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SYNOPSIS 

  

1. Introduction:  

SARS-CoV-2, a positive sense enveloped RNA virus, emerged as the reason behind 

one of the most horrific pandemics in human history, COVID-19. The unusually high 

infectivity and further pathogenesis in the host worsen the condition. Till October 2023, 

approximately 700 million cases and 70 million COVID-19 deaths were reported 

worldwide [1]. In India, 45 million cases and 5 million deaths were reported during this 

period [1]. SARS-CoV-2 belongs to the family Coronaviridae and genus 

Betacoronavirus [2]. The virus is one of the largest known RNA viruses with a genome 

size of ~30kB that encode structural proteins like Spike (S), Envelope (E), 

Membrane(M), and Nucleocapsid (N), nonstructural proteins NSP1-10 and NSP12-16. 

Besides these two, the viral genome encodes nine accessory proteins [2]. Most of these 

proteins have distinct functions and help in viral entry, release, and pathogenesis. The 

structural proteins S, M, and E help propagate infection in the host cells. Unlike the N 

protein that is conserved in most variants, S, M, and E proteins have acquired multiple 

mutations. The mutations in the spike protein increased pathogenicity and infectivity, 

giving rise to various variants (Table 1). Among these variants, those with high 

infectivity are categorized as variants of concern (VOCs) [3]. As the degree of severity 

associated with these VOCs varies, the molecular processes altered during the infection 

of these VOCs may also vary. Studying the molecular signatures associated with these 

VOCs is important to understand the variation in infectivity and severity. 

Multiple reports have suggested the involvement of coinfections and comorbidities in 

the COVID-19 severity [4]. The immunocompromised state of these patients 

aggravates the severity. Comorbidities like hypertension [5], cardiovascular diseases 

[5], diabetes [6], Cancer and neurological complications, etc, are reported to be 

associated with COVID-19 severity. 

Cancer is a deadly disease, and the affected persons are often immunocompromised. 

The co-occurrence of SARS-CoV-2 infection with cancer increases the severity and 

results in a higher death rate. Multiple organ dysfunction is more common in patients 
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with cancer than without it in the case of COVID-19 [7]. However, the severity of 

COVID-19 in the chemotherapy-receiving population is still debatable.  

SARS-CoV-2 infection mainly manifests through respiratory symptoms and sometimes 

neurological complications [7,8]. COVID-19-associated Guillain Barré syndrome 

(GBS) was noted in a few children. GBS is an acute monophasic demyelinating 

polyradiculopathy usually preceded by infections caused by Campylobacter jejuni, 

influenza virus, Epstein Barr Virus, Cytomegalovirus, Zika virus, and SARS-CoV. 

Diagnosis of GBS is primarily clinical. However, cerebrospinal fluid (CSF) analysis 

and peripheral nerve conduction tests support the diagnosis. Children with GBS 

respond well to supportive measures and intravenous immunoglobulins, while 

plasmapheresis is rarely needed. Further, the neurologic manifestations of SARS-CoV-

2 infection are headache, seizures, meningitis, epilepsy, etc. The association of these 

manifestations with COVID-19 severity is essential to understand.  

There are multiple clinical manifestations of COVID-19, yet respiratory issues remain 

the most fatal, varying from a mild presentation to acute respiratory distress syndrome 

(ARDS). The respiratory distress due to prolonged COVID-19-related pneumonia 

triggers the host's immune responses [8]. The host immune response plays a dual role 

in eliminating the virus and developing COVID-19 pneumonia. The development of 

COVID-19 pneumonia followed by ARDS is marked by increased release of cytokines 

such as IL6 and TNFα. These cytokines stimulate hepatocytes to produce C-reactive 

protein (CRP). COVID-19 patients present varying degrees of lung involvement, as 

evidenced by chest radiography. While the most preferred detection method for 

COVID-19 continues to be qRT-PCR, computed tomography (CT) of the chest played 

a pivotal role by predicting the disease progression and providing insight into the 

severity of the patient. The prime marker for COVID-19 pneumonia in chest CT is 

ground-glass opacity (GGO). GGO is defined as a hazy area in the lung CT through 

which vessels and bronchial structures may still be seen. There is a discrepancy in 

scoring the GGO from a CT scan, and it depends on the radiologist's experience. Thus, 

the diagnostic outcomes may vary among different laboratories. The current CT 

severity scoring has a sensitivity and specificity of ∼ 80%. Studies have reported using 

the deep learning (DL) approach for detecting COVID-19 from chest CT. Deep learning 

has been used to analyze CT scans, electrocardiograms (ECGs), and magnetic 

resonance imaging (MRI) scans to identify deadly diseases like heart diseases, cancer, 
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and brain tumours. ML and AI approaches have consistently proven helpful in detecting 

GGO. A deep learning algorithm that can score the lobe-wise GGO in 2D-lung CT can 

aid in diagnosis and help clinicians in error-free detection of COVID-19 severity. 

Further, the correlation of routinely performed biochemical methods with lobe-wise 

GGO score can give an idea about the lung condition without performing CT.  

Table 1: List of SARS-CoV-2 Variant of concern 

Name of 

the 

VOC 

Pango 

Lineage 
Origin Spike mutations 

Effect on 

transmission 

Effect on 

severity 

Wild 

type 

(Wuhan 

strain) 

NA China NA 
Start of the 

pandemic 
NA 

Alpha B.1.1.7 
United 

Kingdom 
N501Y,D614G,P681H Increased Increased 

Beta 
B.1.351 

(501V2) 

South 

Africa 

K417N, E484K, 

N501Y, D614G, 

A701V 

Increased Increased 

Gamma P1 Brazil 

K417T, E484K, 

N501Y, D614G, 

H655Y 

Increased Increased 

Delta B.1.617.2 India 
L452R, T478K, 

D614G, P681R 
Increased Increased 

Omicron B.1.1.529 

South 

Africa 

and 

Botswana 

X Increased Decreased 

 X: A67V, Δ69-70, T95I, G142D, Δ143-145, N211I, Δ212, ins215EPE, G339D, 

S371L, S373P, S375F, K417N, N440K, G446S, S477N, T478K, E484A, Q493R, 

G496S, Q498R, N501Y, Y505H, T547K, D614G, H655Y, N679K, P681H, N764K, 

D796Y, N856K, Q954H, N969K, L981F 

As mentioned above, among all the SARS-CoV-2 structural proteins, the envelope (E) 

is the smallest and encodes a functional ion channel (viroporin). SARS-CoV-2 E is a 

75 amino acid protein with an N-terminal transmembrane (TM) domain followed by a 
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C-terminal domain. Besides its structural roles, this multifunctional protein mediates 

host immune responses by two different mechanisms: the viroporin activity known to 

induce NLRP3 inflammasome, and PDZ binding motif (PBM) interact with host 

proteins like PALS1 and ZO-1 [9]. The functional E protein resembles viroporin, 

featuring a pentameric helix bundle surrounding a narrow cationic hydrophilic central 

pore. Viroporin is known to increase the release of infectious viruses from cells and 

facilitate the entry of the virus into cells. Viroporins are also known to induce cell death 

by altering cellular physiology and causing inflammatory cascades. Further, different 

studies have demonstrated the potential of SARS-CoV-2 to infect gastrointestinal cells 

and organoids.  

The inflammatory pathway involved in SARS-CoV-2 E-mediated infection is well 

established. However, in COVID-19, cell death and its related pathology are essential 

aspects that must be studied in detail. As viroporin, like ORF3a, is known to induce cell 

death, it is also crucial to understand whether E follows a similar pathway. Besides, E 

protein has a dual role in inflammation induction and polarity disruption. It is important 

to understand its mediated effect on the gastrointestinal-lung axis. Further assessment 

of the involvement of Envelope protein in the modulation of other critical cellular 

organelles is also essential.  

2. Objective of the research 

Objective-1: To study the association of comorbidity with COVID-19 severity. 

Objective-2: Developemt of deep learning based method for lobe-wise GGO detection 

and correlation of biochemical markers with lung opacity. 

Objective-3: To study the SARS-CoV-2 Envelope protein host interaction. 

Objective-4: To find out molecular markers associated with SARS-CoV-2 VOCs. 

3. Structure of Chapters: 

The following chapters cover the work performed to study the objectives: 

• Chapter 1: Introduction. 

• Chapter 2: Comorbid conditions modulates the COVID-19 severity. 

• Chapter 3: Redefining lobe-wise ground-glass opacity in COVID-19 through 

deep learning and its correlation with biochemical parameters. 
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• Chapter 4: SARS‑CoV‑2 envelope protein induces necroptosis and mediates 

inflammatory response in lung and colon cells through receptor-interacting 

protein kinase 1. 

• Chapter 5: Modulation of peroxisome and mitochondria by SARS-CoV-2 

envelope protein. 

• Chapter 6: Phyto compounds as potential SARS-CoV-2 ion channel blockers. 

• Chapter 7: Identification of molecular signatures associated with SARS-CoV-

2 variant of concern by Raman spectroscopy and LC-MS analysis. 

• Chapter 8: Conclusion and future prospects. 

4. Summary of the results and conclusions: 

Chapter 1 provides a necessary introduction to relevant concepts, which will help 

understand the work done in further chapters. Briefly, this chapter describes the 

classification of SARS-CoV-2, its epidemiology, different associated proteins, and its 

role in pathogenesis. It also described the different clinical manifestations of COVID-

19 and comorbidities associated with COVID-19 severity. Later, this chapter also 

describes the importance of the SARS-CoV-2 Envelope protein in the pathogenesis of 

COVID-19 and its possible therapeutic interventions—the chapter further deals with 

the molecular pathways altered during SARS-CoV-2 infection and its association with 

different VOCs.  

The study from Chapter 2 includes clinical reports of the association of comorbidities 

like cancer with COVID-19 severity. Further, it also includes reports of COVID-19-

induced neurological disorders like Guillain Barré syndrome (GBS) and clinical 

manifestations like seizures. During the pandemic, we were collecting COVID-19 

patient data from the Kalinga Institute of Medical Sciences, Bhubaneswar, and we came 

across these interesting cases after analysing the available parameters retrospectively, 

we reported these cases.  

In Cancer-COVID case series, we have presented the patients' demographic, clinical, 

haematological, biochemical and radiological data. Further, the result includes the 

following sections-  

• Altered haematological parameters in Cancer-COVID patients: The 

haematological parameters related to iron physiology (RBC, Hemoglobin, hematocrit, 

MCH, MCV and RDW-CV) are highly deregulated in elderly patients with metastatic 
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cancer. Lymphopenia was observed in all the five patients. Platelet count was close to 

normal in bladder cancer and glioma patients. However, patients undergoing 

chemotherapy when they acquired infection had low platelet counts.  

• Biochemical parameters: The biochemical parameters related to inflammation, 

kidney and liver function were presented. The liver function parameters are more 

deregulated in the chemotherapy-receiving patients than the non-receiving.  

• Radiological findings: The CT findings provided important clues regarding the 

possible association of oncotherapy and COVID-19 severity in Cancer-COVID 

patients. The CT severity score were higher (19/25) in the chemotherapy receiving 

patients compared to the non-receiving (Fig 1). 

 

Fig 1. CT thorax of Cancer-COVID patients. The representative CT image of Cancer-

COVID patients. (A) CT thorax of lung cancer patient. (B) CT thorax of patient with 

cancer of hard palate. CT severity score of 19/25. 

In the COVID-19 induced GBS report, we highlighted the clinical, haematological, 

biochemical and radiological data of the patient. Further, the result includes the 

following sections-  

• Altered haematological parameters in COVID-GBS patients: The 

haematological parameters like WBC, Hemoglobin, Platelet, Neutrophil and 

Lymphocyte are highly deregulated in this patient.  

• Biochemical parameters: The biochemical parameters related to inflammation 

CRP are highly elevated in this patient. Further, the CSF glucose and protein levels 

were also elevated  

The case is a classical case of a parainfectious case of COVID-19-induced GBS in 

children. Clinical diagnosis revealed the retarded nerve conduction. The treatment 

regimen includes intravenous injection of anti-GBS drug immunoglobulin 2. As the 
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patient recovered after 15 days, timely diagnosis, supportive measures, and intravenous 

immunoglobulin are essential to successful treatment. 

COVID-19 and its associated seizure elucidated how the neurological manifestation 

may lead to higher severity in comorbid patients. In this study, two male patients of 63 

and 59 years with type two diabetes were found to COVID-19 positive, and in the 59-

year patient, there were multiple episodes of seizure during the hospitalization. This 

worsened the condition, and he died within two days of the hospitalization. While the 

63-year-old patient was suffering from other systemic diseases like kidney anomalies 

and others but did not show any neurological symptoms. Despite having more 

comorbidities, he had a prolonged stay of 7 days in the hospital and died after that. This 

indicates the importance of neurological manifestations in COVID-19 severity and also 

shows that the degree of severity not the number of comorbidity, is important in 

survival.  

In Chapter 3 we have shown the importance of routinely studied biochemical 

parameters like CRP, Ferritin and D-dimer in segregating the COVID-19 severity. We 

have also discussed the process of development of a 2D-UNet based deep learning 

algorithm which can detect the lobe-wise ground glass opacity in 2D CT scans. This is 

a single center retrospective involving 1136 RT-PCR confirmed COVID-19 patients 

admitted to the hospital. Our data suggest that CRP is a better marker to for determining 

the symptomatic status of the patient. We found a significantly (p<0.0001) higher 

median value for CRP (24 mg/L) in symptomatic patients compared to asymptomatic 

(6.24 mg/L).  

As the CRP level was found to be a better marker. Further other biochemical parameters 

(LFT and KFT) were studied in the patients having altered CRP (>5mg/L). We found 

that a higher level of inflammation was reflected as a significantly higher level of liver 

enzyme (Gamma-glutamyl Transferase).  
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Fig 2. Workflow for the development of 2D-UNet based deep learning and transfer 

learning approach for automatic segmentation of the lung lobes from 2D CT slices 

Artificial intelligence operations were utilised to obtain and analyse an exact score of 

the lobe-wise level of GGO in CT images. The opacity score was assigned as a value 

between 0 to 1 concerning 0 to 100% opacity. Further, the scores were correlated with 

the levels of biochemical parameters.The results indicated a positive correlation of CRP 

and D-dimer with GGO of the right lung. The study developed a 2D-UNet based deep 

learning and transfer learning approach for automatic segmentation of the lung lobes 

from 2D CT slices. Further, DL-based algorithms were used to score the opacity in the 

segmented lobes.  

Chapter 4 deals with the study of SARS-CoV-2 Envelope protein and its host 

interaction. In this chapter we deciphered the role of Envelope protein in 

gastrointestianl-lung axis modulation and induction of necroptosis. The study includes 

identification of inflammatory mediators and cell death types (apoptosis or necrosis) in 

E-transfected cells. We have shown that formation of functional SARS-CoV-2 E ion 

channel can disrupt the homeostasis of lung and gastrointestinal epithelium. Our results 

elucidate the central role of necroptotic protein RIPK1 in Envelope protein 

pathogenesis by inhibiting it. After successful transfection of envelope protein, it can 

form ion channel in the plasma membrane and in the ERGIC. Previous studies have 

shown functional ion channels increase the pH of ERGIC we have also found an 

increase in the lysosomal pH marked by reduced uptake of Monodansylcadaverine. 

There was a significant increase in inflammatory cytokines such as IL6, IL8 and TNFα. 
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Several TLRs which are of important in virus-infection were also upregulated such as 

TLR2, TLR4 and TLR9. Furthermore, levels of NFκB were upregulated at both 

transcript and protein levels. This showed that the functional ion channel formed by E-

protein was able to induce inflammation through upregulated cytokines, chemokines, 

and TLRs. 

Further, the assessment of gastrointestinal-lung axis by SARS-CoV-2 E, shows that 

transcript levels of IL6 and IL1β were upregulated in E-transfected colon cells’ soup 

exposed lung cells and vice-versa. Besides, chemokines such as CCL5 and CXCL1 

were also upregulated. However, no celldeath was induced in these cells. 

Further, our result suggests the invlovement of Envelope protein in indiction of 

Necroptosis in the E protein expressing cells. We observed a significant upregulation 

of RIPK1 in both lung and colon cells at protein levels while PARP1, cleaved-caspase 

3, caspase 9 and caspase 8 were not altered indicating that the cells showed necroptotic 

and not apoptotic form of cell death. To clearly identify the role of necroptosis in E-

transfected cells through RIPK1, we used an inhibitor of RIPK1, necrostatin1s (Nec1s). 

Inhibition of RIPK1 reduces the transcript level of inflammatory markers. Further, it 

also reduces the RIPK1 mediated NFκB phosphorylation.  

In chapter 5 the effect of SARS-CoV-2 on modulation of cellular organelles 

peroxisome and mitochondria were studied. Peroxisomes and mitochondria are 

important components of antiviral defence hence targeted by viruses to take control of 

the host. Further, virus assembly and egress virus modulte the lipid metabolic pathways. 

As peroxisome is the primary organelle associated with lipid metabolism and SARS-

CoV-2 E is known to be associated with virus assembly and egress, it may modulate 

the peroxisomal function. Previous studies have shown the modulation of peroxisome 

by SARS-CoV-2 infection. Further, the role of mitochondria is well evident in antiviral 

defence as well as in the case of SARS-CoV-2 so we explored the effect of this protein 

on these cellular organelles.  
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Fig 3. SARS-CoV-2 Envelope protein induces inflammation and evokes cell death by 

RIPK1. 

Our results found that SARS-CoV-2 E protein dysregulates the peroxisome associated 

genes. Further, it also induces the expression of peroxisome biogenesis-associated 

genes like Pex-13 and reduces the level of ROS scavenging enzyme Catalase. The lipid 

peroxidation was also high in these cells also the total cellular ROS. Interestingly, 

Envelope protein does not interfere with the function of mitochondria.  

As the role of SARS-CoV-2 Envelope protein in inducing inflammation and cell death 

is well evident now. Moreover, studies have shown that inhibition of Envelope protein 

viroporin reduces the infectivity of viruses. Besides, broad spectrum viroporin 

inhibitors like Rimantadine have shown antiviral effects. In the 6th chapter we screened 

phyto compounds that can be used as a Envelope viroporin blocker by in-silico and in-

vitro analysis. We have screened 541 compounds including 8 compounds which are 

fund in the “Kadha” an Indian traditional medicine solution. Kadha has shown 

promising effects in the treatment of COVID-19.  

We found that out of all the screened molecules Diosgenin and Oleanolic acid have the 

higest binding energy of (-21.6 Kcl/mol) and (-24.3 Kcal/mol) respectively. These 
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molecules also showed stable binding with the Envelope protein complex till 200 

nanoseconds of simulation. Further, we have assessed the antiviroporin potential of 

these two compounds in vitro, along with the known viroporin inhibitor Rimantadine. 

The results showed that Diosgenin and Oleonolic acid can reduce inflammation and 

cell death by inhibiting the viropoin activity. Surprisingly, these compounds do not 

interfere with the expression of Envelope protein.  

As mentioned in the introduction, mutations in the sike increase the infectivity and 

pathogenicity of SARS-CoV-2 and give rise to multiple variants. The virants with wide 

spread infectivity and distribution were classified as VOCs. In the 7th chapter we tried 

to decipher the molecular signatures associated with these spike variants by Raman 

microspectroscopy and LC-MS analysis in both lung and gastrointestinal cells. The 

assessment of these molecular signatures can give an insight into the pathogenicity 

associated with these VOCs. Significantly it can reveal the underlying reason behind 

the higher pathogenic potential in VOCs like Delta compared to others. Our results 

suggest that 7 and 12 unique biological processes were altered in case of delta-

transfected lung and colo cells, respectively. The processes include Cholesterol 

transport, MAP kinase activity, Galactose metabolic process, and others. Chapter 8 

summarises the conclusion and future prospects of overall work from all the chapters. 
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Chapter 1. Introduction 

1.1. COVID-19 Pandemic  

Nature reminds us its power through miraculous natural phenomena or devastating 

calamities. COVID-19 pandemic shows the mirror to current civilization regarding the 

potential of viruses to cause devastating impacts on societies. The pandemic highlighted 

the interconnectedness of global health, the importance of robust healthcare systems, 

and the need for collaborative efforts to address emerging public health threats. 

Coronavirus disease 2019 (COVID-19) emerged as a global pandemic almost a century 

after the 1918 Spanish Flu. COVID-19 is an infectious disease caused by the severe 

acute respiratory syndrome coronavirus 2 (SARS-CoV-2) [1]. Till November 2023, 

~700 million cases and 6.9 million deaths were reported globally [2]. The novel 

coronavirus (nCoV) cases were first detected in China in December 2019, with the virus 

spreading rapidly to other countries worldwide. This led WHO to declare a Public 

Health Emergency of International Concern (PHEIC) on 30 January 2020 and to 

characterize the outbreak as a pandemic on 11 March 2020 [3].  On 5 May 2023, more 

than three years into the pandemic, the WHO Emergency Committee on COVID-19 

declared the pandemic's end. According to WHO, it no longer fits the definition of a 

public health emergency of international concern (PHEIC). However, the long-term 

effect of COVID-19 (Long COVID) can affect anyone exposed to SARS-CoV-2, 

regardless of age or severity of original symptoms. 
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1.2. SARS-CoV-2 

 

Figure 1-1: Diagrammatic presentation of SARS-CoV-2 structure and genome 

organization. The SARS-CoV-2 is an enveloped RNA virus. It has single stranded 

RNA genome which is covered by viral capsid (lipid membrane). The capsid harbor 

structural proteins like Spike (S), Membrane (M) and Envelope (E). The RNA is 

wrapped into a helical symmetrical structure around the Nucleocapsid (N) protein. The 

~30Kb genome has several open reading frames (ORFs) that encodes 27 proteins 

including the structural proteins, proteins involved in replication (nonstructural 

proteins) and accessory proteins. The two major ORFs are ORF1a and ORF1b that is 

two third of the total viral genome, these ORFs encode multiple proteins involved in 

replication of viral genome.    

1.2.1. Classification of SARS-CoV-2  

Realm:  Riboviria 

Order: Nidovirales 
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Suborder: Coronavirineae 

Family: Coronaviridae 

Subfamily: Orthocoronavirinae 

Genus: Betacoronavirus 

Subgenus: Sarbecovirus  

Species: Severe acute respiratory syndrome-related coronavirus 

1.2.2. The origins of SARS-CoV-2 

The proximal origins of SARS-CoV-2 are still not known. Identifying these origins 

would provide greater clarity into not only the causes of the current pandemic but also 

vulnerabilities to future outbreaks and strategies to prevent them. SARS-CoV-2 is 

thought to derive from a bat SARS-CoV-related coronavirus with a furin cleavage site 

that enhances the capacity of the virus to infect human cells [3].  

The reservoir for alphacoronaviruses and betacoronaviruses is Bat. SARS-CoV-2 is 

phylogenetically related to bats and pangolins yet is distinct from all other 

coronaviruses in this group. Interestingly, the closest relative to SARS-CoV-2 known 

to date is a bat coronavirus detected in Rhinolophus affinis from Yunnan province, 

China, named ‘RaTG13’, which shares 96.2% sequence identity. The high genetic 

similarity between SARS-CoV-2 and RaTG13 supports the hypothesis of the evolution 

of SARS-CoV-2 from bats [4]. Besides bats, pangolins are thought to be another host 

probably linked with SARS-CoV-2. Multiple SARS-CoV-2-related viruses have been 

identified in tissues of Malayan pangolins smuggled from Southeast Asia into southern 

China from 2017 to 2019. The viruses isolated from pangolins are also closely related 

to SARS-CoV-2 [5, 6].  

1.2.3. Virology of Coronaviruses 

According to the Oxford Dictionary, corona means a ring of light seen around the sun 

or moon, especially during an eclipse. The name coronavirus comes from the 

appearance of the virus due to the heterodimeric spike protein that protrudes out from 

the virion and provides the virus coat a crown-like appearance [7]. These are diverse 

groups of viruses infecting many different animals, and they can cause mild to severe 

respiratory infections in humans [8]. SARS-CoV-2 shares 79% genome sequence 
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identity with SARS-CoV and 50% with MERS-CoV. Its genome organization is shared 

with other betacoronaviruses. It has six functional open reading frames (ORFs) that are 

directed from 5′ to 3′: replicase (ORF1a/ORF1b), spike (S), envelope (E), membrane 

(M) and nucleocapsid (N) (Figure 1-1). Besides this, it also encodes seven putative 

ORFs that code for accessory proteins [9]. 

1.2.4. Structural proteins of SARS-CoV-2  

1.2.4.1. Spike (S) protein  

Spike is a heavily glycosylated type I membrane protein that mediates the fusion of the 

viral membrane with the host cell membrane [10]. The SARS-CoV-2 S protein 

comprises ~1,200 residues and has a Furin cleavage site. The cleavage of S protein 

produces two functional subunits, S1 and S2, which are responsible for mediating 

attachment to host cells and membrane fusion, respectively [11]. The S1 subunit 

contains a receptor-binding domain (RBD) and an amino-terminal (N- N-terminal) 

domain (NTD). RBD remain in two distinct conformational states: closed ‘down’ and 

open ‘up’ states [12]. The recognition and binding of the spike to ACE2 is more stable 

in the ‘down’ state. The NTD of the S protein plays a significant role in the transition 

of the conformation of the S protein. The viral and host cell fusion is triggered when 

the S1 subunit binds to ACE2. Post S1-ACE2 interaction, a series of conformational 

changes brings viral and host cell membranes into proximity and facilitates subsequent 

membrane fusion. Due to its critical role in virus entry, multiple drugs and neutralizing 

antibodies target the S protein [10].    

1.2.4.2. Envelope (E) protein 

E protein of the SARS-CoV-2 plays a significant role in lysis and subsequent viral 

genome release. The E protein is localized to the ERGIC region of the host cell and is 

critical in viral assembly and budding [13]. E protein can act as an independent 

pathogen and has been shown to participate in activating the host inflammasome [14, 

15]. The SARS-CoV-2 E protein forms a pentameric channel that can function as an 

ion channel. Hydrophobic residues predominantly occupy the pore inside the 

transmembrane region except for the N- N-terminal pore. 
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1.2.4.3. Nucleocapsid (N) protein 

The nucleocapsid is the only structural protein inside the virion. It is a crucial 

component that protects the viral RNA genome and packages it into a ribonucleoprotein 

complex. The N protein has two conserved structural domains, the NTD (N- NTD) and 

the CTD (N- CTD), each of which is independently folded [16]. It is also involved in 

pathogenesis [17].   

1.2.4.4. Membrane (M) protein 

The M protein, a type III glycoprotein in SARS-CoV-2, is the most abundant and 

crucial for shaping the viral envelope. It interacts with other structural viral proteins 

and has a central organizing role in coronavirus assembly. It directs envelope formation 

and provides the matrix to which the nucleocapsid can attach for budding. Both humoral 

and cellular immune responses recognize it as a significant immunogen. M protein 

serves as a negative regulator of the innate immune response by interacting with 

MAVS. These attributes make the M protein a promising target for interventions, 

including vaccine development, against SARS-CoV-2 [18].  

1.2.4.5. Nonstructural proteins (NSPs) 

The ORF1a and ORF1b of SARS-CoV-2 encode 16 NSPs, that perform multiple 

enzymatic functions. These NSPs are involved in the regulation of viral RNA 

replication and transcription, as well as genome replication and transcription as subunits 

of transcription/replication complexesv [10,18]. Some of them are common enzymes 

that perform key functions, including papain-like protease activity (PLpro, nsp3), 3C-

like cysteine protease activity (Mpro or 3CLpro, nsp5), RNA-dependent RNA 

polymerase activity (RdRp, nsp12), and superfamily 1-like helicase and ATPase 

activity (nsp13) [10,18]. However, others represent less common enzymes and may be 

related to the unique characteristics of the coronavirus, including primase activity 

(nsp8), exoribonuclease activity (ExoN homolog, nsp14), nidoviral RNA uridylate-

specific endoribonuclease activity (NendoU homolog, nsp15), and ribose 2′-O-

methyltransferase activity (2′-O-MT, nsp16) [10,18].  

1.2.4.6. Accessory proteins 

The SARS-CoV-2 codes for nine accessory proteins (3a, 3b, 6, 7a, 7b, 8, 9b, 9c and 

10), which play important roles in its interaction with host cells to help the virus evade 



6 

 

the immune system and enhance its virulence. ORF3a is one of the viroporins encoded 

by SARS-CoV-2. It plays a role in viral pathogenies by inducing NLRP3 

inflammasome and apoptosis in the host cell [19]. ORF3b is a 22 amino acid protein 

with a relatively unknown function in virus physiology. Yet, it is a potent inhibitor of 

human IFN-I activation [20]. ORF6 antagonizes interferon signalling by disrupting 

nucleocytoplasmic trafficking through interactions with the nuclear pore complex 

components. Besides, it interferes with the nuclear translocation of IRF and STAT. 

Additionally, ORF6 inhibits cellular mRNA export, resulting in the remodeling of the 

host cell proteome, and regulates viral protein expression. Importantly, mutations in 

ORF6 reduces its interaction with the nuclear pore complex and consequently impair 

immune evasion [21]. ORF7a interacts with the MHC-I heavy chain and mimics β2 

macroglobulin. This ORF7a-MHC-I interaction delays the exit of mature MHC-I 

molecules, reducing antigen presentation by the human MHC-I allele [22]. ORF7b 

induces TNFα mediated inflammation and apoptosis [23]. The 121 amino acids long 

ORF8 is a multifunctional protein that significantly contributes to viral pathogenesis. It 

induces ER stress, disrupts IFN-I signalling and reduces MHC-I [24]). ORF9b 

modulates the function of multiple immune pathways [25–27]. ORF9c is a membrane-

anchored protein involved in immune modulation [28]. ORF10 induces mitophagy-

mediated MAVS degradation by interacting with mitophagy receptor Nip3-like protein 

[29]. A study by Pancer et al. has shown that ORF10 is a non-essential viral factor for 

SARS-CoV-2 infection. 

1.3. Diagnosis of SARS-CoV-2  

Diagnosis of the disease is the preliminary step for treatment. Current diagnostic tests 

for the SARS-CoV-2 pandemic use nucleic acid, antibody and protein-based detections, 

but viral nucleic acid detection by RT–PCR remains the gold standard.  

1.3.1. RT–PCR 

The commonly used test for the rapid and accurate detection of SARS-CoV-2 is real-

time reverse transcription–polymerase chain reaction (RT–PCR) [30]. For RT–PCR, 

nasal and oral swabs are collected from the suspect, and viral nucleic acid is detected. 

RT-PCR targets the RdRp and N genes as signatures of SARS-CoV-2. There were 

multiple advancements in the RT-PCR detection method of SARS-CoV-2, yet the 

principle remains the same [31].    
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1.3.2. SARS-CoV-2 antigens 

A rapid diagnostic assay is one of the most treading methods in disease diagnosis for 

the last few years. For SARS-CoV-2 detection rapid testing kits have been developed 

by several manufacturers [31].   

1.3.3. Radiographic testing 

Radiographic testing is used as auxiliary testing to RT-PCR [32]. Combinations of 

radiographic, molecular and antigen-based assays have been used alone or in 

combination to determine the optimal means to make a definitive diagnosis of SARS-

CoV-2 infection [33]. Radiological examinations include a chest X-ray, lung 

ultrasound, lung CT and MRI. Chest X-ray has an accuracy of ~ 60% in the initial 

detection of COVID-19-related pulmonary disease [31].  

1.3.4. CT and MRI 

Supplementary diagnostic testing for COVID-19 provides affirmation and monitoring 

of viral infection. The most distinctive feature of COVID-pneumonia is ground glass 

opacity [32]. Interestingly, Patients with negative RT–PCR tests for SARS-CoV-2 can 

present with abnormal chest CT scans and later be diagnosed with COVID-19 [34]. 

With the progress of the pandemic use of chest CT as a confirmatory test for COVID-

19 disease has become a routine procedure. It also aids in understanding the degree of 

severity in the patient. MRI is mainly performed in COVID-19 patients with 

neurological manifestations [35, 36]. However, in other parts of the body, an MRI is 

not recommended, as maintaining a sanitized environment around the MRI has its 

challenges.  

1.3.5. CT signs of coronavirus pneumonia 

The CT scan of the COVID-19 patient's lung shows multiple patterns denoting the 

situation of the lung tissue, like pleural thickening, crazy paving, Consolidation, etc. 

Ground glass opacity is the most widely observed CT feature in COVID-pneumonia. 

Ground glass opacity (GGO) is the non-specific hazy opacification of the lung in the 

X-ray or computed tomography with no obliteration of bronchial or vascular markings. 

The presumed pathology includes partial filling of the lung alveoli by fluid, interstitial 

thickening, or partial collapse of lung alveoli [37]. The radiologists use the GGO as a 

marker for CT manifestations. This manual method has a maximum accuracy of ~80% 
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in detecting COVID-19 pneumonia [32]. In recent times, artificial intelligence (AI) and 

machine learning (ML)/ deep learning (DL) approaches have been applied in diagnosis, 

including feature detection in MRI and CT scans. The development of these modern 

algorithm-based scoring systems may aid in scoring the GGO more accurately.    

1.4. SARS-CoV-2 pathogenesis 

The SARS-CoV-2 pathogenies are mainly studied in the pulmonary aspect as it is 

primarily a respiratory virus. Moreover, multiple other organs, such as the digestive 

system, brain, liver and kidney, were reported to be affected by SARS-CoV-2 infection 

or its associated alterations [38]. The first cells targeted by SARS-CoV-2 during natural 

infection in humans are likely to be multiciliate cells in the nasopharynx or trachea or 

sustentacular cells in the nasal olfactory mucosa [39–41]. Post entry, the SARS-CoV-2 

genome initiates viral protein production in the reticulovesicular network originating 

from ribosomal membranes. [42, 43]. This process protects the viral RNA from the 

cytoplasmic pattern recognition receptors (PRRs). When the host immune response 

does not eliminate the virus, the infection further progresses to the lower respiratory 

tract by inhalation of virus particles from the upper respiratory tract or by gradual 

dissemination along the tracheobronchial tree. Ultimately, the infection reaches the 

alveoli, causing inflammation and limiting gas exchange [42].  

