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Abstract 

Coronavirus disease (COVID-19), due to its high virulence, has infected millions worldwide, 

causing a lot of deaths among infected patients. The SARS-CoV-2 virus, which primarily 

affects the respiratory system and the cardiovascular tissues during its progression, was the 

primary cause of the illness. Cytokine Release Syndrome (CRS) is one of the leading reasons 

for the tissue damage that occurs during the viral infection in COVID-19. CRS is 

accompanied by the abnormal release of cytokines and immune cells, which is due to the 

faulty regulation of genes and target proteins, which are further responsible for the overall 

functioning of cytokine activity within the immune system. When the modulation of cytokine 

activity gets disturbed due to alterations in the biological pathways associated with the 

healthy functioning of immune proteins, abnormal concentrations of inflammatory proteins 

are deployed to the site of infections where excessive inflammatory responses occur, which 

again leads to the destruction of cells and tissues they are exposed to. A similar process 

occurs in the pulmonary tissues, where viral pathogenesis in patients with a history of 

pulmonary conditions leads to the development of CRS. This condition damages the tissues 

that make up the structure of the lungs. Abnormal expression of fibrotic proteins and 

uncontrolled release of cytokines then lead to the formation of fibrosis structures in the lung 

tissues. This progression can result in a medical emergency due to the risk of inflammation 

within the lung network and respiratory failure. In this study, we established different graph-

based modeling approaches to elucidate a mechanistic understanding of cytokine modulation 

and its association with COVID-19 and pulmonary fibrosis. 

 

Keywords: Coronavirus disease, SARS-CoV-2, Cytokine Release Syndrome, Pulmonary 

Fibrosis, inflammatory responses, Network biology.  
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1. Introduction 

Coronavirus Disease, also known as COVID-19, has been a cause of intense concern in the 

medical world due to its novel nature and the absence of any dedicated medical attention or 

treatments till now. The first case of COVID-19 was observed around December 2019 in 

Wuhan Province, China. The disease was primarily detected with pneumonia-like symptoms, 

which were causing high fevers and illness among the affected patients. On further research 

conducted on the virus, it was immediately identified as a novel coronavirus that belonged to 

the genus beta coronavirus, which also contained the viruses SARS-CoV and MERS-CoV, 

which are mainly responsible for the pathogenic development of severe acute respiratory 

syndrome (SARS) and Middle East respiratory syndrome (MERS). Upon conducting 

additional evolutionary analysis on the novel virus in comparison to SARS-CoV, it was 

observed that there was a sequence similarity of approximately 79% between the two 

samples. This suggests that the novel virus, which is responsible for a wide range of 

infections, is biologically related to the pre-existing SARS-CoV virus [1]. Due to its high 

virulence factor, which was initially unexplainable by medical professionals across the globe, 

an abnormal rise in COVID-19 cases was observed within a year, which resulted in WHO 

declaring the infection a global pandemic that lasted until 2022. The progression of COVID-

19 involves both severe and asymptomatic conditions, where the asymptomatic progression 

of the disease involves the development of mild fevers and body pain, which are similar to 

flu-like symptoms and can be treated with general OTC medications [2]. Conversely, the 

severe manifestation of COVID-19 infection has been observed to be associated with severe 

respiratory distress, leading to the emergence of critical infections in the lungs and organ 

failures that necessitate immediate medical intervention such as mechanical ventilation and 

intensive care [3,4]. The majority of the mortality rates that were observed among the 

COVID-19-positive patients were entirely dependent on age factors along with the presence 

of comorbidities like medical history involving cardiovascular diseases and pulmonary 

disorders like lung fibrosis, COPD, bronchitis, etc. The majority of cases that required 

hospitalization of COVID-19 patients were found to be aged individuals with the potential 

presence of the mentioned comorbidities [5,6]. 

The pathogenesis of COVID-19 infection primarily deals with the virus interfering with the 

healthy functioning of the organs and tissues, more specifically localized within the 

cardiovascular and respiratory systems. The initial infection of the SARS-CoV-2 virus, which 

causes COVID-19, occurs when healthy individuals inhale the virus in the form of aerosols or 
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droplets from infected individuals. These particles then reach the nasal tissues and infect the 

upper and lower respiratory tracts of the lungs. The virus actively replicates within the cells 

of these tissues, initiating the primary progression of the disease [7]. Therefore, the 

aggressive behavior of the virus causes variations in the overall biological well-being of the 

affected person due to physiological alterations in the lung tissues caused by the development 

of COVID-19. This, in turn, results in severe respiratory infections characterized by the 

production of sputum and excessive mucus discharge from the lungs. These symptoms are 

assessed through a swab test to confirm the presence of COVID-19 [8,9]. The development of 

COVID-19 infection in the pulmonary tissues and lungs is categorized into moderate and 

severe infection classes based on the level of viral infection in the tissues that affect the 

normal functioning of the respiratory system [10,11]. The mild infection is defined by the 

initial replication of the virus in the cells of the lungs. This type of infection can be treated 

with over-the-counter medications. On the other hand, the more severe form of infection 

occurs when the adaptive immune system is activated due to excessive inflammation of 

tissues caused by the abnormal release of cytokines. This condition, known as Cytokine 

Release Syndrome (CRS) or cytokine storm, leads to the malfunctioning of lung tissues and 

has the potential to result in organ failure [12–15]. Cytokine Release Syndrome (CRS) is 

characterized by the uncontrolled release of cytokines resulting from an infection caused by 

an overactive immune system and its associated biological pathways. This dysregulation is 

caused by the negative regulation of genes responsible for cytokine action. Consequently, 

there is an abnormal escalation of inflammatory responses beyond the normal threshold, 

leading to cellular damage in the localized infection site. In severe cases, CRS can even result 

in organ failure [16]. When examining patients with a confirmed COVID-19 infection, it was 

observed that there was an abnormal elevation in the levels of certain cytokine proteins, 

specifically IL-1β, IFN-γ, IL-10, and TNF. These proteins play a crucial role in regulating 

immune system activity. Therefore, it can be concluded that there was a distinct change in the 

expression of genes responsible for the overall function of these immune proteins [17]. 

Additional medical research has also noted a rise in the production of IL-6 cytokine levels in 

individuals who have tested positive for COVID-19, reaching unusually high levels. This 

increase poses a potential danger of developing acute respiratory distress syndrome (ARDS) 

and pulmonary fibrosis, which can ultimately result in organ failure [18]. Thus, the 

advancement of COVID-19 pathogenesis and the occurrence of fibrosis activity caused by 

CRS may be monitored by examining blood samples and measuring the levels of cytokines to 

determine the seriousness of the condition. The progression of CRS leading to pulmonary 
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infection is characterized by the hyperactivity of immune cells upon initial exposure to 

foreign substances or antigens. These cells migrate to various cells and organs, triggering an 

elevated expression of pro-inflammatory cytokines and chemokines. This leads to the release 

of abnormally high levels of cytokines due to increased vascular permeability, resulting in 

heightened inflammation at the site of infection. T cells also play a role in this process, 

ultimately causing damage to the cells they encounter through excessive inflammation [19]. 

