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Lung alveolar regeneration to repair the damaged tissue and restoration of normal tissue function could be achieved by

transplantation of progenitor or stem cells and exosome-mediated delivery of therapeutic agents, including miRNAs. Not

only as a biomarker of COVID-19but also as therapeutic agents, miRNAs have proven to play a crucial role in lung

damage and repair. miRNAs can either be regulated locally in the lungsor transported to the damaged site by extracellular

vehicles (EVs) secreted by stem cells to induce tissue regeneration by decreasing inflammation and apoptosis, stimulating

surfactant production, regulating gene expression of junction proteins to repair microvascular permeability, and reducing

fibrosis.
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1. Introduction

The novel coronavirus disease 19 (COVID-19), caused by the highly pathogenic SARS-CoV-2 (Severe acute respiratory

syndrome coronavirus 2) virus, has resulted in more than 234 million infections and about 4.8 million global deaths up

until October 2021, according to the World Health Organization (WHO) . The SARS-CoV-2, which stands for severe

acute respiratory syndrome coronavirus-2, along with the previously existing SARS-CoV and Middle East respiratory

syndrome coronavirus (MERS-CoV) comprise a group of human coronaviruses that have affected human population

adversely in the last two decades. All of them invade by infecting the cells in the upper respiratory tract along with the

bronchial epithelial cells as well as pneumocytes, the result of which is a severe lung infection . Every viral infection

involves entry and replication of viral nucleic acid. Specifically, SARS-CoV-2 is an RNA virus.

The outcome of critical SARS-CoV-2 infection during the on-going pandemic has been found to be highly destructive and

life-threatening for the host organism. It has been established that SARS-CoV-2 primarily affects the respiratory tract and

in severe circumstances this virus can induce pneumonia and acute respiratory distress syndrome (ARDS) as well as

several extrapulmonary manifestations. ARDS is a severe form of lung injury characterized by noncardiogenic pulmonary

edema, bilateral pulmonary infiltrates and profound hypoxemia leading to respiratory failure. In the case of an advanced

stage of lung injury or delayed diagnosis, even antibiotic treatment can become insufficient to avoid development of acute

lung injury . The population-based incidence of ARDS has been estimated to range from 10 to 86 instances per

100,000, but it is also believed that the condition is underdiagnosed especially in low-income countries . Additionally,

ARDS is a life-threatening illness with a high mortality rate ; there have been very modest improvements in recent

decades, and increased mortality in the elderly . Patients with ARDS frequently show diffuse alveolar damage (DAD) .

The acute phase of ARDS results from DAD and endothelial injury, while late phase is associated with proliferation of

alveolar epithelial type2 (AT2) cells and fibroblasts, followed by chronic inflammation and extensive pulmonary fibrosis of

the alveoli leading to a loss of normal lung architecture . Of note, with the promotion of fibrosis, reestablishment of

normal lung architecture is extremely challenging in human.

ARDS has also been established as one of the major hallmarks of severe COVID-19 infections. In fact, around 40% of

COVID-19 patients developing pneumonia also developed ARDS and around 70% of deaths in COVID-19 infected

critically ill patients occurred as a result of ARDS . However, the disease when it occurs as part of COVID-19 behaves

differently and there is insufficient data to explain explicitly how pathophysiology of COVID-19 ARDS is different from that

of the typical ARDS . A clinical study compared the histopathological and molecular features of lungs obtained from

autopsies of patients who died from a COVID-19 infection to those who died from ARDS after an influenza A infection.

Although similar morphological patterns were observed in both types of lungs, unique vascular features such as severe

endothelial cell injury, extensive vascular thrombosis and a higher degree of vascular angiogenesis were particularly

noticed in the COVID-19 infected lungs . Thus, there is a pressing need for finding an effective treatment for COVID-19

ARDS, which is also a current challenge for doctors and researchers.
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Even though the on-going SARS-CoV-2 pandemic has unprecedentedly and severely impacted our health-care system

and economic growth, a conclusive cure for it still does not exist. Though the majority of COVID-19 cases are mild, around

5–8% of patients develop life-threatening critical illnesses. The vaccination drives for COVID-19 are in progress in most

countries, and seemingly, it may require a considerable amount of time before the vaccine reaches all over the globe.

Additionally, growing numbers of incidents have been reported worldwide, where patients who survived the illness of

COVID-19 and tested negative clinically, still continue to struggle through the symptoms of the disease and post virus-

clearance complications, including significant lung damage and cardiac arrhythmias . Several autopsy studies of

patients who died of COVID-19 have reported extensive alveolar damage to the lungs, while long-term lung impairment

has been reported in the survivors of COVID-19 disease . Thus, there is a critical need for a deepened understanding

of the biomolecular mechanisms that govern these virus–host interactions so that effective preventive, as well as

treatment strategies, can be developed for post-COVID-19 lung infections. Notably, in order to restore normal functioning

of lungs post-COVID-19 infection, a highly regulated inflammatory response is usually triggered in the host organism.