1.4.1. SARS-CoV-2 evasion of host defences 

Like all viruses, SARS-CoV-2 hijacks the host machinery for replication and 

propagation. For this, the virus evades the host defence by multiple means. SARS-CoV-

2 strategy to block the establishment of the antiviral response can be divided into five 

broad categories [44]-  

Minimizing and masking inflammatory RNA 

Blocking host recognition 

Blocking interferon signalling 

Blocking nuclear transport 

Shutting off translation 

1.4.2. COVID-19 clinical features and ARDS 
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After infection of SARS-CoV-2, the median incubation period is 4–5 days before 

symptom onset [45–47]. The most common symptoms are mild to moderate respiratory 

disease, experiencing cough, fever, headache, myalgia and diarrhoea [47].  Severe 

illness usually begins approximately one week after symptom onset. The most common 

symptom of severe disease is dyspnoea (shortness of breath), which is a result of 

hypoxaemia. This further develops into Acute Respiratory Disease Syndrome (ARDS). 

ARDS refers to acute progressive hypoxic respiratory failure caused by various 

pulmonary and extrapulmonary pathogenic factors other than cardiogenic (DOI: 

10.1111/cpr.12939). Though ARDS is a severe sequel, a bunch of these patients 

survive, yet a large proportion of them die subsequently from progressive pulmonary 

fibrosis [48]. A study by Shi et al. has shown that impairment of blood gas exchange 

was worse in ARDS patients with COVID-19 than in those patients with non-COVID-

19 ARDS [49]. COVID‑19 ARDS is characterized by higher extravascular lung water 

than non‑COVID‑19 ARDS. 

In ARDS, systemic hyperinflammation occurs with the release of pro-inflammatory 

cytokines, such as interleukin-1 (IL-1), IL-6, IL-8 and TNF, and elevated 

concentrations of inflammatory markers, including D- dimer, ferritin and C- reactive 

protein (CRP) [50].  

1.5. Gastric involvement in COVID-19 

The extrapulmonary pathogenies of SARS-CoV-2 are also widely reported. The 

gastrointestinal system is one of the important extra-gastric reservoirs of SARS-CoV-2 

[51]. Gastric symptoms are routinely reported throughout the pandemic; later evidence 

of SARS-CoV-2 infection and replication in the intestinal epithelium and organoid was 

also reported [52, 53].   A recent study pointed out that SARS-CoV-2 induces IL-1 

production in macrophages and mast cells (MCs), thereby inducing gene expression 

and activating other pro-inflammatory cytokines. Since IL-1 is toxic, IL-1 produced by 

ubiquitous MCs and macrophages activated by SARS-CoV-2 also causes 

gastrointestinal diseases. In addition, IL-1 also promotes the release of nitric oxide and 

the release of inflammatory arachidonic acid products such as prostaglandin and 

thromboxane A2 [51]. All these effects will promote the generation and development 

of cytokine storms and lead to secondary intestinal damage. A metanalysis showed that 

the inflammatory cytokines, including IL-6, IL-10, and TNF-α, were intensively 
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increased in patients with diarrhoea [54]. Therefore, there is excessive activation of IL-

1, IL-6, and NF-κB in the intestinal system, leading to various damages to the 

gastrointestinal tract. 

1.6. GUT-lung Axis  

The preliminary evidence of pulmonary and gastrointestinal cross-talk (gut-lung axis) 

dates back to the late 1960s. Turner-Warwick (1968) and Kraft et al. (1976) reported 

the development of severe, chronic bronchopulmonary disease in patients of 

inflammatory bowel disease several years later [55]. Gastrointestinal and respiratory 

tract diseases often occur together, with many overlapping pathologies [56, 57]. 

Available evidence suggests that the gut and lungs are part of the common mucosal 

immune system. The system mainly comprises gut-associated lymphoid tissue (GALT) 

and bronchial-associated lymphoid tissue (BALT) [58]. 

Further the intestinal microbiota plays a crucial role in the inflammatory response. It 

affects the expression of type I interferon receptors in respiratory epithelial cells, which 

respond promptly to viral infections via IFN-α and IFN-β secretion, restricting viral 

replication (60). The intestinal microbiota also activates specific CD4+ and CD8+ T 

lymphocytes in the stable expression of pro-IL1β, pro-IL18 and NLRP3. In the COVID-

19 scenario, studying the gastrointestinal-lung axis is of great clinical relevance  

1.7. Comorbidity and co-infection in COVID-19 

Comorbidity and co-infection shaped the path of COVID-19 pandemic progression by 

contributing to the overall pathogenies of the virus. The earliest scientific reports 

recognised the importance of comorbidity in modifying severity and outcomes in 

COVID-19 [59]. Comorbidity refers to any long-term health condition that coexists in 

an individual with a specific condition of interest, in this case, COVID-19. Multiple 

comorbidities have shown great association with COVID-19. During the COVID-19 

pandemic, numerous studies have reported the prevalence of co-infection [60, 61]. 

A single pathogen causes infection, and as the disease progresses, the host becomes 

immunocompromised and gets infected by multiple pathogens, concomitantly causing 

co-infection to worsen the conditions of the host. Co-infection has a synergistic or 

antagonistic effect depending on its interactions with the host [62]. The risk of 

developing severe COVID-19 is higher in patients with co-morbidities or co-infections 
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like hypertension, obesity, AIDS/HIV, tuberculosis, metabolic syndrome, diabetes, 

cardiovascular disease, renal disease, and respiratory illness (Figure 1-2).  

 

 

Figure 1-2: Coinfection and comorbidity in COVID-19. SARS-CoV-2 infects 

multiple cells, including helper T-cells and cytotoxic T-cells, causing lymphocytopenia 

in the alveolar region. As alveoli are in direct contact with the bloodstream, numerous 

inflammatory mediators can travel through this route to induce organ damage in other 

regions of the body. Such damage can be potentiated by the confection of other 

pathogens such as viruses, bacteria, fungi and helminths. Further comorbidities like 

Diabetes, Guillain-Barre syndrome, Pulmonary embolism, Myocardial infarction can 

also contribute to the already elevated immune response further worsening the 

condition of the lung and the patient.     

1.8. SARS-CoV-2 VOC 

In the later parts of 2020, various variants of SARS-CoV-2 have emerged, posing a 

high risk to global public health. These variants are categorized as Variants of Interest 
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(VOIs) or Variants of Concern (VOCs) to prioritise global monitoring and research 

[63]. These heavily mutated SARS-CoV-2 variants were distinguished by higher 

numbers of non-synonymous mutations, principally in the spike protein and distinct 

phenotypic properties, including altered transmissibility and antigenicity. Five SARS-

CoV-2 variants have been declared variants of concern (VOCs) by the World Health 

Organization because they exhibit substantially altered transmissibility or immune 

escape, warranting close monitoring. The emergence of VOCs provide advantage to the 

variants to dominate the existing variant at local or global level.  Alpha (PANGO 

lineage10 B.1.1.7), Beta (B.1.351) and Gamma (P.1) dominated the preceding variants 

in Europe, southern Africa and South America, respectively. The highly pathogenic 

Delta variant (B.1.617.2/AY sublineages) and the Omicron (B.1.1.529/BA sublineages, 

such as BA.1, BA.2 and BA.5) dominated globally. 

Along with the Spike mutations, M and E protein mutations have also been implicated 

in modulating SARS-CoV-2 infectivity. Substitutions in the M and E proteins of BA.1 

(Omicron) have been shown to reduce cell entry of virus-like particles. However, these 

mutations are compensated for by further substitutions in S and N proteins [64]. 

Coronavirus E proteins have several functions, one of which is to act as a cation 

channel, potentially within the endoplasmic reticulum (ER) and Golgi compartments, 

to regulate multiple stages of the viral life cycle101. The T9I mutation found in 

Omicron E protein has been shown to attenuate this ion channel activity, although its 

functional consequences are unclear. Another study on VOCs involving a mouse model 

showed that alpha, beta and gamma can trigger variant-specific symptoms [65]. 

1.9. Long COVID 

Though, COVID is no longer a health emergency as declared by WHO on 5th May, 

2023 [66]. Yet, the post-acute sequelae of SARS-CoV-2 infection is a matter of 

concern. It has impacted almost all the major organs in different ways [67]. There is 

cardiac impairment, myocardial inflammation and postural tachycardia syndrome 

(PoTS). In the lungs, abnormal gas exchange, pancreatic injury and diabetes, 

autoimmunity, gut dysbiosis and viral persistence in the gut. Dysautonomia, 

neuroinflammation, and reduced cerebral blood flow in the nervous system. Injury in 

the kidney, liver and spleen, reduced sperm count dysfunction and congestion in the 
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blood vessel [67–69]. This recurring problem shows huge grey areas for future research 

in COVID-19 biology, pathogenesis and treatment. 

1.10. Objective of thesis  

Comorbidity emerges as one of the primary contributors to COVID-19 severity. 

Understanding the possible association of different comorbidities with COVID-19 

progression may aid in treatment. Reporting the unique observations is a part of the 

effort to enrich the knowledge of the medical and research community. Precise disease 

diagnosis plays a significant role in the treatment strategy. Most COVID-19 patients 

show some degree of lung involvement; CT scan remains the gold standard for 

detecting this. Yet, performing CT multiple times has its limitations. To predict the 

situation of the lungs in the infected patient CT severity score is assigned by the 

radiologists, and based on this treatment regimen is decided. The accuracy of the score 

~80% based on the experience of the radiologist. There is a need to score the lung 

opacity more accurately without human interference. SARS-CoV-2 mediated 

pathogenesis and the factors involved in this process is a subject of research since the 

beginning of the pandemic. This virus uses multiple mechanisms to evade the host 

immune response to establish and propagate the infection. SARS-CoV-2 envelope 

protein is crucial for virus entry, assembly and egress. During this, the E protein alters 

the cellular homeostasis by interacting with the host proteins and destabilizing the ionic 

balance of the cell. However, the detailed mechanism of its host interaction has not 

been studied in the aspect of the crucial gastrointestinal-lung axis. Multiple studies have 

shown the difference in infection potential and pathogenesis among the SARS-CoV-2 

VOC. The biomolecular changes in each VOC infection in different organs can aid in 

the development of diagnostic targets and also help to understand the pathogenic target 

of each VOC in the affected organs. To address these gray areas in the COVID-19 

research we put forward further objectives.  

Objective-1: To study the association of comorbidity with COVID-19 severity. 

Objective-2: Development of deep learning based method for lobe-wise GGO detection 

and correlation of biochemical markers with lung opacity. 

Objective-3: To study the SARS-CoV-2 Envelope protein host interaction. 

Objective-4: To find out molecular markers associated with SARS-CoV-2 VOCs. 
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Chapter 2. Comorbid conditions modulate the 

COVID-19 severity.  

2.1. Graphical abstract  

 

2.2. Part I 

COVID-19 severity among Cancer-COVID patients with different 

types of cancer: a case series of five patients. 

2.2.1. Abstract 

People with malignancy are under increased threat in the current COVID-19 pandemic. 

It is crucial to study the severity of COVID-19 in different cancer types as the 

microenvironments are different. Besides, the effect on specific organs should be 

studied to understand the long-term consequences of both the diseases and their 

treatment. Our retrospective case series presents the degree of severity in 5 cancer-
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COVID patients based on their clinical characteristics. All the patients were RT-PCR 

confirmed COVID-19 patients with malignancy. The demographic and clinical data of 

the patients were retrieved from the hospital database. The cancers include stomach (1), 

bladder (2), glioma (3), lungs (4) and hard palate cancer (5). Patient-4 and 5 were 

receiving chemotherapy when they got infected and had highly dysregulated liver 

function and higher CT severity scores (19/25) compared to nonrecipients. In patient 2, 

inflammatory and other haematological parameters are highly dysregulated suggesting 

a possible bottleneck of older age. 

In the patient 3, the COVID-19 markers like lymphocyte, neutrophil and platelet levels 

were close to or within the normal limits, unlike other patients. All the patients included 

in our report had died during hospitalization. The patients receiving chemotherapy have 

possibly impaired liver function and died early compared to nonrecipients. The 

characteristics of COVID-19 markers, such as lymphopenia, neutrophilia, and 

thrombocytopenia, did not occur in the glioma patient. The effect of cancer-COVID 

and its treatment on specific organs like the liver and kidney need to be studied during 

treatment and follow-up. 

Keywords: Cancer-COVID, SARS-CoV-2, Oncotherapy, Inflammation, Severity 

2.2.2. Introduction  

The COVID-19 pandemic continues to be a threat to the immunocompromised 

population worldwide. Cancer is a deadly disease and the afflicted persons are often 

immunocompromised. The co-occurrence of SARS-CoV-2 infection with cancer 

increases the severity and results in a higher death rate [1]. Multiple organ dysfunction 

is more common in patients with cancer than without it, in the case of COVID-19 [1]. 

However, the severity of COVID-19 in the chemotherapy-receiving population is still 

debatable [2]. Coexisting morbidities are also important contributing factors in disease 

severity and should be considered during the treatment of COVID-19 infection [3]. 

These observations have changed the way cancer treatment and care is handled in the 

COVID-19 era. Studies showing the severity of chemotherapy mostly include the 

patients' mortality as study endpoints [2].  

It is vital to assess the severity of different cancers separately as the disease biology 

varies and may exert differential effects on the immune system. Here we present our 

observations on five Cancer-COVID admitted to Odisha COVID Hospital (OCH), 
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managed by Kalinga Institute of Medical Sciences (KIMS), Bhubaneswar, Odisha, 

India. We have also demonstrated the effect of COVID-19, cancer and its therapy on 

organs like the liver and kidney.
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Table 2-1: Haematological, biochemical, and demographic data of cancer-COVID patients. (Bold letters- Not in normal range, NA- Data not 

available) 

 

Category Parameter Normal range 

Cancer type 

Stomach Bladder Glioma Lungs 
Hard-

palate 

 

Age (Sex) - 62(F) 70(M) 62(F) 57(M) 42(M) 

Metastasis - Yes Yes No No Yes 

Chemotherapy - No No No Yes Yes 

Duration of hospitalization (In 

days) 
- 15 6 7 2 4 

Radiology CT severity score - NA 4/25 1/25 19/25 19/25 

Hematology 

RBC 
M- 4.7-6.1 X 106/µL 

F- 4.2-5.4 X 106/µL 
3.6 2.98 3.98 3.56 3.55 

WBC 4-10 X 103/µL 6.1 16.6 14.7 8 10.7 

Hemoglobin M- 13-17 g/dL, F- 12-15 g/dL 10.7 6.7 11.5 10.7 8.8 
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Category Parameter Normal range 

Cancer type 

Stomach Bladder Glioma Lungs 
Hard-

palate 

Hematocrit 36-46 % 32.1 21 34.3 31 26.7 

MCH 27-32 pg 29.7 22.5 28.9 30.1 24.9 

MCHC 31.5-34.5 gm/dL 33.4 32 33.6 34.5 33.1 

MCV 83-101 fl/μm3 89.1 17.5 86.1 87.3 75.3 

RDW-CV 11.6-14 % 17 22.4 12.5 16.7 23.2 

RDW-SD 39-46 53.4 55.6 37.6 50.8 56.9 

Platelet 150-410X103/µL 122 160 379 112 68 

MPV 7.5-12 fL 9.8 11.3 8.1 10.4 9.5 

Neutrophil 40-80% 89 86 77 79 90 

Lymphocyte 20-40% 8 3 16 12 4 

Monocyte 2-10% 3 10 6 8 6 

Eosinophil 1-6% 0 1 1 1 0 

Basophil 0-2% 0 0 0 0 0 
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Category Parameter Normal range 

Cancer type 

Stomach Bladder Glioma Lungs 
Hard-

palate 

Electrolyte 

Potassium 3.5-5.1 mmol/L 3 4.7 2.6 3.4 4.2 

Sodium 136-145 mmol/L 128 130 130 139 113 

Phosphorous 2.5-4.5 mg/dL - - 3.7 1.2 2.3 

Magnesium 1.6-2.6 mg/dL - - 1.7  - 

Calcium 8.6 to 10.3 - - 8 7.4 8.9 

Kidney function 

test 

Urea 12-42 mg/dL 54 208 12 32 44 

Creatine 
0.9-1.3 mg/dL (M) 0.6-1.1 

mg/dL (F) 
1.35 4.48 0.23 0.9 1.58 

Inflammatory 

markers 

CRP <5mg/L 81.48 354.7 NA 260 NA 

ESR 
29mm/hr (M) 

22 mm/hr (F) 
42 55 NA 46 28 

Procalcitonin (ng/mL) <0.05 µg/L 0.82 60.3 - 1 - 

 S. Ferritin 
M- 20-250 ng/mL, F- 10-120 

ng/mL 
- 422 - >1000 1000 
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Category Parameter Normal range 

Cancer type 

Stomach Bladder Glioma Lungs 
Hard-

palate 

 d-Dimer <0.5 μg/mL - -  0.5 - 

Liver function test 

Bilirubin (T) 0.2-1.2 mg/dL 0.62 - 0.3 0.37 0.43 

Bilirubin (Direct) 0-0.3mg/dL 0.27 - 0.12 0.1 0.19 

Bilirubin (Indirect) 0.2-0.8 mg/dL 0.35 - 0.18 0.27 0.24 

SGOT 0-40 U/L 37 - 37 99 63 

SGPT 5-40 U/L 12 - 26 55 72 

GGT M- 10-60 U/L, F- 5-39 U/L 63 - 72 208 237 

Alkaline phosphatase M- 40-129 U/L, F- 35-104 U/L, 70 - 69 232 159 

Total protein 6.4-8.3 gm/dL 5.5 - 5.9 5.7 5.1 

Albumin 3.5-5.2 gm/dL 3 - 3 3.3 2.9 

Globulin 2.3-3.5 gm/dL 2.5 - 2.9 2.40 2.2 

 Uric acid 
M- 3.5-7.2 mg/dL, F- 2.6-5 

mg/dL 

- - - 
3.5 5.2 
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Category Parameter Normal range 

Cancer type 

Stomach Bladder Glioma Lungs 
Hard-

palate 

PT 11-13.5 sec - - 10.3 - 11.6 

INR 0.8 – 1.1 - - 0.93 - 1.05 

APTT 30-40 sec - - 27.2 - - 
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2.2.3. Case presentation  

2.2.3.1. Case 1 

A 62-year-old female was admitted as an RT-PCR confirmed SARS-CoV-2 positive 

case with a chief complaint of shortness of breath. She was suffering from carcinoma 

of the stomach and cervix with lung and brain metastasis. The patient had hypoxia at 

the time of admission and was hence kept in ICU on oxygen support. On the day of 

admission, she was given a dose of paracetamol 650mg and Azithromycin 500mg. 

Samples were also sent for routine haematological and biochemical tests. The reports 

suggested lower sodium and potassium levels (Table 2-1). The CRP (C-reactive 

Protein) and procalcitonin were increased by approximately 16-fold, showing high 

infection levels. The haematological parameters related to RBC and haemoglobin 

(hematocrit, MCH, MCV and RDW-CV) were also deregulated (Table 2-1). The 

patient had thrombocytopenia, lymphopenia and neutrophilia, showing characteristics 

of COVID-19. The level of urea and creatine (Kidney function test) was marginally 

increased (Table 2-1). 

The liver function test (LFT) was normal except for total protein, which decreased to 

5.5 gm/dL (Table 2-1). After assessing the reports, Ivermectin 12mg was also given to 

reduce the viral load on day 3 of the admission. Anti-inflammatory (Dexamethasone 

0.5mg), antibiotic (Cefepime 2000mg + Tazobactum 250mg) and heparan (Enoxaparin 

40mg) drugs were also given in view of the critical condition and high level of infection. 

Despite all the medications, the patient had persistent hypoxia, for which she was 

managed with continuous oxygen support. On the 14th day of admission, she developed 

respiratory distress and was kept under Non-invasive ventilation (NIV) support. In the 

early hours of day 15, she developed bradycardia, for which resuscitation was tried. 

Despite all efforts, the patient could not be revived and declared dead.  

2.2.3.2. Case 2 

The 70-year male patient was referred to the hospital from Acharya Harihar Regional 

Cancer Center, Cuttack, as a SARS-CoV-2 positive case. He was suffering from cancer 

of the bladder with metastasis and had hypoxia at the time of admission; he was kept 

on oxygen support. Samples were sent for routine biochemical and haematological 
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tests. A dose of paracetamol 650mg, Azithromycin 500mg, and vitamin c supplements 

were given. The test reports suggested deregulated haematological parameters (Table 

2-1). Specifically, the parameters related to RBC and haemoglobin were highly 

deregulated due to continuous blood loss. He was given Tranexamic acid 500mg tablets 

to stop the bleeding. Additionally, Ferrous Ascorbate (Iron), Folic acid, 

Methylcobalamin, and Zinc supplementation were also given. The serum sodium level 

was decreased to 128mmol/L hence administered with NaCl solution. The urea 

(208mg/dL) and creatinine (4.48mg/dL) levels were also high, suggesting impaired 

kidney function. The patient was having inflammation and pain in the urethra; hence 

given Lignocaine 2% jelly. 

Further, the inflammatory markers like CRP and procalcitonin were approximately 70 

and 1200-fold higher than the normal range, respectively. The patient had lymphopenia 

and neutrophilia, showing characteristics of COVID-19. The patient's CT thorax 

showed calcified nodules and atelectatic changes in the right middle lobe and pleural 

thickening with thin fibrotic strands in the apical segment of the bilateral upper lobe. 

The severity score was 4/25. On the 3rd day of hospitalization, the patient developed 

respiratory distress and shifted to ICU and initially continued on NIV, later on 

Mechanical Ventilation (MV) support. Despite all resuscitative measures patient had 

persistent hypoxia. On the 6th day of hospitalization, he developed bradycardia for 

which resuscitative measures were taken. Despite all efforts patient could not be revived 

and declared dead.  

2.2.3.3. Case-3 

A 62-year female patient was admitted to the hospital as a SARS-CoV-2 positive case 

with symptoms of fever and cough for the last 7 days. She was having high-grade 

glioma and was hypoxic at the time of admission, for which she was kept in the ICU. 

On admission, blood samples were sent for routine tests. On the same day, she was 

given a dose of Paracetamol 650mg and Azithromycin 500mg. The report suggested 

slightly deregulated haematological and biochemical parameters (Table 2-1). The CT 

thorax also showed a few atelectatic changes, with a severity score 1/25. On day two, 

she was given a 200mg tablet of hydroxychloroquine and was administered with 4mg 
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of dexamethasone and 1.5mg of ascorbic acid. She was given an Ivermectin tablet along 

with Dexamethasone 4mg injection on the 4th day of hospitalization. 

Further, she developed respiratory distress, for which she was given NIV initially and 

later changed to MV support. The patient deteriorated despite supportive treatment and 

her condition remains critical. On the 7th day of hospitalization, she developed 

bradycardia. Resuscitation was done but despite all efforts patient could not be revived 

and declared dead.  

2.2.3.4. Case-4 

The 57-year male patient was on chemotherapy (Cisplatin and docetaxel) for his 

carcinoma of the left lung when he developed symptoms like cough and fever. He was 

found positive for SARS-CoV-2 and also started developing symptoms of 

breathlessness. The patient was admitted for supportive management of his symptoms 

and shifted to ICU in view of deteriorating symptoms. Samples were sent for routine 

biochemical and haematological tests. On the day of admission, the patient was given 

Paracetamol 650mg and Azithromycin 500mg and administered with Dexamethasone 

4mg, Enoxaparin 40mg and Cefepime 2000mg + Tazobactum 250mg. The test report 

suggested deregulated haematological parameters and increased levels of inflammatory 

markers (Table 2-1). The phosphorous and calcium level was also low (Table 2-1). 

Notably, the LFT parameters like Serum glutamic oxaloacetic transaminase (SGOT), 

Serum Glutamate pyruvate transaminase (SGPT), Gamma-glutamyl transpeptidase 

(GGT) and Alkaline phosphatase were highly increased (Table 2-1). Further, thorax 

CT shows diffuse ground glass opacities with interlobular septal thickening (crazy 

paving) in all the lobes of both lungs, predominantly in bilateral lower lobes (Figure 

2-1). The CT severity score was 19/25. On the 2nd day of hospitalization, the patient 

was again administered Dexamethasone 4mg and Cefepime 2000mg + Tazobactum 

250mg. Despite all the efforts, the condition of the patients remains grim and they 

started developing bradycardia. CPR started as per the ATLS protocol and the patient 

was given 1 mg/mL of adrenaline and atropine. The patient could not be revived and 

declared dead.  
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Figure 2-1: CT thorax of Cancer-COVID patients.The representative CT image of 

Cancer-COVID patients. (A) CT thorax of patient 4 (lung cancer). The image showing 

Bilateral peripheral and centrilobular ground glass opacities with consolidation. (B) CT 

thorax of patient 5 (cancer of hard palate). The image showing left sided peripheral 

ground glass opacities, right lung- consolidation with cavitation, interseptal and pleural 

effusion in addition to ground glass opacities. Both these patients were receiving 

chemotherapy at the time of infection and had CT severity score of 19/25. 

2.2.3.5. Case-5 

A 42-year-old male was admitted to the hospital as a case of Severe Acute Respiratory 

Infection (SARI) and COVID-19. The patient also had cancer of the hard palate with 

metastasis. The patient was on chemoradiation therapy when he got infected. Samples 

were sent for routine tests on the same day and treatment was started with Paracetamol 

650mg, Azithromycin 500mg tablets, and vitamin-C supplements. Reports suggest 

deregulated haematological parameters (Table 2-1). The level of sodium and 

phosphorous was also lower than the normal range (Table 2-1). Importantly, SGPT, 

SGOT, GGT and Alkaline phosphatase were highly increased, showing a probable 

malfunction in the liver (Table 2-1). The patient's chest CT showed mild right and left 

minimal pleural effusion with the collapse of the underlying lung (Figure 2-1). The CT 

severity score was 19/25. On day 3 of hospitalization, the patient had an episode of 

bleeding (approximately 200ml) from the oral cavity for which he was injected with 

Tranexamic acid 500mg and Tranemic 500mg and shifted to the ICU. The patient 

started developing respiratory depression and later kept on NIV for the same. On the 

4th day of hospitalization, he had an episode of bradycardia. Resuscitation was tried and 

despite all efforts and resuscitative measures, the patient could not be revived and 

declared dead.  
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2.2.4. Discussion 

The consequences of COVID-19 in cancer patients was reported in previous studies [2]. 

However, it had not been studied together in different cancer types. In this case series, 

we have reported determinants of severity in the included cases and the effect of cancer 

treatment on severity.  

Patient-4 and 5 died two and four days after hospitalization respectively. Both of these 

patients underwent chemotherapy when they acquired the infection. A study on the 

severity of COVID-19 in lung cancer patients showed that the patients undergoing 

oncotherapy have higher mortality than otherwise [4]. However, Lee et al. showed no 

significant difference in severity and mortality between oncotherapy recipients and 

nonrecipients [2]. Although studies showing opposite patterns are available these may 

further depend on the course of infection, organs affected by cancer and whether cancer 

is metastatic besides the treatment. Further, the parameters related to iron physiology 

were more deranged in patient-2 and 5. The iron deficiency in patient-2 might be due 

to older age. 

Additionally, patient 5 had an episode of bleeding and was also receiving 

chemoradiation therapy. Previous reports have suggested that increased pro-

inflammatory cytokines like IL6, IL1, TNF-α, interferon-γ, and anti-inflammatory 

cytokines like IL10 can affect iron physiology and can cause functional iron deficiency 

[5]. Some or all of these cytokines are also known to be elevated during COVID-19 and 

most cancers.  

Electrolytes are physiologically important and their deregulation can lead to 

complications. Low levels of sodium, potassium and calcium are associated with 

COVID-19 severity. However, in our study hypokalaemia was found in patient-1 and 

3 only. The lower level of calcium and phosphorus in patient 4 might be due to SARS-

CoV-2 infection. A previous report suggested that serum calcium and phosphorus 

significantly decreased in infections like pulmonary tuberculosis [6]. 

The highly increased urea and creatinine levels in the case of patient-2 might be due to 

impaired Kidney function test (KFT). Previous studies have suggested impaired KFT 

as a risk factor for developing bladder cancer [7]. CRP and ESR (Erythrocyte 

Sedimentation Rate), broad-spectrum inflammatory markers, are elevated in both 

COVID-19 and cancer. We also got a similar pattern of inflammatory markers. Both 
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CRP and ESR were highest in the patient-2; this might be due to a synergistic effect of 

COVID-19, metastatic cancer and ageing.  

Lymphopenia is associated with COVID-19 and cancer. In our study, all patients had 

developed lymphopenia. Further, the thrombocytes show contradictory patterns in 

cancer and COVID-19 [8, 9]. In our study, platelet count did not fall drastically in 

patients. The higher platelet counts and close to normal lymphocyte count in glioma 

can be attributed to Isocitrate dehydrogenase 1 (IDH1) mutation, which decreases 

inflammation [10]. 

The liver plays a vital role in immunity and metabolism. In COVID-19 patients, mildly 

abnormal serum LFTs are common [11]. Further, patients undergoing chemotherapy 

have impaired liver function due to the hepatotoxic effect of chemotherapeutic drugs 

[12]. In the current study, the patients receiving chemotherapy had increased LFT 

enzymes like SGOT, SGPT, GGT and alkaline phosphatase. Thus, it shows the possible 

hazardous effects of chemotherapy and COVID-19. Importantly, these patients had a 

higher CT severity score than those not receiving chemotherapy.  

The report showed a vital association of hepatic enzyme elevation in cancer-COVID 

patients receiving chemotherapy. These patients are vulnerable and should be treated 

with caution. Adjuvant or palliative chemotherapy in patients with cancer should be 

carefully weighed against risks and discussed in Institutional Tumor Boards before 

administration, considering the severity in those patients. Patients in need of palliative 

care and poor functional status might not benefit from it in the current pandemic 

scenario. However, adjuvant chemotherapy can be considered in otherwise fit patients 

without significant comorbidities, with the understanding that hepatic dysfunction of 

varying severity might ensue, requiring cessation of chemotherapy in patients with 

severe enzyme elevation.  

The glioma patient had low inflammation levels plausibly due to IDH1 mutation; 

however, we did not find any positive outcome for this patient’s disease. Ageing is a 

significant contributing factor in disease severity in cancer-COVID patients. It would 

be interesting to determine whether the outcomes in primary brain tumour patients with 

COVID-19 infection are similar to those of other patients without primary brain 

tumours. If so, this subset of patients with good functional status might continue with 

unmodified treatment, even during the pandemic. 
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Since the primary organ affected by COVID-19 is the lungs, it would be expected to 

have serious consequences for lung cancer patients with COVID-19 infection. These 

patients need to be looked at closely in future studies. 

The study includes a small number of patients hence might not be conclusive. The 

patients belong to a particular region (Odisha, India); thus, the manifestations may vary 

regionally. Most of the parameters we measured once hence might have changed during 

the course of the treatment. Further data for certain parameters were not available for 

all the patients.  

Each cancer has a different biology and a different impact on the internal milieu of the 

patient. COVID-19 infection and the cytokines released by the infection are likely to 

interact differently with the cytokines and other molecules released at higher levels as 

a result of cancer. This interaction can have a different outcome in different cancer 

types and thus impact the severity of illness, morbidity and mortality. 

Despite the limitations, this study reported important findings on cancer-COVID 

patients and further studies (retrospective and prospective). Large populations are 

warranted to establish the findings comprehensively and identify subsets of cancer 

patients who might be more vulnerable during the COVID-19 pandemic. 
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2.3. Part II 

SARS-CoV-2 induced Guillain Barré Syndrome in a child: first case from Odisha, 

India 

2.3.1. Abstract  

Since the outbreak of coronavirus disease in 2019 (COVID-19), multiple systemic 

issues, including respiratory and nervous system complications, have evolved 

constantly. We present a COVID-19 case of a 7-years old male child with Guillain 

Barre Syndrome (GBS) symptoms. The patient complained of cough, throat pain, and 

acute progressive symmetric ascending quadriparesis. Eventually, on day 12 of 

hospitalization, he was diagnosed with GBS. The patient’s condition worsened over 

time; thus, he was shifted to the ICU, where he had an episode of cardiac arrest and was 

revived through CPR. The biochemical analysis of the CSF revealed albuminocytologic 

dissociation. The patient was considered for regular GBS follow-up and has recovered 

from COVID-19. Thus, there is a possibility of SARS-CoV-2 infection-induced GBS 

in children. More studies are needed to know the neurological manifestations of SARS-

CoV-2 infection in the pediatric population. 

Keywords: SARS-CoV-2, COVID-19, Guillain Barre Syndrome, Child 

2.3.2. Introduction 

The earliest report of coronavirus disease 2019 (COVID-19) came in December 2019 

from Wuhan, China. The condition is caused by a human coronavirus belonging to the 

Coronaviridae family, i.e., severe acute respiratory syndrome coronavirus-2 (SARS-

CoV-2). SARS-CoV-2 infection mainly manifests through respiratory symptoms and 

sometimes neurological complications [1]. Neurological alterations are broadly divided 

into central nervous system (CNS) (e.g., dizziness, headache, ataxia, seizure and 

cerebrovascular diseases), cranial and peripheral nervous system symptoms (e.g., 

anosmia, myalgia, ageusia, vision impairment and neuropathy, and skeletal muscle 

injury) [1]. According to the hypothesis, the neural invasion of the coronavirus is 

mainly through the hematogenous and/or retrograde axonal route [2]. This may cause 

encephalitis by direct neuronal damage or respiratory insufficiency-induced hypoxia. 

Besides, cytokine storms initiated by SARS-CoV-2 may result in severe inflammation 
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and CNS injury. Previous studies have also reported COVID-19 induced CNS 

demyelination in adults [1, 3]. 

