was also very high (Kaku et al., 2020). Recently, a logistic regression analysis-related study identified risk factors for predicting ARDS in severe acute pancreatitis (SAP) patients, including APACHE score, Ranson score, c-reactive protein level, and albumin level (Zhang et al., 2021). A study conducted in 2014 identified that the prevalence of ARDS in diabetic patients has reduced lately (Gu et al., 2014). As previously stated, children can develop ARDS, and parameters such as organ failure during hospitalization, the PRISM score, Pinsp on day 1, and the mean airway pressure gradient are used to predict mortality in children (Panico et al., 2015). Though many influential factors were determined for ARDS, 8.3% of cases had no common risk factor identified (de Prost et al., 2017).

Sub phenotypes of acute respiratory distress syndrome and diagnostic biomarkers Diffuse alveolar damage (DAD) is a principal feature in ARDS, but few studies have reported that only 45% of cases have shown DAD in autopsy findings (Reilly et al., 2019). Treating ARDS is difficult because of varying phenotypes. Latent class analysis was performed to find the sub-phenotypes among the population with ARDS. Statistical analysis identified two phenotypes with different treatment responses, clinical characteristics, and biomarkers. Phenotype 1 is characterized as ‘less inflamed’ (Hypoinflammatory) compared to phenotype 2 (hyperinflammatory). Patients with phenotype 2 have significant organ failures and a higher mortality rate of 51% (Calfee et al., 2014). Researchers recently used transcriptomics to categorize ARDS, identifying two distinct phenotypes: reactive and uninflamed. Compared to uninflamed phenotype, the reactive sub-phenotype exhibits significantly expressed neutrophil-associated genes (Matthay et al., 2018).

Advancement in genomics approaches leads to the discovery of specific biomarkers for different phenotypes in the population with ARDS. Diagnostic biomarkers play a major role in predicting the severity of disease along with treatment outcomes. VEGF, IL-8, RAGE, and TGF-β are prominent factors in lung injury (Sharp et al., 2015). Survivors and non-survivors of ARDS can be determined based on the expression of significant proteins (Bhargava et al., 2017).

Current treatment strategies

Mechanical ventilation is a primary treatment for ARDS to provide a sufficient oxygen supply. However, the treatment itself can cause ventilator-associated lung injury. Considering pharmacological therapies for ARDS, their role has not been efficiently proven in reducing the outcome of ARDS (Dushianthan et al., 2011). Some of the pharmacological therapies are included in Table 3 and can be used as adjuvant therapy for ARDS. ARDS is an inflammatory disorder; hence, corticosteroids are also the treatment of choice. Secondary analysis has been conducted and the authors have not identified any beneficial effects while using low-dose methylprednisolone (Zhang et al., 2015).
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Nanobiotechnology has numerous advantages, including improved site targeting, bioavailability, and stability. Strategies like targeting endothelial cells, epithelial cells, macrophages, and neutrophils, have been employed for the treatment of ARDS (Qiao et al., 2021). Lipopolymeric microspheres encapsulating the corticosteroid dexamethasone were recently developed. Dexamethasone-loaded microspheres have shown reduced production of pro-inflammatory cytokines and reduced inflammatory reactions (Kotta et al., 2021).

COVID-19-Induced Acute Respiratory Distress Syndrome

Nearly one in four patients develop ARDS during SARS-CoV-2 infections (Tsai et al., 2022). The prevalence and mortality of COVID-19-induced ARDS are high, and demands the detailed understanding of its pathophysiology, risk factors, and treatment strategies. In addition to COVID-19, several infections lead to the development of ARDS. Here, we tried to compare COVID-19-induced ARDS with other forms of ARDS, and presented the impact of COVID-19 vaccines on ARDS and the effect of different SARS-CoV-2 variants in the development of ARDS.

Prevalence and mortality of acute respiratory distress syndrome due to COVID-19

Diagnosis of ARDS in COVID-19 patients has been followed in two steps. (1) Patients need to be SARS-CoV-2 RT-PCR test positive and (2) patients need to satisfy the Berlin definition (Gibson et al., 2020). A global literature survey conducted in 2020 states that nearly 33% prevalence of ARDS, 26% require intensive care, and 16% undergo mechanical ventilation for their survival (Tzotzos et al., 2020). Several studies have demonstrated that patients over the age of 60 years and those with diabetes and COVID-19 have an increased chance of developing ARDS during SARS-CoV-2 infection. In addition, ARDS was more common in COVID-19-affected men than in women (Azagew, 2023; Gujski et al., 2022).