Pulmonary fibrosis (PF) is a condition where the immune system mistakenly signals for 

increased inflammation, resulting in the excessive buildup of extracellular matrix (ECM) in 

the lining of the lungs. This leads to the destruction of the lung's structure and overall 

biological function [20]. PF is often characterized by age factors, exposure to environmental 

pollutants, and genetic disorders that affect pulmonary health [21–23]. As previously 

discussed, the pathogenesis of COVID-19 also includes an increase in the rate of infection 

within elderly people and through aerosol activity, which potentially contains the virus and is 

inhaled through the nose, which induces the CRS and hence ARDS. Similarly, we could also 

conclude that PF could be connected with COVID and CRS due to their likely methods of 

progression, which could lead to the abnormal release of cytokines within the lung tissues, 

which could possibly connect to the malfunctioning of the lung ECM and develop into PF 

[24]. The brief mechanism of fibrosis is connected with the biological actions that are 

expressed as a response to the damage to the alveolar epithelium. The alveolar epithelium is 

the lining of the pulmonary system, which is responsible for the healthy functioning of the 

lung by facilitating proper gaseous exchange and secretion of surfactant, which maintains 

lung activity. When these tissues are damaged due to biological stress induced by viral 

pathogenesis, various inflammatory cytokines are produced on the site of action to promote 

the healing of the damaged cells, along with the activation of a fibrotic cytokine known as 

transforming growth factor-β (TGF-β), which plays an important role in the overall PF 

pathogenesis [25–27]. The TGF-β protein in turn expresses within the infection site and also 

modulates the expression of αvβ6 integrins, which are another set of proteins that provide 

positive feedback to facilitate fibrosis activity and restore damaged cells [28, 29]. However, 

as COVID-19 advances and becomes more severe, it can cause changes in biological 

pathways and the expression of certain traits related to lung processes. This can have a 

negative impact on the production of proteins mentioned earlier. Due to abnormal regulation, 

these proteins can be expressed in excessive amounts, leading to the development of fibrosis 

conditions. This involves an abnormal increase in cell growth and thickening of the layers 
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inside the cells, potentially resulting in the formation of fibrotic structures within the lung 

tissues. Ultimately, this leads to pulmonary fibrosis in COVID patients [30]. Therefore, in 

this manuscript, we present our work by highlighting           key concepts related to the 

biological connections shared among CRS, COVID, and PF, through the implementation of 

different graph-based systembiology approaches. We further analyzed the knowledge graph 

interactions established among the respective genes that correspond equally to the above 

three conditions and the biological pathways they involve, along with the specific phenotypes 

they express within COVID patients. Additionally, we leverage the power of graphical 

networks and mathematical correlations to provide a significant idea about the underlying 

biological activity and molecular mechanism that connects the pathogenesis and development 

of COVID-19 along with CRS progression, which may be related to the expression of fibrosis 

within pulmonary tissues (Table 1). 

 

 

Table 1: Tabular representation of the computational tools and algorithms used for 

mechanistic bioinformatics insights 

Tools / Methods used Background of 

Methodology 

Motive of use 

Comparative 

Toxicogenomics Database 

(CTD) 

Cross-reference of data 

across biological databases 

and literature 

To obtain biological data for 

respective diseases or 

biological conditions.  

VENNY 2.0 Set theory mathematics To obtain similar genes 

among the considered 

biological conditions. 

Correlation analysis for 

cluster determination 

Jaccard Index and similarity 

matrix. 

To obtain a concentration of 

specific biological 

properties across gene pairs.  

Correlation plots for 

hierarchical analysis 

Neighbor-joining 

phylogenetic analysis 

Performing similarity 

indexing among molecular 

descriptors against 

phenotypes. 
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Cytoscape/Network X Graph-based modeling and 

node-edge interactions 

Creation of complex 

biological networks. 

g:Profiler / ShinyGO Cross-reference of data 

across biological databases 

and literature 

Perform Gene Ontology and 

pathway enrichment 

analysis. 

GTEx portal Cross-reference of data 

across biological databases 

and literature 

Determining single cell and 

organ-specific expression 

among the genes. 

 

2. Materials and Methods 

In this manuscript, we utilized a novel bioinformatics pipeline to analyze the spectrum of 

genes, expressed phenotypes, and biological pathways connecting CRS, COVID-19, and PF. 

Our methodology involved the identification of the common genes that are involved in CRS, 

COVID-19, and PF and performing a series of various system biology and graph based 

approaches to establish a biological connection to understand the overall correlation of genes 

and their physiological mechanisms to establish expression in various phenotypes and the 

pathways they are being involved into. In our study, we used a novel methodology to 

investigate and study the immunological factors involved in the development of COVID-19 

and their relationship to CRS, also known as Cytokine Storm. CRS occurs when cytokines 

and immune cells are released excessively, resulting in negative effects on the immune 

system such as inflammation and heightened immune responses. These effects can lead to 

tissue damage and dysfunction in various organs, particularly in the pulmonary tissues. Our 

manuscript focuses on studying the impact of CRS on pulmonary infections, bronchitis, and 

fibrosis. To understand how genes are connected within specific biological pathways and 

how they contribute to specific phenotypes, we use graph models to visualize these 

connections. The nodes in the graph represent genes, while the edges represent biological or 

physiological factors that link these genes together. By examining these connections, we can 

gain mechanistic insights into the immunological and pharmacological involvement of 

immune cells in COVID patients, specifically concerning cytokine release syndrome (CRS) 

and pulmonary fibrosis (PF). This analysis provides evidence to support the hypothesis that 

negative immune responses in COVID patients are correlated with specific pharmacological 

factors. 
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2.1 Obtaining the biological data for COVID-19, CRS, and PF from the CTD database 

and determining the common genes involved within each condition 

The initial objective of our pipeline involved curation of the gene datasets for COVID-19, 

CRS, and PF respectively from the Comparative Toxicogenomics Database (CTD) [31]. 