In addition, COVID-19 associated Guillain Barré syndrome (GBS) was noted in a few 

children [4]. GBS is an acute monophasic demyelinating polyradiculopathy usually 

preceded by infections caused by Campylobacter jejuni, influenza virus, Epstein Barr 

Virus, Cytomegalovirus, Zika virus, and SARS-CoV [5, 6]. The typical clinical 

manifestations in GBS are ascending, symmetrical flaccid limb paralysis, progressive 

hyporeflexia or areflexia. Diagnosis of GBS is primarily clinical however, analysis of 

cerebrospinal fluid (CSF) and peripheral nerve conduction tests support the diagnosis. 

Children with GBS respond well to supportive measures and intravenous 

immunoglobulins, while plasmapheresis is rarely needed. Here we present a case of a 

7-year male child with COVID-19 who later developed GBS most likely due to SARS-

CoV-2 induced immune dysregulation. 

 

Figure 2-2: Graphical representation of haematological and biochemical 

parameters. (a) Lymphocyte and Neutrophil levels during the period of hospitalization 

and follow-up. (b) The level of WBC and platelet during the period of hospitalization 

and follow-up. (c) Level of CSF protein and CSF glucose. 
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2.3.3. Case report 

A 7-year-old male child with cough, throat pain, and weakness in the upper and lower 

limbs was admitted to the isolation ward of the paediatrics department, KIMS Hospital, 

Bhubaneswar, on 16th October 2020. Samples were sent for examination of SARS-

CoV-2 infection and other parameters. RT-PCR test revealed that the child was 

COVID-19 positive, and hence the patient was shifted to Odisha COVID-19 Hospital 

(OCH), KIMS. The child showed a progressive increase in COVID-19 symptoms and 

joint pain after admission. The clinical investigation of the blood samples received on 

the 7th day of the admission showed decreased haemoglobin levels, hematocrit, MCH, 

MCV, and MCHC (Suppl Table 1). The patient also had lymphocytopenia and 

neutrophilia throughout hospitalization and during the follow-up (Figure 2-2). The 

platelet count was increased from 271 X 103/μL on day 7 to 635 X 103/μL on day 13 

of hospitalization (Figure 2-2). Inflammatory marker CRP 21.72 mg/L (normal; <5 

mg/L) was also increased (Suppl Table 1). Moreover, the X-ray chest P-A view 

showed non-homogenous patchy opacities in the right lower and upper lobes, indicating 

pneumonia (Figure 2-3). 
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Figure 2-3: 2D X-RAY of chest P-A view. The patient was subjected to a 2D X-ray 

of the thorax region to understand the degree of COVID pneumonia severity. Patchy 

opacities in the right lower lobe (red arrow) indicate pneumonia. 

On day 12 of hospitalization, the child developed progressive weakness and could not 

talk, eat or walk. The muscle strength was graded 3/5 in both upper limbs and 2/5 in 

lower limbs. The child developed respiratory distress and was shifted to ICU on the 

12th day of hospitalization. The child was put on mechanical ventilation, and vitals 

were managed. The CSF analysis revealed albumin-cytological dissociation with 

increased CSF protein 59 mg/dl compared to normal;15-45 mg/dl (Figure 2-2) and cell 

count being 15/cmm (normal, 0-5/cmm). Nerve conduction studies showed slow and 

blocked conduction. Other haematological and biochemical investigations were as 

presented in Figure 2-2 and Table S1. 

Further, the child had an episode of sudden cardiac arrest in the ICU of COVID-19 

hospital. However, the child was revived upon high-quality cardiopulmonary 

resuscitation. The treatment included multiple antibiotics, inotropes, anticonvulsants, 

antipyretics, ivermectin, probiotics, and supportive measures during ICU. The child 

received intravenous immunoglobulin 2 g/kg over two days. After RT-PCR tested 

negative, the patient was extubated and shifted to the pediatric ICU of the non-COVID-

19 hospital. Here, he was treated for a culture-positive E. coli urinary tract infection. 

Besides, supportive measures like physiotherapy were instituted. After a brief stay of 

15 days, the child was discharged with walking support.  

2.3.4. Discussion 

COVID-19 is a multisystemic disease and is known to induce immune deregulation. In 

COVID-19, neurological manifestations like GBS may appear prior or post-SARS-

CoV-2 infection [7, 8]. Studies have detected antiganglioside antibodies to establish the 

post-infectious causes [6, 9]. The case presented here emphasizes the appearance of 

GBS after the COVID-19 diagnosis. The duration between SARS-CoV-2 infection and 

the manifestation of GBS in the current case was seven days. Several cases of COVID-

19 patients exist that explain similar scenarios. An Italian case study consisted of five 

COVID-19 patients who developed GBS 5–10 days post-SARS-CoV-2 infection [10]. 

Though the COVID-19 manifestation was severe, marked by leukocytosis, 

neutrophilia, lymphocytopenia, anaemia, and elevated CRP in most cases, few GBS 

cases with mild COVID-19 symptoms with normal haematological parameters have 
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been reported [11]. Most children infected with SARS-CoV-2 have mild to moderate 

symptoms and rarely require hospitalization. Yet another investigation of an 11 years 

old male child with GBS and SARS-CoV-2 infection showed decreased hemoglobin 

and normal CRP, WBC, neutrophil, lymphocyte, platelet, electrolytes, and liver 

function test while elevated CSF protein [4]. Some adult patients with GBS also showed 

normal haematological parameters, while some presented elevated inflammatory 

markers, leukocytosis, lymphocytopenia, and thrombocytopenia. The case presented 

here showed lymphocytopenia, neutrophilia, leukocytosis, thrombocytosis, and 

elevated CRP after GBS development during hospitalization. Moreover, it is worth 

mentioning that the haematological parameters and inflammatory markers may vary on 

a case-to-case basis.  

Moreover, the early diagnosis of GBS is vital in managing a patient’s health. The 

specific treatment consisted of IVIg: 0.4g/kg for five days. Besides regular monitoring 

of cardiac, pulmonary, and autonomic (blood pressure, heart rate and pupil) function 

also needs to be done. Rarely patients may need plasmapheresis. Respiratory 

insufficiency due to paralysis of diaphragmatic muscles marks the requirement of 

mechanical ventilation. The child under investigation was on supportive treatment and 

mechanical ventilation. Finally, multidisciplinary care, including psychosocial support 

and rehabilitation, is the key to optimal outcomes.  

The study has a few limitations, such as the unavailability of data pertaining to other 

serum inflammatory markers like ferritin, IL6, and D-dimer. Thus, a conclusion 

regarding the disease severity from these serum inflammatory markers could not be 

drawn. Also, we were unable to perform the CT-thorax of the patient due to his serious 

health condition. Also, it is questionable if the production of SARS-CoV-2 induced 

antibodies against only a particular ganglioside may lead to GBS development. 

However, since the diagnosis of GBS is mainly clinical, we were able to manage the 

case well with the existing investigation.  

This case reveals the possible association between SARS-CoV-2 infection and GBS 

development in children. Both mild and severe COVID-19 may be associated with 

GBS. This case report reveals various clinical presentations of SARS-CoV-2 infection 

and GBS-related complications. More studies are needed to know the neurological 

manifestations due to SARS-CoV-2 infection in the pediatric population. To the best of 

our knowledge, this is the first post-COVID-19 GBS case in a 7-year-old boy. Early 
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diagnosis and treatment with immunoglobulin have better outcomes for GBS with 

COVID-19. 
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2.4. Part III 

COVID-19 severity in diabetic patients with and without seizure: A case study  

2.4.1. Abstract 

Comorbidities like diabetes play a critical role in COVID-19 pathology. Neurological 

manifestations of COVID-19 have been reported in multiple studies. It would be 

intriguing to investigate the influence of COVID-19 and diabetes on the nervous 

system. The chapter described the findings from two diabetic-COVID-19 patients with 

and without seizures from the Indian subcontinent. Despite several comorbid 

conditions, including altered kidney functions, patient-1 sustained for a greater number 

of days than patient-2. The treatment regime included RAAS inhibitors for patient-1 

and levetiracetam for patient-2 who displayed persistent seizures. The number of 

comorbidities may not ultimately govern the fate of SARS-CoV-2 infection and 

mortality, but rather the severity of particular comorbidity may impact COVID-19 and 

the patient’s recovery. Additionally, it is imperative to identify if seizures in such 

patients appear due to altered blood sugar or prevailing epilepsy or SARS-CoV-2 

infection. A speculated association between seizures and COVID-19 exists; however, 

there is a need to evaluate the influence of seizures during COVID-19 in the infected 

individual.  

Keywords: COVID-19, diabetes, seizure, comorbidity, lymphopenia, anti-seizure 

drugs. 
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2.4.2. Introduction  

The coronavirus disease of 2019 (COVID-19) caused by severe acute respiratory 

syndrome coronavirus-2 (SARS-CoV-2) has left the entire world devastated. Studies 

have confirmed the prevalence of COVID-19 cases and increased severity of this 

respiratory distress with several comorbidities like hypertension [1], cardiovascular 

diseases [1], diabetes [2], etc. COVID-19 and diabetes are interrelated; SARS-CoV-2 

infection might predispose individuals to hyperglycemia [2]. Hyperglycaemic 

individuals have modulated inflammatory immune responses, which might worsen 

COVID-19 sequela [2]. Nonetheless, type 2 diabetes mellitus (T2DM) can cause 

neurological alterations in COVID-19 patients [3]. Also, SARS-CoV-2 infection can 

cause neurological manifestations like headache, seizures, meningitis, epilepsy, etc [4]. 

Reports also suggest that persons having neurological complications were prone to 

severe complications [5]. It would be intriguing to investigate the influence of SARS-

CoV-2 infection and diabetes as comorbidity on the nervous system. Additionally, there 

has been an increased association of COVID-19 cases in elderly individuals. Besides, 

it is suggested that seizures and epilepsy incidences in individuals ≥ 60 years are higher 

than in other age groups individuals [6]. Our report favours the literature suggestive of 

neurological concerns in COVID-19 patients with diabetes.  

2.4.2.1. Possible SARS-CoV-2 entry mechanism and association with 

seizure  

Significant symptoms associated with COVID-19 include fever, headache, anorexia, 

dry cough, fatigue, etc. Patients are prone to experience severe organ damage to critical 

organs such as the liver, kidney, and heart [7]. Besides the acute symptoms in patients, 

several neurological manifestations have been observed [8]. The central nervous system 

(CNS) manifestations include convulsions, altered mental status, encephalitis, and 

febrile seizures. A study by Ali A. et al. showed that 25% of the infected patients 

developed CNS manifestations [9]. Both specific and nonspecific symptoms exist as a 

result of COVID-19 infection. Confusion and headache were among the nonspecific 

symptoms while specific symptoms included seizures and epilepsy. Neurotropism and 

neuroinvasion have been identified as common features pertaining to COVID-19 [10]. 

Neurovirulence symptoms in SARS-CoV-2 include production of auto-antibodies, 

astrogliosis, microhemorrhage, perivascular T cell and macrophage infiltration, 



49 

 

recruitment of Iba1+ cells causing microgliosis, and death of pericytes and endothelial 

cells [10].  

The infection of SARS-CoV-2 is mediated by the binding of spike protein to host ACE2 

receptors. The brainstem shows the presence of these receptors that aid in the regulation 

of cardiovascular and respiratory function. Another plausible route for the entry of the 

virus might be through the olfactory tract [11]. Post invasion into the CNS, the virus 

carries the potential to infect sensory and motor neurons through the potential of 

manipulating anterograde transport machinery utilizing dynein and kinesin. The 

astrogliosis and microgliosis triggered as a result of the viral infection induce the 

production of proinflammatory cytokines like TNF-α, IL6, and IL1β. Release of 

proinflammatory cytokines causes neuronal necrosis in CNS, ultimately leading to 

epileptic pathogenesis. Epilepsy may occur due to an increase in glutamate and a 

decrease in the GABA of the hippocampus and cerebral cortex [12]. The increased 

cytokines cause the release of neurotoxic compounds either through autocrine or 

paracrine mechanisms. Due to the enhanced release of cytokines, calcium entry is 

comparatively higher through AMPA and NMDA receptors, increasing neurons' 

excitability, thereby causing cytotoxicity and death [13]. Hyperexcitability of neurons 

occurs as a result of higher production of glutamate from astrocytes leading to high 

glutamate levels in the synapse and reduced reabsorption due to stimulation by IL1β 

[14]. Proinflammatory cytokines are clinically critical in the pathogenesis of 

epilepsy.IL1β potentially causes increased seizures as there is an increase in the number 

of GluN2B subunits of the NMDA receptors in the post-synaptic neurons. 

Pathophysiologically, higher concentrations of IL1β lead to the onset of seizures with 

reduced GABA receptors [15]. 

COVID-19-infected patients show certain coagulation abnormalities. Viral attacks 

cause damage to endothelial cells that potentially affect the coagulation system. A 

seizure occurs due to several factors including hypoxia and alterations in blood 

perfusion. Acute ischemia causes increased glutamate concentrations, alteration in ion 

channels, and damage to the BBB, generating early seizures. Late seizures may have 

altered mechanisms, including gliosis, angiogenesis, chronic inflammation, and 

neuronal death [16]. Oxidative stress and mitochondrial dysfunction are interrelated 

and COVID-19 infection confirmed the altered mitochondrial pathology [17]. The 

abnormal electrical activity occurs as a result of altered electrolyte balance. Seizures 
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are critical clinical manifestations occurring due to electrolyte imbalances. IL6 and 

TNF-α are prominently increased in the COVID-19 serum which might further promote 

the production of mitochondrial ROS in the cells [18]. 

The uncontrolled Calcium (Ca2+) imbalance as a result of infection of SARS-CoV-2 

might lead to inflammation of neurons causing seizures. The inflammation and 

hyperglycemic conditions in the COVID-19 infection might also potentiate the seizures 

that might lead to the early death of infected patients [19]. Ca2+ and cAMP signalling 

pathways might be the potent molecular link between the two implications of SARS-

CoV-2 infection. The release of several hormones is modulated by cAMP in 

conjunction with Ca2+. Diabetic neuropathy with a history of seizures might 

contraindicate the hydroxychloroquine medication in COVID-19-infected patients [20].  

2.4.2.2. COVID-19 comorbidities and Seizure 

In patients with a history of type 2 Diabetes mellitus (T2DM), an acute alteration of 

islet cells may lead to hyperglycemic conditions causing diabetic ketoacidosis (DKA). 

The hyperglycemic condition might lead to the early death of diabetic patients infected 

with COVID-19. Such patients become more susceptible to renal failure and uremic 

encephalopathy. The pathologies of the nervous system led to the severity of seizures 

even when anti-epileptic drugs were provided. The reason for seizures might be 

multiple things, such as neuroinflammation due to ROS, impaired calcium signalling, 

and increased coagulation abnormalities.  

The destructive effects of the viral infection in the CNS might result from the 

overproduction of proinflammatory cytokines that enter from the periphery of the CNS 

or are produced by the active microglia. The viral complications due to SARS-CoV-2 

infection causing this imbalance of inflammatory cytokines might lead to secondary 

seizures that are initiated as a result of strokes, electrolytic imbalance, oxidative stress, 

and alteration in mitochondrial functions [7]. The occurrence of encephalopathy during 

hospitalization of COVID-19 patients might be due to diabetes mellitus and a previous 

history of stroke. Patients with neurological complications, such as those with 

encephalopathy in the past, were associated higher risk of mortality in older age 

individuals. 

A plausible explanation for the seizures caused could be a transient ischemic attack. 

Other possibilities of epileptic symptoms post-COVID-19 infection could be 
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thrombosis, endothelial cell dysfunction or coagulopathy. Thrombosis and 

inflammation caused henceforth can be associated with stroke in SARS-CoV-2 infected 

patients. SARS-CoV-2 follows a potential neuroinvasive mechanism wherein the virus 

directly disrupts the blood-brain barrier (BBB) via axonal transport among olfactory 

neurons and hematogenous spread [21]. Viral invasion can increase pro-inflammatory 

cytokines that are further related to the occurrence of seizures in the patients. The CSF 

samples of infected patients have been evaluated positive for neuroinvasion of the 

SARS-CoV-2 virus. Transient disruption of the BBB allows the extravasation of small 

molecules that might cause CSF pleocytosis. This further causes elevated protein levels 

that further potentiate the probability of seizure occurrence indirectly [22]. 

Metabolic factors such as hyponatremia, uremia and leukopenia can also be plausible 

derangements that lower the threshold of seizure occurrence in virus-infected patients. 

Prior infectious outbreaks occurring due to RNA viruses present a manifestation of the 

central nervous system (CNS) as a result of viral infection [23]. A study conducted by 

Lu et al. identified that hypoxic conditions possibly trigger anoxic encephalopathy that 

ultimately results in seizures among the patients. Some other factors for seizure 

occurrence besides hypoxia could be ischemic stroke, imbalance of electrolytes, and 

use of antibiotics [24]. Treatment of epilepsy with drugs such as levetiracetam prevents 

inhibition of GABA receptors. The inhibition is known to suppress glutamate release, 

thereby inhibiting the release of Ca2+ and its associated neurotransmitters. 

Levetiracetam is identified as among the least reactive drugs known to interact with 

SARS-CoV-2; hence, it is one of the preferred drugs used to treat COVID-19 patients 

with seizures [25]. Besides, Angiotensin Receptor Blockers (ARBs) used in 

cardiovascular disorders, renal disease, metabolic syndrome, and diabetes are also 

known to have neuroprotective effects [26]. 
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Figure 2-4: Graphical representation of WBC count, platelet count, neutrophils 

% and lymphocytes % of the patients on subsequent days of hospitalisation. The 

dashed line represents the upper limit of the normal range whereas the solid line 

represents the lower value of the normal range. 

2.4.3. Case Presentation  

A retrospective analysis of COVID-19 positive patients’ symptoms, manifestations on 

admission to Kalinga Institute of Medical Sciences (KIMS) Bhubaneswar, pre-clinical 

conditions, and laboratory findings were performed. The cases were confirmed for 

COVID-19 through real-time reverse-transcriptase polymerase chain reaction from 

nasopharyngeal swab samples using the Indian Council of Medical Research validated 

COVID-19 diagnostic kits. Two elderly patients with neurological complications, 

namely, encephalopathy and seizure, were considered in this study. Specifically, the 

blood reports and the biochemical parameters like serum inflammatory markers, 

electrolytes, urea, creatinine, and liver function tests (LFTs) were analyzed. Expert 

neurologists and trained physicians examined the data. The study was conducted 

according to the principles of the Declaration of Helsinki upon approval by the research 

ethics committee of KIMS (KIIT/KIMS/IEC/372/2020), School of Biotechnology 

Kalinga Institute of Industrial Technology, Bhubaneswar (KIIDU/KSBT/2020/345), 

and Indian Institute of Technology Indore (BSBE/IITI/IHEC-05/2020). A 63-yrs old 

male (patient-1) with a history of urosepsis, chronic kidney disease (CKD) and 

hypertension was admitted at KIMS on 03-Jul-2020. The individual demonstrated other 

bodily manifestations like fever (prevailing for four days), anuria (one day), T2DM, 

and Spondylomyelopathy. Due to shortness of breath and hypoxia on admission, the 

COVID-19 suspect was admitted to the intensive care unit (ICU). Following that, the 

patient underwent dialysis multiple times due to an anuric condition and hyperkalemia. 

Moreover, the blood report indicated severe bacterial infection (procalcitonin- 

62.7mg/L), higher serum creatinine and blood urea, reduced serum sodium and 

haemoglobin, and reduced platelet count due to the prevailing conditions (Table 2-2). 

The patient presented poor sensorium, remained on oxygen support via mask, and was 

later shifted to non-invasive ventilation (NIV). Eventually, the patient developed 

hypoxia and bradycardia, and despite treatment including FIO2, dialysis, and 

resuscitative measures, the person was declared dead on 10 Jul 2020. Another 59-yrs 

old COVID-19 positive male (patient-2) with fever and abdominal pain was admitted 

to KIMS on 07-Jul-2020. On admission, the patient displayed tachypnoea and hypoxia, 
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for which he was admitted to the ICU and kept on oxygen support. Characteristic 

features of COVID-19 infection, i.e., increased serum inflammatory markers (CRP-

37.72mg/L) and lymphopenia, was also observed. In addition, severe bacterial infection 

(procalcitonin- 20.8mg/L), increased alkaline phosphatase and gamma GT (GGT), and 

slightly increased serum urea and total protein were noted in the blood biochemical 

analysis. 

Nonetheless, the patient had consistent respiratory distress, due to which the patient 

was transferred to NIV and later intubated. Additionally, the individual had a persistent 

seizure for which the patient was treated. However, the cause of the seizure could not 

be evaluated as the individual had severe respiratory distress, for which CT was not 

feasible. Consequently, the individual developed bradycardia, and despite the revival 

strategies, the patient could not be revived. The patient was declared dead at 8:00 am 

on 11 Jul 2020. 
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Table 2-2: Details of the two COVID-19 positive cases with comorbid conditions like type 2 diabetes, hypertension and kidney disease 

Patient#ID 

(age/sex) 
DOA 

Expired 

date 

History 

details 

On admission 

manifestations 

Final diagnosis/ 

Cause of death 

Treatment 

regime 
Other Characteristic features 

KIMSIP303826 

(63yrs/ Male) 

03-

Jul-

2020 

10-Jul-

2020 

Urosepsis, 

DKD, 

hypertension,  

Urosepsis, CKD, 

hypertension, T2DM 

spondylomyelopathy, 

shortness of breath, 

hypoxia 

COVID-19 

positive, uremic 

encephalopathy 

with DKD  

NIV support, 

FIO2, dialysis, 

resuscitative 

measures 

Severe bacterial infection 

(procalcitonin- 62.7mg/l), higher 

serum creatinine (8.63mg/dl) and 

blood urea (134 mg/dL), Increased 

potassium (5.9 mmol/L) and 

reduced sodium (128 mmol/L), 

haemoglobin (7.7 g/dl), 

lymphocytes (110X103/µl) and 

platelets (10%). 

KIMSIP304336 

(59yrs/ Male) 

07-

Jul-

2020 

11-Jul-

2020 

- COVID-19 positive, 

fever, abdominal pain, 

tachypnoea, hypoxia 

ARDS, COVID-

19 positive, 

T2DM with 

seizure disorder  

NIV and MV 

support 

Increased serum inflammatory 

marker (CRP:37.72 mg/l) and 

severe bacterial infection; 

(procalcitonin- 20.8 mg/l), 

increased alkaline phosphatase 

(236 U/L) and gamma gt (ggt) 

(211 U/L), slightly increased 
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Patient#ID 

(age/sex) 
DOA 

Expired 

date 

History 

details 

On admission 

manifestations 

Final diagnosis/ 

Cause of death 

Treatment 

regime 
Other Characteristic features 

serum urea (50 mg/dL), reduced 

potassium (3.1 mmol/L), 

creatinine (1.14 mg/dl) and 

sodium on the upper verge of 

normal range (145 mmol/L), and 

serum total protein (9.9 g/dL), 

reduced platelets (150X103/µl) 

and lymphopenia (14%) 
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2.4.4. Discussion and Conclusions 

In the current study, we presented two cases of elderly COVID-19 positive male 

patients from the Indian subcontinent emphasizing diabetes as a comorbidity with and 

without a seizure. COVID-19 severity in patient-1 with diabetes was determined by the 

complete blood count, which was suggestive of lymphopenia and thrombocytopenia 

(Figure 2-4). Noticeably, during hospitalization, the first patients’ kidney function test 

revealed raised serum creatinine, urea, and potassium levels and reduced serum sodium, 

i.e., presenting a classic case of chronic kidney disease (CKD). On the contrary, patient-

2 with diabetes had a mild increase in serum potassium, urea, and creatinine and had 

higher serum inflammatory markers, reduced platelets, and lymphopenia, signifying 

severe COVID-19 (Table 2-2). Moreover, renin-angiotensin-aldosterone system 

(RAAS) inhibitors recommended to patients with CKD diabetes are known to halt 

nephropathy progression in the early stages [27]. However, RAAS inhibition may not 

affect COVID-19 severity due to the absence of ACE2 expression induction in proximal 

tubular epithelial cells [28]. We predict a similar outcome on analysis of the above 

diabetic patients with and without CKD. Patient-1 and 2 had a comparable COVID-19 

severity. 

Moreover, patient-1, despite complications in kidney functions, prescription of RAAS 

inhibitors, and several comorbid conditions, sustained for seven days in the hospital, 

unlike patient-2, who succumbed to death in three days of hospitalization. The COVID-

19 treatment regime remained the same for the two patients, including steroids, vitamin 

C, antibiotics, etc. However, patient-2 had a persisting seizure and was prescribed 

levetiracetam on the day of the terminal event. A seizure may be an outcome of different 

bodily alterations, including systemic ailments, hypoxia, fever, metabolic 

derangements, neurological alterations, or a side effect of a drug administered. 

Nonetheless, seizures in diabetic patients might emerge as a result of low sugar levels 

[2]. Therefore, it becomes imperative to distinguish seizures occurring due to 

irregularity in blood sugar or, prevailing epilepsy or, SARS-CoV-2 infection, or any 

other reason. Often in critically ill patients, an unattended seizure may end up in status 

epilepticus, which accounts for high mortality rates [29]. Moreover, medications 

proposed to treat COVID-19 in diabetic patients might aggravate seizures, thus 

worsening the overall disease outcome [30]. The effect of an anti-epileptic drug in 

diabetic COVID-19 patients is a subject of further study. Anti-seizure drugs should be 
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used with caution as some have adverse effects on the respiratory system and heart (e.g., 

Phenytoin, Phenobarbital) [31]. Nonetheless, the medications that cause a significant 

drug-drug interaction like Carbamazepine, Phenytoin, Phenobarbital, and Valproic acid 

should be taken with care. The use of Lacosamide is not recommended in patients with 

liver and liver-related issues. Among all, Brivaracetam and levetiracetam are safe 

options for treating seizures in COVID-19 patients with hepatic impairment [3].  

Conclusively, here we observe that treating diabetes-associated kidney dysfunction 

using RAAS blockers does not necessarily influence COVID-19. Also, the number of 

comorbidities may not ultimately govern the fate of the viral infection and mortality, 

but rather, the degree of particular comorbidity may impact the progression of SARS-

CoV-2 infection and a patient’s recovery. There is an abstract association between 

seizures and COVID-19; thus, there is a need to evaluate the influence of seizures 

during COVID-19 in the infected individuals. 
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Chapter 3. Redefining lobe-wise ground-glass 

opacity in COVID-19 through deep learning and its 

correlation with biochemical parameters 

3.1. Graphical abstract  

 

3.2. Abstract  

During the COVID-19 pandemic, qRT-PCR, CT scans and biochemical parameters 

were studied to understand the patients’ physiological changes and disease progression. 

There is a lack of clear understanding of the correlation of lung inflammation with 

biochemical parameters available. Among the 1136 patients studied, C-reactive- 

protein (CRP) is the most critical parameter for classifying symptomatic and 

asymptomatic groups. Elevated CRP is corroborated with increased D-dimer, Gamma-

glutamyl-transferase (GGT), and urea levels in COVID-19 patients. To overcome the 

limitations of the manual chest CT scoring system, we segmented the lungs and 

detected ground-glass-opacity (GGO) in specific lobes from 2D CT images by a 2D U-

Net-based deep learning (DL) approach. Our method shows > 90% accuracy, compared 
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to the manual method (∼80%), which is subjected to the radiologist’s experience. We 

determined a positive correlation of GGO in the right upper-middle (0.34) and lower 

(0.26) lobe with D-dimer. However, a modest correlation was observed between CRP, 

ferritin, and other parameters studied. The final Dice Coefficient (or the F1 score) and 

Intersection-Over-Union for testing accuracy are 95.44% and 91.95%, respectively. 

This study can help reduce the burden and manual bias and increase the accuracy of 

GGO scoring. Further study on geographically diverse large populations may help to 

understand the association of the biochemical parameters and pattern of GGO in lung 

lobes with different SARS-CoV-2 Variants of Concern’s disease pathogenesis in these 

populations. 

Keywords: Lung-CT, Deep learning, Inflammation, COVID-19, CRP 

3.3. Introduction  

The scientific fraternity has largely invested its time and resources to shed light on the 

pathophysiology of coronavirus disease 2019 (COVID-19) caused by severe acute 

respiratory syndrome coronavirus 2 (SARS-CoV-2) [1]. This beta coronavirus 

possesses the ability to increase infectivity and host immunomodulatory activities [2]. 

Additionally, the virus retains the potential to mutate rapidly and undergo 

recombination, making it a better causative agent of respiratory or intestinal infections 

[3, 4]. Coronavirus infection resulted in a huge inflow of patients, putting tremendous 

pressure on public health and medical systems [5, 6]. A report from WHO suggests 

about 80% of the infected cases were asymptomatic or mildly symptomatic [7]. Reports 

also suggest that viral load was similar in symptomatic and asymptomatic cases [8–10], 

providing an equal chance of disease transmission. Further assessment of COVID-19 

associated factors in both groups is crucial to investigate. Nonetheless, symptomatic 

patients were more prone to severe health conditions and death [11, 12]. Besides 

multiple clinical manifestations of COVID-19, respiratory issues remain the most fatal, 

varying from a mild presentation to acute respiratory distress syndrome (ARDS). The 

respiratory distress due to prolonged COVID-19 related pneumonia triggers the host 

immune responses [13]. The host immune response plays a dual role in eliminating the 

virus and developing COVID-pneumonia [14]. The development of COVID-19 

pneumonia followed by ARDS is marked by increased release of cytokines such as IL6 

and TNF-α. These cytokines stimulate hepatocytes to produce C-reactive protein 
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(CRP). Previous Studies have shown a strong correlation between CRP and COVID-19 

progression [15, 16]. As a prognostic marker, it is significantly elevated during the early 

stages of inflammation [17]. Reports also suggest higher levels of inflammatory 

markers in the blood (including CRP, ferritin, and D-dimer), an increased neutrophILto-

lymphocyte ratio and increased serum levels of several inflammatory cytokines and 

chemokines have been associated with disease severity and death [16, 18, 19]. Besides 

the inflammatory blood markers, liver and kidney dysfunction parameters were 

assessed in the patients to determine the severity and possible multi-organ failure. 

Advanced diagnostics procedures like ELISA of specific serum inflammatory markers 

IL6 or TNF-α are recommended based on all these markers. In most cases, the 

recommendation for performing a CT scan also depends on the level of these markers. 

COVID-19 patients present varying degrees of lung involvement, as evidenced by chest 

radiography. While the most preferred detection method for COVID-19 continues to be 

qRT-PCR, computed tomography (CT) of the chest played a pivotal role by predicting 

the disease progression and providing an insight into the severity of the patient [20, 21]. 

Many researchers recommend chest CT as one of the necessary auxiliary diagnostic 

methods for COVID-19 as chest CT could reveal disease phenotype before the onset of 

clinical symptoms. Another study revealed that the chest CT and other standard 

haematological parameters were better in sensitivity and accuracy among the patients 

showing negative reports of qRT-PCR [22]. The prime marker for COVID- pneumonia 

in chest CT is ground-glass opacity (GGO). GGO is defined as a hazy area in the lung 

CT through which vessels and bronchial structures may still be seen. It is less opaque 

than the consolidation, which does not allow the visualization of the structures. The 

opacity is caused by the accumulation of fluids in the alveolar spaces in case of 

hyperinflammation or infiltrative lung disorders [23]. There is a discrepancy in scoring 

the GGO from a CT scan and it depends on the experience of the radiologist, thus the 

diagnostic outcomes may vary among different laboratories. The current CT severity 

scoring has a sensitivity and specificity of 80%. Further, the scoring assigns a specific 

score of 0-5 for each lobe depending on the percent opacification and the maximum 

possible score being 25 [24]. This scoring pattern allocates 20% of lung involvement 

for each score. In practice, the involvement percentage plays an important role in the 

overall disease outcome. Hence, there is an urgent need to develop a better, more 

efficient scoring system independent of the clinician's experience and can detect the 
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opacity in individual lobes more precisely. Studies have reported using the deep 

learning (DL) approach for detecting COVID-19 from chest CT [25–27]. The basic aim 

of these studies is to compensate the burden of radiologists using DL approaches. 

Artificial intelligence (AI), machine learning (ML), and DL have many applications in 

the biomedical field, ranging from computer-aided diagnosis of diseases to information 

processing [28, 29]. DL has been thoroughly used to analyze CT scans, 

electrocardiogram (ECGs), and magnetic resonance imaging (MRI) scans to identify 

deadly diseases like heart diseases, cancer, and brain tumours [30, 31]. ML and AI 

approaches have consistently proven helpful in detecting GGO [26]. Studies have 

reported the positive correlation of biochemical parameters like CRP and erythrocyte 

sedimentation rate with CT findings [32]. 

Multiple biochemical parameters (inflammatory, haematological, liver function test 

(LFT), kidney function tests (KFT)) were studied during hospitalization or infection to 

gain access to the physiological changes in the course of treatment and during infection. 

Previous studies have stated the relation of inflammatory blood parameters like CRP, 

D-dimer, and ferritin with lung opacity in COVID-19 patients [33–35]. 

The involvement of the individual lung lobe and its relationship with biochemical 

parameters need to be studied in detail, which can be a great aid for future treatment 

procedures. In this aspect, we conducted a single-centre retrospective study on 1136 

subjects. The clinical, radiological, laboratory and epidemiological data of patients 

were collected, and further different biochemical parameters were correlated with the 

opacity of individual lung lobes. This study proposes a DL associated scoring that will 

detect the opacity and score each lung between 0 to 1 concerning 0 to 100%. The system 

can score lung involvement in decimals, allowing the severity to be scored with higher 

precision from 2D CT slices. 

To our knowledge, the DL approach was used to score the COVID-19 related GGO of 

the individual lung lobe from 2D CT images for the first time in our study. We utilize 

a densely connected U-Net (dense U-Net) architecture to perform lung-lobe 

segmentation. To facilitate faster domain adaption and more accurate segmentation, the 

network was first pre-trained on the LUNA-16 dataset. Then, the knowledge learned by 

the network was transferred to the locally collected dataset. In addition to the previous 

studies [33–35], our results showed that the level of inflammatory parameters like CRP, 

D-dimer, and ferritin could be correlated to the opacity of different lung lobes. 
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Moreover, the biochemical parameters and the GGO pattern in lung lobes may be 

associated with the pathology of SARS-CoV-2 variants of concern (VOC) and can help 

to understand the disease pathology in different populations. The major contributions 

of this work are as follows: 

1) We performed lobe-wise segmentation of the 2D chest CT using a densely 

connected U-Net (dense U-Net) architecture. 