How does SARS-CoV-2 induce acute respiratory distress syndrome?

ARDS has been observed predominantly in COVID-19 patients. While several theories emphasize the role of coronavirus in causing ARDS, the mechanism by which SARS-CoV-2 causes ARDS is still an active research area. Zheng et al. (2022) proposed different possible mechanisms of coronavirus inducing ARDS. First, excessive pro-inflammatory cytokine release causes a cytokine storm, which is followed by acute lung injury. Second, authors have proposed that the interaction of SARS-CoV-2 with the Fas/FasL signaling pathway promotes the development of ARDS, in which Fas/FasL results in abnormal apoptosis of alveolar epithelial cells and produces pro-inflammatory mediators that damage lung tissue (Zheng et al., 2022). In another study, researchers observed that SARS-CoV-2 ORF3a, M, ORF7a, and N proteins are potent nuclear factor (NF)-κB activators which leads to activation of NF-κB pathway and release of pro-inflammatory cytokines (Su et al., 2021; Zheng et al., 2022). In addition to the role of N protein in causing ARDS, envelope protein of SARS-CoV-2 also promotes the development by upregulating the expression of pro-inflammatory cytokines (Xia et al., 2021). It has been hypothesized that downregulated ACE2 expression and increased Ang II have a role in the progression of ARDS because Ang II itself is a pro-inflammatory cytokine (Hojyo et al., 2020; Zhang et al., 2020). According to another hypothesis, the IL-6-STAT3 signaling is involved in the development of ARDS. Due to the activation of Ang II, soluble IL-6Rα is produced and simultaneously activates JAK/STAT3 and NF-κB through the IL-6 amplifier mechanism (Hojyo et al., 2020). Further studies have revealed that alveolar epithelial cell death caused by necrosis influences the progression of ARDS in patients with COVID-19 through the release of damage-associated molecular patterns (DAMPs). The necrosis of alveolar epithelial cells occurs in early stage of COVID-19 disease, which eventually progresses to alveolar tissue damage and ARDS (Tojo et al., 2023). Besides, several studies have speculated that hyperactivation of neutrophils triggers the formation of neutrophils extracellular traps (NET) that leads to tissue inflammation followed by ARDS. Activated neutrophils release various pro-inflammatory cytokines, including IL-6, IL-8, and TNF-α which damage the vascular endothelial cells (Cesta et al., 2023). Overall, the replicating virus affects the host immune system and recruits the immune cells. Activated immune cells secrete pro-inflammatory cytokines and chemokines and eventually induce the apoptosis of alveolar epithelial cells by secreting TNF-α and interferon (Batah and Fabro, 2021). Fig. 4 depicts the proposed pathogenic process of COVID-19-induced ARDS. In COVID-19-induced ARDS patients, alveolar epithelial cells are more affected than endothelial cells (Li and Ma, 2020).
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Figure 4: Pathogenesis of COVID-19 induced ARDS.

Comparison of COVID-19-acute respiratory distress syndrome (ARDS) with other ARDS

As stated by various reports, COVID-19-related ARDS is different from typical ARDS. A few studies have reported the onset period of ARDS in COVID-19 patients as between 8 and 12 days; hence, the Berlin definition of onset is not applicable here (Li and Ma, 2020). In COVID-19-related ARDS patients, respiratory system compliance is relatively high (28%) but the PF ratio is unaffected (Grasselli et al., 2020; Grieco et al., 2020). Regarding lung weight, there were conflicting reports. In a study published in 2020 by Chauvelot and colleagues found increased lung weight in patients with COVID-19-induced ARDS, while no significant difference was reported by Grasselli and Tonetti (Chauvelot et al., 2020; Grasselli et al., 2020).

COVID-19 related ARDS is categorized as mild, mild-moderate, and moderate-severe (Li and Ma, 2020). In another study, researchers compared COVID-19 patients with and without ARDS and found that patients with COVID-19-induced ARDS had higher levels of C-reactive protein, IL-6, and lactate dehydrogenase (Dreher et al., 2020). There were many radiographic differences between patients with ARDS and non-ARDS individuals. As a result, the most common characteristic findings in COVID-19 CT images were glass opacities, vascular enlargement, and bilateral abnormalities, whereas pulmonary edema may also be observed in COVID-19-induced ARDS (Kwee and Kwee, 2020). Numerous viruses lead to the development of ARDS. For example, chest radiological findings of patients infected with SARS-CoV are not so different from those with typical ARDS, which has diffused bilateral infiltrates whereas MERS-CoV has nodular opacities and consolidation (Das et al., 2016; Koo et al., 2018; Sampathkumar et al., 2003).