Alveolar regeneration and fibrotic repair are two main processes by which a host organism can heal the damaged tissue

after injury. Both processes are tightly regulated and involve crosstalk between different cell types. Hence, understanding

of key proteins and cellular pathways underlying regenerative cells can be helpful to identify the drug targets for

pathological intervention. In this review, we summarize our current understanding of the regeneration and fibrotic repair

processes, especially in the context to the SARS-CoV-2 infection. Furthermore, we emphasize the network biology

potential and demonstrate its applicability in order to understand the mechanisms of regeneration switching.

2. Alveolar Regeneration

The lung, despite its general quiescent state, has a remarkable regenerative capacity, in which resident progenitor cell

populations proliferate and differentiate into a variety of cell types in response to injury . Recent evidence suggests that

the lung contains several spatially and temporally restricted progenitor cells capable of producing all types of pulmonary

cells . Among these, alveolar type I cells (AT1) and alveolar type II cells (AT2) constitute two major cell populations

found in the alveolar epithelium . During lung injury, AT2 cells behave as adult tissue stem cells and play a critical role

in tissue regeneration by differentiating into AT1 cells . Notably, despite being the most abundant cells in the

alveolar space, AT2 cells only cover ~5% of the total surface due to their unique cuboidal morphology . The remaining

~95% of the surface is covered by large squamous attenuated AT1 cells. Bronchial and alveolar epithelial cells are key

targets of viral pathogens. SARS-CoV-2 can infect both AT1 and AT2 cells ex vivo . Long-term infections can result in

uncontrolled inflammation and lung damage. Together with ciliated airway cells, AT2 cells are primary targets for SARS-

CoV-2 infection . A detailed examination of lungs from patients who died from SARS-CoV-2 infection demonstrated

that AT2 cells were the most extensively proliferating cell population in severely damaged lungs. This suggests that AT2

cells might be implicated in the alveolar regeneration following SARS-CoV-2 infection . In other words, the alveolar

regeneration capability may be directly modulated by the SARS-CoV-2 infection. However, limited information exists so far

on the molecular mechanisms involved in repairing and rebuilding an operational respiratory system after lung injury due

to SARS-CoV-2.

To date, rodent models have been the most effective for providing direct experimental evidence for in vivo alveolar

regeneration. However, despite the conservancy in lung development among mammals, the structure, cellular

composition, molecular mechanisms, and reactions of mouse and human lungs are vastly different . In rodents,

complete alveolar regeneration, and restoration of lung functions after injury takes only a few weeks ; whereas in

humans, it requires a very long time scale. There is a study which showed that a 33-year-old woman who had undergone

pneumonectomy had complete alveolar regeneration over a period of 15-years . Intriguingly, several recent studies

have also confirmed the enrichment and implication of various types of progenitor cells in the regeneration of damaged

respiratory epithelium following a SARS-CoV-2 infection. For instance, Chen et al. (2020) showed evidence of alveolar

regeneration in 54-year-old and 58-year-old COVID-19 patients . In these patients, AT2 cells could differentiate into AT1

like cells, although the regeneration process began on the 38th day after the commencement of the first symptoms . In

another study, tracheas and lungs from five COVID-19 deceased patients were examined. Interestingly, an extensive

population of proliferating Krt5 + basal cells was found to be enriched in the trachea and larger airways. In addition, a

population of extensively proliferating AT2 cells was observed in the intrapulmonary airways and alveoli of these patients.

This suggests that distinct populations of proliferating progenitor cells become enriched at the area of lung damage in

order to regenerate the damaged trachea and alveoli following SARS-CoV-2 infection . Zhao et al. (2020) also

identified a possible mechanism of lung repair following severe SARS-CoV-2 infection . Their single-cell RNA-

sequencing analysis confirmed a significant increase of lung progenitor Tm4sf1+ and Krt5 + cells in critical COVID-19

patients, both of which could act together synergistically to restore epithelial barriers and regenerate alveolar cells .

One other investigation assessed the magnitude of lung regeneration after recovery from SARS-CoV-2 infection . It
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was found, through an analysis of serum cellular markers in COVID-19 infected patients, that AT1 cellular damage was no

longer discernible during the recovery period after virus clearance. Conversely, AT2 cells, as well as lung structures, were

still found to be damaged two weeks after clearance of SARS -CoV-2 .