2) We utilized transfer learning for lung-lobe segmentation by pre-training the 

dense U-Net on the LUNA-16 dataset and transferring the knowledge to the 

locally collected dataset. We quantified GGO present in each lobe in an 

unsupervised manner. 

3) The GGO quantification of 2D CT slices with a scoring system that score the 

opacity in each individual lung lobe with higher precision. 

4) We also performed an in-depth correlation-based analysis of the biochemical 

parameters and the individual lung lobe opacity to asses any possible relation 

between them. 

3.4. Results  

3.4.1. C-reactive protein gave a better insight into the symptomatic status of a 

COVID-19 patient compared to D-dimer and ferritin  

We investigated three inflammatory markers, CRP, D-dimer, and ferritin, in 

symptomatic and asymptomatic COVID-19 patients. On plotting D-dimer, an almost 

similar distribution of asymptomatic and symptomatic patients was observed (Figure 

3-1). The median ferritin values in symptomatic (410) and asymptomatic (299) patients 

were moderately significant (p=0.0004). Interestingly, CRP levels were significantly 

higher (p<0.0001) in symptomatic (median = 24) vs asymptomatic patients (median = 

6.24). 
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Figure 3-1: CRP, Ferritin, and D-dimer levels in asymptomatic and symptomatic 

COVID-19 patients. The levels of CRP, D-dimer and Ferritin in all the patients (both 

symptomatic and asymptomatic) are compared based on the median value. The median 

value of CRP in the symptomatic patient (24 mg/L) is significantly higher (p < 0.0001) 

than that of asymptomatic patients (6.24 mg/L). Moreover, a moderately significant (p 

= 0.0004) median value of ferritin in symptomatic (410 mg/L) and asymptomatic (299 

mg/L) is also obtained. However, the median value of D-dimer is found to be 

nonsignificant. p-values of < 0.05, < 0.01 and < 0.0001 are considered statistically 

significant and are represented with *, ** and *** respectively. Outliers excluded- three 

asymptomatic patients with D-dimer values > 12, i.e., 111.5, 75.4, 18.2; one 

asymptomatic and symptomatic patient with CRP values > 400, i.e., 450 and 410.5 

respectively; one asymptomatic (2000) and four asymptomatic (2000, 2000, 1799 and 

1521) patients with ferritin values > 1500.  

3.4.2. Transformation of biochemical parameters with respect to altered CRP in 

symptomatic/asymptomatic patients 

The normal range of CRP is <5 mg/L. Out of 1136 patients, 387 had altered CRP values 

in the range of 5 to 450 mg/L. As stated earlier, Figure 3-1 depicts the difference in the 

distribution of CRP levels in symptomatic and asymptomatic patients. To dwell into 

the details, we decided to further categorize the patients based on two different altered 

CRP level ranges as 5-25 mg/L and >25 mg/L. The ranges were decided based on the 

median concentration of CRP observed in symptomatic patients and on earlier reports 

denoting the link between higher CRP values and disease severity [36, 37]. The 

symptomatic and asymptomatic patients were further divided based on these CRP 

ranges. Notably, 48% of symptomatic patients had CRP levels >25 mg/L, while only 

7% of asymptomatic patients were observed to be in this category. This highlights the 

higher CRP-associated inflammation mirrored in the symptoms of patients.
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Table 3-1: Proportion of patients with altered liver function test (SGOT, SGPT, ALP, and GGT), kidney function test (Creatine, Urea), and 

inflammation markers (D-Dimer and Ferritin) with respect to categorization based on CRP level and symptomatic status. The statistics were 

applied between groups using the chi-squared test (p<0.05 was considered significant) (SYMP. =symptomatic, ASYMP. =asymptomatic. Readings 

of the tests taken during the first time after hospital admission are considered for calculations.) 

Parameter Group Total Altered Percent p-value 

SGOT 

Symp. and CRP>25mg/L 112 71 63.39 
0.0022 

Symp. and CRP 5-25mg/L 118 51 42.85 

Asymp. and CRP>25mg/L 12 8 66.66 
0.0582 

Asymp. and CRP 5-25mg/L 145 56 38.62 

SGPT 

Symp. and CRP>25mg/L 112 33 29.46 
0.2619 

Symp. and CRP 5-25mg/L 118 43 36.44 

Asymp. and CRP>25mg/L 12 8 66.66 
0.0072 

Asymp. and CRP 5-25mg/L 145 42 28.96 

GGT 

Symp. and CRP>25mg/L 112 35 31.25 
0.0112 

Symp. and CRP 5-25mg/L 118 20 16.94 

Asymp. and CRP>25mg/L 12 8 66.66 
<0.0001 

Asymp. and CRP 5-25mg/L 145 16 11.03 



68 

 

Parameter Group Total Altered Percent p-value 

ALP 

Symp. and CRP>25mg/L 112 20 17.85 
0.2786 

Symp. and CRP 5-25mg/L 118 15 12.71 

Asymp. and CRP>25mg/L 12 4 33.33 
0.0137 

Asymp. and CRP 5-25mg/L 145 14 9.65 

Urea 

 

Symp. and CRP>25mg/L 112 22 19.64 
0.0001 

Symp. and CRP 5-25mg/L 118 4 3.39 

Asymp. and CRP>25mg/L 12 2 16.67 
0.0058 

Asymp. and CRP 5-25mg/L 145 3 2.07 

Creatine 

Symp. and CRP>25mg/L 112 15 13.39 
0.006 

Symp. and CRP 5-25mg/L 118 4 3.38 

Asymp. and CRP>25mg/L 12 1 8.33 
0.0919 

Asymp. and CRP 5-25mg/L 145 2 1.37 

D-dimer 
Symp. and CRP>25mg/L 112 58 51.78 

0.0001 
Symp. and CRP 5-25mg/L 118 32 27.11 
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Parameter Group Total Altered Percent p-value 

Asymp. and CRP>25mg/L 12 11 91.66 
< 0.0001 

Asymp. and CRP 5-25mg/L 145 26 17.93 

Ferritin 

Symp. and CRP>25mg/L 112 39 34.82 
0.0893 

Symp. and CRP 5-25mg/L 118 29 24.57 

Asymp. and CRP>25mg/L 12 8 66.66 
< 0.0001 

Asymp. and CRP 5-25mg/L 145 15 10.34 
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We further checked the transformation of liver function marker tests (LFT) (like Serum 

glutamic oxaloacetic transaminase (SGOT), Serum glutamic pyruvic transaminase 

(SGPT), Gamma-glutamyl Transferase (GGT), Alkaline Phosphatase (ALP)), kidney 

function marker tests (KFT) (Creatine, Urea) and other inflammatory markers (D-

dimer, Ferritin) with dis- ease severity corresponding levels of CRP. For this, we first 

investigated the number of patients with altered levels of the mentioned parameters in 

CRP-based categories. Some biochemical parameters were significantly altered in both 

symptomatic and asymptomatic patients with higher CRP ranges, specifically GGT, 

urea, and D-dimer (Table 3-1). Other parameters, such as SGOT and creatine, were 

significantly higher (p=0.0022 and p=0.0060 respectively) in only symptomatic 

patients with a higher CRP range (CRP>25 mg/L). Contrarily, in the case of SGPT, 

ALP, and ferritin the alterations were significantly more in asymptomatic patients with 

a lower CRP range (CRP 5-25 mg/L) (Table 3-1). We also investigated details of the 

concentration of each mentioned biochemical parameter in respective groups of patients 

(Figure 4). When inflammation was remarkably more as depicted from higher levels of 

CRP, the significantly (p-value=0.0120) elevated levels of a particular parameter (i.e., 

GGT) were observed in symptomatic patients compared to asymptomatic patients. 

Additionally, the level of GGT and SGOT in symptomatic patients with lower CRP 

range was significantly higher (p-value 0.0226 and 0.0036 respectively) than the 

asymptomatic group with the same CRP range. Other altered parameters like SGPT, 

ALP, Ferritin, or D-dimer did not show significant differences in their levels in any of 

the groups. Due to less sample size of patients with altered KFT, the related data was 

not explored further in this analysis. 
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Figure 3-2: Comparison of levels of liver function test (SGOT, SGPT, GGT, and 

ALP) and inflammatory parameters (D-dimer and ferritin) in symptomatic and 

asymptomatic patients with CRP> 25 mg/L and 5-25 mg/L. Medians for Symp. And 

> 25mg/L CRP, Asymp. and > 25mg/L, Symp. and 5-25mg/L CRP, Asymp. and 5       

25mg/L respectively for respective biochemical parameters are as follows SGOT (63.5, 

59, 57.5, 51); SGPT (66, 69, 57.5, 64); GGT (103, 87, 57.5, 75); ALP (207.5, 193, 

160.5, 194); D-dimer (1.185, 1.42, 1.175, 1.065); and Ferritin (449.7, 403.25, 334, 281). 

Few outliers excluded from graph and calculations are as follows; for SGOT- Symp. 

and CRP > 25mg/L (one patient with value 654), Asymp. and CRP > 25 mg/L (one 

patient with value 455); for SGPT- Symp. and CRP > 25mg/L (one patient with value 

904.9), Asymp. and CRP > 25 mg/L (one patient with value 734); for GGT-Symp. and 

CRP > 25 mg/L CRP (two patient with value 492 and 416); for ALP- Symp. and CRP 

> 25 mg/L (one patient with value 455); for D-dimer Asymp. and CRP 5-25 mg/L (one 

patient with value 111.5); for Ferritin- Symp. and CRP > 25 mg/L (two patients with 

value 1799, 1521), Asymp. and CRP > 25 mg/L (one patient with value > 2000) 
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3.4.3. A higher level of CRP is associated with GGO in all lobes in symptomatic 

as well as asymptomatic groups 

We investigated the progression of severe disease in terms of GGO observed in CT 

reports. Of the 1136 patients, 329 had undergone CT examinations based on health 

conditions. In symptomatic as well as asymptomatic cases, significantly (p < 0.0001), 

more patients with higher CRP levels demonstrated GGO in all lobes (Table 3-2). We 

also examined if any specific lobes of the lungs were affected in respective categories. 

A significant proportion of symptomatic patients with higher CRP levels showed both 

sides of the lungs occupied with GGO (Table 3-3). Interestingly, significantly more 

symptomatic patients with lower CRP range showed the right lobes of the lungs affected 

(Table 3-3). No significant difference was observed in the case of any categories in 

asymptomatic patients. 

Table 3-2: Proportion of patients in which Ground-Glass Opacity (GGO) was found in 

all the lobes of lungs. The categorization was based on CRP level and symptomatic 

status. Statistics were applied between groups using the CHI-squared test (p<0.05 was 

considered significant). (SYMP. =Symptomatic, ASYMP. =Asymptomatic.) 

Symptomatic status 

and CRP value 

Total no. 

of 

patients 

No. of 

patients 

with  

CT 

No. of 

patients 

GGO in all 

the with 

lobes 

% p-value 

Symp. and 

CRP>25mg/L 112 61 57 93.4 <0.0001 

Symp. and CRP 5-

25mg/L 118 63 43 68.2  

Asymp. and 

CRP>25mg/L 12 6 6 100 0.0004 

Asymp. and CRP 5-

25mg/L 145 28 13 46.4  
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Table 3-3: Comparison of involvement of lung lobes in symptomatic and asymptomatic 

patients   with   CRP  5-25 mg/L.  Statistics were applied between groups using the 

Fisher exact probability test (p<0.05 was considered significant). (SYMP. 

=Symptomatic, ASYMP. =Asymptomatic.) 

Category for 

number of 

patients 

Symp.  

and CRP 

>25mg/L 

Symp.  

and 

CRP 

 5-

25mg/L 

p-value 

Asymp.  

and CRP 

>25mg/L 

Asymp. 

and CRP 

5-25mg/L 

p-value  

Total 61 63 - 6 28 - 

Affected 

lungs from 

both sides  

60 (98.3) 
49 

(77.77) 

0.00102 

6 (100) 19 (67.85) 

0.45257 Affected right 

lung  
1 (1.63) 

12 

(19.04) 
0 (0) 6 (21.42) 

Affected left 

lung  
0 (0) 0 (0) 0(0) 3 (10.71) 

 

3.4.4. Redefining the GGO with the help of deep learning and further correlation 

with biochemical parameters 

The performance metrics for the testing samples of the pretraining dataset (i.e., the 

LUNA16 dataset) were 86.52% F1 Score and 79.55% IOU Score. The final training 

resulted in a 95.44% F1 Score. The correlation coefficient between each lobe score and 

parameter was calculated to further correlate the intensity of GGO with biochemical 

parameters status (Table 3-4). The main objective of performing the analysis is to look 

into the association of blood parameters to individual lung lobe opacity. It may help in 

predicting the status of the lung or lung lobe with respect to disease severity. Patients 

with a GGO score of less than 0.1 and outliers were excluded from further calculations. 

The GGO in lobes 1&2 showed a positive correlation with the levels of some 

biochemical parameters like CRP, D-dimer, and ALP compared to that of other lobes. 

Besides, lobe 3 showed a positive correlation with levels of D-dimer, ferritin, SGOT, 

and GGT. The GGO scores of lobe 5 showed a positive correlation with D-dimer while 

in the case of lobe four no positive correlation with any parameter was observed. The 

correlative values suggest that the effect of disease pathology in lobe three may show 

an impact on different body organ functions as depicted from the respective 
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biochemical parameters. A noteworthy higher positive correlation (0.34) was observed 

between levels of D- dimer and GGO score of lobes 1&2. The disease progression or 

its impact on the lobes 1&2 region may trigger inflammation and coagulation cascade 

in the body. 

Table 3-4: Correlation between lobe GGO scores and biochemical parameters 

 Lobe1&2 Lobe 3 Lobe 4 Lobe 5 

CRP 0.13 -0.02 -0.12 -0.04 

D dimer 0.34 0.26 -0.20 0.05 

Ferritin -0.05 0.05 -0.07 -0.02 

Creatinine -0.04 -0.12 0.00 -0.02 

SGOT -0.02 0.04 -0.06 -0.04 

SGPT -0.14 -0.02 -0.12 -0.11 

GGT -0.14 0.01 -0.06 -0.10 

ALP 0.05 -0.06 -0.16 -0.08 

 

3.5. Discussion 

The COVID-19 outbreak, a global health emergency, has posed several challenges 

related to its spread, severity, and mortality [38, 39]. The general care measures for 

COVID-19 patients with mild symptoms include isolation and intensive care for 

patients with severe health attributes. Identifying individuals with mild or no severe 

symptoms who may eventually develop severe complications is essential. Early 

identification of the disease will enable us to develop suitable treatment options. A 

report suggested that 80% of COVID-19 patients remained asymptomatic while only 

15-20% showed clinical symptoms [40]. Studies have established a relationship 

between blood biomarkers and disease severity and mortality. Serum CRP is one such 

significant COVID-19 prognostic biomarker released in response to SARS-CoV-2 

induced aggravated inflammatory response [15]. Also, coagulopathy is observed 

following virus invasion as a defence mechanism to eliminate the microorganisms [41]. 
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Coagulation observed in SARS-CoV-2 infection causes an increase in D-dimer, along 

with many fibrinogen degradation products (FDP) and ferritin [42]. Several studies 

have identified D-dimer as a supportive biomarker in the COVID-19 prognosis [43, 

44]. An increased D-dimer was also related to increased severity and mortality of 

COVID-19 patients [16]. A study said that compared to CRP, D- dimer (>501 ng/ml) 

during hospitalization could be a more sensitive marker for detecting COVID-19 

severity [16]. Importantly, ferritin, an indirect indicator of stored iron in the body, was 

related to COVID-19 prognosis [18]. It is also noteworthy that biomarkers related to 

disease severity and mortality are unknown during the early months of diagnosis, and 

no specific treatment regimens are available to manage COVID-19. Therefore, finding 

appropriate biomarkers that can show tissue damage is relevant. We observed that CRP 

served as a distinguishing marker between symptomatic and asymptomatic patients. A 

higher proportion of symptomatic patients exhibited abnormal CRP compared to 

asymptomatic patients. Assessment of inflammation-related biomarkers and 

coagulation could aid in detecting SARS-CoV-2 infection. Thus, supportive care and 

thromboembolic prophylaxis could manage COVID-19 associated pathologies. 

To the best of our knowledge, this is the first report that makes use of DL to identify 

the differences in the pathophysiology of COVID-19 symptomatic and asymptomatic 

patients from the Indian subcontinent. The study was conducted using data procured 

during the first wave of COVID-19 in India. This work used a DL-based method to 

quantify the lesion region (GGO) in the lungs of SARS-CoV-2 infected patients using 

CT scans, the details of which are discussed in the section” Unsupervised lobe-wise 

GGO detection.” The DL-based technique could mark the progression of the disease in 

patients displaying COVID-19 symptoms. 

The SARS-CoV-2 infection significantly impacts the lungs; the virus can potentially 

influence multiple organs like the heart, liver, and kidney. The liver, a known source of 

inflammatory mediators, is assumed to produce CRP under the influence of cytokines 

in individuals with metabolic abnormalities [45]. An earlier study had established an 

association between elevated liver enzymes (Alanine aminotransferase (ALT) and 

alkaline phosphatase (Alk-P)) with higher CRP concentrations (>3 mg/L) [54]. 

Parameters like ALT (SGPT), AST (SGOT), CRP, LDH, and urea were considered 

better markers in predicting COVID-19 [46, 47]. Liver damage and altered levels of 

liver enzymes (SGOT and SGPT) in COVID-19 is a short-lived, non-specific 
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inflammatory reaction [48]. An increase in liver enzymes may also be due to apoptosis 

of liver cells induced upon virus infection through ACE2 receptors or using antivirals 

metabolized by the liver [49, 50]. In addition, the increase in liver enzymes may be due 

to the activation of the immune system and associated cytokine storm. Li et al. found 

that elevated CRP was closely related to hepatic damage in SARS-CoV-2 infected 

patients, and CRP was significantly higher in patients with increased ALT [51]. 

However, some studies predict that liver abnormalities have no relation to COVID-19-

related deaths [52]. Also, some reports stated that the CRP values were not significantly 

associated with SGOT and SGPT [48]. Here, we associate liver enzymes like SGOT, 

SGPT, and ALP with CRP>25 mg/L with CRP. Our study found that SGOT and 

creatine were significantly higher in symptomatic patients with CRP>25 mg/L; no 

significant difference was observed in altered SGPT and ALP in 

symptomatic/asymptomatic groups. An increased level of liver enzymes indicated 

hepatic inflammation, a plausible contributor to low-grade systemic inflammation. 

Nonetheless, studies indicate an increased association of inflammatory markers, renal 

dysfunction, and COVID-19 death [53]. Briefly, a study by Li et al. found that 31% of 

patients had an elevated blood urea nitrogen (BUN) level, and 22% had increased serum 

creatine [54]. An observational study reported that the incidences of AKI were 36.6% 

[55]. In our study, the proportion of patients with altered GGT and urea was 

significantly higher in the category of CRP>25 mg/L in symptomatic/asymptomatic 

patients. Investigating the long-term impact on a patient’s kidney health is necessary. 

Increased risk of respiratory tract infection and pneumonia is related to chronic kidney 

disease (CKD) due to persisting inflammatory reactions in CKD patients. COVID-19 

patients exhibit diffuse alveolar injury, fibrinous protein exudation, and alveolar cell 

desquamation, which could be observed through chest radiography imaging [56]. 

Computed tomography (CT) has been a useful diagnostic tool for analyzing COVID-

19 severity. Chest CT can be considered to investigate a patient’s diseased condition, 

like assessing severity and progression, diagnosis, and response to the therapy. A study 

concluded a significant difference in the COVID-19 associated pulmonary 

manifestations when CT scans were conducted earlier or after the clinical presentation 

[57]. A study by Haseli et al. evaluated the CT scan of COVID-19 patients with 

pneumonia for the lobar and segmental distribution of infection [58]. Notably, some 

previous studies have reported the involvement of specific lung lobes in tuberculosis 
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disease pathology [59, 60]. Besides, only some studies have reported the distribution of 

lung lesions by segment in COVID-19 pathology. Manual calibration of CT scores can 

result in a two-fold problem. Firstly, the annotation of a diseased area is time-

consuming. Secondly, the degree of reproducibility may vary and depend on the expert 

carrying out the calibration. Thus, there arises a need for an automated system of 

annotation. Our research obtained 2D CT images of COVID-19 patients’ chest and 

biochemical examination data of 252 patients whose CRP was 5 mg/L. The CT images 

were quantitatively segmented based on GGO and calculated using a computational 

approach. This study used DL segmentation to assess the extent of pulmonary lesions 

in COVID-19 patients. CT was used to segment and extract the features of lesions, 

making the judgment of the extent of lesions more objectively and accurately. The 

method incorporating DL in association with an expert’s knowledge and RT-PCR tests 

can increase the overall sensitivity of COVID-19 detection, especially in regions with 

restricted resources and time. Therefore, such automated methods could prove helpful 

in hospitals with a shortage of expert personnel and encountering high numbers of 

patients. 

Moreover, segmentation of the lung lobes is an essential step in assessing the 

progression and location of a disease and thus in choosing an appropriate treatment. 

The significant difficulty with segmentation arises from the anatomical differences 

between patients and the alterations caused due to various diseases. Manual 

segmentation for lung lobes is tedious because there are many slices. This study 

successfully used a DL U-Net model to perform lung lobe segmentation for SARS-

CoV-2 infected lungs with 2D U-Net. The model was tested on a dataset created along 

with an expert radiologist. The dataset was divided into training, validation, and testing 

the model segments 2D slices extracted from a 3D CT scan. The final Dice Coefficient 

(or the F1 score) for testing accuracy was 95.44%, and the final Intersection-Over-

Union (IOU or the Jaccard Index) score was 91.95%. Although many other lung lobe 

segmentation methods exist, they perform poorly for lungs with infection or Ground 

Glass Opacity (GGO). Also, a scoring scale was designed to assess the GGO severity. 

The extent of lesion formation in the lung was crucial for understanding the disease 

progression. The mean density increased with the time course of infection, which was 

consistent with the results of a previous study. Our investigation contrasted an earlier 

study that stated a frequent involvement of the left lower lobe in SARS-CoV-2 infection 
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[58]. Specifically, it was reported that the lower and lateral segments of the left lower 

lobe and the upper sections of the right lower lobe were mainly influenced. Also, 

another study found that the peripheral and lower lobes were primarily infected [58, 

61]. Yang et al. reported the involvement of posterior segments of the right and left 

lower lobes in 102 COVID-19 patients with pneumonia [62].  

Lung GGO and consolidation are an established hallmark in SARS-CoV-2 infected 

patients [63, 64]. Our study demonstrated that specific lobes were primarily involved 

in COVID-19 patients. This might provide clues to radiologists and encourage them to 

pay attention to such regions while reviewing the imaging of such individuals. 

However, more studies with definite conclusions are warranted. In addition, Yu et al. 

reported an increase in the intensity of lung opacities with progressive COVID-19 

symptoms [65]. The study indicated a higher proportion of symptomatic and 

asymptomatic cases, CRP > 25 mg/L, with all lungs occupied with GGO. We 

investigated the correlation of COVID-19 associated with GGO and various 

biochemical parameters. The correlation determination will give an insight into the 

status and proportion of lung inflammation by looking at the biochemical parameters. 

Further, comparing GGO in different lung lobes and biochemical parameters in SARS-

CoV-2 VOC infection may help decipher the disease pathology more precisely in 

different populations. Intriguingly, we found a very low positive correlation between 

the effect of disease pathology in lobe 3 with different organ systems like the liver and 

kidney. Moreover, an enhanced positive correlation (0.34) was observed between levels 

of D-dimer and the GGO score of lobes 1&2. The disease progression or its impact on 

the lobes 1&2 region may trigger inflammation and coagulation cascade in the body. 

In our study, the symptomatic group with higher CRP showed all lung lobes affected. 

Notably, significantly more symptomatic patients with lower CRP range showed the 

right lobes of the lungs affected. 

Conclusively, our study proposed a DL-based architecture for lobe segmentation and 

opacity detection in 2D lung CT. The method could accurately predict the opacity and 

reduce the chances of manual bias in opacity scoring (Figure 3-3). These data also 

indicate that the effect of inflammation-mediated disease progression may start initially 

from the right lobe region of the lungs and subsequently affect the rest of the lobes. The 

impact on the functioning of the organs upon SARS-COV-2 infection in different lobes 

of the lungs could play an essential role in defining the disease’s stage and severity, 
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which is a crucial concern for the prescription of the appropriate drug of choice. The 

study may be used as a basis for understanding the possible interplay between 

biochemical parameters and GGO of specific lung lobes in the case of SARS-CoV-2 

VOCs. 

3.5.1. Limitations and future prospects of the study 

There were certain limitations to the current study. Firstly, the study is focused on data 

from individuals above the age of 9 years. Considerably, fewer (329) individuals among 

the 1136 patients were subjected to CT, thus limiting the data availability of patients 

with CT scans. Secondly, the annotations of CT scans were performed manually, which 

might not be feasible when the dataset is large. Another limitation of the study is the 

completely unsupervised GGO detection which can also include some false positives. 

In the future, we plan to train the deep network on a much larger multi-centre dataset 

to make the model more robust. We also plan to make the detection of GGO more 

robust by using semi-supervised learning to reduce the chances of the inclusion of false 

positives. Further, we will use genomic surveillance data based on the VOC of SARS-

CoV-2 and try to find the relation between inflammatory parameters and GGO in 

different populations to understand the disease pathogenesis. 

 

Figure 3-3: DL based architecture for lobe segmentation and opacity detection of 2D 

lung CT and its correlation with CRP and D-dimer.  
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3.6. Methods 

3.6.1. Study design and participants 

This single-centre retrospective study was conducted at Odisha COVID Hospital 

(OCH), managed by Kalinga Institute of Medical Sciences (KIMS), Bhubaneswar, 

Odisha, India. We included all RT-PCR confirmed COVID-19 patients admitted to the 

hospital between April to October 2020 First wave of COVID-19 in India). Notably, 

during the period, all the subjects who were RT-PCR positive for SARS-CoV-2 

infection were admitted to the hospital as a preventive measure, irrespective of the 

symptomatic status. The patient data were collected from the hospital's database after 

approval from the institutional human ethics committee.  

3.6.2. Data collection, processing, and interpretation 

The clinical (patient history, symptoms), radiological (chest CT and X-ray), laboratory 

(serum biochemical and haematological parameters), and epidemiological data (age, 

sex, and contact address) of patients were collected. The data was processed at the 

Indian Institute of Technology Indore (IIT Indore), KIMS, and KIIT School of 

Biotechnology (KSBT). A total of 1136 patient data were collected following the 

protocol approved by the human ethics committees. The data contains information 

about symptomatic and asymptomatic patients; hence, it is further segregated into two 

groups based on their clinical history. A patient was considered symptomatic if he/she 

has any of the common COVID-19 symptoms like- fever, cough, headache, rhinorrhea, 

dyspnea, or any other reported symptoms. Further, the collected parameters were 

thoroughly checked for their correlation with the condition of the patient, and out of all 

the inflammatory parameters, data was available for most of the patients (CRP, D-

dimer, and Ferritin). CRP was found to be most suitable for further classification as 

there was a statistically significant difference between the median CRP value of 

symptomatic and asymptomatic patients (Figure 3-1). Among all the parameters 

collected, LFT, KFT, and inflammatory markers were considered for further analysis 

to assess the effect on these organs and their relation to symptomatic status. The CT 

scan records were available for 329 patients. Trained radiologists thoroughly checked 

the CT slices and the representative slices were obtained as 2D images from PACS 

viewer (MEDSY- NAPTIC PACS, Medsynaptic Pvt. Ltd. India). These images were 

further processed for the development of a 2D U-Net-based deep learning model 
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(Figures 1 and 2) and the detection of GGO. The lung lobes are numbered as 1, 2, 3, 4, 

and 5 conventionally and indicate the right upper lobe, right middle lobe, right lower 

lobe, left upper lobe, and left lower lobe, respectively. The patients having CT scan data 

were also classified based on symptomatic vs asymptomatic and CRP levels. The 

processed data were subjected to statistical analysis. 

Workflow of the deep learning and transfer learning approach used in the study. 

(a) the procedure of image acquisition processing followed by the development of a 2D 

U-Net-based model for pretraining and segmentation of the lung lobe. (b) procedure for 

unsupervised detection of opacity in specific lung lobe in the segmented images. 

 

Figure 3-4: Workflow of the deep learning and transfer learning approach used 

in the study. (a) the procedure of image acquisition processing followed by the 

development of a 2D U-Net-based model for pretraining and segmentation of the lung 

lobe. (b) procedure for unsupervised detection of opacity in specific lung lobe in the 

segmented images.  



82 

 

 

Figure 3-5: Network Architecture of the Dense-U-Net. The Dense-U-Net based 

architecture used in the study uses a 2D U-Net network for segmentation. Further, 

the slice diagnosis is done using ‘densenet201’, a 2D convolutional neural network 201 

layers deep. The Dense-U-Net architecture is also used for the transfer of pre-training 

data from LUNA-16 as a part of transfer learning. 

3.6.3. Ethics approval 

The ethical committees approved the protocol for   the   present   study   of   the   Indian   

Institute of Technology Indore, Indore (BSBE/IITI/IHEC-05/2020); School of 

Biotechnology, Kalinga   Institute   of   Indus- trial Technology, Bhubaneshwar 

(KIIDU/KSBT/2020/345); and Kalinga Institute of Medical Sciences, Bhubaneshwar 

(KIIT/KIMS/IEC/372/2020). All procedures were performed by following the revised 

declaration of Helsinki. Written consent was obtained from patient’s family member. 

3.6.4. Statistical analysis 

Mann Whitney U test was performed by using an online tool [66] (Figure 3-1, Figure 

3-2). p<0.05 was considered significant in all the statistical analyses. Chi-squared test 

for proportions was performed using the comparison of proportions calculator [67]. 
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Fisher Exact Probability Test was performed by using online Fisher Exact Probability 

Test: 2x3 calculator [68] (Table 3-1, Table 3-2, Table 3-3).   

3.6.5. Image acquisition and processing 

To perform proper pretraining of the 2D U-Net model, we extracted 2D slices from 3D 

CT scans obtained from the LUNA16 dataset. We also combined lobes 1 (right upper) 

and 2 (right lower) into a single lobe to deal with their highly varying shapes in our 

locally collected CT data. We further refer to this lobe as the “Hybrid lobe”. Our 

Scheme (developed in Python) is based on the widely acclaimed and trusted U-Net 

Architecture. Firstly, the dataset for SARS-CoV-2 infected lungs is minimal; thus, to 

achieve any semblance of good results, we have to exploit the concept of Transfer 

Learning. We have used a subset of the LUNA16 [69] dataset, which itself is a subset 

of LIDC-IDRI [70], the largest publicly available dataset for pulmonary nodules. This 

subset of LUNA16 was annotated by Hao Tang et al. [71] and was made publicly 

available under Creative Commons Public License. We shall now discuss the 

preprocessing steps taken for the acquired data. 

3.6.6. Segmentation Preprocessing 

The LUNA16 dataset consists of 888 CT scans in Meta Image (MHD/RAW) format, 

and the annotations are available in NRRD format. We extracted all the Axial plane 

slices from our subset of images and converted them to grayscale PNG format with size 

512x512 using spline interpolation. The original CT scans use Hounsfield units (HU), 

which span [- 1024, 2048]. The pixel’s relative intensity was preserved by first 

normalizing the original images to [0, 1]. This was done as grayscale PNG images have 

a lower range of possible intensity [0, 255]. The annotations were also converted to 

PNG format with size 512x512, but with the nearest interpolation. The class of each 

pixel is stored as the pixel intensity in the PNG image. Thus, the intensity of 0 denotes 

background or no class, 1 denotes pixels belonging to lobe 1, and 2 denotes lobe 2, and 

so on. To prepare the hybrid lobe from lobes 1 and 2, we edited the annotations to make 

the intensity of 1 denote the hybrid lobe, 2 denote lobe-3, 3 denote lobe-4, and 4 denote 

lobe-5. All these pairs of PNG files now represent the data that can be used for the 

model. The files are now distributed into 3 sets: training (2053), validation (274), and 

testing (411). These sets are formed in the ratio 75:10:15. The training set is used to 

train the model. The validation set is used to perform validation while the model is 
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training from epoch to epoch. The testing set is reserved for testing the model after it 

has completed its training. Similar steps were taken to preprocess the obtained COVID 

CT images (75:10:15::180:24:36). 

3.6.7. Model Structure and Training 

The Lung segmentation model is implemented based on U- Net, a network used to 

perform 2D semantic segmentation. After extracting the 2D slices from 3D scans, the 

lung seg- mentations worked as masks for the model. The backbone used for the slice 

diagnosis was ‘densenet201’, a 2D convolutional neural network that is 201 layers 

deep. DenseNet is a well-known deep CNN that has proven its performance in several 

image recognition tasks [72]. 

In this work, we used “Densenet-201” trained on Imagenet was taken as the backbone 

(encoder) for the U-Net model. The exact backbone was found using cross-validation 

(results of which can be found in the supplementary text). For the decoder section of 

the U-Net, we utilized 3x3 2D convolution kernels followed by batch normalization 

and ReLU layers. The feature maps are upsampled using a 2x2 upsampling layer using 

nearest-neighbor interpolation. After the features are upsampled in the decoder, the 

network concatenates a similar- sized feature map from the encoder part, and then sends 

it to another upsampling block. This entire process is illustrated in figure 2. The 

parameters for training the model for both pretraining and the final training are as 

follows, the batch size used was 6, the learning rate was dynamic with the initial 

learning rate set at 0.0001. The optimizer user was the Adam optimizer, along with the 

sigmoid function for activation. A combination of Dice and Focal loss was used for the 

model loss, and the contribution of each loss was equal. The Focal loss was chosen for 

its outstanding performance for imbalanced datasets due to its down-weighing 

contribution of more straightforward examples. The Dice loss addresses the imbalance 

between the proportionally larger number of ‘background’ pixels than other classes. 