Numerous studies have compared COVID-19-induced ARDS with Influenza-induced ARDS. The study by (Ding et al., 2020) evaluated the distinct clinical features identified between Influenza ARDS and COVID-19 ARDS. The median time for ARDS development after disease onset is relatively longer (9.5 days) in patients with COVID-19 than in patients with influenza (7 days), but severe ARDS was primarily seen in patients with influenza. Multiple organ dysfunction and septic shock were also identified as the primary causes of death in patients with COVID-19-induced ARDS, whereas refractory hypoxemia was identified as the cause of death in influenza induced ARDS patients (Ding et al., 2020). Furthermore, clinical outcomes of patients with COVID-19-induced ARDS and influenza-induced ARDS were compared. Though 28-day mortality was high in patients with influenza, those with COVID-19-induced ARDS required longer mechanical ventilation (Volkov et al., 2023). Tang et al. (2020) investigated the radiological features of COVID-19 ARDS with influenza-induced ARDS. They observed that 95% of COVID-19 patients exhibited ground glass opacities more than influenza patients, but consolidation was mostly observed in influenza-associated ARDS patients (Tang et al., 2020).

Tracheal aspirate RNA sequencing analysis to compare COVID-19-induced ARDS with other causes of ARDS revealed that COVID-19-induced ARDS is characterized by decreased expression of pro-inflammatory genes and compromised expression of interferon-stimulated genes, as compared to other causes (Sarma et al., 2021). COVID-19-induced ARDS and non-COVID ARDS had different treatment responses. Methylprednisolone treatment is effective in improving oxygenation and reducing C-reactive protein (CRP) levels in patients with COVID-19-induced ARDS compared to patients with non-COVID ARDS (Longobardo et al., 2021).

Risk factors for predicting acute respiratory distress syndrome in COVID-19 patients

Severe illness and mortality have been observed in patients with COVID-19-induced ARDS. Several studies have started focusing on identifying risk factors for the development of ARDS in COVID-19 patients. Xu et al. (2021) have utilized machine learning technology to uncover 19 major risk factors that could predict ARDS. In addition, they present clinical features that can be highly observed in patients with COVID-19-induced ARDS, such as coughing, dyspnea, radiological findings like ground-glass opacities, consolidation, and comorbidities like hypertension and diabetes (Xu et al., 2021). A meta-analysis performed to identify the key risk factors in which patients aged 41–64 years mostly progressed to ARDS after COVID-19 infection. Researchers also reported that prolonged mechanical ventilation with therapy, multilobe involvement in the chest, lymphopenia, fever, are the most significant risk factors for the development of ARDS (Tsai et al., 2022). In another study, authors performed multiple logistic regression analyses and identified older age, pulmonary infiltration, and higher CRP levels as risk factors. They devised a 0–3 scoring system to predict the onset of ARDS, including age, CRP level, and lung infiltration as significant indicators (Seo et al., 2021). Wu and co-researchers identified a few factors that determine death in COVID-19-induced ARDS patients, such as older age, neutrophilia, higher LDH levels, and D-dimer. They also observed that methylprednisolone treatment is beneficial in COVID-19 patients (Wu et al., 2020). Anti-viral therapy using lopinavir-ritonavir has no effect in reducing the mortality of patients with COVID-19-induced ARDS, whereas they have predicted the mortality by higher leukocyte count (Zhang et al., 2020).

Apart from the fact that various risk factors influence the severity of ARDS in COVID-19 patients, different phenotypes of ARDS make it challenging for clinicians to provide effective treatment options (Lascarrou, 2021). As previously discussed in the ARDS chapter about the distinct phenotypes (hyper/hypo inflammatory), study has been conducted to understand the prevalence of these phenotypes among patients with COVID-19-induced ARDS. The prevalence of the hyperinflammatory phenotype is very low, although interestingly, increased mortality in hypo inflammatory phenotype is unlikely in a typical ARDS population (Sinha et al., 2020). Distinct phenotypes have also been specifically identified in COVID-19-induced ARDS. Although the class 2 phenotype is less common, it has a higher death rate (40%) than the class 1 phenotype (23%). They differentiated these two phenotypes by increased biomarker D-dimers (Ranjeva et al., 2021). In another report, authors differentiated phenotypes based on lung elastance, lung weight, and lung recruitability. The type L phenotype is characterized by low lung weight, whereas type H has comparatively high lung elastance and lung weight that is similar to the typical severe ARDS category (Gattinoni et al., 2020; Marini et al., 2003).