3. Alveolar Fibrosis

The regenerative process is often capable of restoring the function and structure of the lung after damage. In the case of

prolonged and pervasive damage, the lung is healed by an accumulation of fibers at the site of injury. Although this fibrotic

repair mechanism produces scar tissue, it gradually results in epithelial and endothelial damage causing a significant loss

of lung function and an increase in morbidity . Pulmonary fibrosis is a common result of most chronic inflammatory lung

disorders, and it can have an impact on lung function, ultimately leading to its failure and death . Fibrosis is scarring of

the affected tissue due to the accumulation of extracellular matrix (ECM) components such as collagen and fibronectin but

in abnormal excessive amounts. The transformation of normal repair to fibrosis also depends on the severity and duration

of the damage as long-lasting damages tend to develop fibrosis as compared to small-scale injuries .

It has been established that interactions between different types of cells is very crucial for the onset of fibrosis. In

pulmonary fibrosis, mesenchymal cells and fibroblasts are recognized as key cell types which partake in heavy ECM

deposition, leading to fibrosis and decreased lung function . These cells undergo a lot of changes after an event of

tissue damage. Activation of glycolysis in fibroblasts after lung damage initiates a cascade of enzymatic activations which

elevate cell proliferation, collagen synthesis and production of secondary metabolites thereby promoting fibrosis.

Increased glutaminolysis and fatty acid oxidation play an important role in fibroblast activation. Inflammatory monocytes

and tissue-resident macrophages are also critical regulators of tissue fibrosis, helping to initiate, maintain, and resolve

tissue damage. Macrophages are also involved in the recruitment of fibroblasts which leads to fibrosis. In addition, the

severity of fibrosis depends on factors such as age, genetics, and environmental factors . Recent studies have

revealed the significance of epithelial cells in fibrogenesis. Epithelial cells under special circumstances undergo

transformation and gain fibroblast-like properties by a process known as epithelial-mesenchymal transition. These cells

can migrate to the site of inflammation and contribute to fibrogenesis. Thus, all these cell types interact and contribute to

tissue repair but any disparity in their normal activity or function can lead to fibrosis . In other words, fibrosis is an

outcome of any shortcoming in the cellular crosstalk during the tissue repair process. Notably, chemokines play a central

role in the onset of fibrosis especially the transforming growth factor (TGF-β1), vascular endothelial growth factor (VEGF),

platelet-derived growth factor (PDGF), and fibroblast growth factor (FGF). TGF-β1 especially plays a central role in

pulmonary fibrosis by promoting the production of ECM as well as by regulating its own expression. It is further regulated

by different cell types which serve dominant roles in fibrogenesis and include fibroblasts, macrophages, and epithelial

cells .

Viral infections play a key role in fibrogenesis and increase the risk of fibrosis . These infections cause severe

inflammation and can pair with genetic factors, as well as old age, eventually leading to fibrosis. Pulmonary fibrosis is also

central to the SARS-CoV-2 infection, as indicated by the available radiographic, autopsy or other emerging clinical

evidence . In COVID-19 patients, alveolar damage and changes in the fibroblast niche are two prime causes of

pulmonary fibrosis . The damage to the alveolar epithelium can stimulate the injured cells to release molecules such as

damage-associated molecular patterns (DAMPs) that are recognized by macrophages which further trigger downstream

inflammatory responses including activation of toll-like receptors (TLRs) and inflammasomes as well as the release of

cytokines such as IL-1 and TNF . The damage further leads to the stimulation of endothelial cells and endothelial

leukocyte adhesion molecules (ELAMs) that recruit leukocytes to the site of damage. Following alveolar damage,

fibroblast growth factor (FGF) along with TGF-β1 and chemokines are also stimulated, leading to the recruitment of

fibroblasts to the site of injury. These fibroblasts then proliferate and differentiate into myofibroblasts, further activating the

inflammatory responses, including epithelial or endothelial to mesenchymal transition. The accumulation of fibroblasts and

myofibroblasts can thus lead to over-active secretion of extracellular matrix components. Altogether, dysregulation in any

of these response elements as well as aberrant accumulation of various chemokines, pro-fibrotic growth factors, and

myofibroblasts can disrupt a well-organized healing response eventually leading to pulmonary fibrosis. There are an

increasing number of reports of pulmonary fibrosis in COVID-19 patients as confirmed by radiological scans. For instance,

in two different studies conducted by Zhou et al. and Pan et al. , chest CT scans showed fibrotic changes especially

during the advanced phase of the disease . Furthermore, autopsy reports of patients who died due to COVID-ARDS

or post-COVID pneumonia confirmed extensive alveolar damage as well as lung fibrosis . Yu et al. (2020)

compared the CT findings and clinical features of COVID-19 discharged patients who did or didn’t develop pulmonary

fibrosis and reported that fibrosis is the more likely outcome in patients who are old age and have serious clinical

conditions including an increase in inflammatory indicators CRP and IL-6 . Thus, SARS-CoV-2 induced lung fibrosis

may altogether modify lung biomechanics resulting in irreversible tissue damage . However, a direct relationship
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between viral infection and pulmonary fibrosis and molecular mechanisms involved in this process are still not apparent