Initially, we curated a set of individual raw genes from each of the specific conditions to form 

a dataset. The curated dataset was further annotated with the biological pathways and 

phenotypes associated with the genes concerning COVID-19. Following this we obtained the 

specific pathways and phenotypes which are involved and expressed respectively within 

COVID-19 infection which will be used as the main reference to correlate the genetic and 

physiological factors of both CRS and PF in the network biology process. Using the VENNY 

2.0 server [32], we extracted the common sets of genes that are present in CRS, PF, and 

COVID-19 respectively using the set intersection method. This     further provided the data 

points for further biological analysis to establish the physiological significance and 

significant association to assess the pharmacological reactions associated with COVID-19 

pathogenesis following its           progression to cause Fibrosis in pulmonary tissues caused by 

the detrimental effects of Cytokine storm.  

 

2.2 Mapping the common genes against COVID-19 pathways and phenotypes to 

establish a biological correlation 

Following the data curation strategy for obtaining the common genes concerning CRS, 

COVID-19, and PF respectively into a singular gene set which acted as the entry point for the 

project, we accessed the COVID-19 disease details from the CTD database and obtained the 

following classes of data like chemicals, phenotypes and pathways which corresponded to the 

mechanism and pathogenesis of the mentioned disease. The raw data collected from each 

specified class included tabulated information for each categories, as well as the genes 

responsible for its function. The chemical dataset comprised a diverse range of chemicals that 

either exhibit mechanistic action in the progression of COVID-19 or possess therapeutic 
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properties that could potentially help control the disease. Additionally, the dataset included 

genes that serve as targets for these chemicals in biological processes.  

Additionally, the phenotype dataset includes a range of disease symptoms that are expressed 

as the disease progresses and are crucial for understanding the overall development of 

COVID-19. This dataset also includes the genes that are responsible for the specific 

expression of each phenotype. The pathways dataset includes the range of biological 

pathways and reactions associated with COVID-19 infection, as well as the genes that are 

closely linked to these biological activities and participate in those reactions. 

To link a common gene set list and map it to specific datasets, we employed the Python 

Pandas data processing library [33,34]. This allowed us to gather information about the 

chemicals, phenotypes, and pathways associated with COVID-19, CRS, and PF. By doing so, 

we established a biological connection between these diseases. We then utilized graph-based 

systems biology methods to create complex visualizations that illustrate the shared 

connections among these diseases. Through this analysis, we aimed to understand how their 

co-expression and shared mechanisms contribute to the immune response in human biology. 

Additionally, we sought to provide a comprehensive summary of the mechanistic actions and 

cellular involvement that result from these shared connections. 

2.3 Analysing the connections among chemicals, pathways, and phenotypes based on 

similar gene occurrences and deploying network visualizations 

After acquiring the mapped data for common genes related to chemicals, phenotypes, and 

pathways associated with COVID-19, we proceeded to establish connections between these 

datasets. This involved linking pairs of data such as chemicals-phenotypes and phenotypes-

pathways by comparing the genes involved in each dataset. We determined if there were any 

similar genes present in the chemicals, phenotypes, and pathways. There is a potential for 

interconnection between those phenotypes and pathways, which may be related to the 

mechanism of action of the chemicals as well. Hence by utilizing this logic, we created 

custom biological networks using graph modeling techniques using Cytoscape [35] and 

NetworkX [36] to analyze the connections among the mentioned classes and establish      a 

biological inference to support the interaction to connect the mechanisms of chemicals and 

genes which were being responsible for the expression of the phenotypes by involving in 

various pathways. The nodes in the network represent the chemicals, phenotypes, and 

pathways respectively and the edges connecting them represent the similar genes that were 
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present both along the respective classes represented within the nodes. Thus, by this 

methodology, a well-defined complex network was derived that connected the phenotypes 

and the pathways concluding the specific phenotypes that were expressed or resulted from the 

specific biological pathways which in turn would possibly be activated by expression of 

certain genes. This pertains to the immunological reactions that occur in COVID patients, 

leading to cytokine responses. These responses are caused by aberrant concentrations of 

immune cells, resulting in CRS (cytokine release syndrome) and potentially leading to 

pulmonary infections and fibrosis if the cytokine storm affects the cells in the pulmonary 

locations. Henceforth, we constructed several biological networks that analyzed the 

interactions between the genes and the mentioned classes, respectively, and obtained the hub 

networks as well to analyze the interactions that are occurring on a major level. The 

importance of hub networks involves determining the genes, chemicals, pathways, and 

phenotype categories that were mostly concentrated in the network, thus providing biological 

evidence regarding the specific pathways and phenotypes that are mostly observed at the 

genetic level in patients suffering from COVID-19 and diagnosed with abnormal cytokine 

storm and pulmonary fibrosis. Moreover, we interconnected the above networks to observe 

interactions between respective chemicals and phenotypes to understand the bioactive 

compounds and substances that are mechanistically connected to facilitate the expression of 

the respective phenotypes, as well as compounds that could have therapeutic effects 

involving inhibitory effects to combat the abnormal cytokine storm effects within COVID 

patients and reduce the detrimental effects on the pulmonary tissues to control the fibrosis of 

the cells. In addition to the chemical-phenotype network, we also designed the biological 

interaction network between the pathways and phenotypes to understand the expression of 

specific phenotypes along various biological pathways that could get activated due to the 

presence of abnormally high counts of cytokines and other immune cells in COVID patients 

and possibly lead to the progression of pulmonary fibrosis among the patients.  

 

2.4 Development of a gene frequency matrix for phenotype-pathway associations and 

creation of gene pair similarity analysis using the Jaccard Index. 

For the next set of analyses, we calculated the frequency count of genes across each 

chemical, pathway, and phenotype to determine the specific classes with the highest gene 

involvement. This would enable us to select the phenotypes and pathways that relate to the 
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involvement of most genes that are involved in the pathogenesis of COVID, CRS, and PF. 

After screening out the mentioned classes with a count of genes greater than 10, we 

performed a similarity matrix calculation across each possible gene pair to analyze the 

frequency of phenotypes, chemicals, and pathways shared among each gene pair. This would 

enable us to classify the gene pairs that are most important in terms of the progression of 

COVID-19, which would lead to abnormal release of cytokines and immune cells leading to 

CRS and a possible cause for negative responses leading to pulmonary infections and fibrosis 

of tissues. To create the similarity matrix, we utilized the concept of the Jaccard Index (JI), 

which is calculated by dividing the common values along the pair of analyzed samples by the 

total number of values contained by each of the samples in the pair, with the value range 

lying between 0 and 1. The higher the values are along each gene pair, the more 

concentrations of pathways, chemicals, and phenotypes are shared among them. To analyze 

the results graphically, we developed heatmaps using the matrix generated from the JI matrix 

to understand the clusters formed based on the values. The deeper the cluster is, the stronger 

the gene pair is; hence by analysing the heatmaps, we could deduce the genes among the best 

ones that have maximum involvement within the pathogenic reactions that lead to correlation 

in the progression of COVID and CRS, leading to PF and other pulmonary disorders. 