Treatments for COVID-19-induced-acute respiratory distress syndrome

Currently, researchers are highly keen on developing efficient pharmacological treatments for COVID-19 due to its infectious nature. In addition to COVID-19 clinical manifestations, most of the patients develop ARDS pathologies. So far, no specific standard treatment has been designed for COVID-19-induced ARDS. The use of corticosteroids is considered a primary treatment option to treat ARDS. In May 2020, a small study was conducted to observe the efficacy of methylprednisolone, where the treatment improved oxygenation and reduced inflammatory markers (Kolilekas et al., 2020). Furthermore, patients were given high doses of corticosteroids at an early stage. The duration of hospitalization and mechanical ventilation could be reduced as a result of treatment, which led to a much lower death rate (Boglione et al., 2021). In contrast, a retrospective cohort study conducted by Hung et al. (2022) reported that a higher dose of methylprednisolone did not give any better outcome in COVID-19 induced ARDS patients (Hung et al., 2022). Recently, a prospective controlled clinical trial including 106 patients with COVID-19-induced ARDS compared the efficacy of different corticosteroids, namely dexamethasone, methylprednisolone, and hydrocortisone. Dexamethasone had better clinical outcomes compared to other two corticosteroids in terms of better clinical status on day-28 (Taher et al., 2023). Besides, inhaled nitric oxide showed good results in ARDS, in which enhanced oxygenation was observed (Lotz et al., 2021).

Ruxolitinib, a Janus kinase inhibitor, has anti-inflammatory properties. In sixteen coronavirus-affected patients treated with ruxolitinib, the survival rate improved with decreased IL-6 and CRP levels (Neubauer et al., 2021). Many different treatment options have been investigated for COVID-19-induced ARDS patients, and a low-dose radiation therapy has been proposed. An optimum low therapeutic dose of radiation induces anti-inflammatory effects by polarizing macrophages to an anti-inflammatory phenotype (Dhawan et al., 2020). Additionally, exogenous surfactants have been used to treat ARDS in COVID-19 patients because type 2 alveolar epithelial cells were severely impaired in these patients. In one report, exogenous surfactants was administered to a 48-year-old patient who showed significant clinical improvement following treatment (Heching et al., 2021). Another experimental therapy that showed good efficacy in hospitals was the combinational treatment of tocilizumab and ivermectin. After treatment, hyper-inflammatory markers were reduced, and the patient was discharged (Chuang et al., 2021). Lung transplantation may be a good choice in patients with severe COVID-19-induced ARDS because individuals have exhibited better outcomes. However, this result cannot be taken into account because only 11 patients participated in the study, making it difficult to extrapolate the findings to a larger population (Ko et al., 2022).

Impact of COVID-19 vaccines in acute respiratory distress syndrome

In this current scenario, most people have been vaccinated against COVID-19. Understanding the influence of COVID-19 vaccinations on ARDS is critical. Fortunately, primary vaccination against SARS-CoV-2 infection prevents the development of ARDS and death in patients hospitalized after COVID-19 infection (Robalo et al., 2023). Similarly, in-hospital mortality could also been reduced in mechanically ventilated COVID-19 induced ARDS patients after the full vaccination (Siempos et al., 2022). In contrast, in one report, a patient developing ARDS after receiving a second dose of the COVID-19 vaccination. Here, the RT-PCR result of the patient was negative, yet IgG levels were elevated, and ground-glass opacities and diffuse bilateral infiltrates were seen on chest radiography (Sahin Tutak et al., 2021). In another case, the patient developed interstitial lung disease after vaccination for COVID-19. The CT scans of the patient revealed bilateral diffuse ground-glass opacities, which is a characteristic of ARDS. The mechanisms that cause ARDS to develop after vaccination are relatively unknown, the alveolar endothelial cells may have undergone cytotoxic injury (DeDent and Farrand, 2022). Another theory is that post-vaccination, the viral protein present in the mRNA vaccine is translated and triggers an inflammatory cascade in the lungs as a result of the immune response (Yoshimura et al., 2020). These occurrences have also been seen in people who have received the influenza vaccine. A 53-year-old woman received the influenza vaccine and developed ARDS afterward (Firstenberg et al., 2011). These inconsistencies necessitate in-depth investigation into the association between vaccination and ARDS development.