The pretraining was performed for 10 epochs, and the final training was performed for 

40 epochs. While training, each image was being dynamically augmented. Data 

augmentation is essential to ensure invariance and robustness in the model. The 

augmentation was performed by generating new samples from the original data by 

random scaling, rotation, shifting, or cropping. The images were further augmented by 

applying random brightness, contrast variation, blurring, sharpening, adding Additive 

Gaussian Noise, and varying Hue and Saturation. 
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3.6.8. Unsupervised lobe-wise GGO detection 

In order to identify the individual lobes in 2D CT images of lungs, initially the lung 

regions segmentation operations for images were optimized (figure 1 (a)). The semantic 

segmentation performed by our model was evaluated using two metrics, the Dice 

Coefficient (DSC) and the Intersection-over-Union (IOU) Score (or the Jaccard Index) 

[73].  

 

where A and B represent binary ground truth and predicted outputs of size N M 

respectively. The manual segmentations made by the radiologist in the COVID-19 data 

set were used as the ground truth for measuring the similarity of the predicted masks. 

To obtain and analyze lobe-wise GGO scores, the segmented lobes were further post-

processed to predict per lobe opacity score in an unsupervised manner. To this end, we 

first removed the large and small blood vessels from each lobe to remove false positives 

[74]. Then, a K-means (K=2) clustering algorithm was implemented. The cluster with 

larger mean value is the cluster with opaque pixels. This cluster is considered for 

predicting opacity scores. The final opacity score is calculated as: Nop, where, Nop is 

the number of opaque pixels and Nnz is the total number of non-zero pixels. Nnz is 

calculated before removing the blood vessels. The opacity score was assigned as a value 

between 0 to 1 concerning 0 to 100% opacity. A flowchart for this process is also shown 

in Figure 3-4 (b). 
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Chapter 4. SARS-CoV-2 Envelope protein induces 

necroptosis and mediates inflammatory response in 

lung and colon cells through Receptor Interacting 

Protein Kinase 1 

4.1. Graphical abstract  

 

 

4.2. Abstract  

SARS-CoV-2 Envelope protein (E) is one of the crucial components in virus assembly 

and pathogenesis. The current study investigated its role in the SARS-CoV-2-mediated 

cell death and inflammation in lung and gastrointestinal epithelium and its effect on the 
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gastrointestinal-lung axis. We observed that transfection of E protein increases the 

lysosomal pH and induces inflammation in the cell. The study utilizing Ethidium 

bromide/Acridine orange and Hoechst/Propidium iodide staining demonstrated 

necrotic cell death in E protein transfected cells. Our study revealed the role of the 

necroptotic marker RIPK1 in cell death. Additionally, inhibition of RIPK1 by its 

specific inhibitor Nec-1s exhibits recovery from cell death and inflammation 

manifested by reduced phosphorylation of NFκB. The E-transfected cells' conditioned 

media induced inflammation with differential expression of inflammatory markers 

compared to direct transfection in the gastrointestinal-lung axis. In conclusion, SARS-

CoV-2 E mediates inflammation and necroptosis through RIPK1, and the E-expressing 

cells' secretion can modulate the gastrointestinal-lung axis. Based on the data of the 

present study, we believe that during severe COVID-19, necroptosis is an alternate 

mechanism of cell death besides ferroptosis, especially when the disease is not 

associated with drastic increase in serum ferritin. 

Keywords: Necroptosis, Inflammation, SARS-CoV-2 E, COVID-19, Viroporin  

4.3. Introduction    

The devastating effect of SARS-CoV-2 infection is still concerning the scientific 

community and commoners worldwide. Though the virus's natural niche is the 

respiratory tract, it has been widely reported to infect multiple organs, including the 

gastrointestinal epithelium [1]. The viral components play different roles in its host 

interaction and have been studied widely from the early days of the pandemic till now. 

The viral components are divided into structural, nonstructural, and accessory proteins 

[2]. Structural proteins include SARS-CoV-2 Spike (S), Envelope (E), Membrane(M), 

and Nucleocapsid (N), nonstructural proteins NSP1-10 and NSP12-16 [3]. Besides 

these two, the viral genome encodes nine accessory proteins [4]. Most of these proteins 

have distinct functions and help in viral entry, release, and pathogenesis. The structural 

proteins S, M, and E help in infection and propagation inside the host cells. Unlike the 

N protein conserved in most variants, S, M and E proteins have acquired multiple 

mutations [5]. The envelope is the smallest of the structural proteins and encodes a 

functional ion channel (viroporin).  

SARS-CoV-2 E is a 75 amino acid protein with an N-terminal transmembrane (TM) 

domain followed by a C-terminal domain. Besides its structural roles, this 
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multifunctional protein mediates host immune responses by two different mechanisms, 

the viroporin activity known to induce NLRP3 inflammasome and PDZ binding motif 

(PBM) interact with host proteins like PALS1 and ZO1 [6]. The functional E protein 

resembles viroporin featuring a pentameric helix bundle surrounding a narrow cationic 

hydrophilic central pore. Viroporin is known to increase the release of infectious viruses 

from cells but also facilitate the entry of the virus into cells. Previous studies have 

shown that inhibiting viroporin reduces the infectivity of viruses [7]. Viroporins are 

also known to induce cell death by altering cellular physiology and causing 

inflammatory cascades [8, 9]. The potential of SARS-CoV-2 in infecting 

gastrointestinal cells and organoids was demonstrated by different studies [10, 11]. A 

study by Guo et al. has shown the disruption of tight junctions upon SARS-CoV-2 

infection that may lead to increased intestinal permeability and symptoms, such as 

diarrhoea and hemorrhagic colitis [10]. One of the important mechanisms of SARS-

CoV-2 associated tight junction disruption is mediated by the interaction of SARS-

CoV-2 E to junctional proteins PALS1 and ZO1 [12]. The characteristic feature of 

COVID-19 pneumonia is acute respiratory distress syndrome (ARDS). While apoptosis 

has been well described in acute lung injury, newly reported nonapoptotic programmed 

cell death forms have also been identified as an essential mediator of ARDS [13]. 

Necroptosis is a type of programmed cell death carried out by receptor-interacting 

protein kinase (RIPK) 1, RIPK3, and mixed lineage kinase domain-like protein 

(MLKL) [14]. Previous studies have mentioned the role of necroptosis in the 

pathogenesis of RNA viruses [14, 15] and shown its role in SARS-CoV-2 pathogenesis 

[16, 17]. Moreover, a recent study has demonstrated the ability of SARS-CoV-2 E to 

cause ARDS alone [18]. E protein also induces robust macrophage inflammation by a 

TLR2-mediated pathway [19]. Along with apoptosis and necroptosis, iron dependent 

programmed cell death ferroptosis has also been described to be involved in COVID-

19 associated multiple organ failure [17, 20]. Importantly, hyperferritinemia is 

associated with a higher risk of COVID-19 death suggesting a plausible link between 

COVID-19 severity and ferroptosis [21, 22]. Though a major proportion of patients 

with hyperferritinemia showed higher severity, some proportions were having severity 

not related to increased serum ferritin levels [23].    

The inflammatory pathway involved in SARS-CoV-2 E-mediated infection is well 

established [18, 19, 24]. However, in COVID-19, cell death and its related pathology 



99 

 

are important aspects that need to be studied in detail. As viroporin, like ORF3a, is 

known to induce cell death [25], it is also essential to understand whether E follows a 

similar pathway. In the current study, we have deciphered the SARS-CoV-2 E-mediated 

cell death mechanism in the lung (A549) and colon (HT-29) epithelial cells transfected 

with SARS-CoV-2 E-containing plasmid. We have also investigated the SARS-CoV-2 

E-mediated inflammation in these cells. As E protein has a dual role in inflammation 

induction and polarity disruption, it is important to understand its mediated effect on 

intestinal epithelium besides lungs. The role of the gastrointestinal tract as a site of 

SARS-CoV-2 virus replication its relation with lung inflammation and other respiratory 

diseases has also been reported [1, 26, 27]. To understand the effect of SARS-CoV-2 E 

on the gastrointestinal-lung axis, we have also exposed the E-transfected colon cells' 

conditioned media to lung cells and vice-versa and investigated the inflammation and 

cell death in that.  

Our result suggests that SARS-CoV-2 E-transfected cells have higher levels of 

inflammatory markers like IL6, TNFα and signalling receptors like TLR2,4 and 9 in 

both lung and colon cells. Besides, when applied to colon epithelial cells, the E-

transfected lung epithelial cells’ conditioned media induces inflammation manifested 

by IL6, IL1β, CXCL1 and TLR6 and appears vice-versa. Further, the investigation of 

cell death type shows necroptotic cell death mediated by Receptor Interacting Protein 

Kinase 1 (RIPK1). Interestingly, the inhibition of RIPK1 by its specific inhibitor 

Necrostatin-1s (Nec-1s) rescued SARS-CoV-2 E-mediated inflammation and cell death 

in both cells.  

4.4. Results 

Expression of SARS-CoV-2 E in lung and colon epithelium increases the lysosomal pH  

Successful transfection, expression, and functionality of the viral envelope is the 

primary step to understand its mediated effect. For that, transcript and protein level of 

SARS-CoV-2 E was determined through qRT-PCR and western blot, respectively 

(Figure 2 a-d). The result showed a significantly higher level of E transcript in both 

lung (p<0.001) and colon cells (p<0.01) post 24 hrs transfection (Figure 4-1). The 

western blot data showed significant (p<0.05) expression of E protein in the lung cells 

at all the time points (Figure 4-1). Further, the colon cells transfected with E showed 

delayed expression of the E protein, at 24 hours post-transfection (hpt), there was no 
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visible expression of the E protein in these cells (Figure 4-1). The expression was 

significantly higher at 36 (p<0.01) and 48 (p<0.01) hpt compared to vector control (VC) 

(Figure 4-1).  

Previous studies by Wang et al. have shown that functional E protein ion channel 

alkalinizes the endoplasmic-reticulum–Golgi intermediate compartment (ERGIC) and 

increases the lysosomal pH [28]. To understand whether our transfected E forms a 

functional ion channel in the A549 and HT-29 cells, we stained the cells with 

Monodansylcadaverine (MDC), a cationic probe that entraps in the acidic 

compartments. We have recorded a significant decrease in the fluorescent intensity of 

the MDC in the E-transfected lung cells at 24, 36 and 48 hrs (p<0.001) compared to VC 

(Figure 4-1). A similar result was also observed in the colon cells; however, the 

intensity decreases moderately at 24 and 36 hpt (Figure 4-1).  
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Figure 4-1: Expression of SARS-CoV-2 E in lung and colon epithelial cells 

increases the lysosomal pH. Relative transcript expression of SARS-CoV-2 E protein 

in A549 (a) and HT-29 cells (b) 24 hrs post transfection. Representative western blot 

image of SARS-CoV-2 E; 24, 36 and 48 hrs post transfection with vector control 

(pcDNA3.1 Myc-tag) and SARS-CoV-2 E (pcDNA3.1 SARS-CoV-2 E) in A549 (c i) 

and HT-29 (d i) cells. Relative expression of SARS-CoV-2 E in A549 (c ii) and HT-29 

cells (d ii). The relative expression level of the molecules was determined by using 
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Image J software and represented as histogram. Representative image of 

Monodansylcadaverine (MDC) staining in A549 (e i) and HT-29 (f i) cells transfected 

with vector control and E protein. Relative fluorescence intensity (fold change) of MDC 

in E transfected A549 (e ii) and HT-29 (f ii) compared to vector control at 24, 36 and 

48 hrs. Fluorescence intensity of images were quantified by using Image J software and 

represented as histogram. The experiment was performed in triplicates, and the results 

are shown as the mean ± SD of three data points. Unpaired T-tests were applied to 

determine the statistical significance. p<0.05 was considered significant in all the cases. 

p-values of <0.05, <0.01 and <0.0001 were represented with *, ** and *** respectively 

for significant upregulation and #, ##, and ### for significant downregulation. 

4.4.1. SARS-CoV-2 E-transfected cells possess higher levels of inflammatory 

markers 

The envelope protein of SARS-CoV-2 is known to induce inflammation in the infected 

cell [19, 29]. E-transfected cells express SARS-CoV-2 E and possibly form a functional 

channel in lung and colon cells. We investigated the transcript level of inflammatory 

markers through qRT PCR in A549 cells 24 hpt. The result showed a significant 

increase (p<0.05) in the transcript level of inflammatory cytokines (IL6, IL8 and 

TNFα), chemokines (CCL5, CCL3 and CXCL10) and TLRs (TLR2, TLR4 and TLR9) 

(Figure 4-2). In the E-transfected HT-29 cells also the level of cytokines (IL6, IL8, 

IL1β, TNFα and GM-CSF), chemokines (CCL3 and CXCL10) and TLRs (TLR2, TLR5 

and TLR9) were significantly (p<0.05) upregulated among the studied inflammatory 

markers 24 hpt (Figure 4-2). Further, we have also determined the expression pattern 

of master regulator of inflammation NFκB through western blotting at 24, 36 and 48 

hpt (Figure 3 c and d). Similar to the transcript level of the inflammatory markers, NFκB 

expression was more than 4-fold in the lung (p<0.05) and more than 2-fold in colon 

(p<0.05) cells at all the time points compared to VC.  
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Figure 4-2: SARS-CoV-2 E-transfected cells possess higher levels of inflammatory 

markers. The relative transcript and protein expression of inflammatory markers were 

determined by qRT PCR and western blot of vector control (VC) and E protein 

transfected lung and colon cells. Transcript expression of inflammatory markers in 

A549 (a) and HT-29 (b) cells at 24 hrs post transfection. Representative western blot 

image of inflammatory marker NFκB in VC and E protein transfected A549 (c i) and 

HT-29 cells (d i) at 24, 36 and 48 hrs. Graphical representation of relative expression 

of NFκB in A549 (c ii) and HT-29 (d ii) cells. The experiment was performed in 

triplicates, and the results are shown as the mean ± SD of three data points. Unpaired 

T-tests were applied to determine the statistical significance. p<0.05 was considered 

significant in all the cases. p-values of <0.05, <0.01 and <0.0001 were represented with 

*, ** and *** respectively for significant upregulation and #, ##, and ### for significant 

downregulation.  
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4.4.2. Modulation of the gastrointestinal-lung axis by SARS-CoV-2 E expressing 

cells' secretion  

The gastrointestinal-lung axis has been shown to be involved in multiple respiratory 

diseases [30]. Besides, numerous reviews have speculated the involvement of this axis 

in COVID-19 progression and severity [31–33].   Inflammation in one organ can affect 

other organs as the inflammatory mediators can be secreted out and travel through the 

bloodstream [34]. It can induce an inflammatory cascade in cells having receptors for 

these mediators [35]. To understand the effect of inflammation and cell death in lung 

cells on colon and otherwise, we have investigated the impact of SARS-CoV-2 E-

transfected lung cells' secretome on colon cell and the other way around. For that we 

have collected the E and VC transfected lung and colon cells' conditioned media 24, 36 

and 48 hpt. The conditioned media from lung cells were treated to colon cells and vice 

versa, and inflammatory markers were analyzed (Figure 4-3).   

In E-transfected colon cells' soup exposed lung cells and vice versa, transcript level of 

cytokines like IL6 (p<0.01), IL1β (p<0.01) were significantly upregulated (Figure 4-3). 

Chemokines (CCL5 and CXCL1) and TLRs were also significantly upregulated 

compared to VC transfected cells' conditioned media treated cells (Figure 4-3). Further 

the expression of NFκB was determined by western blot, the result showed significantly 

elevated (p<0.05) expression of this inflammatory marker in both HT-29 soup treated 

A549 (Figure 4-3) and A549 soup treated HT29 cells (Figure 4-3).  
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Figure 4-3: Modulation of the gastrointestinal-lung axis by SARS-CoV-2 E 

expressing cells' secretion. (a) A schematic model for collection and treatment of 

SARS-CoV-2 E and vector control transfected A549 (lung) and HT-29 (colon) cells, 

for studying the effect of SARS-CoV-2 E protein in gastrointestinal- lung axis. 

Transfection was given for 24, 36 and 48 hrs and conditioned media was collected post 

completion of the time point. The conditioned media from lung cells was treated to 
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colon cells for 24 hrs and vice-versa. Post treatment cells were collected and subjected 

to expression analysis of inflammatory markers through qRT PCR, western blot 

(NFκB) and cell death study by Ethidium bromide/ Acridine orange staining. qRT PCR 

was performed for 24 hrs conditioned media treated cells in both lung and colon cells. 

(b and c) Relative transcript expression of inflammatory markers in Vector control and 

E protein transfected colon cells’ conditioned media treated lung cells and vice-versa 

respectively. Representative image (c i and d i) and graphical representation (c ii and d 

ii) of NFκB in vector control and E protein transfected colon cells’ conditioned media 

treated lung cells and vice-versa respectively. The experiment was performed in 

triplicates, and the results are shown as the mean ± SD of three data points. Unpaired 

T-tests were applied to determine the statistical significance. p<0.05 was considered 

significant in all the cases. p-values of <0.05, <0.01 and <0.0001 were represented with 

*, ** and *** respectively for significant upregulation and #, ##, and ### for significant 

downregulation.  

4.4.3. SARS-CoV-2 Envelope protein induces necroptosis in lung and colon cells 

In addition to the induction of inflammation and cytokine storm, SARS-CoV-2, 

especially the viroporins, were known to induce cell death in the host cells [25]. To 

understand the cell death associated with SARS-CoV-2 E, we have performed Ethidium 

bromide/Acridine orange (EB/AO) and Hoechst/Propidium iodide (Hoechst/PI) dual 

staining in the VC and E-transfected lung (A549) and colon (HT 29) epithelial cells at 

24, 36 and 48 hpt (Figure 4-4 and Figure 4-5). Interestingly, in the E-transfected A549 

cells the percentage of live cells decreases with an increase in apoptotic and necrotic 

cells with time (Figure 4-4). The percentage of necrotic cells was 39, 60 and 80%; 28, 

33 and 49% in Hoechst/PI; EB/AO at 24, 36 and 48 hpt respectively in the E-transfected 

A549 cells (Figure 4-4). A similar result was also obtained in the E-transfected HT-29 

cells where the percentage of necrotic cells were 79, 89, and 90.5%; 64, 70 and 81% in 

Hoechst/PI; EB/AO at 24, 36 and 48 hpt. Surprisingly, the percentage of necrotic cells 

were comparatively higher in HT-29 cells than the A549 cells (Figure 4-5).  
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Figure 4-4: SARS-CoV-2 Envelope protein induces necrotic cell death in lung cells. 

Study of cell death was performed by Ethidium bromide/Acridine orange and 

Hoechst/Propidium iodide dual staining. Representative image of Hoechst/Propidium 

(a i) and Ethidium bromide/Acridine orange (b i) dual stained lung (A549) cells 

transfected with vector control and E protein for 24, 36 and 48 hrs. Graphical 

presentation of percentage of live, apoptotic and necrotic cells in vector control and E 

protein transfected lung cells stained with Hoechst/Propidium (a ii) and Ethidium 
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bromide/Acridine orange (b ii) dual stain. The experiment was performed in triplicate 

and a total of 1000 cells were counted in each set for determination of live, apoptotic 

and necrotic cells, the results are shown as the mean ± SD of three data sets. The scale 

bar shows 50μM length.   
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Figure 4-5: SARS-CoV-2 Envelope protein induces necrotic cell death in colon 

cells. Study of cell death was performed by Ethidium bromide/Acridine orange and 

Hoechst/Propidium iodide dual staining. Representative image of Hoechst/Propidium 

(a i) and Ethidium bromide/Acridine orange (b i) dual stained colon (HT-29) cells 

transfected with vector control and E protein for 24, 36 and 48 hrs. Graphical 

presentation of percentage of live, apoptotic and necrotic cells in vector control and E 

protein transfected colon cells stained with Hoechst/Propidium (a ii) and Ethidium 

bromide/Acridine orange (b ii) dual stain. The experiment was performed in triplicate 

and total 1000 cells were counted in each set for determination of live, apoptotic and 

necrotic cells, the results are shown as the mean ± SD of three data sets. The scale bar 

50μM. 

The results of Hoechst/ PI and EB/AO dual staining indicate towards necrotic cell death 

in both lung and colon cells. Besides the role of apoptosis, previous studies have 

indicated the role of necroptosis in ARDS, one of the hallmarks of COVID-19 [13].   

However, no previous study shows the role of SARS-CoV-2 E protein in necrotic cell 

death. To decipher the mechanism of SARS-CoV-2 E mediated cell death and its 

underlying mechanism in addition to the cell death analysis by EB/AO and Hoechst/PI 

dual staining we have performed western blot analysis of Apoptotic (PARP1, Cleaved-

caspase3, Caspase-9 and Caspase-8) and Necroptotic (RIPK1) markers in the E-

transfected lung and colon cells (Figure 4-6). Surprisingly there was no significant 

difference in the expression pattern of the include apoptotic markers in the E-

transfected and VC transfected lung (Figure 4-6) and colon cells (Figure 4-6). While 

the level of necroptotic marker RIPK1 was significantly elevated (p<0.01) in the E-

transfected cells compared to VC in both cells (Figure 7 a and b). Further investigation 

of transcript level of necroptotic markers RIPK3 and MLKL revealed significantly 

higher (p<0.05) expression of these markers in the E-transfected lung and colon cells 

compared to VC transfected cells at 24, 36 and 48 hpt (Figure 4-7).  



110 

 

 

Figure 4-6: SARS-CoV-2 Envelope protein induces necroptosis in lung and colon 

cells. Immunoblot analysis of apoptotic markers (Caspase3, 8, 9 and PARP1) and 

Necroptotic marker (RIPK1) was performed in Vector cont. and E protein transfected 

lung (A549) and colon (HT-29) cells. Representative western blot images and graphical 

representation of apoptotic and necrotic markers in lung (a i and ii) and colon (b i and 

ii) cells. The experiment was performed in triplicates, and the results are shown as the 

mean ± SD of three data points. Unpaired T-tests were applied to determine the 

statistical significance. p<0.05 was considered significant in all the cases. p-values of 

<0.05, <0.01 and <0.0001 were represented with *, ** and *** respectively for 

significant upregulation and #, ##, and ### for significant downregulation. 
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Figure 4-7: SARS-CoV-2 E transfection to lung and colon increases the transcript 

level of RIPK3 and MLKL. (a and b) The transcript level of RIPK3 and MLKL was 

determined in the VC and E transfected lung (A549) and colon (HT-29) cells at 24, 36 

and 48 hrs. Besides we have also determined the the transcript level of these genes in 

the 24 hrs VC and E transfected and 12 hrs Nec1s treated lung (c) and colon (d) cells. 

The experiment has been performed in triplicates, and the results are shown as the mean 

± SD. Unpaired T-tests were applied to determine the statistical significance. p<0.05 

was considered significant in all the cases. p-values of <0.05, <0.01 and <0.0001 were 

represented with *, ** and *** respectively 

    

In addition to the cell death analysis in E-transfected cells, we have also studied cell 

death in the gastrointestinal lung axis using EB/AO dual staining. The data suggest that 

there is no significant increase in the percentage of apoptotic or necrotic cells in HT-29 

soup treated A549 (Figure 4-8) and A549 conditioned media exposed HT-29 (Figure 

4-9) cells.  
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Figure 4-8: Analysis of cell death by EB/AO dual staining in the E-transfected HT-29 

cells' conditioned media treated A549 cells. Colon (HT-29) cells were transfected with 

Vector control E protein plasmid for 24, 36 and 48 hrs. After completion of the 

incubation period the conditioned media was collected and treated to lung epithelial 

cells in 1:1 ratio of conditioned media: fresh cDMEM for 24 hrs. Cells were stained 

with ethidium bromide/acridine orange dual stain and visualized under fluorescent 

microscope at 20X objective magnification. Representative image (a) and graphical 

representation (b) of 24, 36 and 48 hrs vector cont. and E transfected HT-29 cells’ 

conditioned media treated, EB/AO dual stained lung (A549) cells. The experiment was 

performed in triplicate and total 1000 cells were counted in each set for determination 

of live, apoptotic and necrotic cells, the results are shown as the mean ± SD of three 

data sets. The scale bar 50μM. 
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Figure 4-9:Analysis of cell death by EB/AO dual staining in the E-transfected A549 

cells' conditioned media treated HT-29 cells. Lung (A549) cells were transfected with 

Vector control E protein plasmid for 24, 36 and 48 hrs. After completion of the 

incubation period the conditioned media was collected and treated to lung epithelial 

cells in 1:1 ratio of conditioned media: fresh cDMEM for 24 hrs. Cells were stained 
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with ethidium bromide/acridine orange dual stain and visualized under fluorescent 

microscope at 20X objective magnification. Representative image (a) and graphical 

representation (b) of 24, 36 and 48 hrs vector cont. and E transfected lung cells’ 

conditioned media treated, EB/AO dual stained colon (HT-29) cells. The experiment 

was performed in triplicate and total 1000 cells were counted in each set for 

determination of live, apoptotic and necrotic cells, the results are shown as the mean ± 

SD of three data sets. The scale bar 50μM. 

4.4.4. Inhibition of RIPK1 mitigates the SARS-CoV-2 E mediated inflammation 

and necroptosis  

Extra necroptotic involvement of RIPK1 is well documented. It is known to be involved 

in the regulation of inflammation by NFκB and Caspase-8 mediated apoptosis [13, 35]. 

To investigate the role of RIPK1 in SARS-CoV-2 E mediated inflammation and 

necroptosis in lung and colon epithelial cells, we have inhibited RIPK1 by using its 

specific inhibitor Nec-1s. Further transcript levels of SARS-CoV-2 E (Figure 4-10) 

and inflammatory markers (Figure 4-10) were studied in both lung and colon cells. We 

have measured the expression of RIPK1, NFκB and phospho NFκB (pNFκB) protein 

through western blot (Figure 4-10). The level of RIPK1, NFκB and SARS-CoV-2 E 

was also determined through immunofluorescence (Figure 9 and Suppl. figure 4).  
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Figure 4-10: Inhibition of RIPK1 reduces the inflammation in E-transfected lung 

and colon cells. The necroptotic marker RIPK1 was highly upregulated in the E 

transfected cells. To elucidate the role of RIPK1 in SARS-CoV-2 E mediated cell death 

and inflammation, 40μM of RIPK1 inhibitor (Nec-1s) was treated to the E protein and 

vector cont. transfected cells for 12 hrs post transfection completion. Transcript 

expression of SARS-CoV-2 E (a) and inflammatory markers (c) in post 24 hrs E protein 
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and vector cont. transfected, Nec-1s treated lung (A549) cells. (b and d) Transcript 

expression of SARS-CoV-2 E and inflammatory markers in post 24 hrs E protein and 

vector cont. transfected, Nec-1s treated colon (HT-29) cells respectively. 

Representative immunoblot of RIPK1, NFκB and pNFκB in E protein and vector cont. 

transfected, Nec-1s treated lung (a i) and colon (b i) cells. Graphical representation of 

relative expression of RIPK1, NFκB and pNFκB in lung (a ii) and colon (b ii) cells in 

similar condition. The experiment was performed in triplicates, and the results are 

shown as the mean ± SD of three data points. Unpaired T-tests were applied to 

determine the statistical significance. p<0.05 was considered significant in all the cases. 

p-values of <0.05, <0.01 and <0.0001 were represented with *, ** and *** respectively 

for significant upregulation and #, ##, and ### for significant downregulation. 

 

The result for transcript expression analysis of the inflammatory markers suggests there 

was a significant reduction in the transcript level of IL6, IL8, TNFα, CCL5, CCL3, 

CXCL1, CXCL10, TLR2 and TLR9 (p<0.05) in the E-transfected Nec-1s treated lung 

cells compared to the only E-transfected cells (Figure 4-10). A similar reduction pattern 

in the transcript level of inflammatory markers was also observed in the colon cells 

(Figure 4-10). Interestingly there was no significant reduction in the transcript level of 

SARS-CoV-2 E in both lung and colon cells (Figure 4-10).  
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Figure 4-11:RIPK1 inhibitor Nec-1s decreases the expression of its target and 

downstream inflammatory marker NF 𝜿𝑩  in E-transfected lung cells. 
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Immunocytochemistry of E transfected, Nec-1s treated lung (A549) cells were 

performed post 24 hrs transfection followed by 12 hrs treatment with 40 μM Nec-1s. 

The nucleus was stained by DAPI and SARS-CoV-2 E, RIPK1 and NFκB was tagged 

by specific primary antibody followed by Alexa Fluor 488 secondary antibody. The 

fluorescence intensity was quantified by using Image J software. Representative 

immunocytochemistry image of SARS-CoV-2 E (a i), RIPK1 (b i) and NFκB (c i) in 

lung cells. Expression pattern of SARS-CoV-2 E (a ii), RIPK1 (b ii) and NFκB (c ii) in 

lung cells. The experiment has been performed in triplicates, and the results are shown 

as the mean ± SD. Unpaired T-tests were applied to determine the statistical 

significance. p<0.05 was considered significant in all the cases. p-values of <0.05, 

<0.01 and <0.0001 were represented with *, ** and *** respectively for significant up 

regulation and #, ## and ### for significant down regulation. Scale bar 20μM.    
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Figure 4-12: RIPK1 inhibitor Nec1s decreases the expression of its target and 

downstream inflammatory marker NF 𝜿𝑩  in E-transfected colon cells. 
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Immunocytochemistry for SARS-CoV-2 E, RIPK1 and NFκB in E protein transfected, 

Nec1s treated HT-29 cells were performed post 24 hrs transfection followed by 12 hrs 

treatment with 40μM Nec1s. DAPI was used to stain the nucleus and the target proteins 

were tagged by SARS-CoV-2 E, RIPK1 and NFκB primary antibody followed by Alexa 

Fluor 488 secondary antibody. The fluorescence intensity was quantified by using 

Image J software. Representative immunocytochemistry image of SARS-CoV-2 E (a 

i), RIPK1 (b i) and NFκB (c i) in HT-29 cells. Expression pattern of SARS-CoV-2 E (a 

ii), RIPK1 (b ii) and NFκB (c ii) in HT-29 cells. The experiment has been performed in 

triplicates, and the results are shown as the mean ± SD. Unpaired T-tests were applied 

to determine the statistical significance. p<0.05 was considered significant in all the 

cases. p-values of <0.05, <0.01 and <0.0001 were represented with *, ** and *** 

respectively for significant up regulation and #, ## and ### for significant down 

regulation. Scale bar 20μM. 

In addition to the transcript level of inflammatory markers we have also determined the 

level of RIPK1 and NFκB in E-transfected and Nec-1s treated lung cells. Interestingly 

there was a significant reduction in the level of RIPK1 (p<0.01), NFκB (P<0.01) and 

phospho-NFκB (pNFκB) (p<0.01) in the Nec-1s treated cells compared to E-transfected 

cells (Figure 4-10). The immunofluorescence study revealed that there was a 

significant increase in the level of SARS-CoV-2 E in the pcDNA3.1 SARS-CoV-2 E-

transfected lung (p<0.01) (Figure 4-11) and colon (p<0.01) (Figure 4-12) cells 

compared to VC transfected cells. In the E-transfected and Nec-1s treated lung (Figure 

4-11) and colon (Figure 4-12) cells there was no significant reduction in the level of E. 

The level of RIPK1 and NFκB was also significantly elevated in the E-transfected lung 

(p<0.01) (Figure 4-11) and colon (Figure 4-12) (p<0.01) cells compared to VC 

transfected. Importantly, in the E-transfected and Nec-1s treated cells there was a 

significant reduction of the RIP1 and NFκB expression in the lung (p<0.05) (Figure 

4-11) and colon (p<0.05) (Figure 4-12) cells compared to E-transfected cells. As the 

results suggest, inhibition of RIPK1 abates the inflammation induced by SARS-CoV-2 

Envelope protein without interfering with the expression of E. Further investigation of 

RIPK3 and MLKL mRNA expression in the E-transfected and Nec-1s treated lung 

(Figure 4-7) and colon (Figure 4-7) cells showed no significant difference in the 

expression pattern compared to the E-transfected cells.      

In addition to the inflammatory markers and RIPK1 we have also investigated the cell 

death in the E-transfected and Nec-1s treated cells. The result shows that there was a 

significant decrease (p<0.05) in the necroptosis in the E-transfected and Nec-1s treated 

compared to the E-transfected at 24, 36 and 48 hpt in the A549 cells (Figure 4-13). In 

the colon cell transfection of E followed by Nec-1s treatment also decreases the 
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percentage of necroptotic cells significantly (Figure 4-14). The recovery from cell 

death was lower at later time point (48 hpt) compared to the early time point (24 hpt) 

even after the treatment of Nec-1s (Figure 4-13 and Figure 4-14). Interestingly, the E-

transfected cell inhibition of the RIPK1 also increases the apoptotic cell percentage in 

both lung and colon epithelial cells (Figure 4-13 and Figure 4-14). 
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Figure 4-13: Inhibition of RIPK1 mitigates the SARS-CoV-2 E induced 

necroptosis in lung cells. To confirm the role of RIPK1 in SARS-CoV-2 mediated 
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necroptosis, study of cell death by ethidium bromide/acridine orange dual staining in 

the E transfected and Nec1s treated cells was performed. (a) Representative image of 

EB/AO dual stained A549 cells at post 24, 36 and 48 hrs E or VC transfection followed 

by treatment of Nec1s for 12hrs. Graphical representation of percentage of cells in live, 

apoptotic and necrotic phase at 24 (b), 36 (c) and 48 hrs (d).  
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Figure 4-14 : Inhibition of RIPK1 mitigates the SARS-CoV-2 E induced 

necroptosis in colon cells. To confirm the role of RIPK1 in SARS-CoV-2 mediated 
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necroptosis in the colon cells, ethidium bromide/acridine orange dual staining was 

performed in the E transfected and Nec1s treated HT-29 cells. (a) Representative image 

of EB/AO dual stained HT-29 cells at post 24, 36 and 48 hrs E or VC transfection 

followed by treatment of Nec1s for 12hrs. Graphical representation of percentage of 

cells in live, apoptotic and necrotic phase at 24 (b), 36 (c) and 48 hrs (d). 