2.5 Development of cluster maps and hierarchical dendrograms to analyze localization      

of molecular descriptors of the chemicals along the phenotype classes with the most 

gene frequencies      

Our next analysis involved analysis of the chemicals and bioactive compounds against the 

expressed phenotypes to assess specific structural and functional properties of the selected 

bioactive compounds and substances that could possibly be involved in a mechanistic 

manner, which would mean that the respective compounds would be working in a correlated 

manner to induce the pathogenesis of COVID-19, initiating the CRS and leading to damage 

in pulmonary tissues leading to PF. On the other hand, the bioactive compounds could also 

demonstrate a therapeutic nature, which would have inhibitory effects against the 

pathogenesis of COVID-19 and hence could be used to create drug discovery approaches to 

control the abnormal cytokine release that leads to medical emergencies like fibrosis in 

organs, more specifically the lungs, as per our project. Thus, deciphering the molecular 

mechanism of chemicals obtained from the CTD after mapping the genes along COVID as a 

reference is extremely important to screen out the chemical candidates that showed a higher 

interaction potential against the expressed phenotypes. To make the study more specific in 
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terms of chemical morphology, we deployed the utilization of the concept of molecular 

descriptors and fingerprints, which are the physiological characteristics and maps of 

chemicals and compounds, which provide us with overall information regarding each specific 

structural morphology class of the specific compound. Hence, while assessing each chemical 

against its expressed phenotype, we could analyze exactly which molecular fingerprint and 

descriptor would correspond significantly against the phenotype, that would give us a 

detailed explanation regarding the chemical bonds or functional groups specifically 

responding to that particular fingerprint, hence providing us with a more localized approach 

towards screening the molecules. It’s a known fact that specific functional groups and atomic 

constituents within a molecule or compound can exert significant biological reactions on the 

parent compound. Hence, this property is used as a method to perform a functional group 

analysis in the drug discovery method, which involves the observation of correlations 

between these specific fingerprints and the net biological activity against a phenotype or 

disease. After extracting the PubChem and Substructure fingerprints from the PADEL 

descriptor [37] package for each screened compound, we mapped them against the respective 

phenotypes they corresponded to and developed a clustering heatmap combined with 

hierarchical dendrograms to observe the similarity relationship among each descriptor and 

how they related to the specific phenotypes. The cluster heatmap and dendrograms combined 

not only provided us with the mean concentration of significant molecular fingerprints, which 

are associated with the biological expression of the phenotypes, but also the biological 

similarity and mathematical correlation values between the fingerprints and the phenotypes, 

which would prove to be an informative approach to conducting a further study about the 

chemicals and their respective fingerprints and how they would relate mechanistically in the 

progression of the phenotype class. The clusters obtained within the heatmap suggested the 

similarity and the correlation among the molecular fingerprints against the specific 

phenotype, which would also be strong evidence to suggest its involvement in expressing the 

phenotype along the pathogenesis and progression of PF due to cytokine storm in COVID 

patients. 
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2.6 Analysis of best-involved gene sequences from the pathway enrichment analysis 

through heatmap calculation 

From the procedures involving graph-based system biology approaches mentioned 

previously, we obtained the set of genes from the JI heatmap and the hierarchical clustering 

from pathways and chemicals that they are mechanistically connected with. The analysis 

highlighted that the genes obtained from the JI heatmap have been shown to occur more 

frequently than other involved genes in the network. Therefore, this new set of genes we 

obtained gave us a newer and more detailed insight regarding the specific genes that are 

mostly expressed within biological interactions and pathways that are involved in the overall 

pathogenesis of COVID-19 as well as contribute towards the CRS symptoms, which in turn 

could lead to the development of PF conditions in humans. To support our hypothesis and 

verify the results we obtained from the graphical methodologies as explained in the earlier 

sections, we analyzed      the gene sequences using gProfiler [38] and ShinyGO [39] to obtain 

detailed information regarding the Gene Ontology (GO) terminologies, pathway enrichment 

information, along with cellular localizations,      including the chromosomes the set of genes 

belonged to. These series of analyses and the obtained results further verified the inferences 

we had previously produced from our graph-based system      biology methods. Additionally, 

we also extracted the biological pathway responding to COVID-19 infection and labeled the 

extracted genes to understand their involvement in the overall pathogenesis of the disease. 

The chromosomal localization map for the gene set also provided an informative insight into 

the gene position within the human genome system and hence could be a potential factor 

within transcriptomic analysis where the specific chromosomal number is required to map the 

biological samples to analyze the differential gene expression analysis. Moreover, we also 

determined the organ-specific localizations for each gene using the GTEx portal [40] to 

understand which organs specifically the screened genes from the entire analysis are being 

expressed. This would provide us with a clear idea not only about gene expression and 

pathways shared by the genes but also about the organs and tissues where they are 

differentially expressed. Hence, the results obtained from this would further support the 

hypothesis of the progression of CRS into pulmonary tissues, which is the main aim of our 

manuscript. 

 

3. Results and Discussion 
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We generated the results by conducting the analysis as mentioned in the previous section and 

got detailed results depicting the biological connection shared among COVID-19, CRS, and 

PF, along with the set of genes that were actively involved in the differential expression of 

various phenotypes, along with the pathways and biological reactions they were involved in. 

Additionally, we also analyzed various sets of chemicals that were exhibiting mechanistic 

action in the biological pathways and promoting the disease progression or showcasing 

therapeutic action that would contain the potential to inhibit the pathogenesis of COVID-19 

and assist in the control of the release of cytokines, reducing the risk of tissue degeneration 

and fibrosis. In the subsequent sections, we will provide a comprehensive analysis of the 

interactions between genes, pathways, chemicals, and phenotypes within various networks. 

Specifically, we will focus on the significance of these interactions in establishing biological 

connections and promoting the mutual development of COVID-19, CRS, and PF 

pathogenesis in humans. In addition, we conducted a thorough analysis to examine the 

relationship between the chemicals mentioned and the observed phenotypes. We utilized 

hierarchical clustering and a correlation matrix to identify the specific molecular fingerprints 

that are associated with each phenotype. This allowed us to identify the molecular features or 

scaffolds that may be responsible for the development of disease symptoms. These findings 

could be valuable in designing drug candidates and developing methodologies for treating 

patients with abnormal cytokine levels in COVID-19, in order to prevent medical 

emergencies such as organ failure and pulmonary disorders, which are commonly targeted 

during CRS progression. 