Effect of different SARS-CoV-2 variants in the development of acute respiratory distress syndrome

As mentioned earlier, SARS-CoV-2 has undergone several mutations during these three years. Several SARS-CoV-2 variants, including alpha, beta, gamma, delta, and omicron, have caused catastrophic damage in various countries. The alpha variant (B.1.1.7), which can spread faster than the wild strain, was first discovered in the United Kingdom in December 2020. On the other hand, beta (B.1.351) and gamma (P.1 lineage) variants were found first in South Africa and Brazil, respectively, in December 2020 and January 2021. The delta variant (B.1.617.2), initially discovered in India on October 2020, later spread to other nations, and resulted in a significant number of infections. Omicron has recently been found as a circulating variant of concern (B.1.1.521) with various subgroups and has been reported to primarily affect younger individuals (Firouzabadi et al., 2023). Each of these variants led to the emergence of different COVID-19 waves across the world. Few studies have examined the impact of various variants on the development of ARDS during SARS-CoV-2 infection. The clinical characteristics of the alpha variant and the wild SARS-CoV-2 variant (Wuhan strain) were compared in a retrospective cohort study. Patients infected with the alpha variant had a higher severity of ARDS than those infected with the wild type. Similarly, enhanced 28-day mortality was observed for the alpha variant (Ritchie et al., 2022). Another retrospective study in Vietnam investigated the clinical characteristics and case fatality of patients affected by the delta variant. The overall fatality rate was 52.2%, and ARDS was mostly seen to occur in non-survivors; patients who developed ARDS when exposed to the delta variant had a significant mortality rate (70%) as well (Do et al., 2023). In addition, the time for onset of disease (ARDS) after admission was longer in the delta variant compared to the wild strain (Peng et al., 2022). Researchers have recently started to investigate the clinical features of the omicron variant. Patients with the delta variant are highly prone to developing ARDS compared to those infected with omicron (de Prost et al., 2017). Similar results have been obtained in a retrospective multi-center-matched cohort study conducted in Belgium while assessing the clinical severity between delta and omicron variants. When compared to patients with the delta variant, in-hospital mortality was quite low in those infected with omicron (van Goethem et al., 2022). Khamis et al. (2022) performed a retrospective case-series investigation to examine the clinical characteristics of several COVID-19 variants (wild, alpha, delta, and omicron). Results have demonstrated that patients with the alpha variant are more prone than others to experience ARDS (Khamis et al., 2022). On the other hand, one retrospective analysis to determine the disease severity among many variants, including wild strain, delta, and omicron, showed that the severity of the disease dramatically decreased from wild strain to delta and omicron. Authors have reported a higher prevalence of ARDS in patients infected wild SARS-CoV-2 variant than those infected with the other two (Han et al., 2023). Although we cannot definitively say which strain is more likely to cause ARDS than others, the majority of studies report that the prevalence of ARDS is comparatively high in patients infected with alpha variant or wild SARS-CoV-2 strain.

Conclusion

The COVID-19 pandemic is persisting despite strict prevention protocols and the development of numerous vaccines. Patients admitted to the hospital due to COVID-19 infection greatly develop ARDS. ARDS is a fatal disease due to its heterogeneity, presence of comorbidities, and the limited number of pharmacological therapies developed. The ARDS research has certain limitations, such as the lack of conventional diagnostic techniques, ineffective animal models, and difficulty recognizing distinct phenotypes among patients. This makes it challenging for clinicians to treat ARDS in patients with COVID-19. Analysis of the prevalence of ARDS in COVID-19 patients showed a clear link between ARDS and SARS-CoV-2 as it induces the development of ARDS through the production of massive amounts of inflammatory cytokines. Alveolar epithelial cells and ACE2 receptors are primarily involved in COVID-19-induced ARDS pathogenesis. However, the pathogenic mechanism needs to be addressed clearly in the future for the development of effective treatment of patients with COVID-19-induced ARDS. As of now, COVID-19 vaccinations are somewhat effective at lowering the severity of ARDS during SARS-CoV-2 infection. However, large-sample investigations are necessary to validate these findings. Nonetheless, some investigations have found that ARDS can occur following vaccination, the cause of which is still unknown. This necessitates additional research towards the creation of effective vaccinations for managing COVID-19-induced ARDS. In this review, we also attempted to present the effect of multiple SARS-CoV-2 variants on the development of ARDS. Though few studies have compared the severity of disease, further research is needed to understand the clinical characteristics and mortality of patients with ARDS caused by different SARS-CoV-2 variants. Considering the mutagenic nature of SARS-CoV-2 and the heterogeneity of ARDS, effective treatment methods are yet to be developed.
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TABLE 1