4.5. Discussion  

Infection of SARS-CoV-2 in lungs can cause ARDS and induce inflammation, resulting 

in the increase of inflammatory markers [36]. Besides lungs the virus can infect 

multiple organs including the gastrointestinal tract [37]. Studies have suggested the GI 

tract as a breeding ground for SARS-CoV-2 and its importance in disease progression 

and severity [38–40]. Additionally, the role of gastrointestinal-lung axis is a potential 

subject of investigation in COVID-19 [31–33, 41]. The different proteins of SARS-

CoV-2 (both structural and nonstructural) have been involved in the progression of 

COVID-19 and play distinct roles in the pathogenesis. Among the structural proteins 

of SARS-CoV-2 Envelope is the smallest and proved to have a critical role in viral 

entry, assembly and pathogenesis. The role of E protein in immune modulation, 

alteration of cellular physiology and interaction with host proteins is well established 

[19, 28, 42]. However, its role in SARS-CoV-2 mediated cell death and the associated 

ARDS is poorly understood. This study used lung (A549) and colon (HT-29) epithelial 

cells to understand the SARS-CoV-2 E mediated inflammation and cell death. Previous 

studies in SARS-CoV have tried to decipher the cell death pathways involved in E 

mediated pathogenesis [43]. A study by Yang et al. demonstrated SARS-CoV E 

protein's ability to induce apoptosis [43]. The functional E ion channel known to induce 

ion imbalance and cause alkalization of the lysosome and ERGIC [28]. Results from 

MDC staining in our study also found a decrease in the lysosomal pH after successful 

transfection and expression of E protein in both lung and colon epithelial cells. Though 

there was a significant reduction in MDC uptake in both cells, the uptake was 

comparatively higher in colon cells. This also in line with the transcript and protein 

expression profile of the E protein in lung and colon cells. The differential expression 

pattern of colon cells can be attributed to the dramatically lower transfection efficiency 

of intestinal epithelial cells [44]. Besides the alteration of cellular homeostasis, 

infection of the E protein is known to induce inflammation through the TLR2 pathway 

[19]. We have also found an increased level of inflammatory markers and TLRs. 

Similar to the findings of Zheng et al. that showed an increased level of TLRs (TLR2, 
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4, 5, 8 and 9) in the COVID-19 patient serum we have also found higher transcript 

levels of TLR 2, 4, and 9 in lung and TLR 2, 5, 9 in colon cells [19]. Along with TLR2 

which is shown to be involved in SARS-CoV-2 E mediated pathogenesis, TLR9 is 

highly upregulated in COVID-19 patients [19].   

One of the most fatal effects of COVID-19 is multiorgan failure and its associated 

death. The release of massive amounts of cytokines from the infected cells enters the 

bloodstream and affects other organs causing multiorgan injury/failure [45]. Ferroptosis 

has been predicted to be involved in COVID-19 associated multiorgan failure [17, 20]. 

However, this mechanism was not sufficient to explain all the COVID-19 associated 

multiorgan failure, especially in patients having normal reduced serum ferritin levels. 

In addition to the multiorgan failure, gastrointestinal-lung axis has been proposed to be 

involved in SARS-CoV-2 pathogenesis [31–33, 41]. In our effort to understand the 

effect of E protein on gastrointestinal-lung axis, the findings suggest the spatial 

expression of inflammatory markers. While some inflammatory markers like IL6 are 

common in direct transfection and soup treatment as well, markers like CXCL1 were 

specific to soup-treated cells’ inflammatory response. Chua et al. have shown a 

significantly higher level of CXCL1 expression in secretory cells of COVID-19 patients 

[46]. In the E-transfected colon cells’ conditioned media treated lung cells TLR2, 3, 6 

and 9 were significantly upregulated. This expression pattern is similar to the previous 

study by Zheng et al., which showed an increased level of TLRs in COVID-19 patients 

[19]. We have also determined the significantly higher expression of TLR6 in both the 

conditioned media treated cells.  TLR6 is known to partner with TLR2 in activating 

NFκB signalling [47]. Interestingly in case of conditioned media treated colon cells 

along with TLR6, TLR5 was significantly upregulated. Though recent study of 

COVID-19 patient serum shows a higher level of TLR5 along with other TLRs, yet 

TLR5 is mainly involved in flagellin mediated inflammatory signalling in different 

organs including lungs [48, 49]. Investigation of TLR5’s role in gut-lung axis can be 

investigated further. We have determined elevated levels of NFκB in transfected and 

soup treated lung and colon cells. In the previous study involving SARS-CoV, E protein 

was known to activate the NLRP3 inflammasome through the Ca2+ transport activity of 

E ion channel and overstimulate the NFκB pathway [50]. The mechanism underlying 

these differential expressions needs to be investigated to understand the importance of 

gastrointestinal-lung axis in SARS-CoV-2 E mediated pathogenesis.       
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The 75 aa E protein acts as a viroporin in the host cell, it also interacts with cell polarity 

proteins like PALS1 and ZO-1 through its PDZ binding motif (PBM). It also alters the 

ionic homeostasis of the cell and induces inflammation by viroporin activity and 

through TLR2 interaction. Alteration of cell polarity, cell homeostasis and induction of 

inflammation can induce cell death in the infected cell. Though previous studies on 

SARS-CoV E have shown its potential to induce apoptosis in the exposed cells [51]. 

Our cell death analysis by EB/AO and AO/PI dual staining suggests induction of 

necrotic cell death in the lung and colon epithelial cells upon E protein expression. 

Unlike necrosis which is an accidental cell death, Necroptosis is a form of cell death 

induced by pathogenic and other stimuli and mediated by RIPK1, RIPK3 and MLKL 

[52]. Multiple studies have suggested the role of Necroptosis in the SARS-CoV-2 

mediated ARDS and other RNA virus infections [53, 54]. In contrary to the previous 

study on SARS-CoV-E mediated cell death, we found no significant change in the 

studied apoptotic markers like Caspase-3, Caspase-8 and Caspase-9, while the level of 

necroptotic markers RIPK1, RIPK3 and MLKL was significantly higher in the E 

expressing cells. A study has suggested that upon activation of TNF receptor in the 

absence of Caspase-8 or in the presence of inactive Caspase-8 cells, RIPK1 got auto 

phosphorylated and predisposed the cell towards necroptosis [13]. Previous studies 

have also found upregulated levels of RIPK1, 3 and MLKL during inflammation and 

viral infections [55, 56]. Besides, the treatment of RIPK1 inhibitor (Nec-1s) does not 

interfere with the RIPK3 and MLKL expression in VC and E transfected Nec-1s-treated 

cells. This might be due to the specificity of Nec-1s against RIPK1 [57]. Further, there 

were no reports of RIPK3 or MLKL mRNA expression level upon Nec-1s treatment. 

Necroptosis is a proinflammatory process and the molecules like RIPK1 involved in 

this process have also been widely reported to be involved in the inflammatory 

signalling [58–60]. Alteration of cell polarity by ZO1, membrane disruption and ion 

imbalance can induce necroptosis by activating RIPK1/RIPK3/MLKL pathway [13, 

61]. These phenomena were also modulated by SARS-CoV-2 Envelope protein [28, 

42].  

Inhibition of RIPK1 mediated necroptosis by Nec-1s is proven to reduce the viral load 

inflammation and increase cell survivability in the human lung organoid [35]. Our result 

also showed that the expression of E protein in lung and colon cells induced RIPK1 

expression and mediated necroptosis. Further the inhibition of RIPK1 in SARS-CoV-2 
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infected lung organoids by Nec-1s abates the transcript expression of inflammatory 

molecules significantly [35]. We have also found significant downregulation in 

inflammatory markers' transcript and recovery from necroptotic cell death in the Nec-

1s treated E-transfected lung and colon cells. Interestingly, the expression of E was not 

changed in the presence of Nec-1s treated cells, which means that Nec-1s does not 

interfere with the expression of E. However, treating Nec-1s decreases the level of 

RIPK1 and its induced NFκB and pNFκB. Silencing of RIPK1 has been shown to 

impair NF-κB activation independent of TRIF (TIR-domain-containing adapter-

inducing interferon-β) signalling [58]. 

Our study provided a mechanistic understanding of the SARS-CoV-2 Envelope protein 

induced RIPK1 mediated necroptosis and inflammation. Our findings suggest that 

necroptosis may act as an alternate mechanism of cell death in COVID-19 ARDS and 

multiorgan failure mediated by SARS-CoV-2 E in patients who have normal serum 

ferritin levels. The finding suggests that E protein alkalinizes the lysosome in lung and 

colon cells, it also induces inflammation and necroptosis in E-transfected cells. Further 

analysis revealed that RIPK1 mediates the inflammation and necroptosis and inhibition 

of this kinase mitigates the SARS-CoV-2 E induced inflammation and cell death. 

Interestingly the investigation of E protein mediated inflammation in the 

gastrointestinal-lung axis shows an increase in the inflammatory markers' transcript 

level and NFκB protein level in lung and colon cells (Figure 4-15). In addition to our 

findings study involving the whole SARS-CoV-2 virus and virus with mutated E 

protein will provide a detailed understanding of the SARS-CoV-2 mediated 

inflammation and necroptosis. Further, the involvement of other necroptotic markers 

RIPK3 and MLKL in the SARS-CoV-2 E-RIPK1 mediated necroptosis need to be 

understood in detail. A detailed study of necroptosis in ferritin-deficient cells can also 

unravel the possible association of this cell death mechanism with multiorgan failure 

besides ferroptosis.  
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Figure 4-15: SARS-CoV-2 Envelope protein induces inflammation and evoke cell 

death by RIPK1. Lung and colon cells transfected with SARS-CoV-2 Envelope 

containing plasmid, express E protein and produce a functional viroporin that increases 

the lysosomal pH. The expression of E in the lung and colon cells increases the 

inflammatory markers like IL6, IL8 and TNFα and also increases the level of NFκB. 

The apoptotic markers like Caspase 3, 8, 9 and PARP1 remain unchanged in the control 

and E transfected cells. Besides the necroptotic marker RIPK1 is upregulated in the E-

transfected cells. Inhibition of RIPK1 by Nec-1s decreases the inflammation and cell 

death in the E-transfected cells. Study of gastrointestinal-lung axis show increased 

inflammation in the E-transfected cells’ conditioned media treated lung and colon cells.         

4.6. Methods       

4.6.1. Mammalian cell culture: 

Lung (A549) and colon (HT-29) epithelial cells were obtained from the National Center 

for Cell Science (NCCS) Pune, India. The cells were cultured in Dulbecco's modified 

Eagle's medium (DMEM; Himedia, Mumbai, India) containing 10% fetal bovine serum 

(FBS; South America origin, Gibco, New York, USA) with 100 U/mL 

penicillin/streptomycin (Himedia, Mumbai, India). The cells were incubated in 5% 

CO2 and humidified air at 37°C (Forma, Steri-cycle i160, Thermo Scientific, Waltham, 

USA).  
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4.6.2. Plasmid and transfection:  

SARS-CoV-2 E gene containing plasmid (pcDNA3.1 SARS-CoV-2 E, item no 158080) 

was purchased from Addgene (Addgene, Watertown, USA). pcDNA3.1 Myc-tag 

plasmid was used as vector control (VC) in all the experiments. Plasmids were isolated 

from the E. coli DH5α by standard protocol. The pcDNA3.1 SARS-CoV-2 E plasmid 

was sent for sequencing and the sequence was matched with the reference sequence by 

the multiple sequence alignment tool CLUSTAL Omega. The concentration of the 

plasmids was determined by nanodrop (Thermo Scientific, Waltham, USA). Further, 

the plasmid is diluted to 500 ng/μL working concentration. For transfection cells were 

seeded and grown up to 70% confluency and transfection was done through 

Lipofectamine 3000 reagent (Invitrogen, Waltham, USA) using the prescribed protocol. 

For optimization of the plasmid concentration for further experiment 0.5 million cells 

per well were seeded in a 6 well plate and allowed to settle down overnight. 

Transfection was given in increasing concertation of pcDNA3.1 SARS-CoV-2 E (0, 1, 

1.5, 2 and 2.5 μg) plasmid DNA. Cells were incubated for 24 hrs and palate was 

collected by scraping. The expression of SARS-CoV-2 E was determined by qRT PCR 

using a specific primer. The result showed an increasing expression of E transcript with 

an increase in the amount of plasmid up to 2 μg (Figure 4-16) hence for all experiments 

2 μg plasmid concentration was used.  
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Figure 4-16:Transfection dose optimization in A549 (A) and HT-29 (B) cells. 

Transcript expression level of SARS-CoV-2 E in the A549 (a) and HT-29 (b) cells 

transfected with increasing  

4.6.3. Treatment of RIPK1 inhibitor Nec-1s:  

To understand whether SARS-CoV-2 E act through RIPK1 or not RIPK1 specific 

inhibitor Necrostatin 2 racemate (Nec-1s) was used. Nec-1s is more stable than 

Necrostatin-1 and is more specific, with >1000-fold more selective for RIPK1 than for 

any other kinase out of 485 human kinases. Nec-1s was purchased from Selleckchem, 
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Huston, USA (Catalog No. S8641). 50mM stock was prepared in DMSO and kept at -

80°C till further use. For the treatment of Nec-1s, we checked the cytotoxic effect of 

Nec-1s through MTT assay, and there was no significant cell death in the Nec-1s treated 

group compared to the untreated control group. The concentration of treatment ranges 

between 0.3μM to 100 μM and we used 40μM of Nec-1s in all the experiments. For the 

inhibition study, 40μM Nec-1s was treated for 12 hrs after the completion of the 

transfection period.     

4.6.4. RNA isolation and quantitative real-time polymerase chain reaction (qRT-

PCR): 

A quantitative real-time polymerase chain reaction (qRT-PCR) was performed to 

analyze the transcriptomic profiles of various genes in both A549 and HT-29 cells. The 

cells were E-transfected for 24 hrs and collected cell pellets were washed with 1X 

phosphate buffer saline (PBS) for RNA isolation. Total RNA was extracted using TRI 

reagent (Sigma, life sciences, Sigma-Aldrich, St. Louis, USA), and cDNA was 

synthesized using a reverse transcription kit (PrimeScriptTM RT Master Mix; Takara, 

Shiga, Japan) according to the manufacturer's instruction. cDNA was subjected to qRT-

PCR using SYBR green real-time master mix (Applied Biosystems, Waltham, USA) 

on Agilent AriaMX qRT-PCR system (Agilent Technologies, Santa Clara, USA), 

programmed at 10 min at 95°C followed by (15 s at 95°C, 20 s at 58°C, 20 s at 72°C) 

× 40 cycles. The relative expression of SARS-CoV-2 E, necroptotic markers (RIPK3 

and MLKL), inflammatory markers (IL6, IL8, IL1β, TNFα, GM-CSF, IL4, CCL5, 

CCL3, CXCL1, CXCL10) and TLRs (TLR2, 3, 4, 5, 6 and 9) were analyzed using 

specific primers. Melting curve analysis was performed to confirm the specificity of 

PCR amplicons. All reactions were performed in triplicate and repeated at least three 

times. Human glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the 

reference gene. Reverse transcriptase control (–RT) was used in all the experiments to 

monitor genomic DNA contamination. 

4.6.5. Western Blot: 

The western blot was performed as mentioned in the previous study [62]. Briefly, the 

cells upon transfection with pcDNA3.1 SARS-CoV-2 E and VC for 24, 36 and 48 hrs 

were harvested, washed with PBS, and lysed in radioimmunoprecipitation assay (RIPA) 

buffer (VWR, Radnor, USA) containing protease and phosphatase inhibitors. Proteins 
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in the supernatant were quantified using Bradford protein assay reagents (Himedia, 

Mumbai, India). Equal quantities of protein from each group were separated using SDS-

PAGE and transferred onto 0.45 μm Nitrocellulose membranes (Bio-Rad, Hercules, 

USA). Membranes were blocked with 4.5% BSA and incubated with primary for 12 

hrs at 4°C. Following incubation and washing, the membrane was treated with 1:3000 

dilution of horseradish peroxidase-conjugated anti-rabbit antibodies for one hour. The 

chemiluminescent detection was based on the Pierce ECL Western blotting substrate 

(Bio-Rad, Hercules, USA). Blots were observed under the gel doc system (Biorad 

ChemiDoc™ XRS+ System with Image Lab™ Software, Bio-Rad, Hercules, USA). 

Image analysis and quantification were performed using Image J software (National 

Institutes of Health, USA). Primary antibody against NF-κB p65 (#8242, 1:1000), 

RIPK1 (#3493, 1:1000), Cleaved Caspase-3 (#9664, 1:1000), Caspase-9 (#9508, 

1:1000), PARP1 (46D11, 1:1000) and β-actin (#8046, 1:1000) were purchased from 

Cell Signalling Technology, Danvers, USA. GAPDH (# MA5-15738, 1:2000) was from 

Invitrogen, Waltham, USA. Antibody for Caspase-8 (Product code:10-1019, 4μg/ml) 

and SARS-CoV-2 E (NBP3-07060, 1:1000) was purchased from Abgenex, 

Bhubaneswar, India and Novus Biologicals, Centennial, USA respectively.  

4.6.6. Immunofluorescence Assay: 

An immunofluorescence assay was performed as described earlier [63]. The A549 and 

HT-29 cells were seeded onto coverslips and Transfected with E and VC plasmids 24, 

36 and 48 hrs, followed by fixation in 4% paraformaldehyde for 30 min. The cells were 

permeabilized using freshly prepared 0.2% Triton X100 for 30 min. Blocking was 

performed using 1% BSA (Sigma, St. Louis, USA) followed by incubation with 

primary antibodies (NF-κB 1:200, RIPK1 1:250 and SARS-CoV-2 E 1:100) for two hrs 

at room temperature. The cells were then washed and incubated with a secondary 

antibody (1:1000 dilution) conjugated with different fluorophores. The cell nuclei were 

counterstained with 4′, 6′-diamidino-2-phenylindole (DAPI). The coverslips were 

transferred onto a small drop of antifade mounting medium and observed under a 

confocal microscope (FluoView 1000, Olympus, Tokyo, Japan). Image analysis and 

quantification measurements were performed using Image J software (National 

Institutes of Health, USA). The fluorescence intensity was calculated and plotted in 

comparison to the VC. 
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4.6.7. Study of cell death by EB-AO assay 

A study of apoptotic, necrotic, and live cells post E and VC transfection was done by 

EB/AO dual staining. The cells after completion of the incubation were stained with 

acridine orange and ethidium bromide mixture solution (100 μg/mL each) for 5 min at 

37 °C followed by PBS washing. Imaging was done by fluorescence microscope 

(Olympus IX83, Olympus, Tokyo, Japan) at 20× objective magnification. The cell stage 

(apoptotic/necrotic) was analysed manually by observing the colour characteristics 

[64]. A total of 1000 cells were counted to determine the percentage of live, apoptotic 

and necrotic cells.  

4.6.8. Hoechst/Propidium iodide dual staining   

In addition to the EB/AO dual staining, Hoechst/Propidium iodide staining is an 

established method to visualize the live apoptotic and necrotic cells [65, 66]. Briefly, 

the cells were seeded in 12 well plates and incubated overnight, followed by E and VC 

plasmid transfection for 24, 36 and 48 hrs. After completion of the incubation period, 

cells were washed with PBS and 200μL of 10μg/mL Hoechst solution was added in 

each well and incubated for 20 min at 37°C followed by washing with PBS and the 

addition of 200μL of 50μg/mL PI for 15 min at 37°C. After completion of the 

incubation period cells were washed with PBS and visualized fluorescence microscope 

(Olympus IX83, Olympus, Tokyo, Japan) at 20X objective magnification. Then cells 

were marked as live, apoptotic and necrotic based on visual observation, as mentioned 

previously [65, 66]. A total of 1000 cells were counted to determine the percentage of 

live, apoptotic and necrotic cells.  

4.6.9. MDC assay 

Monodansylcadaverine (MDC, Sigma-Aldrich, St. Louis, MO, USA) probe 

accumulates in acidic compartments including autophagolysosomes [67]. We have used 

this day to investigate the change in the pH of lysosomes and other cellular 

compartments like ER. Briefly, A549 and HT-29 cells were seeded into a 24-well plate 

and incubated at 37 °C overnight followed by transfection. At the endpoint of the 

exposure, the cells were incubated for 30 min with MDC (0.05 mM) at 37 °C, followed 

by washing with PBS to remove the redundant dye. The cells were then visualized under 

a fluorescence microscope (Olympus IX83, Olympus Corporation, Japan) in the FITC 

channel.  



135 

 

4.6.10. Statistical analysis and graphical representation: 

All the in vitro experiments were performed in triplicates. Data were presented as 

means ± standard deviation (SD) of three data points. The statistical analyses were 

performed and the graphs were plotted using GraphPad Prism 8 software. The statistical 

significance was assessed by performing unpaired t-tests. The level of significance (α) 

was considered to be 5% at the 95% confidence interval. p-values of <0.05, <0.01 and 

<0.0001 were considered statistically significant and represented as *, **, and *** for 

higher expression and #, ## and ### for down-regulation respectively. 
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Chapter 5. Deregulation of peroxisome function by 

SARS-CoV-2 Envelope protein 

5.1. Graphical abstract  

 

 

 

5.2. Abstract  

SARS-CoV-2 Envelope is involved in virus entry, assembly and pathogenesis. SARS-

CoV-2 is also known to modulate the function of cell organelles to favour virus 

replication and the production of viable progeny. Peroxisomes and Mitochondria are 

crucial components of the antiviral defence and play a significant role in virus 

pathology. Peroxisomes are critical in the physiology of enveloped viruses due to their 

role in lipid metabolism. In this study, we tried to decipher a possible relation between 

the Envelope protein and peroxisome as both are crucial for virus assembly and 

production of viable progeny. We also focused on understanding the potential 

relationship between envelope protein and mitochondrial function. Our results suggest 

transfection of Envelope protein to A549 cells significantly increases the transcript 

level of peroxisome biogenesis genes like Pex-11α, Pex-11β, Pex-13, Pex-14 and Pex-

19 (p<0.05). It also alters the antioxidant system marked by a significant decrease in 

the catalase transcript and protein level. Further study revealed that envelope protein 

transfection increases the total lipid and lipid peroxidation in the E-expressing cells. 
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Our results also demonstrated the involvement of oxidative stress and increased 

inflammation in the E-transfected cells. Further study on the mitochondrial function 

suggests that envelope protein doesn't interfere with the mitochondrial function. Our 

study demonstrated the association of Envelope protein with peroxisome and 

mitochondria and revealed that the mitochondrial function was altered while the 

mitochondrial function remained unaffected in the E-expressing cells.  

5.3. Introduction  

The SARS-CoV-2 Envelope protein is one of the smallest proteins encoded by the 

virus. Yet, it plays a crucial role in the viral entry, assembly and pathogenesis [1, 2]. 

Envelope protein forms a pentameric functional ion channel (viroporin) that alters 

cellular homeostasis by altering cellular pH and making the environment favourable for 

virus replication and assembly. Envelope protein (E protein) is also involved in the 

modulation of immune response by inducing NLRP3 inflammasome and altering cell 

polarity by interacting with cell polarity proteins like PALS1 and ZO1 through its PDZ 

binding motif (PBM) [3]. Viroporin facilitates the release of infectious viruses and the 

entry of the virus into cells [4]. Our recent study involving E protein suggests its role 

in the modulation of gastrointestinal-lung axis and induction of necroptotic cell death 

through Receptor Interacting Protein Kinase 1 (RIPK1) [5]. Studies have suggested that 

inhibition of viroporin reduces the viral infectivity and pathogenicity. Recent evidence 

also underlines the antiviral effect exerted by inhibition of the Envelope protein ion 

channel [6–9].  

Like other viruses, SARS-CoV-2 also modulates the function of subcellular 

compartments to facilitate its life cycle [10]. Peroxisomes and mitochondria are 

important organelles for host defence and viral pathogenesis. A recent study has shown 

the spatial proximity between peroxisomes and viral replication, suggesting this 

organelle's possible role in the virus life cycle [10]. Peroxisomes can potentially help 

the virus in infection progression by preventing the oxidative damage of the viral RNA 

and may also provide lipids for viral capsids. Notably, both peroxisome and 

mitochondria initiate the host immune cascade through the mitochondrial antiviral 

signalling adaptor (MAVS). Viruses like HIV-1, HCV, West Nile and Dengue viruses 

disturb the intricate balance between peroxisome and mitochondria and attenuate the 
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antiviral responses [11]. One crucial mechanism in disturbing this balance is the viral 

interference with peroxisome function and biogenesis.     

Studies on COVID-19 patients have shown the alteration of peroxisomal factors in 

these patients [12]. This study also found the downregulation of catalase, an important 

reactive oxygen species (ROS) scavenging enzyme associated with peroxisome [12]. 

Another study on the COVID-19 patient suggests Lipid peroxidation as a hallmark of 

severity in COVID-19 patients [13]. Interestingly, ferroptosis a programmed cell death 

orchestrated by peroxidation of lipids, is highly prevalent in severe COVID-19 patients 

[14].  

Both envelope protein and peroxisome play critical roles in the virus life cycle, 

specifically in the assembly and formation of viable viral progeny. In the current study, 

we evaluated the possible association of envelope protein in the modulation of 

peroxisomal function. Further, we have also focused on the potential alteration of the 

mitochondrial function as peroxisome and mitochondria are closely related and 

multiple studies have shown the alteration of both the organelles in SARS-CoV-2 

infection [12, 15, 16]. Our results indicate that SARS-CoV-2 envelope protein increases 

the level of peroxisomal biogenesis factors like pex-14, 19 and 13 and increases 

intracellular ROS and lipid peroxidation. However, it doesn't show any prominent 

effect on the mitochondrial function.  

5.4. Results 

5.4.1. SARS-CoV-2 E protein increases the rescript level of peroxisomal 

biogenesis genes.   

Previous studies have shown a decrease in the number of peroxisome and suppression 

of peroxisome biogenesis gene transcript level in COVID-19 patients and SARSA-

CoV-2 infected cells [10, 12]. To understand the effect of the Envelope protein on 

peroxisome, we determined the transcript level of peroxisome-associated genes (Figure 

5-1) through qRT-PCR in the E and vector control (VC) transfected lung epithelial cells 

(A549 cells). We have evaluated the genes associated with peroxisome biogenesis, 

Peroxisome proliferator-activated receptors, antioxidants, lipid transporter, β-oxidation 

and Lipid and cholesterol synthesizing enzymes. The result suggests a significant 

upregulation of peroxisome biogenesis genes Pex-11α, Pex-11β, Pex-13, Pex-14 and 

Pex-19 (p<0.05) in the E transfected cells compared to VC. The level of peroxisome 
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proliferator-activated receptor ɣ (PPARɣ) was also significantly upregulated 

(p<0.0001). Yet the antioxidant enzyme catalase's transcript level was significantly 

reduced in the E-transfected cells (p<0.01) (Figure 5-1). 

  

Figure 5-1: SARS-CoV-2 E protein dysregulates the peroxisome associated genes. 
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Relative transcript level of SARS-CoV-2 Envelope protein (a), genes associated with 

peroxisome biogenesis and Peroxisome proliferator-activated receptors (b) and 

antioxidant, lipid transporter and β-oxidation associate genes, and Lipid and cholesterol 

synthesizing enzymes (c) in pcDNA3.1 SARS-CoV-2 E transfected A549 cells 

compared to Vector cont.  (pcDNA3.1 Myc-tag) transfected cells.  The cells were 

transfected with pcDNA3.1 SARS-CoV-2 E and pcDNA3.1 Myc-tag plasmids 48 hrs. 

followed by qRT PCR using gene specific primers.  The experiment was performed in 

triplicates, and the results are shown as the mean ± SD of three data points.  Unpaired 

T-tests were applied to determine the statistical significance.  p<0.05 was considered 

significant in all the cases.  p-values of <0.05, <0.01 and <0.0001 were represented with 

*, ** and *** respectively for significant upregulation and #, ##, and ### for significant 

downregulation. 

5.4.2. SARS-CoV-2 E induces inflammation in the lung epithelia cells  

The peroxisome plays an important role in the antiviral response and mediates the 

inflammation of NRF3, MAVS and other pathways. To determine the Envelope 

protein's effect in peroxisome-mediated inflammation, we evaluated the NFκB and 

TNFα levels in the E and VC-transfected A549 cells through western blot. We found 

the level of both inflammatory markers to be significantly elevated in the E-transfected 

A549 cells (p<0.05) (Fig 2). We have also determined the level of Pex-13 and catalase 

in these cells. Pex-13 was significantly upregulated in the E transfected cells as 

suggested by the western blot and immune fluorescence study (p<0.0001) (Figure 5-2). 

The catalase level was significantly low in the E-transfected cells (p<0.01) (Figure 

5-2).  
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Figure 5-2: SARS-Cov-2 Envelope protein induces inflammation in the 

transfected lung cells. 

Immunoblot and immunocytochemistry of VC and E transfected lung (A549) cells were 

performed post 48 hrs transfection.  (a i) Representative immuno blot images of Nf-κB, 

Catalase, Pex-13, TNFα and GAPDH in VC and E transfected A549 cells 48 hrs. post 

transfection.  Graphical representation of relative NFκB, Catalase, Pex-13 and TNFα 

expression in A549 cells (a ii).  For immunocytochemistry the nucleus was stained by 

DAPI and SARS-CoV-2 E and Pex-13 was tagged by specific primary antibody 

followed by Alexa Fluor 488 and Alexa Fluor 555 secondary antibody respectively. 
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The fluorescence intensity was quantified by using Image J software.  (b i) 

Representative immunofluorescence image of SARS-CoV-2 E and Pex-13 in VC and 

E transfected A549 cells post 48 hrs. transfection.  (b ii) Expression pattern of Pex13 

and SARS-CoV-2 E in lung cells.  The experiment has been performed in triplicates, 

and the results are shown as the mean ± SD.  Unpaired T-tests were applied to determine 

the statistical significance.  p<0.05 was considered significant in all the cases.  p-values 

of <0.05, <0.01 and <0.0001 were represented with *, ** and *** respectively for 

significant up regulation and #, ## and ### for significant down regulation.  

5.4.3. SARS-CopV-2 Envelope protein induces lipid peroxidation   

The primary function of peroxisomes is lipid metabolism and ROS scavenging. 

Enveloped viruses require lipids for their viral capsid and modulate the host system to 

protect its genetic material from oxidative damage. We have determined a decrease in 

the catalase level through western blot. To further evaluate the effect of Envelope 

protein on lipid metabolism and oxidative damage in the E transfected cells, we 

measured the total lipid, lipid peroxide and total cellular ROS in the E and VC 

transfected cells through Nile red staining, LPX assay and DCFDA staining 

respectively (Figure 5-3 and Figure 5-4). Our results suggest there was a significant 

increase in the total lipid in the E-transfected cells (p<0.0001). We have also determined 

an elevated level of lipid peroxide in these cells (p<0.05) (Figure 5-3). Further, the total 

cellular ROS study revealed that the ROS level was higher in the E-transfected cells 

compared to VC transfected. Importantly, the level of ROS was significantly higher 

post 24 hrs of transfection in the E-transfected cells (p<0.0001). The Ros level increases 

with time till 24 hrs and becomes similar to the VC at 48 hrs post-transfection (Figure 

5-4). 
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Figure 5-3: SARS-CoV-2 E increases total lipid and lipid peroxidation in the lung 

cells. 

Total lipid in the cells were estimated by Nile red staining post 48 hrs transfection.  The 

cells were stained with Nile red and DAPI and imaging was done by a confocal laser 

scanning microscope with 60x objective lens with 2X zoom.  The fluorescence intensity 

denoting the level of lipid was measured by Image J software.  (a i) Representative 

image of VC and E transfected A549 cells stained with Nile red and DAPI.  (a ii) 

Representative graph of relative Nile red fluorescence intensity.  Lipid peroxidation in 

the E transfected and VC transfected A549 cells was measured determining the level of 

malondialdehyde (MDA), with thiobarbituric acid (TBA)2 adducts (TBRS).  (b) 

Graphical representation of relative lipid peroxide level in E transfected and VC 

transfected A549 cells.  The experiment has been performed in triplicates, and the 

results are shown as the mean ± SD.  Unpaired T-tests were applied to determine the 

statistical significance.  p<0.05 was considered significant in all the cases.  p-values of 

<0.05, <0.01 and <0.0001 were represented with *, ** and *** respectively. 
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Figure 5-4: Increase of ROS in SARS-CoV-2 E transfected lung cells. 

The total cellular ROS in the VC and E transfected A549 cells were measured by 

recording the fluorescence intensity of these cells stained with DCFDA dye and imaged 

under a fluorescence microscope.  (a i) Representative image of VC and E transfected 

A549 cells stained with DCFDA at 6, 12, 24 and 48 hrs. post transfection.  The 

fluorescence intensity denoting total cellular ROS was quantified through the ImageJ 

software and represented it in fold change in graphical form (aii).  The experiment has 

been performed in triplicates, and the results are shown as the mean ± SD.  Unpaired 

T-tests were applied to determine the statistical significance.  p<0.05 was considered 
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significant in all the cases.  p-values of <0.05, <0.01 and <0.0001 were represented with 

*, ** and *** respectively. 

5.4.4. Mitochondrial function remains unaffected in the SARS-CoV-2 E 

transfected cells 

The function of peroxisome and mitochondria was closely associated, multiple factors 

like MAVS and fusion and fission genes are common to both peroxisome and 

mitochondria. Hence to understand the possible effect of Envelope protein on 

mitochondrial function, we evaluated the transcript level of genes associated with 

mitochondrial fission, fusion, electron transport chain and MAVS. Further, we have 

also assessed mitochondrial mass and membrane potential by Mito-Green and Red 

assay (Figure 5-5). Surprisingly, there was no significant alteration in the transcript 

level of mitochondrial associated genes (Fig 5). The level of Mito-Green denoting 

mitochondrial mass and Mito-Red suggests the status of mitochondrial membrane 

potential remains unchanged in the E-transfected cells compared to the VC transfected 

cells (Figure 5-5).  
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Figure 5-5: SARS-CoV-2 Envelope protein does not interfere with mitochondrial 

function. 