. At the RNA level, the downregulation of miR203 might be a key factor involved during pulmonary fibrosis . Another

key factor is the transcriptional factor SNAl1 which plays a direct role in epithelial to mesenchymal transition (EMT) and

fibroblast activation. SNAl1 is regulated by TGFβ which, as discussed above, plays a key role in fibrosis and causes EMT,

which is crucial to fibrosis . Genome wide studies are further required in order to identify specific genes associated with

post-COVID-19 lung fibrosis.

4. Fibrotic Repair Is Dominant over Regeneration

The level of inflammation in the lungs following tissue injury is a crucial factor to determine whether regeneration or fibrotic

repair will take place . Both repair processes are often sequential and interrelated . In the case of limited damage,

regeneration usually occurs first to restore the integrity and function of the tissue. If this process fails because of severe

damage, fibrotic repair initiates. Again, if the fibrotic repair fails or if there is excessive fibrotic repair in response to high

levels of injury or inflammation, it may lead to chronic lung disease or collapse. This suggests that regeneration is a better

healing process while repair is only good when it is moderate. Unfortunately, in the case of virus induced severe infection,

fibrotic repair is the dominant process over regeneration .

Due to lack of post-injury lung samples, suitable animal models, and regeneration-specific molecular markers, alveolar

regeneration in humans is still not well characterized. In this pursuit, single-cell RNA sequencing (scRNA-seq) technology

has revealed the cellular architecture of the lung and the intermediate state of AT2 to AT1 transition known as Krt8+ cells

. AT2 and AT1 cells are classes of distal airway stem cells and Krt8+ cells are the transitional stem cells between AT2

and AT1 as mentioned before. Krt8+ cells appear in both small and big injury and normally peak at 10 days after the injury.

They also have the ability to transition back to AT2 cells. These cells are distinguished by their high expression of keratin 8

and distinct gene sets having some similarities with AT1 cells. In the case of injury, these progenitor cells are expressed in

the damaged tissue in high numbers. Apart from AT2 cells, activated club cells also play a role in the differentiation to

Krt8+ cells by transcriptional regulation in these two stem cells but the detailed mechanism behind this process is still not

clear . After injury, all these cell types, including AT2 cells, Krt8+ cells, and activated club cells, undergo

proliferation leading to fibrosis. Krt8+ cells were also found to have an affinity for macrophages, fibroblasts, and

endothelial cells. In addition, they also secrete many factors involved in fibrogenesis. Accumulation of Krt8+ cells and not

transitioning to AT1 cells can actively lead to fibrosis confirming that Krt8+ cells are profibrogenic. Krt8+ cells were found

to be interacting with the cellular niche to coordinate the regeneration process. However, Krt8+ cells do not express

similar ligands and receptors to its endpoint AT1 cells and thus are considered a different cell lineage. However, they play

an essential role in processes such as inflammation, angiogenesis, and fibrogenesis .

Given the increasing number of incidences of post-COVID lung fibrosis, it is paramount to understand the underlying

molecular mechanisms and develop effective targeted strategies for its treatment. A potential approach in this regard is to

design therapeutic approaches that can promote regeneration over repair mechanisms. For instance, use of

corticosteroids such as dexamethasone indirectly affects this by delaying the repair rate and reducing inflammation .

The successful use of dexamethasone in reducing mortality in severe COVID patients has been demonstrated in many

trials already . Another approach would be to design anti-fibrotic therapeutic strategies in order to slow down the rate

of fibrotic progression . The two anti-fibrotic drugs already available commercially and currently being tested in

COVID-19 patients are pirfenidone and nintedanib . It has also been suggested to use anti-inflammatory drugs such as

steroids in combination with the anti-fibrotic drugs as a better treatment strategy . A study performed in mice

demonstrated that the blocking of platelet-derived growth factor receptor β (PDGFR-β), where the growth factor PDGF

has been shown to be involved in the pathogenesis of fibrosis, reduces the effects of pulmonary fibrosis . It would be

further intriguing to perform similar studies using animal models in order to investigate post-COVID lung fibrosis.

Moreover, inflammatory cytokines such as IL6, which play an important role in the development of lung fibrosis, might also

act as potential therapeutic targets for its treatment. We hypothesize that understanding the cellular network of AT2 cells

could be an important step to elucidate critical factors involved in state transition.
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