 

 

3.1 Collection of common genes from COVID-19, CRS and PF 

As discussed in Section 2.1, we collected the genes responding to the mentioned biological 

conditions separately and extracted the common genes that corresponded to the pathogenesis 

of COVID, CRS, and PF. This set of common genes would be the key values that we would 

be using to perform connections against the pathways and phenotypes of our reference 

disease, i.e., COVID-19, and which in turn would be used to construct complex biological 

networks and cluster maps to analyze the chemical action in a mechanistic or therapeutic 

manner. Figure 1 below provides the Venn diagram representation of the common genes 

obtained by intersecting the separate gene sets from the three conditions, respectively. 
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Fig. 1: Visualization of the common gene set among COVID-19, CRS and PF 

 

3.2 Visualization of biological networks to the interactions between common genes and 

the COVID-19 parameters 

We had mentioned in Section 2.2 that after obtaining the common genes that were shared 

among COVID-19, CRS, and PF, we mapped them against the biological data of COVID-19, 

which contained the data for pathways involved in its pathogenesis, the pathways that were 

expressed during the progression and development, and the chemicals that were involved in 

either mechanistic action and acted as a promoter to facilitate the pathway or were 

responsible for carrying out inhibitory effects against the virulency of the disease. The main 
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motive of this step is to establish a complex connection between the genes that are 

responsible for cytokine storm progression due to the COVID-19 infection, which causes the 

abnormal release of cytokines and other immune cells, which leads to the initiation of 

immune responses, causing the inflammatory syndrome, which, when occurring at an 

abnormal rate, can develop into damage to tissues and organs, affecting the cellular areas 

with a higher amount of cytokine concentration. As our manuscript is focused more on the 

progression of fibrosis in tissues of lung and other pulmonary cells, we aimed to connect the 

gene data along the pathways to understand the phenotypes that were expressed in patients 

with pulmonary fibrosis disorder who had a COVID-19 infection. Therefore, we constructed 

the connections using interactive biological networks, with the nodes representing the genes 

involved in all the mentioned diseases and conditions and the edges representing the 

connection or interaction factor, to understand which genes correspond to which particular 

pathway and similarly, which specific phenotype classes were expressed and observed 

significantly among patients with lung fibrosis with a positive diagnosis of COVID-

19. Additionally, we also constructed the network to analyze the chemicals obtained from the 

COVID-19 dataset and how they interact with the gene set to      get a descriptive idea about 

the chemicals or substances that influence the actions and overall expression of the genes 

associated with CRS and PF pathogenesis. The networks were constructed using Cytoscape 

and NetworkX, and hub network identification was performed based on the degree score 

method and closeness scores to obtain the best components, which were correlated as well as 

present at majority levels within the overall biological progression of the mentioned 

conditions. The networks constructed among the genes with their respective chemical, 

phenotype, and pathway counterparts are shown below respectively in (Figures 2-6) 

(Supplementary S1-S3). Additionally,, the full network representations for the entire 

biological networks are provided as well along the section. 

 

 

 

 

 

 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 27, 2024. ; https://doi.org/10.1101/2024.05.26.595932doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.26.595932
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

 

 

 

 

 

Fig.2: Visualising the hub network between common gene and expressed phenotypes from 

COVID-19 

 

From the given figure (Fig. 2), we observed specific biological interactions among the genes 

TNF, IL2, and IL6, which are more commonly known as tumor necrosis factor and 

interleukins, respectively, which belong to the class of proteins or genes involved highly 

within immunological responses and play an important role in facilitating immune reactions 

during infections or viral fevers. These genes facilitate the release of cytokine proteins, which 

act as signaling molecules to appoint other immune cells to assert repair functionality and 

inflammatory responses at the site of infection and viral attacks, hence contributing to 

treatment processes. Moreover, it can be observed that among the phenotypes expressed, 

immune response and protein binding are highly correlated with the mentioned genes, from 

which we could conclude that there is indeed a biological connection among the progression 

of CRS among COVID-19 patients, which occurs due to abnormal immune responses and 

inflammation along the pulmonary tissues beyond healthy levels, ultimately leading to 

fibrosis along the cells. Additionally, the extracellular space and binding that were also 

observed within the diagram could depict the cellular regions along the borders where the 

COVID spike protein would bind to initiate the immune response and hence progress forward 

with the cytokine action, which could, due to biological anomalies, result in the above 

emergencies as discussed. 
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Fig.3: Visualizing the hub network between common genes and chemicals from COVID-19 

From the above figure (Fig. 3), we observed the interactions among various chemicals and 

substances with immune genes like TNF and IL, from which we could infer their mechanistic 

relations along the progression of PF within COVID-19 patients. From the network initially, 

we saw the connections drawn among vehicle emissions, particulate matter, and immune 

genes like TNF, IL, and CCL. This relationship could possibly be due to the substances being 

classified as air pollutants, or more specifically, allergens, which are responsible for 

activation of the immune system, which in turn could lead to the expression of genes like 

TNF and IL, which are the integral components for initiating the cytokine response in the 

form of hypersensitivity reactions and inflammatory responses, which in severe cases could 

take the form of CRS. During the peak of COVID, it was also a concern for patients with 

excessive allergic reactions, as certain of them infected with the virus also showed symptoms 

related to hypersensitive reactions at severe levels, which were characterized by abnormal 

immune cell concentrations in the system. Hence, there’s also a possibility that these 

inflammatory responses on a severe level might lead to an increase in cytokines and related 

immune cells along the infection sites, which could lead to PF conditions as the air pollutants 

reacting with the immune system are localized      along the lung tissues only as they are 

inhaled. Moreover, certain chemical samples like benzo(a)pyrene, tetrachlorodibenzodioxin, 

and bisphenol A were also observed within the network, interconnecting with the respective 

genes, which could be potential chemical candidates that would have a possibility of being 

involved in a mechanistic manner in the progression of COVID-19 and connected to facilitate 

or act on the target proteins or genes that are specifically responsible for CRS and PF. Hence, 

from this network, we obtained certain substances and biological compounds that we could 
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use as potential samples to analyze the biological response activity of the infection caused by 

COVID-19 and CRS.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.4: Visualizing the hub network between common gene and associated biological 

pathways from COVID-19 

The above network representation (Fig. 4) derives the interactions among the common genes 

and the biological pathways associated with COVID-19. Based on the explanations we 

provided for the previous diagrams involving the phenotypes and chemicals, the pathway 
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interaction is similar in terms of analysis. In this result, we observed mainly the immune 

system and the cytokine-mediated pathways to be connected with the immune genes along 

with the interleukin pathway, which altogether concludes the fact that the genes we analyzed 

from CRS, COVID, and PF samples are in fact significantly influenced and actively 

participating within the activation of the immune system and more specifically account for 

the cytokine signaling      action, which is solely responsible for the progression of CRS and 

hence leads to the development of lung infection due to excess cytokine activity and causing 

PF. Additionally, the interleukin pathways that can also be observed in the network verify the 

fact that the deployment of IL proteins is also occurring, which work biologically alongside 

TNF to initiate the action of cytokine release along the region of infection and develop the 

inflammatory response to counter the immune reactions. 
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Fig.5: Visual representation of the full biological network among common genes, expressed 

phenotypes, and biological pathways associated with COVID-19  

 

From the above representation, we observed the complex biological interactions established 

among the common genes obtained from COVID-19, CRS, and PF respectively along with      

the expressed phenotypes and biological pathways associated with COVID-19 pathogenesis. 