For determining the effect of SARS-CoV-2 E on mitochondrial function, transcript 

level of genes associated with Electron transport chain, mitochondrial fusion and fission 

were determined.  (a) Heatmap representing the transcript expression in fold change of 

mitochondria associated genes in Vector cont. and E transfected A549 cells.  Mito 
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tracker-red and green assay was performed for estimating change in mitochondrial mass 

and membrane potential.  The cells were stained with mito-red and green dye and 

nucleus was stained with DAPI post 48 hrs. transfection and the imaging was done 

using fluorescence microscope with 20X objective magnification.  The intensity was 

measured using Image J software.  (b i) representative image of the VC and E 

transfected A549 cells stained with mito red, green and DAPI.  (b ii) Graphical 

representation of the relative fluorescent intensity of Mito-green, denoting 

mitochondrial mass and mito-red denoting mitochondrial membrane potential.  The 

experiment has been performed in triplicates, and the results are shown as the mean ± 

SD.  Unpaired T-tests were applied to determine the statistical significance.  The scale 

bar in the image is 50μM.  

5.5. Discussion  

SARS-CoV-2 infection alters the function of multiple cellular organelles making the 

host cell favorable for viral replication and propagation. Envelope protein, an important 

component of SARS-CoV-2 machinery plays a crucial role in virus assembly and 

pathogenesis. It alters the function of cell organelles like lysosome and ERGIC that 

help in virus assembly and propagation of viable progeny. The peroxisome is one of 

the important cell organelles involved in virus assembly due to its central role in lipid 

metabolism. Together, peroxisome and mitochondria play a significant role in the host's 

antiviral defence. The association of peroxisome with COVID-19 and other SARS-

CoV-2 proteins like ORF 14 is well established [17]. Envelope protein has the potential 

to alter the peroxisomal function yet to be understood in detail. In the current study, we 

evaluated the effect of SARS-CoV-2 Envelope protein on peroxisome function and 

mitochondria. Previous study by Konblach et al. have shown that SARS-CoV-2 

infection compromises the peroxisomal structure [17]. Another study by Cortese et al. 

have shown the reorganization of peroxisome close to the viral replication complex 

suggesting the role of peroxisome in viral physiology [10]. We have also found the 

upregulation of peroxisomal biogenesis factor's Pex-11α, β, Pex-13, 14 and 19 

transcripts in the SARS-CoV-2 Envelope transfected cells. 

Contrary to our findings, studies have suggested a decrease in the number of 

peroxisomes and the downregulation of peroxisome biogenesis genes in SARS-CoV-

2-infected cells [12]. In case of other RNA viruses like West Nile (WNV), Dengue 

(DENV) virus and HIV-1 peroxisome or peroxisome biogenesis factors was 

downregulated [18]. In our case, the upregulation of biogenesis factors may be 

attributed to the specific role of envelope protein in virus assembly or the unavailability 

of the whole virus machinery that interacts with and down-regulates these factors. 
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Interestingly, in the case of enveloped DNA viruses like HCMV and EBV, the 

peroxisome biogenesis factors are upregulated [10, 19]. We have found significant 

upregulation of Pex-13 at both mRNA and protein levels. Previous studies have 

suggested its role in virophagy in another RNA virus [20]. Our previous study showed 

that SARS-CoV-2 E can induce necroptotic cell death in E-expressing cells [5]. The 

overexpression of Pex-13 might help the cell enter autophagic pathways that help 

reduce the inflammatory response. Similar to our previous study with E protein, we 

have recorded an increase in inflammatory markers like NFκB and TNFα in the A549 

cells.  

Our investigation of lipid metabolic status in the E and VC transfected cells revealed 

that the total lipid increased in the E transfected cells. Studies have suggested that lipid 

is an important component of virus replication and peroxisomes play a significant role 

in its metabolism during viral infection [10, 21, 22]. SARS-CoV-2 infection and 

expression of E viroporin are known to induce oxidative stress in the cell [23–25]. We 

have also found increased ROS till 24 hrs time point and a reduction in the catalase 

level. While post 48 hrs transfection, the level of ROS was comparable to that of the 

VC transfected cells. This discrepancy might be because other ROS scavenging 

enzymes like Superoxide dismutase 1(SOD1) and Thiolase remain unaffected and 

scavenge the ROS in the absence of catalase. Studies involving hamsters has shown 

that catalase expression diminished post SARS-CoV-2 expression. One of the features 

of oxidate stress is lipid peroxidation. Studies have already demonstrated the 

importance of this phenomenon in SARS-CoV-2 infection [13, 14]. We have also found 

increased lipid peroxides in the E-transfected cells compared to the VC.  

The importance of mitochondria in SARS-CoV-2 pathology is multidimensional, and 

its association with peroxisomes is well-described [16, 26, 27]. Interestingly, the 

SARS-CoV-2 Envelope protein doesn't affect the expression of mitochondrial-

associated genes or the mitochondrial membrane potential and mass.   

In conclusion, our findings suggest the involvement of SARS-CoV-2 E in upregulating 

the peroxisomal biogenesis factors and altering the cell's reactive oxygen species 

scavenging system. It increases the total lipid and lipid peroxidation in the E-expressing 

lung cells. Interestingly, envelope protein expression doesn't interfere with the function 

of the mitochondria (Figure 5-6).  
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Figure 5-6: Envelope protein in modulation of peroxisomal and mitochondrial 

function.  

A549 cells were transfected by pcDNA3.1 SARS-CoV-2 E plasmid and its effect on 

peroxisomal and mitochondrial function was analyzed. We have also determined the 

level of inflammation in the transfected cells through western blot of NFκB and TNFα. 

The findings of the study suggest that peroxisomal biogenesis factors were getting 

upregulated in the E expressing cells. Alteration of the reactive oxygen scavenging 

system increases the cellular ROS and lipid peroxidation while the level of catalase 

decreases. Both peroxisome and mitochondria remain in a steady state of interaction, 

and our results for mitochondrial function determination suggest that its function 

remains unaffected in the E expressing cells.         
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5.6. Materials and methods  

5.6.1. Cell culture 

Lung (A549) epithelial cells were obtained from the National Center for Cell Science 

(NCCS) Pune, India. The cells were cultured in Dulbecco's modified Eagle's medium 

(DMEM; Himedia, Mumbai, India) containing 10% fetal bovine serum (FBS; South 

America origin, Gibco, New York, USA) with 100 U/mL penicillin/streptomycin 

(Himedia, Mumbai, India). The cells were incubated in 5% CO2 and humidified air at 

37°C (Forma, Steri-cycle i160, Thermo Scientific, Waltham, USA). 

5.6.2. Transfection and treatment: 

SARS-CoV-2 E gene containing plasmid (pcDNA3.1 SARS-CoV-2 E, item no 158080) 

was purchased from Addgene (Addgene, Watertown, USA). pcDNA3.1 Myc-tag 

plasmid was used as vector control (VC) in all the experiments. Plasmid isolation and 

transfection were done as per the standard protocol in our previous study [28]. The 

plasmid is diluted to 500 ng/μL working concentration. Transfection was done by using 

Lipofectamine 3000 reagent (Invitrogen, Waltham, USA).  

5.6.3. RNA isolation and quantitative real-time polymerase chain reaction (qRT-

PCR): 

A quantitative real-time polymerase chain reaction (qRT-PCR) was performed to 

analyze the transcriptomic profiles of various genes in A549 cells. pcDNA3.1 SARS-

CoV-2 E, and pcDNA3.1 Myc-tag was transfected to A549 cells for 48 hrs. Post 48 hrs 

cell pellets were collected and further processed for RNA isolation. RNA was isolated 

using TRI reagent (Sigma, life sciences, Sigma-Aldrich, St. Louis, USA), and cDNA 

was synthesized using a reverse transcription kit (PrimeScriptTM RT Master Mix; 

Takara, Shiga, Japan) as mentioned previously [28]. cDNA was subjected to qRT-PCR 

using SYBR green real-time master mix (Applied Biosystems, Waltham, USA) on 

Agilent AriaMX qRT-PCR system (Agilent Technologies, Santa Clara, USA), 

programmed at 10 min at 95°C followed by (15 s at 95°C, 20 s at 58°C, 20 s at 72°C) 

× 40 cycles. The relative expression of SARS-CoV-2 E, peroxisome and mitochondrial 

associated genes were analyzed using specific primers. Melting curve analysis was 

performed to confirm the specificity of PCR amplicons. All reactions were performed 

in triplicate and repeated at least three times. Human glyceraldehyde 3-phosphate 
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dehydrogenase (GAPDH) was used as the reference gene. Reverse transcriptase control 

(–RT) was used in all the experiments to monitor genomic DNA contamination. 

5.6.4. Western Blot: 

The western blot was performed as mentioned in the previous study [29]. Briefly, the 

cells were harvested after transfection, followed by treatment with DS, OA and RM, 

washed with PBS, and lysed in radioimmunoprecipitation assay (RIPA) buffer (VWR, 

Radnor, USA) containing protease and phosphatase inhibitors. Equal quantities of 

protein from each group were separated using SDS-PAGE and transferred onto 0.45 

μm Nitrocellulose membranes (Bio-Rad, Hercules, USA). Membranes were blocked 

with 4.5% BSA and incubated with primary antibody for 12 hrs at 4°C. Following 

incubation and washing, the membrane was treated with 1:3000 dilution of horseradish 

peroxidase-conjugated anti-rabbit antibodies for one hour. The chemiluminescent 

detection was based on the Pierce ECL Western blotting substrate (Bio-Rad, Hercules, 

USA). Blots were observed under the gel doc system (Biorad ChemiDoc™ XRS+ 

System with Image Lab™ Software, Bio-Rad, Hercules, USA). Image analysis and 

quantification were performed using Image J software (National Institutes of Health, 

USA). Primary antibodies against NF-κB p65 (#8242, 1:1000), RIPK1 (#3493, 1:1000) 

and TNFɑ (#8184, 1:1000) were purchased from Cell Signalling Technology, Danvers, 

USA. GAPDH (# MA5-15738, 1:2000) was from Invitrogen, Waltham, USA. Antibody 

for SARS-CoV-2 E (NBP3-07060, 1:1000) was purchased from Novus Biologicals, 

Centennial, USA, respectively. Antibody of Pex-13 was procured from Santacruz, 

Dallas, USA (sc-271477, 1:1000) and Catalase from Cell Signalling Technology 

(#12980, 1:1000).  

5.6.5. Immunofluorescence Assay: 

An immunofluorescence assay was performed as described earlier [30]. The A549 cells 

were seeded onto coverslips and Transfected with E and VC plasmids for 48 hrs, 

followed by fixation in 4% paraformaldehyde for 30 min. The cells were permeabilized 

using freshly prepared 0.2% Triton X100 for 30 min. Blocking was performed using 

1% BSA (Sigma, St. Louis, USA) followed by incubation with primary antibodies (NF-

κB 1:200 and SARS-CoV-2 E 1:100) for two hrs at room temperature. The cells were 

then washed and incubated with a secondary antibody (1:1000 dilution) conjugated 

with different fluorophores. The cell nuclei were counterstained with 4′, 6′-diamidino-
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2-phenylindole (DAPI). The coverslips were transferred onto a small drop of antifade 

mounting medium and observed under a confocal microscope (FluoView 1000, 

Olympus, Tokyo, Japan). Image analysis and quantification measurements were 

performed using Image J software (National Institutes of Health, USA). The 

fluorescence intensity was calculated and plotted in comparison to the VC. 

5.6.6. Nile Red staining  

The E and VC transfected cells were PFA fixed after 48 hrs, were stained using 0.1% 

Nile red and DAPI for 5min. Post staining, the cells were washed thrice with PBS and 

covered with a coverslip after putting mounting media. The slides were observed under 

a confocal microscope (FluoView 1000, Olympus, Tokyo, Japan). Image analysis and 

quantification measurements were performed using Image J software (National 

Institutes of Health, USA). The fluorescence intensity was calculated and plotted in 

comparison to the VC.  

5.6.7. Assay for lipid peroxidation  

The lipid peroxidation was measured by estimating the level of lipid peroxides through 

standard protocol by Ohkawa et al. [31]. Briefly, 0.5 mL of sample was added to 0.5 

mL of thiobarbituric-trichloroaceticacid (TBA-TCA) reagent and heated at 90 °C for 

30 min. Then, it was immediately cooled in an ice bath and centrifuged at 90×g for 8 

min. Absorbances were measured in a microplate reader at 530 nm.  

5.6.8. DCFDA assay  

A549 cells were seeded in a 24 well plate and transfected with E and VC for different 

time points (6, 12, 24 and 48 hrs). After completion of the incubation period, cellular 

ROS production was measured using DCFDA dye. Briefly, the live cells were stained 

with 10 μg/mL of the dye in PBS and incubated for 20–25 min followed by a wash with 

PBS, and visualization was done under Olympus IX83 fluorescent microscope aided 

with cell Sens imaging software at 10× objective magnification. The amount of 

intracellular ROS was proportional to DCF fluorescence intensity and was quantified 

using ImageJ software. Relative changes in DCF fluorescence were expressed as fold 

increases over the control cells. 
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5.6.9. Mito Red-Green assay  

For Mito Red-Green assay cells were seeded in 24 well plates and tarsnfected with E 

and VC for 48 hrs. Mito tracker red was used to access the active mitochondria and its 

accumulation is dependent on mitochondrial membrane potential. Meanwhile, Mito 

tracker green binds to mitochondrial proteins regardless of their membrane potential 

and represents the mitochondrial mass. After completion of the infection or treatment 

period cells were treated with (200 nM) of Mito tracker red in 500 μL of plain DMEM 

incubated for 40 min at 37 °C. After incubation cells were washed with PBS followed 

by treatment of (100 nM) Mito tracker green in 500 μL of serum-free media for 40 min. 

After completion of the incubation period cells were washed with PBS and images were 

taken under Olympus IX83 fluorescent microscope aided with cellSens imaging 

software at 20× objective magnification. Image analysis and quantification 

measurements were performed using Image J software (National Institutes of Health, 

USA). The fluorescence intensity was calculated and plotted in comparison to the VC. 

5.6.10. Statistical analysis and graphical representation 

All the in vitro experiments were performed in triplicates. Data were presented as 

means ± standard deviation (SD) of three data points. The statistical analyses were 

performed and the graphs were plotted using GraphPad Prism 8 software. The statistical 

significance was assessed by performing unpaired t-tests. The level of significance (α) 

was considered to be 5% at the 95% confidence interval. p-values of <0.05, <0.01 and 

<0.0001 were considered statistically significant and represented as *, **, and *** for 

higher expression and #, ## and ### for down-regulation respectively. 
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Chapter 6. Diosgenin and Oleanolic acid efficiently 

block the SARS-CoV-2 Envelope protein viroporin 

and attenuate its mediated pathogenesis. 

6.1. Graphical abstract  

 

 

6.2. Abstract  

Envelope protein of the SARS-CoV-2 forms a cation-selective ion channel on the host 

cell. This disturbs ionic homeostasis and induces inflammation and cell death. We have 
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evaluated the ion channel inhibition potential of the 539 phytocompounds with known 

antiviral or anti-inflammatory activity in silico. This also includes five compounds 

present in different ingredients of the Ayurvedic decoction Kadha. After Docking and 

Molecular dynamic simulation analysis, Diosgenin and Oleanolic acid found to have 

the highest binding energy (ΔG: -26.30 and -21.58) and stability. Further, in vitro 

analysis of these compounds suggested that Diosgenin and Oleanolic acid abate the 

alkalization of the ERGIC, comparable to that of known viroporin inhibitor 

Rimantadine. Treatment of Diosgenin and Oleanolic acid reduces the transcript level of 

inflammatory markers IL6, TNF𝛼, CCL5, CCL3, CXCL1, CXCL10 and TLR9 in the 

Envelope protein transfected A549 cells. These molecules also subside the level of 

RIPK1, NF𝜅B and TNF𝛼 that is upregulated in the E transfected cells. Further cell 

death analysis elucidates the cytoprotective effect of Diosgenin and Oleanolic acid 

comparable to Rimantadine. In conclusion, our findings underscore the potential of 

Diosgenin and Oleanolic acid to block viroporin, which could be further implicated in 

the anti-SARS-CoV-2 study. 

Keywords: SARS-CoV-2, Viroporin, Inflammation, Cell death and Phyto molecules. 

6.3. Introduction  

SARS-CoV-2 has become one of the most widely studied pathogens globally attributed 

to the associated COVID-19 pandemic. This Beta coronavirus encodes a number of 

structural, non-structural and associated proteins that contribute to the viral 

pathogenesis [1, 2]. Viruses also encode functional ion channels known as viroporins 

to modulate the host ionic homeostasis. Studies have suggested SARS-CoV-2 factors 

like Envelope protein, Orf3a, Orf8, and Orf10 have ion channel activity. Yet, only 

envelope protein is considered a fully functional ion channel as it fulfils most of the 

criteria of an ion channel [3]. Ion channels are important for both host and pathogen; 

their importance is evident from the fact that 19% of the FDA-approved drugs target 

ion channels [4]. Viroporin inhibitors were also shown to contain SARS-CoV-2 

infection and its mediated pathogenesis [5].  

SARS-CoV-2 Envelope is a 75 amino acid protein that forms a pentameric cation 

selective viroporin. Besides its function as viroporin, it modulates the host by 

potentially binding to more than 400 host PDZ domain-containing proteins through its 

C-terminal PDZ binding motif (PBM). A recent report by Miura et al. has shown that 
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mutation in the PBM interferes with the release of mature virion [6]. Though not so 

well described, Envelope protein is known to have pathogenic potential and can induce 

ARDS in vitro and in vivo [7]. It also induces robust inflammation by interacting with 

TLR2 and CD-36 [8, 9]. Our recent study showed that E protein can induce 

inflammation and cell death in lung and colon cells through RIPK1 [10]. We have also 

demonstrated the effect of this protein in the induction of inflammation in the 

gastrointestinal-lung axis. Envelope protein alters the cellular pH; specifically, it 

alkalinizes the ERGIC that may help in virus assembly and egress [11, 12]. Notably, 

multiple studies have suggested the antiviral effect exerted by inhibition of the 

Envelope protein ion channel [7, 13–15].  Xia et al. have shown that inhibiting this 

viroporin can abate the E protein-mediated inflammation and cell death [7].  

In recent times, plant-derived active compounds have been shown to have promising 

antiviral and anti-inflammatory effects [16–18]. During the COVID-19 pandemic, a 

large number of phytocompounds were being screened against SARS-CoV-2 proteins 

in silico and their invitro and in vivo potential has also been studied [19]. Indian 

traditional medicine decoction (Kadha) has long been used against respiratory diseases. 

During the COVID-19 pandemic, it has been used as a preventive and studies have 

shown the anti-SARS-CoV-2 potential of this solution [20, 21].  

In the current study, we have screened phytocompounds that are reported to have 

antiviral or anti-inflammatory properties for their potential SARS-CoV-2 Envelope 

viroporin inhibition property by molecular docking followed by molecular dynamic 

simulation analysis to have a better idea regarding their binding efficiency. We have 

also screened some of the selected phytocompounds found in Kadha. Oleanolic acid 

and Diosgenin have shown the highest binding energy after simulation analysis among 

all the complexes and were chosen for invitro study along with known viroporin 

inhibitor Rimantadine. 

Invitro analysis of these compounds shows both Oleanolic acid and Diosgenin have 

viroporin-blocking potential comparable to Rimantadine. Both reduced the SARS-

CoV-2 E-mediated inflammation and cell death in the E-transfected lung (A549) cells. 

6.4. Results  

6.4.1. Molecular docking and shortlisting of potent ligands 



169 

 

The site-specific docking was performed in the region that lines the pore of the 

viroporin. Out of 539 compounds, 10 ligands showed higher binding energy (∆G bind) 

in the provided pocket compared to positive control Rimantadine. Autodoc4.2 server 

has shown a docking score between −6.9 kcal/mol and −12.2 kcal/mol for all top 

compounds (Figure 6-1) Among all compounds, Diosgenin, Deltalactone, and 

Withaferin A displayed the highest binding affinity (−12.2, -11.1, -10.2 kcal/mol), 

respectively, whereas the positive control showed the lesser binding energy (-6.9 

kcal/mol) than our tested compounds. These compounds interacted with the protein 

through van der Waal, π–alkyl, and π–σ interactions (Figure 6-1). Six drug-target 

complexes and the Rimantadine-E complex were further analyzed to understand the 

inhibition potential against E protein viroporin through MD simulation for 200 

nanoseconds. 
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Figure 6-1: Selected phytocompounds show higher affinity than Rimantadine.  (a) 

The binding energy (ΔG Kcal/mol) of the top 10 screened compounds and positive 

control Riamantadine against the SARS-CoV-2 Envelope protein pentameric ion 

channel (viroporin) performed in Autodoc tool 4.2 and Samson. All the top compounds 

have higher binding energy compared to Rimantadine which has a binding of -6.7 and 

-6.9 Kcal/mol in the case of  Autodoc 4.2 and Samson, respectively. 2D interaction map 
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of docked protein ligand complex (b) Riamnatadine, (c) Diosgenin, (d) Deltalactone, 

(e) Withaferin A, (f) Oleanolic acid, (g) Vibsanol B, (h) 6-Gingerol. 

6.4.2. Dynamic analysis of protein and ligands  

We have analyzed both the protein and ligand components of the complexes using the 

cpptraj module of amber. In each system, the protein adopts more than one secondary 

structure besides having a primary conformation (Figure 6-2). It may be because the 

protein is not a single structure but a channel made up of five independent helical 

subunits, each having its own dynamic pattern. However, it should also be noted that 

only gingerol bound protein complex shows a single primary conformation indicating 

a synchronized dynamic pattern in this case (Figure 6-2). Along with the protein 

dynamics, we have also computed the dynamics of each individual ligand (Figure 6-2). 

It can be seen that except for gingerol (Figure 6-2) and Rimantadine (Figure 6-2), all 

other ligands exhibit a single conformation, indicating stability attainment and a 

reflection of efficient binding (Figure 6-2). 
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Figure 6-2: RMSD-based occupancy profile of the whole protein region of each 

complex system. (a) Deltalactone, diosgenin and gingerol, (b) Rimantadine and 

oleanolic acid, (c) Vibsanol B and Rimantadine. RMSD-based occupancy profile of 

each individual ligand in each complex system. (d) Deltalactone, Diosgenin and 

gingerol, (e) Rimantadine and oleanolic acid, (f) Vibsanol B and Rimantadine. (g) Free 

energy components (kcal/mol) for protein-ligand complexes, where ΔEvdw, van dar 

Waals energy; ΔEelec, electrostatic energy; ΔGpolar, polar solvation energy; ΔGnp, non-polar 

solvation energy; -TΔS, entropy and ΔGbind, net binding free energy. 
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6.4.3. Free energy profile of the complexes 

Nevertheless, to gain a more profound insight into the binding efficiency of these 

complexes, we calculated the free energy values for all complex systems using the 

MM/PBSA scheme. We observed that among all the seven complexes, Diosgenin and 

Oleanolic acid-bound complexes exhibited the highest binding free energy, measuring 

-26.30 kcal/mol and 21.58 kcal/mol, respectively (Figure 6-2 and Table 6-1). These 

values are higher than the binding energy of the complex with the known inhibitor 

rimantadine, which registered a binding energy of -10.73 kcal/mol (Table 6-1). It 

should also be noted that gingerol shows binding energy even less than Rimantadine of 

-5.41 kcal/mol (Table 6-1). Perhaps that’s why gingerol’s rmsd profile not only shows 

multiple minima but an extensive spread out of the conformations, unlike Rimantadine 

which shows two narrow conformations (Figure 6-2). Also, it can be seen from Table 

that the main contributor of binding energy comes from van der Walls forces with 

electrostatic interactions, which have shown a very minute role that gets suppressed by 

unfavourable polar forces (Table 6-1). The interaction profile of Diosgenin and 

Oleanolic acid-bound complexes shows that mostly amino acids like Ala, Leu, Val, and 

Thr are the primary interacting residues involved in hydrophobic contacts with the 

ligands (Figure 6-3).  
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Table 6-1: Free energy components value for each protein-ligand complex. 

Forces (kcal/mol) Deltalactone Diosgenin Gingerol Rimantadine Oleanolic acid Vibsanol B Withaferin A 

∆EvdW -59.60 -58.83 -40.87 -29.06 -57.33 -57.09 -59.01 

∆Eele -3.91 -1.30 -3.05 -0.53 -3.01 -6.58 -7.40 

∆Gpol 29.79 18.76 22.08 7.84 23.46 31.06 32.71 

∆Gnp -5.37 -4.94 -4.00 -2.67 -5.25 -5.50 -5.43 

-T∆S 20.69 20.01 20.43 14.03 20.56 23.71 19.55 

∆Gbind -18.41 -26.30 -5.41 -10.39 -21.58 -14.40 -19.58 
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Figure 6-3: Interaction pattern of A) Rimantadine, B) Diosgenin, and C) Oleanolic 

acid with amino acid residues of SARS-CoV-2 Envelope protein pentameric ion 

channel. 

6.4.4. Invitro analysis of selected compounds  

6.4.4.1. Cytotoxicity of Diosgenin, Oleanolic acid and Rimantadine  

From the docking and simulation results, it was evident that Diosgenin and Oleanolic 

acid have a higher potential to inhibit the SARS-CoV-2 Envelope viroporin. Prior to its 

viroporin inhibition activity assessment, we evaluated its cytotoxicity in the lung cells 

(A549) by MTT assay. Our findings suggest Oleionolic acid has IC50 of 60.3±3.20µM 

, Diosgenin 41.77± 4.06µM, and Rimantadine 21.81±3.51µM (Figure 6-4). Based on 
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the MTT data, we have chosen a sub-cytotoxic dose (~IC10) of 8µM, 5µM, and 3µM 

concentrations of Oleanolic acid, Diosgenin and Rimantadine for further study. 

 

Figure 6-4: Cytotoxicity of Oleanolic acid, Diosgenin and Rimantadine. The 

toxicity of Oleanolic acid, Diosgenin and Rimantadine on A549 (lung) cells was 

estimated by MTT assay. Inhibitory concentrations (IC50) of Oleanolic acid (a), 

Diosgenin (b) and Rimantadine (c) in A549 cells after 24 hrs of treatment. The 

experiment was performed in triplicates, and the results are shown as the mean ± SD of 

three data points. 
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6.4.4.2. Diosgenin and Oleanolic acid inhibit lysosomal alkalization 

After the finalization of the treatment dose, we assessed the effect of phytocompounds 

(Diosgenin and Oleanolic) and positive control Rimantadine on the expression of 

SARS-CoV-2 E in the pCDNA3.1 SARS-CoV-2 E and VC transfected and DS/OA/RM 

treated cells. Our transcript expression analysis suggests there was no significant 

decrease in the level of E transcript upon treatment with DS or RM (Figure 6-5). While 

treatment of oleanolic acid decreases the level of E transcript (p<0.05). Further study 

of Envelope protein level through western blot shows a significant decrease in the level 

of E in the RM-treated cells. Yet DS and OA did not interfere with the Envelope protein 

expression (Figure 6-5).  
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Figure 6-5: Diosgenin and Oleanolic acid inhibit lysosomal alkalization. To study 

the effect of Diosgenin, Oleanolic acid and Rimantadine on the expression and function 



179 

 

of the Envelope protein, we have performed qRT PCR, immunoblotting and 

Monodansylcadaverine (MDC) staining 24 hrs post-transfection (12 hrs transfection + 

12 hrs treatment DS, OA and RM) with vector control (pcDNA3.1 Myc-tag) and SARS-

CoV-2 E (pcDNA3.1 SARS-CoV-2 E) in A549 cells. (a) Relative transcript expression 

of SARS-CoV-2 E 24 hrs time point. (b i) Representative western blot image of 

Envelope protein. (b ii) Relative expression of SARS-CoV-2 E. (c i) Representative 

image of MDC staining. (c ii) Relative fluorescence intensity (fold change) of MDC in 

A549 cells. The experiment was performed in triplicates, and the results are shown as 

the mean ± SD of three data points. Unpaired T-tests were applied to determine the 

statistical significance. p<0.05 was considered significant in all the cases. p-values of 

<0.05, <0.01 and <0.0001 were represented with *, ** and *** respectively for 

significant upregulation and #, ##, and ### for significant downregulation. Scale bar 50 

μM.    

Previous studies by Wang et al. have shown that functional E protein ion channel 

alkalinizes the ERGIC and increases the lysosomal pH [11]. The envelope protein 

expression was stable even after the treatment of DS or OA. To find out the viroporin 

inhibition activity of these compounds, as observed In silico, we stained the cells with 

Monodansylcadaverine, a cationic probe that entraps in the acidic compartments. We 

recorded a significant increase in the MDC fluorescence intensity for E-transfected DS, 

OA and RM-treated cells (p<0.001) compared to the E-transfected untreated cells 

(Figure 6-5). Interestingly, the DS and OA restore normal homeostasis in lysosomes 

and ER and show similar potential to RM. The results suggest that blocking E viroporin 

by DS or OA is independent of E protein expression.   

6.4.4.3. Disogenin and Oleanolic acid mitigate the SARS-CoV-2 E-mediated 

inflammation and cell death  

Multiple studies and our previous report suggest that SARS-CoV-2 E can induce 

inflammation in the E-expressing cells [8–10]. Further, we have also shown that 

Envelope protein mediates its action through RIPK1.  To find out whether DS and OA 

abate the E protein-mediated inflammation.  We evaluated the transcript level of 

inflammatory markers in the VC or E transfected and DS/OA/RM treated cells. 

Furthermore, we have also determined the expression of RIPK1, NFκB and TNF𝛂 

protein through western blot.  

The result of the transcript expression analysis of the inflammatory markers suggests 

there was a significant (p<0.05) increase in the transcript expression of all the studied 

inflammatory markers in the E-transfected cells compared to VC (Figure 6-6 a). 

Importantly, the treatment of DS significantly reduces (p<0.05) the level of all the 
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inflammatory markers except IL1ꞵ (Figure 6-6 a). Similar reductions in the transcript 

level of inflammatory markers were obtained in the case of OA and RM, except for IL8 

for OA and TLR2 for RM (Figure 6-6 a).  Additionally, investigation of RIPK1, NFκB 

and TNF𝛂 protein expression through western blot in the E transfected cells shows a 

significant increase in the level of these proteins compared to VC transfected cells 

(p<0.01) (Figure 6-6 b i-v).  However, there was a significant reduction in the level of 

RIPK1 (p<0.001), NFκB (P<0.01), phospho NFκB (p<0.05) and TNF𝛂 (p<0.01) in the 

DS/OA/RM treated cells compared to E-transfected cells (Figure 6-6 b i-v).  

Our previous study showed that SARS-CoV-2 E induces necroptotic cell death through 

RIPK1 [10]. Other studies involving SARS-CoV-2 E have also shown that lung cells 

expressing E protein undergo cell death and can alone cause ARDS [7]. As the 

treatment of phytocompounds blocks the SARS-CoV-2 E ion channel and inhibits the 

expression of RIPK1, we have investigated the status of cell death by EB/AO dual 

staining in the DS/OA/RM treated cells. The result shows that there was a significant 

decrease (p<0.01) in the necroptotic cell death in the E-transfected and DS/OA/RM 

treated cells compared to the E-transfected cells (Figure 6-7). 
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Figure 6-6: Diosgenin and Oleanolic acid reduces inflammation induced by SARS-

CoV-2 Envelope protein. To find out whether inhibition of SARS-CoV-2 Envelope 

viroporin by Diosgenin, Oleanolic acid inhibits the inflammation induced by SARS-

CoV-2 E. We studied the level of inflammatory markers at both transcript and protein 

levels, post-transfection followed by treatment of DS, OA and RM, 24 hrs time point 

in A549 cells. (a) Representative western blot image of selected inflammatory markers. 

(b i) Relative expression of RIPK1, NF𝜅B, TNF⍺ and GAPH. Graphical representation 
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of relative expression of RIPK1 (b ii), NF𝜅B (b iii), phospho NF𝜅B (b vi) and TNF⍺ 

(b v). The experiment was performed in triplicates, and the results are shown as the 

mean ± SD of three data points. Unpaired T-tests were applied to determine the 

statistical significance. p<0.05 was considered significant in all the cases. p-values of 

<0.05, <0.01 and <0.0001 were represented with *, ** and *** respectively for 

significant upregulation and #, ##, and ### for significant downregulation. 

 

Figure 6-7:Inhibition of SARS-CoV-2 Envelope Viroporin decreases the cell death 

in A549 cells. SARS-CoV-2 E is known to induce necroptotic cell death in the 

Envelope protein expressing cells. To find the potential of selected phytocompound 

(Diosgenin and Oleanolic acid) in reducing cell death in A549 cells, we have performed 

Ethidium-bromide and acridine orange dual staining post 24 transfection by vector 

control (pcDNA3.1 Myc-tag) and SARS-CoV-2 E (pcDNA3.1 SARS-CoV-2 E) in 

A549 cells (12 hrs transfection + 12 hrs treatment DS, OA and RM). (a) Represenataive 

image of E tansfected and DS/OA/RM tretated EB/AO dual stained A549 cells. (b) 

Percentage of live, apoptotic and necrotic cells in VC and E transfected and 

phytocompound treated A549 cells. The experiment was performed in triplicate and 

total 1000 cells were counted in each set for determination of live, apoptotic and 

necrotic cells, the results are shown as the mean ± SD of three data sets. The scale bar 

showing 50μM length. 
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6.5. Discussion  

SARS-CoV-2 Envelope protein is a crucial component of the SARS-CoV-2 infection 

machinery. This small membrane-associated protein forms a functional ion channel on 

the infected cell that helps the virus assembly and egress by changing the ionic 

homeostasis of the cell [22]. Loss of function mutation in the Envelope protein ion 

channel causes a reduction in the viral pathogenicity in SARS-CoV [23]. Besides, 

multiple studies have shown the potential of envelope protein to induce cell death and 

inflammation independent of the other SARS-CoV-2 factors [7, 10, 13–15]. 