Vaccines against coronavirus disease of 2019 (COVID-19)

S. No. Vaccine Type Approval date Approved Clinical trial Efficacy Doses References
by
1. Pfizer-BioNTech mRNA 11 December, 2020 US FDA Phase 2/3 94% Heinz and Stiasny (2021)
2. Moderna mRNA 18 December, 2020 US FDA Phase 3 94% Heinz and Stiasny (2021)
3. Sputnik-V Adenoviral 19 March, 2021 Philippines Phase 1/2 91.6% Venkadapathi et al.
vector FDA (2021)
4, Johnson and Adenoviral 27 February, 2021  US FDA Phase 3 66.3% Venkadapathi et al.
Johnson vector (2021)
5. Sinopharm-BBIBP- Inactivated 07 May, 2021 WHO Phase 3 78% Venkadapathi et al.
CoV virus (2021)
6 Sinovac-CoronaVac Inactivated 01 June, 2021 WHO Phase 3 51% Firouzabadi et al. (2023)
virus
7. Covaxin Inactivated 03 November, 2021 WHO Phase 3 77.8% Heinz and Stiasny (2021),
virus Kaushik et al. (2021)
8. Covisheild Adenoviral 15 February, 2021 WHO Phase 3 74% Folegatti et al. (2020)
(ChAdOx1 vector

nCoV-19)
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TABLE 3

Treatment strategies of acute respiratory distress syndrome

S. No. Strategy Description Trial Limitations Reference
1 Neuromuscular  Improve gaseous exchange, ventilator Phase 4  Recommended for use only for a short Meyer ef al.
blocking agents  synchrony time (2021)
2 Dexamethasone Reduces inflammation, reduces overall Phase 3 None Villar et al.
mortality, and higher ventilator-free days (2020)
3 Inhaled nitric Improves oxygenation Phase 3 Side effects like the release of nitrogen Dushianthan
oxide dioxide by-products, renal failure et al. (2011)
4 Prostacyclin Inhibit neutrophil activation Phase 3 A limited number of studies are not ~ Dushianthan
recommended as standard treatment et al. (2011)
5 Ulinastatin Improves oxygenation, reduces mechanical Phase 2 Needed further research Horie et al.
ventilation (2020)
6 Mesenchymal Reduced production of inflammatory Phase 1/2 Needed further research Fanelli et al.
stem cell cytokine and neutrophil counts (2013)






OEBPS/Images/Biocell-47-29379-f002.png
Viral RNA release

/ Viral RNA polymerase
iz‘?k\ C"’W“”’
.

Viral RNA

Endosome

Endoplasmic
Reticulum

® :ss;n‘;[:l]y Matui'e Virion
° and Budding
=
i

Golgi apparatus

Exocytosis





OEBPS/Images/Biocell-47-29379-f004.png
Entry of SARS-

CoV-2 Virus

Neutrophil

< Protein Oed

------ + ACE2 receptor

= Apoptotic ATI cell





OEBPS/Images/logo.png





OEBPS/Images/table-2.png
TABLE 2

ARDS definition

AECC definition Berlin definition Kigali modified criteria
Description ALI =< 300 mmHg Within 1 week Within 1 week
ARDS =< 200 mmHg Mild > 200 mmHg Spo2/FiO2 ratio < 315
Moderate > 100 mmHg Severe < 100 mmHg  inclusion of ultrasound for
PEEP: 5 cm H,O imaging
Limitation No inclusion of PEEP level in Cannot be applied in resource-constrained Only 4% satisfied this criterion
diagnosis places
No clear definition of timing No inclusion of etiology factors
References Bernard et al. (1992) Ranieri et al. (2012) Riviello et al. (2016)

Note: AECC: American European Consensus Conference; ARDS: Acute respiratory distress syndrome; PEEP: Positive end-expiratory pressure.
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