The genes are represented as blue nodes, the biological pathways as green nodes, and the 

phenotypes expressed by their correlation as red nodes. From the network, we could conclude 

that the interactions formed among the mentioned components are highly interconnected with      

each other which implies that almost all the biological activities along with the expression 

within the biological pathways are connected with respect to the combined activity of the 

genes which verifies the mechanistic action of all the genes being an integral factor in the 

development of PF progression through CRS activity within COVID patients. 
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Fig. 6: Visual representation of the full biological network among common genes, expressed 

phenotypes, and chemicals associated with COVID-19 

 

Similarly to Figure 5 earlier, from this graphical network, we could conclude the complex 

interactions established among the common genes and their respective phenotypes expressed 

throughout their progression, along with the chemicals and substances that are 

mechanistically connected with the overall biological processes associated with the 

expression of the corresponding phenotypes. In this network, genes are represented as     green 

nodes     , chemicals as blue nodes, and the expressed phenotypes as red. Therefore, another 

important approach that we implied from this network was to perform further analysis by 

considering a set of certain compounds that were found to be interacting with the majority of 

the phenotypes, and utilizing      the extraction of various molecular descriptors, which are 

numerical representations of the morphology and physiology of the compounds, and creating 

a correlation matrix against the phenotypes to analyze      the most important descriptors, 

which were mostly involved with the biological expression activity of the phenotype. 

Henceforth, this approach enabled us to screen out chemical candidates that could act as 

potential drugs for providing therapeutic action against the development of disease 

phenotypes, thus delving into the concept of drug design methodology to treat PF progression 

among COVID patients.  

 

3.3 Determination of frequency of gene counts across the COVID-19 biological data and 

construction of JI heatmaps to perform gene pair analysis. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 27, 2024. ; https://doi.org/10.1101/2024.05.26.595932doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.26.595932
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

As per the analysis we had discussed previously in Section 2.4, after mapping the common 

genes to the COVID-19 dataset containing the details regarding the chemicals, phenotypes, 

and pathways respectively, we performed a frequency count of the genes involved in each of 

3 mentioned categories of the dataset to determine the specific phenotypes and pathways 

which are enriched or connected by the most number of genes. This count      data enabled us 

to narrow down our search about the biological functioning and processes and obtain the 

specific biological pathways and the phenotypes that were selectively expressed within 

patients affected with COVID-19 and as a possible risk of developing PF due to the abnormal 

release of cytokines and inflammatory responses due to CRS progression. The following bar 

plot representations (Figure 5-6) (Supplementary S4-S5) given below are the respective 

biological pathways and expressed phenotypes that were observed within the COVID-19 data 

corresponding to the frequency of shared genes along with CRS and PF respectively. 
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Fig.7: Bar plot representation of the various biological pathways involved in COVID-19 

pathogenesis involving the shared genes with CRS and PF. 
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Fig.8: Bar plot representation of the various phenotypes expressed in COVID-19 

pathogenesis involving the shared genes with CRS and PF. 

From the above representations, we observed the specific pathways and phenotypes that had a 

higher frequency of genes than the others. This implied that pathways like the immune 

system, cytokine signaling, cytokine receptor binding action, interleukin pathways, etc. are 

much more likely to participate during the progression of cytokine storm and fibrosis in lung 

tissues, which was biologically also significant since immunological research explains the 

cause of CRS to be abnormally activated immune system and receptor binding action only, 

which cause false signaling of cytokines to the site of infection, which leads to excess 

inflammatory responses. Moreover, the phenotype representation provided us with the 
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information that an active expression of biological phenotypes like protein binding, 

extracellular activity, cytokine action, cytokine-mediated signaling, etc. occurred more 

frequently than others, which implied that the patients suffering from PF due to CRS were 

diagnosed with the mentioned symptoms or biomarkers when tested positive with COVID-

19. Therefore, the following analysis provided us with a detailed explanation regarding the 

biological activity and specific phenotypes that could possibly be expected in patients 

diagnosed with COVID-19 and having possible risk factors for PF due to abnormal cytokine 

activity. 

Additionally, we calculated the JI similarity scores across the experimented gene pairs to 

analyze the concentration of biological pathways shared between them along with the 

expressed phenotypes and chemicals involved within their biological processes. The main 

aim of this step was to screen out the set of genes that were more expressed than the others 

within the biological pathways of COVID-19 that were associated with the CRS progression 

and development of PF. Hence, by utilizing      clustering methods, we performed groupings 

of all the major pathways, chemicals, and phenotypes we obtained in the previous step 

concerning      their corresponding gene pairs. For interactive visualization of the JI cluster 

results, we developed heatmaps using Python to observe and infer the most correlated gene 

pairs with the greatest number of pathways and the phenotypes along with the chemicals, 

which are      provided in the following figures (Fig. 9-11) (Supplementary S6-S8).      

 

 

 

 

 

 

 

 

 

Fig.9: Jaccard Index (JI) of COVID pathways across gene pairs 
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Fig.9 : Jaccard Index (JI) of COVID pathways across gene pairs 

Fig.7 : Jaccard Index (JI) of COVID pathways across gene pairs 

 

 

 

 

 

 

 

Fig.10: Jaccard Index (JI) of COVID chemicals across gene pairs 
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Fig.11: Jaccard Index (JI) of COVID phenotypes across gene pairs 

 

From the above diagrams (Fig 9-11), we observed a high correlation cluster formed among 

the following genes: CXCL10, CXCL8, TNF, CCL2, IL1B, IL6, IL2, IL2RA, IL10, IL7, 

CSF3, CCL3, and IL10RB, which denoted that the majority of the pathways utilize      the 

following genes, which would conclude the fact that there was indeed a differential 

expression of the mentioned genes within COVID-19 patients with risk factors associated 

with the development of PF due to CRS. Moreover, to support this result, we also performed 

gene ontology (GO) in the following section using the obtained genes to understand their 

molecular functions and cellular localizations, along with the organs they are mainly 

associated with during the development of the disease and fibrosis situations. Additionally, 

within the JI heatmaps of phenotypes, we observed a specific correlation pattern similar to 

pathways, which implied that a similar set of genes was potentially responsible for the 

expression of the phenotypes by their involvement within the respective biological pathways. 

On the other hand, we observed a lot fewer clustering patterns among gene pairs within the 

chemical JI map. However, the set of gene pairs that showed signs of higher correlation 

within the JI map consisted of a similar set of genes we had observed in the pathways and the 

phenotypes as well. Hence, after combining the three correlation plots after analyzing the 

clusters and observing the gene pairs that showed maximum similarity scores, we could 

without any doubt connect the information about the joint mechanistic approach of the 

chemicals and their involvement within the biological pathways to express the phenotype 

conditions and also successfully establish the biological conclusion that the chemicals might 

also act as potential biomarkers that influence the initiation of the biological pathways 

associated with COVID-19 pathogenesis, leading to the development of PF through CRS 

progression. 

3.4 Development of hierarchical cluster dendrograms to analyze the correlation between 

chemicals and phenotypes using molecular fingerprints. 

As we mentioned in Section 2.5, we performed a detailed analysis to determine the 

morphological parameters of the various chemicals and their correlation against the expressed 

phenotypes to derive conclusions regarding their mechanistic or therapeutic properties, which 

could act as a potential starting point in drug discovery processes. After obtaining the list of 

chemicals by mapping the common genes from CRS, COVID, and PF to the dataset of 
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chemicals corresponding to COVID-19, we selected certain chemical candidates that are 

known across the literature and research as potential inhibitors of COVID-19 pathogenesis 

and act as antifibrosis drugs. From the screened-out chemical candidates, we used the 

PADEL descriptors to extract both the PubChem and substructure fingerprints from the 

compounds, which are the representations for certain morphological properties like functional 

groups, molecular bonds, and other physiological properties that influence the overall activity 

of the chemicals in the biological environment. From the mapped database of chemicals and 

their respective phenotypes, we hypothesized that connecting the mentioned chemicals 

against the phenotypes might provide us with an idea regarding the mechanistic action of 

these compounds to treat the phenotypes, which were also the symptoms produced during 

COVID-19 and related to CRS activity. Hence, we decided to cluster these chemicals, and 

more specifically, the molecular fingerprints, against the phenotypes to determine which 

specific fingerprints were mostly correlating with the phenotypes. This would provide us with 

a conclusion regarding the morphological properties of the chemical, which are actively 

involved in the biological activity against the phenotype and much more mechanistically 

involved. Therefore, this approach could possibly lead to the determination of various 

scaffolds, which are only fingerprints, and could be used as an integral factor in the design of 

bioactive compounds during drug discovery methodologies. The representation of the 

hierarchical cluster with a dendrogram to correlate the fingerprints against the phenotypes is 

given below in the following figure (Fig. 12)(Supplementary S9). Additionally, we also 

provided a tabular representation (Table 2) of the molecular fingerprints that were used in the 

dendrogram against the expressed phenotypes and their respective annotations regarding the 

SMILES presentation and its morphological meaning, which included the chemical bonds 

and structural information like scaffolds and functional groups that constitute the formation 

of the respective compound. Moreover, information regarding their intensity of correlation is 

also provided as per the color code obtained from the heatmap to determine its presence 

along the phenotypes. Moreover, from the CTD server, we performed another set of analyses, 

which gave us the results regarding the upregulation and downregulation levels of the 

chemicals against their respective genes. The main idea of this process was to deduce the 

transcriptomic-level information of the genes and their interactions with the screened 

chemicals to influence their biological expression within the localized tissues and organs. 

Hence, from the results we obtained, more specific methodologies can be carried out to 

screen the specific chemicals that would contribute to downregulating certain genes that may 

be involved in overexpression due to the pathogenesis of COVID-19 and PF, and vice versa. 
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Therefore, by studying the expression analysis across the chemicals and their respective 

genes, we can put more focus into developing chemical candidates, which might be an 

important factor in controlling gene expression within the organs or tissues where CRS 

activity would be the highest, hence enabling us to treat the biological conditions that involve 

abnormal gene expression levels leading to the pathogenesis of PF. The data containing the 

gene expression information for chemicals against their respective genes is attached to the 

supplementary material and consists of information regarding the chemicals and the 

respective genes they interacted with, along with information revolving around upregulation 

or downregulation of the gene expression within its biological pathways. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig.12: Diagrammatic representation of Hierarchical Clustering map of chemicals’ 

fingerprints against the mapped phenotypes of COVID, CRS, and PF. 
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Table 2: Tabular representation of the molecular fingerprints and their annotated 

terminologies with the level of correlation as per the heatmap. 

 

 

PADEL Fingerprint 

Names 

Fingerprint Annotation 

(SMILES / Description) 

Correlation Intensity 

PUBCHEMFP697 C-C-C-C-C-C©-C High 

PUBCHEMFP619 O-C-C=C-C High 

PUBCHEMFP698 O-C-C-C-C-C-C-C High 

PUBCHEMFP443 C(-C)(=O) High 

PUBCHEMFP542 O-C:C-[#1]  High 

PUBCHEMFP356 C(~C)(:C)(:C) High 

PUBCHEMFP651 O-C:C:C-C High 

PUBCHEMFP574 O-C-C:C-C High 

PUBCHEMFP381 C(~O)(:C) High 

PUBCHEMFP346 C(~C)(~H)(~O) High 

PUBCHEMFP712 C-C©-C©-C High 

PUBCHEMFP366 C(~H)(~O) High 

PUBCHEMFP684 O=C-C-C-C-C High 

PUBCHEMFP579 O=C-C-C-C High 

SUBPFC127 Peptide middle Low 

SUBPFC279 Annelated rings Low 

SUBPFC135 Vinylogous carbonyl or 

carboxyl derivative 

Low 

SUBPFC1 Primary carbon Medium 

SUBPFC5 Alkene Medium 

SUBPFC181 Hetero N nonbasic Medium 

SUBPFC171 Arylchloride Medium 

SUBPFC16 Dialkylether Low 

SUBPFC275 Heterocyclic High 
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SUBPFC307 Chiral center specified High 

SUBPFC295 C ONS bond Medium 

SUBPFC169 Phenol Medium 

SUBPFC302 Rotatable bond Medium 

SUBPFC301 1,5-Tautomerizable Medium 

SUBPFC4 Quaternary carbon Medium 

SUBPFC287 Conjugated double bond Medium 

 

From the above figure, we observed the formation of clusters along the PubChem fingerprints 

and the Substructure fingerprints against the cell adhesion and cytokine-related signaling      

phenotypes respectively. This could provide a conclusion that the specific group of molecular 

fingerprints for each chemical candidate are significantly correlated with the expression of 

the mentioned phenotypes. The obtained results and the tabular representation of the 

descriptor information also allow      us to infer the relationships and biological connections 

among these specific descriptors and would contribute towards performing further studies on 

these specific morphological factors of the chemicals to analyze the mechanistic action and 

pathways they are involved into to provide responses to control or inhibit the immunological 

reactions expressed by the mentioned phenotypes acting as potential drug candidates which 

could be improvised to inhibit the negative feedback produced by abnormal cytokine release 

which relates to the pathogenesis of PF within COVID-19 patients. 

3.5 Analysis of genes obtained from the JI cluster map against the phenotypes to specify 

their biological action and involvement in the overall pathogenesis of COVID-19. 

From the list of genes(Supplementary S10) obtained from the results of the JI correlation map 

across gene pairs against the various pathways in Section 3.4, we decided to perform a series 

of analyses using the methods described in Section 2.6 to calculate the functional enrichment 

parameters along with the gene ontology (GO) terms to determine the general molecular 

functions, biological properties, and cellular localisations that are shared by the mentioned 

list of genes. These properties would help us determine the biological significance of these 

genes within the overall functioning of the immune system and regarding their involvement 

in the progression of COVID-19 and how they are related to the development of PF 

symptoms through CRS actions. Additionally, we also obtained the COVID-19 pathway 

along with the genes that are mentioned and marked with red to indicate their presence. 

.CC-BY-NC-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted May 27, 2024. ; https://doi.org/10.1101/2024.05.26.595932doi: bioRxiv preprint 

https://doi.org/10.1101/2024.05.26.595932
http://creativecommons.org/licenses/by-nc-nd/4.0/


 

Further data was collected by us, which included the chromosomal locations of the genes 

within the human genome along with the organs and their tissues where the gene expression 

activity is significantly localised and involved in their biological pathways. Hence, the results 

obtained from this analysis further verified the discussions regarding the connection between 

CRS and PF pathogenesis within COVID-19 patients and enabled us to connect the genes and 

the biological pathways that are shared by the above three and perform a detailed study about 

the respective phenotypes expressed along their progression. The following diagrams (Fig. 

13) represent the gene analysis results obtained from our analysis. We also present the 

biological pathway of COVID involving the mentioned top analysed genes along with the 

statistical inference of the respective GO terminologies like Molecular Functions, Biological 

Processes, and Cellular Components with their respective adjusted p values to understand 

how significant they are within the pathogenesis of COVID-19 (Fig. 14). 
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Fig. 13-i: Analysis of obtained genes to gather its biological data consisting of GO terms , 

chromosomal locations, organ bases expression, and phylogenetic properties. 

 

 

 

 

 

 

 

 

 

 

Fig. 13-ii: Analysis of the top-performing genes to determine their significance of expression 

within cellular categories of various organs. 

 

The above representation (Fig. 13-ii) was the results obtained from single-cell expression 

analysis for the top-performing list of genes within a wide spectrum of tissues and cells of 

various organs they are differentially expressed within. The differential expression facilitated 

by the gene activity could be due to cytokine release progression, which is the main aim of 

our manuscript, or to the presence of an infection or immune response through antigen 

activity against the receptor binding processes. As we are more focused on studying the 

effects of cytokines and their responsible gene constituents, which influence the CRS within 

COVID-19 patients and contribute to the overall progression of PF phenotypes, we mainly 

observe the expression levels within the tissues and cells that belong to the morphology of the 

lung and respiratory system. From the above results, we observed that, besides the significant 

expression of all genes, the maximum expressions within the lung tissues are mainly 

characterized by the interleukin proteins, more specifically IL10RB, IL2RA, and IL7, 

respectively, which gave us a clear indication that the interleukin expression, which is a 

major factor responsible for cytokine storms and inflammatory responses induced by CRS, 
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was being actively expressed within the lung tissues, hence influencing the initiation of the 

immune response pathways along with the respective occurrence of the phenotypes within 

COVID-19 patients. 
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Fig. 14-i: GO terms for the top performing gene list along with adjusted p-value scores for 

determining the significance of their biological involvement. 
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Fig. 14-ii: COVID-19 pathway highlighting the top-ranked genes that associate with major 

biological activity throughout its pathogenesis. 

 

 

From the above representation, we could understand how the list of obtained genes, which 

contain the most biological pathways associated with COVID-19, CRS, and PF, are 
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statistically significant in terms of GO terminologies along with their phylogenetic 

relationships across related biological pathways where they are significantly expressed. 

Moreover, we also observed the chromosomal locations where the genes are most likely to be 

found, along with the organs and tissues where they are significantly expressed. The presence 

of genes along the lung and its tissues denotes the involvement of a series of immune 

reactions and inflammatory responses, most likely due to the action of cytokines through 

CRS, which, on abnormal levels, cause excessive infections leading to fibrosis along the 

tissues, hence the progression of PF. 

 

4. Conclusion 

Therefore, concluding the manuscript, we discussed the work related to determining the 

biological connections shared between the pathogenesis of COVID-19 and the mechanism of 

cytokine proteins that respond to providing inflammatory responses to the viral pathways. 

Moreover, we also established the connection between PF progression and the CRS in 

COVID patients and visualized the respective phenotypes and biological pathways that are 

responsible for the development of the severity of the symptoms expressed by them. This 

overall study enabled us to understand the mechanistic action of the genes and their 

significance in the initiation of complex immune responses and inflammatory actions across 

sites of infection, which are the backbone of understanding the complexity of fibrosis 

mechanisms. On the other hand, we determined the actions of various bioactive compounds 

and substances that overall contribute to or inhibit the immunological processes that were 

expressed in the form of certain phenotypes like protein binding and inflammation, which are 

mainly observed in the biological conditions associated with abnormal cytokine release 

connected to PF. Additionally, we performed a well-detailed analysis within the chemical 

morphology to study the specific molecular descriptors associated with the structural map of 

the chemical and their biological involvement across their respective biological pathways and 

phenotypes which provided us with a positive feedback and idea into discovery of drugs and 

potent bioactive compounds which would have the potential to combat the severe infections 

caused by the irregularities in cytokine release within COVID patients. Ultimately, from the 

list of genes that were commonly participating across COVID, CRS, and PF throughout their 

pathogenesis, we were also able to extract the much more specific list of genes among them 

that were more significantly expressed with the biological progression of COVID and 
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actively participating along the pathways related to infections and fibrosis within lung tissues 

due to the abnormal release of cytokines from CRS mechanisms.    
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