Importantly, the inhibition of E viroporin by known viroporin inhibitors has promising 

anti-inflammatory effects and reduces cell death [7]. Insilco studies have shown the' 

potential of phytocompounds in inhibiting the SARS-CoV-2 ion channel [13, 24].  

However, their potential in inhibiting the ion channel in vitro and in vivo has not been 

elucidated. In the current study, we have screened phytocompounds with potential anti-

inflammatory or antiviral activity for their SARS-CoV-2 E virioporin inhibition 

prospects.  

Molecular dynamics analysis was conducted to identify optimal ligands from a set of 

docked complexes. The results of the MD study revealed that, among the six ligands 

examined, five displayed notably stronger binding affinities compared to the reference 

ligand, Rimantadine. The primary driving force for ligand binding was found to be the 

van der Waals interaction. Within this group of six ligands, Diosgenin and oleanolic 

acid emerged as the top candidates, displaying the highest binding free energy. Both 

these compounds have anti-inflammatory and antiviral activity [25–29]. Diosgenin is 

known to inhibit the replication of the Hepatitis C Virus and also abate the 

inflammatory cascades like NF𝜅B, MAPK, and Akt [26, 30]. Similarly, Oleanolic acid 

interferes with the replication and pathogenesis of HSV-1, HIV, hepatitis C virus, and 

Influenza Virus [21, 27, 28, 31]. Furthermore, the dynamics of the protein molecules 

indicated that multiple conformations could exist due to their multiple independent 

chains, while in most cases, ligand dynamics displayed a single conformation.  

In our in-vitro study, we have found a reversal of the ERGIC alkalization in the E-

transfected cells treated with Diosgenin or oleanolic acid. Yet, these compounds do not 

interfere with the level of E transcript or protein. Besides the change in cellular 

homeostasis, Envelope protein can also induce inflammation and cell death in the 
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transfected cells [10]. Importantly, inhibition of the E viroporin by Amantadine, 

Rimantadine, and Tromantadine attenuates the inflammation and cell death [7, 32]. 

These viroporin inhibitors have also shown anti-SARS-CoV-2 potential and are used in 

clinics [33]. Our findings also suggest that treating Diosgenin/Oleanolic 

acid/Rimantadine to the E-transfected cells reduces the transcript expression of 

inflammatory markers.  

The findings from our earlier investigation indicate that the SARS-CoV-2 E protein 

elicits cell death and inflammation through the activation of RIPK1-NF𝜅B signalling 

axis [10]. Interestingly blocking E viroporin by Diosgenin and Oleanolic acid dampens 

the level of RIPK1 and NF𝜅B; it also reduces the level of TNF𝛼. Inhibition of RIPK1 

in SARS-CoV-2 infected lung organoids abates the transcript expression of 

inflammatory molecules significantly [34]. Amantadine's inhibition of the E ion 

channel has also been shown to reduce inflammation and cell death [7]. We have also 

found reduced necroptotic cell death induced by E-transfection upon Diosgenin and 

Oleanolic acid treatment.  

Conclusively, our study has shown the viroporin-blocking potential of two 

phytocompounds, Diosgenin and Oleanolic acid Insilco and in-vitro. The effect of these 

molecules is comparable to that of Rimantadine a well-established viroporin inhibitor. 

Diosgenin and Oleanolic acid attenuate the Envelope protein-mediated inflammation, 

cell death and ERGIC alkalization (Figure 6-8). The anti-SARS-CoV-2 activity of ion 

channel inhibitors was well established, the effect of Diosgenin and Oleanolic acid in 

this aspect can be studied further to elucidate the effectiveness of these 

phytocompounds. In vivo analysis of the anti-ARDS activity of the compounds can also 

be investigated. 
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Figure 6-8: Selected phytochemicals (Diosgenin and Oleanolic acid) inhibit the 

SARS-CoV-2 mediated pathogenesis. The Insilco screening followed by invitro 

validation suggest that both Diosgenin and Oleanolic acid can abate the ERGIC 

alkalization and E protein induced inflammation and cell death in the lung epithelial 

cells.  

6.6. Methodology 

6.6.1. Protein and ligand structure retrieval and preparation 

For molecular docking and MD-simulation studies of SARS-CoV-2 Envelope protein, 

solid-state NMR structure of SARS-CoV-2 Envelope Protein Transmembrane Domain: 

Pentameric Structure (PDB ID: 7K3G) was obtained from the RCSB-protein data bank 

[22]. Further, the 3-dimensional structures in structure data format (SDF) files of 534 

phytocompounds with potential anti-inflammatory or antiviral activity and well-known 

phytochemicals present in Kadha, Oleanolic acid (Ocimum sanctum), Piprine (Piper 

nigrum), 6-Gingerol (Zingiber officinale), Eugenol (Syzygium aromaticum), and 

Withaferin A (Withania somnifera) were obtained from PubChem database. The SDF 
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structures were further converted into PDB using PyMol. The protein and ligand 

molecules were prepared and optimized for molecular docking using the Autodock tool 

1.5.6 (ADT). Protein preparation involved the addition of polar hydrogens, united atom 

Kollman charges, and solvation parameters (removal of water molecules). The ligands 

were also prepared and optimized using the Autodock tool ADT before the molecular 

docking. Rimantadine was used as a reference compound (positive control) for the 

viroporin.  

6.6.2. Molecular docking 

Molecular docking has been conducted by docking tools Autodock 4.2 and Autodock 

Vina within the Samson platform [35] to study the binding of these phytochemicals 

against SARS-CoV-2 E viroporin. The ligand binding site on the protein was identified 

using the literature search. After identifying the likely active sites, the grid centre was 

assigned dimensions (x, y, and z): (23, −1.3, and −0.2) for molecular docking and the 

grid dimensions in ADT 1.5.6. were set as 53.8 × 33.1 × 34.2 XYZ points with a grid 

spacing of 0.375 Å. The amino acids Asn15, Leu18, Leu21, Val25, Leu28, Ala32, and 

Thr35, which line the viroporin's pore, were placed inside the grid [22]. Using an 

iterated local search global optimizer, AutoDock/Vina was used to run the docking 

program. To obtain different poses of the ligand docked into the defined pocket, the 

exhaustiveness was set to 8 during the rigid docking procedure. The top binding poses 

with zero RMSD value and its binding affinities (kcal/mol) are shown in suppl table 1. 

Additionally, the pocket amino acids and interacting amino acids involved in binding 

with the ligand were visualized using Discovery Studio. 

6.6.3. Molecular dynamic simulation  

The AMBER18 MD simulation package utilizing the pmemd.cuda module, was 

employed to conduct molecular dynamics (MD) simulations. The protein was modelled 

using the ff14SB force field [36], and ligands were modelled using the General Amber 

Force Field (GAFF2) [37]. Atomic partial charges for the ligands were determined 

using the AM1-BCC model with the antechamber module of AMBER [38]. The 

complex structures were solvated using the TIP3P water model within a truncated 

octahedron periodic box extending at least 10 Å from the solute [39]. A cellular 

concentration of 150 mM was maintained for all our systems, and appropriate 

counterions were added for system neutralization. Hydrogen bonds were constrained 
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using the SHAKE algorithm, and temperature control at 300 K was maintained using 

the Langevin thermostat with a collision frequency of 2 ps-1 [40–42]. Long-range 

electrostatic interactions were computed using the Particle-mesh Ewald (PME) scheme, 

with a non-bonded cutoff set at 10 Å [43]. Two-stage minimization was conducted on 

solvated systems. In the first stage, all solute atoms were restrained to their initial 

positions with a force constant of 2 kcal·mol-1 Å-2. The system was energy minimized 

with 500 steps of the steepest descent followed by another 500 steps of the conjugate 

gradient scheme. In the second stage, the systems were again minimized, but without 

positional constraints, all other parameters were kept the same as before. Following the 

minimization all systems were heated from 0 to 300 K through a 50 ps MD simulation 

in the NVT ensemble with a 2 kcal mol-1 Å-2 restraint on the solute. Subsequently, all 

systems were equilibrated for 1.0 ns without any restraints. Finally, production MD 

simulations were conducted for 200 ns in the NPT ensemble at 300 K and 1 atm 

pressure. Trajectory analysis was performed using the cpptraj module of 

AmberTools19 [44]. 

6.6.4. Binding energy calculations  

The simulation was then followed by calculating the binding free energy, which was 

estimated using the molecular mechanics Poisson-Boltzmann surface area (MM/PBSA) 

scheme [45–47] and configurational entropy using normal mode analysis [45, 48]. A 

total of 4000 and 50 conformations from the last 80 ns of the trajectory were used to 

estimate the binding free energy and normal mode analysis, respectively. The method 

and terms associated with binding free energy are given by the following equations. 

ΔGbind =ΔH - TΔS ≈ ΔEinternal + ΔGsolv – TΔS   (1) 

ΔEinternal = ΔEcovalent + ΔEelec+ ΔEvdW    (2) 

ΔGsolv = ΔGpol + ΔGnp      (3) 

Where ΔEinternal, ΔGsolv, and TΔS represent internal energy, desolvation free energy, 

and configurational entropy, respectively. ΔEinternal is further comprised of 

ΔEcovalent (bond, dihedral, and angle) + ΔEelec (electrostatic) ΔEvdW (van der 

Waals).  

  



188 

 

6.6.5. Mammalian cell culture: 

Lung (A549) epithelial cells were obtained from the National Center for Cell Science 

(NCCS) Pune, India. The cells were cultured in Dulbecco's modified Eagle's medium 

(DMEM; Himedia, Mumbai, India) containing 10% fetal bovine serum (FBS; South 

America origin, Gibco, New York, USA) with 100 U/mL penicillin/streptomycin 

(Himedia, Mumbai, India). The cells were incubated in 5% CO2 and humidified air at 

37°C (Forma, Steri-cycle i160, Thermo Scientific, Waltham, USA).  

6.6.6. Cytotoxicity analysis by MTT assay  

For determining the cytotoxicity of the Oleanolic acid (Cat #: O5504, Sigma, life 

sciences, Sigma-Aldrich, St. Louis, USA), Diosgenin (Cat #: D1634, Sigma, life 

sciences, Sigma-Aldrich, St. Louis, USA) and Rimantadine (Cat #: 23838, Cayman, 

Cayman Chemical, Ann Arbor, USA) an MTT assay was performed. Oleanolic acid, 

Diosgenin and Rimantadine were dissolved in Dimethyl formamide (65 mM), 

Chloroform (72 µM) and DMSO (30 µM) respectively. For MTT assay, 10,000 cells 

were seeded per well of 96 well plates and incubated overnight. Cells were treated with 

different concentrations of the compound, Oleanolic acid (1 mM- 1.5 µM), Diosgenin 

(1 mM-1.5 µM) and Rimantadine (1 mM-1.5 µM) and incubated for 24 hrs. For control, 

media containing an equivalent dose of vehicle (DMF/DMSO/Chloroform) was added 

to the cells. After completion of the incubation period, the media was aspirated and 

50µL of 0.5mg/mL MTT solution was added to each cell and incubated at 37℃ for 3 

hrs. The solution was then aspirated and 100 µL of dissolving agent (DMSO) was added 

to each well to dissolve the formazone and placed on the orbital shaker for 2 hrs. OD 

was measured at 590nm in the microplate reader and IC50 was calculated after plotting 

the data in the Graph Pad (Graph Pad Prism V8).   

6.6.7. Transfection and treatment: 

SARS-CoV-2 E gene containing plasmid (pcDNA3.1 SARS-CoV-2 E, item no 158080) 

was purchased from Addgene (Addgene, Watertown, USA). pcDNA3.1 Myc-tag 

plasmid was used as vector control (VC) in all the experiments. Plasmid isolation and 

transfection were done as per the standard protocol in our previous study [10]. The 

plasmid is diluted to 500 ng/μL working concentration. Transfection was done by using 

Lipofectamine 3000 reagent (Invitrogen, Waltham, USA).  
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For treatment of the compounds, the cells were 1st transfected with VC or E for 12 hrs 

and then treated with 5µM, 8µM, and 1.5 µM of Oleonolic acid, Diosgenin and 

Rimantadine respectively. The treatment was given for another 12 hrs and cells were 

harvested for different experiments according to protocol.  

6.6.8. Assay for viroporin function (MDC assay)  

Monodansylcadaverine (MDC, Sigma-Aldrich, St. Louis, MO, USA) probe 

accumulates in acidic compartments including autophagolysosomes [49]. Multiple 

studies have suggested that active SARS-CoV-2 Envelope viroporin deacidifies the 

lysosome and ERGIC [6, 11]. We used MDC staining to find out the change in the pH 

of lysosomes and other cellular compartments like ER due to active Envelope ion 

channels. Briefly, A549 and HT-29 cells were seeded into a 24-well plate and incubated 

at 37 °C overnight, followed by transfection. At the endpoint of the exposure, the cells 

were incubated for 30 min with MDC (0.05 mM) at 37 °C, followed by washing with 

PBS to remove the excess dye. The cells were then visualized under a fluorescence 

microscope (Olympus IX83, Olympus Corporation, Japan) in the FITC channel. 

6.6.9. RNA isolation and quantitative real-time polymerase chain reaction (qRT-

PCR): 

A quantitative real-time polymerase chain reaction (qRT-PCR) was performed to 

analyze the transcriptomic profiles of various genes in A549 cells. The cells were 

transfected and then treated with Diosgenin, Oleanolic acid and Rimantadine. After the 

incubation period (24 hrs post-transfection), cell pellets were collected and further 

processed for RNA isolation. RNA was isolated using TRI reagent (Sigma, life 

sciences, Sigma-Aldrich, St. Louis, USA), and cDNA was synthesized using a reverse 

transcription kit (PrimeScriptTM RT Master Mix; Takara, Shiga, Japan) as mentioned 

previously [10]. cDNA was subjected to qRT-PCR using SYBR green real-time master 

mix (Applied Biosystems, Waltham, USA) on Agilent AriaMX qRT-PCR system 

(Agilent Technologies, Santa Clara, USA), programmed at 10 min at 95°C followed by 

(15 s at 95°C, 20 s at 58°C, 20 s at 72°C) × 40 cycles. The relative expression of SARS-

CoV-2 E, inflammatory markers (IL6, IL8, IL1β, TNFα, CCL5, CCL3, CXCL1, 

CXCL10) and TLRs (TLR2 and 9) were analyzed using specific primers. Melting curve 

analysis was performed to confirm the specificity of PCR amplicons. All reactions were 

performed in triplicate and repeated at least three times. Human glyceraldehyde 3-
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phosphate dehydrogenase (GAPDH) was used as the reference gene. Reverse 

transcriptase control (–RT) was used in all the experiments to monitor nonspecific DNA 

contamination. 

6.6.10. Western Blot: 

The western blot was performed as mentioned in the previous study [50]. Briefly, the 

cells were harvested after transfection, followed by treatment with DS, OA and RM, 

washed with PBS, and lysed in radioimmunoprecipitation assay (RIPA) buffer (VWR, 

Radnor, USA) containing protease and phosphatase inhibitors. Equal quantities of 

protein from each group were separated using SDS-PAGE and transferred onto 0.45 

μm Nitrocellulose membranes (Bio-Rad, Hercules, USA). Membranes were blocked 

with 4.5% BSA and incubated with primary for 12 hrs at 4°C. Following incubation 

and washing, the membrane was treated with 1:3000 dilution of horseradish peroxidase-

conjugated anti-rabbit antibodies for one hour. The chemiluminescent detection was 

based on the Pierce ECL Western blotting substrate (Bio-Rad, Hercules, USA). Blots 

were observed under the gel doc system (Biorad ChemiDoc™ XRS+ System with 

Image Lab™ Software, Bio-Rad, Hercules, USA). Image analysis and quantification 

were performed using Image J software (National Institutes of Health, USA). Primary 

antibodies against NF-κB p65 (#8242, 1:1000), RIPK1 (#3493, 1:1000) and TNFɑ 

(#8184, 1:1000) were purchased from Cell Signalling Technology, Danvers, USA. 

GAPDH (# MA5-15738, 1:2000) was from Invitrogen, Waltham, USA. Antibody for 

SARS-CoV-2 E (NBP3-07060, 1:1000) was purchased from Novus Biologicals, 

Centennial, USA, respectively. Phospho-NF-kB p65 was from ABclonal (AP0475), 

Woburn, USA.   

6.6.11. Study of cell death by EB-AO assay 

Study of apoptotic, necrotic, and live cells post-E and VC transfection was done by 

EB/AO dual staining as per standard protocol [10]. The cells, after completion of the 

incubation, were stained with acridine orange and ethidium bromide mixture solution 

(100 μg/mL each) for 5 min at 37 °C followed by PBS washing. Imaging was done by 

fluorescence microscope (Olympus IX83, Olympus, Tokyo, Japan) at 20× objective 

magnification. The analysis of the cell stage (apoptotic/necrotic) was done manually by 

observing the colour characteristics [10]. One thousand cells were counted to determine 

the percentage of live, apoptotic, and necrotic cells. 
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6.6.12. Statistical analysis and graphical representation: 

All the in vitro experiments were performed in triplicates. Data were presented as 

means ± standard deviation (SD) of three data points. The statistical analyses were 

performed and the graphs were plotted using GraphPad Prism 8 software. The statistical 

significance was assessed by performing unpaired t-tests. The level of significance (α) 

was considered 5% at the 95% confidence interval. p-values of <0.05, <0.01 and 

<0.0001 were considered statistically significant and represented as *, **, and *** for 

higher expression and #, ## and ### for down-regulation respectively. 
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Chapter 7. Identification of molecular signatures 

associated with SARS-CoV-2 variant of concern by 

Raman spectroscopy and LC-MS analysis 

7.1. Graphical abstract 

 

7.2. Abstract 

The biomolecular signature associated with any disease is important for understanding 

and designing drugs and diagnosis. SARS-CoV-2 has evolved with multiple variants of 

concern (VOCs). The determination of signature biomolecules associated with these 

VOCs is of great importance. In this study, we have used the spike of WT, α, β, ɣ and 

δ variants for transfecting lung (A549) and Colon (HT-29) cells, followed by their LC-

MS and Raman analysis. Our result shows that VOCs alter unique molecules and 

molecular processes. It also has some standard molecular processes. Our findings can 
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be further extended in developing diagnostic and drug target development after in vivo 

and clinical validation   

7.3. Introduction  

The rate of evolution of SARS-CoV-2 was consistent, acquiring about two mutations 

per month globally from December 2019 to October 2020. These mutations may confer 

a fitness advantage to the virus, altering the viral phenotype to enhance its infectivity, 

pathogenicity, and transmissibility. The emergence of critical mutation D614G of the 

spike protein was seen globally in April 2020. Thereby, mutations affecting antigenicity 

require prompt attention. The SARS-CoV-2 virus enters the host cells via Spike protein 

that interacts with the host ACE2 receptor [1]. This receptor-mediated entry is aided by 

Furin and TMPRSS2, which cleave the spike protein. Following the occurrence of the 

D614G mutant, another amino acid substitution in RBD at N439K was identified in 

March 2020. Further mutations with this lineage, PANGO B.1, became rapidly 

dominant in Europe. With the ability to evade detection and increased transmissibility, 

several variants of interest (VOIs) were identified: Epsilon (B.1.427 and B.1.429); Zeta 

(P.2); Eta (B.1.525); Theta (P.3); Iota (B.1.526); Kappa (B.1.617.1), Lambda (C.37) 

and mu (B.1.621). As the severity of viral outbreaks increased, the number of spike 

mutants increased, and WHO declared variants of concern (VOCs). The Alpha 

(PANGO lineage B.1.1.7), Beta (B.1.351), and Gamma (P.1) emerged rapidly in 

Europe, southern Africa, and South America, respectively. Meanwhile, Delta 

(B.1.617.2/AY sublineages) and several Omicron strains quickly emerged globally [2].  

The pathogenicity and antigenicity of VOCs and further emerging variants are crucial 

to provide a cross-protection level. Hence, crucial characterization of these mutants will 

aid in antibody preparations and further the possibility of mutations. Numerous studies 

have reported lipidomic dysregulation in COVID-19 patients with a strong 

downregulation of sphingolipids, fatty acids, and apolipoproteins. The alterations in 

metabolic levels indicated the downregulation of serum LDL-c and HDL-c levels in 

COVID-19 patients [3]. A recent study by Nguyen et al. elucidated the execution of 

Spike protein in altering lipidome, thereby enhancing lipid deposition on the cell 

membrane [4]. Many studies have used LC-MS to understand the biomolecular changes 

in viral infected cells and tissues [5, 6]. Infected patient serum was also analysed to 

understand biomolecular changes [7–9]. Besides LC-MS, Raman Spectroscopy was 

used as a noninvasive technique in the detection of SARS-CoV-2 infection [10–13]. 
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Our previous studies have also suggested the use of Raman micro-spectroscopy in 

understanding the biomolecular changes associated with viral infection [14–18].    

In this chapter, we emphasize the effect of several spike variants and their alterations 

at lipidomic and metabolic levels in lung and colon cells. We utilized high-throughput 

techniques such as LC-MS and Raman spectroscopy to identify further significant 

interactions between the molecules through ingenuity pathway analysis (IPA). The 

interactome would thus help identify significant biomarkers in different Spike mutants, 

further indicating plausible therapeutic interventions.  

 

7.4. Results  

7.4.1. Lipidomic profile of the Spike (WT, α, β, ɣ and δ) transfected lung and 

colon cells 

To understand the change in the lipidomic and metabolomic profile of the lung (A549) 

and colon (HT-29) cells upon exposure to Spike VOC. The transfected cells were 

subjected to LC-MS analysis. The lipid profile of colon cells shows the change in lipids 

like phosphatidylcholine (PC) and Phosphatidyl ethanolamine (PE) (Figure 7-1). 

Similarly, in lung cells, many lipids were altered upon exposure to VOCs (Figure 7-1). 

The metabolomic profile shows significant alteration in the phosphate and dTDP level 

in the ɣ transfected cells (Figure 7-3). Many metabolites were altered in the colon cells, 

including glutamic acid, carboxylic acid, and gamma glutamyl threonine (Figure 7-3). 

The top 100 molecules altered in both lipid and metabolites in HT-29 and A549 cells 

shows distinct patterns of change in specific VOCs (Figure 7-4 and Figure 7-5). 

Analysis of the molecular processes indicates that there are 3 common processes in the 

VOC transfected lung cells and 14 such processes are there in colon cells (Figure 7-6). 

Interestingly the highly pathogenic variant delta is involved in 8 and 12 unique 

molecular processes in A549 and HT-29 cells, respectively (Figure 7-6).  
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Figure 7-1: Alteration of lipid in HT-29 cells transfected with pcDNA3.3 SARS-

CoV-2 spike (WT, α, β, ɣ and δ) compared to WT.  
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Figure 7-2: Alteration of lipid in A549 cells transfected with pcDNA3.3 SARS-

CoV-2 spike (WT, α, β, ɣ and δ) compared to WT. 
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Figure 7-3: Alteration of metabolites in A549 (i) and HT-29 (ii) cells transfected 

with pcDNA3.3 SARS-CoV-2 spike (WT, α, β, ɣ and δ) compared to WT. 
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Figure 7-4: Level of top 100 altered (biomolecules) lipid (i) and metabolites (ii) for 

each variants in in HT-29 cells transfected with pcDNA3.3 SARS-CoV-2 spike 

(WT, α, β, ɣ and δ).  
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Figure 7-5: Level of top 100 altered (biomolecules) lipid (i) and metabolites (ii) for 

each variant in A549 cells transfected with pcDNA3.3 SARS-CoV-2 spike (WT, α, 

β, ɣ and δ).  
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Figure 7-6: Biological processes altered in pcDNA3.3 SARS-CoV-2 spike (WT, α, 

β, ɣ and δ) transfected A549 (i) and HT-29 (ii) cells  

7.4.2. Pathway analysis involving the altered biomolecules shows alteration of 

SARS-CoV-2 associated pathways  

The molecules with highest fold change and p value were subjected to QIAGEN 

Ingenuity Pathway Analysis (QIAGEN IPA) to understand the molecular pathways 

altered by specific VOC. The result shows in the case of A549 ERK, NFκB and AKT 

pathways were connected to the altered biomolecules. Further, molecules like 

glutathione and L-arginine were also found to be connected to viral infections in lung 

cells (Figure 7-7). In the colon cells, higher cell signalling processes were found to be 

connected to the altered biomolecules (Figure 7-8). In this MAPK, ERK, TNF and 

cytokine response pathways were found to be connected to biomolecular alterations.   
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Figure 7-7: Biomolecular connectome of SARS-CoV-2 VOCs exposed lung cells. 

The connectome shows the possible association of molecules and molecular 

pathways altered in pcDNA3.3 SARS-CoV-2 spike (WT, α, β, ɣ and δ) transfected 

A549 cells.  
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Figure 7-8: Biomolecular connectome of SARS-CoV-2 VOCs exposed lung cells. 

The connectome shows the possible association of molecules and molecular 

pathways altered in pcDNA3.3 SARS-CoV-2 spike (WT, α, β, ɣ and δ) transfected 

HT-29 cells.  

7.4.3. Raman analysis of SARS-CoV-2 Spike VOC exposed lung and colon cells 

To further strengthen our findings, we have performed a Raman micro-spectroscopy 

analysis of VOC spike exposed lung and colon cell’s peripheral and nuclear region 

(Figure 7-9). Further analysis of 10 major peaks shows a shift in wavenumber 

compared to WT in lung and colon cells (Figure 7-10). Further determination of change 

in peak intensity shows changes in the level of different biomolecules upon VOC 

transfection in both cells (Figure 7-11, Figure 7-12, Figure 7-13 and Figure 7-14). 

Interestingly, the network analysis using these altered biomolecules as input shows a 

connection between TNF and peroxisomal factor PPARɣ. It also suggests an 

association of phosphatidyl serine, an important marker of cell death in the VOC spike 

transfected cells (Figure 7-15).       
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Figure 7-9: Raman spectra of pcDNA3.3 SARS-CoV-2 spike (WT, α, β, ɣ and δ) 

transfected A549 and HT-29 cells nuclear and peripheral region.  
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Figure 7-10: Interpretation of peak shift in Raman spectra from SARS-CoV-2 

Spike Wild Type (WT) to α, β, ɣ and δ transfected samples in the periphery and 

nucleus. The data were plotted as average spectra of 15 points from three 

individual cells. 
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Figure 7-11: Change in profile of biomolecules of the nuclear region in colon (HT-

29) cells transfected with pcDNA3.3 SARS-CoV-2 spike (WT, α, β, ɣ and δ) 

compared to WT.  
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Figure 7-12: Change in profile of biomolecules of the peripheral region in colon 

(HT-29) cells transfected with pcDNA3.3 SARS-CoV-2 spike (WT, α, β, ɣ and δ) 

compared to WT.  

 



213 

 

 

Figure 7-13: Change in profile of biomolecules of the nuclear region in colon 

(HT-29) cells transfected with pcDNA3.3 SARS-CoV-2 spike (WT, α, β, ɣ and δ) 

compared to WT.  
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Figure 7-14: Change in profile of biomolecules of the nuclear region in colon (HT-

29) cells transfected with pcDNA3.3 SARS-CoV-2 spike (WT, α, β, ɣ and δ) 

compared to WT.  
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Figure 7-15:Biomolecular connectome of SARS-CoV-2 VOCs exposed lung and 

colon cells detected by Raman spectroscopy. The connectome shows the possible 

association of molecules and molecular pathways altered in pcDNA3.3 SARS-

CoV-2 spike (WT, α, β, ɣ and δ) transfected A549 and HT-29 cells detected from 

both periphery and nucleus by Raman Spectro-microscopy.  

 

7.5. Discussion 

With the occurrence of mutations in the SARS-CoV-2, it acquires higher infective and 

pathogenic ability until the development of the omicron variant. The Omicron, with 

higher infectivity than the preceding variants, is the latest dominant variant worldwide. 

The VOC has different infective and pathogenic potential and may target different 

cellular and metabolic processes for their pathogenies. Our study focuses on the 

molecular alterations associated with WT, α, β, ɣ and δ variants through LC-MS and 

Raman analysis.  

The findings show alteration in lipids and metabolites in the specific VOC spike 

transfected cells. These alterations are specific for variants. Further analysis of the 

altered molecules in both LC-MS and Raman for lung and colon cells shows the 
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involvement of signalling pathways in this. The connectome for altered molecules for 

A549 cells shows an association with glutathione, L-arginine, ERK, NFκB and TNFα. 

Glutathione is a crucial factor in enhancing SARS-CoV-2-induced oxidative damage of 

the lung [19]. Oxidative stress with excessive production of reactive oxygen species 

(ROS) that lower glutathione (GSH) levels seems to be a common pathway associated 

with the high COVID-19 mortality [19, 20]. TNF-α inhibitors are associated with a 

lower probability of hospitalisation and severe COVID-19 when compared to any other 

treatment for an underlying inflammatory disease [21]. Further pathways like MAPK, 

ERK, and NFκB are highly associated with COVID-19 [22–24].  

Conclusively, the SARS-CoV-2 VOC alter the cellular processes differently. All the 

VOCs altered some common biological processes and some processes are unique to 

each VOC. The detection of unique biomolecules can be further extended to in vivo 

and patient serum studies to develop some of the molecules as biomarkers for specific 

VOCs.     

7.6. Methodology 

7.6.1. Cell culture and transfection 

Lung (A549) and colon (HT-29) epithelial cells were obtained from the National Center 

for Cell Science (NCCS) Pune, India. The cells were cultured in Dulbecco's modified 

Eagle's medium (DMEM; Himedia, Mumbai, India) containing 10% fetal bovine serum 

(FBS; South America origin, Gibco, New York, USA) with 100 U/mL 

penicillin/streptomycin (Himedia, Mumbai, India). The cells were incubated in 5% 

CO2 and humidified air at 37°C (Forma, Steri-cycle i160, Thermo Scientific, Waltham, 

USA). SARS-CoV-2 spike of WT, alpha, beta, gamma and delta variants containing 

plasmid (pcDNA3.3 SARS-CoV-2 S (WT, α, β, ɣ and δ) was purchased from Addgene 

(Addgene, Watertown, USA). pcDNA3.1 Myc-tag plasmid was used as vector control 

(VC) in all the experiments. Plasmids were isolated from the E. coli DH5α by standard 

protocol. The concentration of the plasmids was determined by nanodrop (Thermo 

Scientific, Waltham, USA). Further, the plasmid is diluted to 500 ng/μL working 

concentration. For transfection, cells were seeded and grown up to 70% confluency, 

and transfection was done using Lipofectamine 3000 reagent (Invitrogen, Waltham, 

USA) using the prescribed protocol. For all experiments, cells were transfected with 3 

μg plasmid concentration for 48 hrs. 
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7.6.2. Raman analysis  

A549 and HT29 cells were cultured on coverslips in six-well plates until reaching 40–

60% confluence in distinct sets. Prior to transfection, cells were washed with 1× 

phosphate-buffered saline, followed by the addition of fresh medium. Plasmid 

transfection (3µg) was performed on the cells. Un-transfected control cells and cells 

post-transfection were collected 48h later, fixed with 4% paraformaldehyde for 20 

minutes at room temperature, rinsed with 1× PBS or water, and stored at 4 °C after 

drying. The coverslips containing fixed cells were then positioned on separate glass 

slides, with cells facing upward, for examination under a microscope. 

Raman micro-spectroscopy was conducted on the prepared samples using a LabRAM 

HR Evolution spectrometer (Horiba-Jobin Yvon) coupled with an optical compound 

microscope at a magnification of 100X. The excitation source employed was the He–

Ne laser (λexc = 633 nm, ∼10 mW). The Raman measurements utilized the minimum 

laser power, adjusted with a neutral-density filter to mitigate potential damage to 

biological samples induced by the laser. The control and transfected samples were 

precisely focused to observe individual cells, with a 100× objective of the microscope 

used to target specific locations within the cell. Raman spectra were acquired from two 

distinct locations, namely the nucleus and periphery, for seven different cells. The 

Raman intensity data within the 200–4000 cm–1 range were considered for analysis. 

Wavenumber was plotted against intensity to visualize the spectral data. The obtained 

spectra were smoothed with a 20-point Savitzky–Golay filter in the signal processing 

module of Origin software (version 2019b) to eliminate noise and irregularities. The 

data were analyzed by assessing changes in Raman peak intensity and peak shift post-

transfection. For intensity-based analysis, the average spectra were utilized for further 

examination. The Raman spectra shift was calculated for transfected samples by 

subtracting the wavenumber maxima from WT-transfected samples. 

7.6.3. LC-MS analysis 

A549 and HT29 cells were cultured in 100mm plates until reaching 40–60% confluence 

in separate batches. Prior to transfection, cells underwent a wash with 1× phosphate-

buffered saline, followed by the addition of fresh medium. Plasmid transfection (6µg) 

was then performed on the cells. After 48h, the culture medium was aspirated, and cells 

were rapidly washed twice with ice-cold phosphate-buffered saline (PBS, pH 7.4). 
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Quenching of cells was achieved by adding 2 ml of ice-cold HPLC-grade methanol. 

Subsequently, quenched cells were collected from two 100mm plates for the extraction 

of lipids and metabolites, with three replicates conducted for each sample. Intracellular 

lipids and metabolites were extracted using a dual-phase extraction method. In brief, a 

mixture of methanol, chloroform, and water in a volume ratio of 1:1:0.9 was used to 

generate a two-phase extract. After the addition of solvents, the solution was agitated 

for 20 minutes at 4°C and then centrifuged at 3000 RPM for 10 minutes at 4°C. The 

aqueous phase contained water-soluble, low-molecular-weight endogenous 

metabolites, while non-polar metabolites such as lipid molecules were present in the 

organic phase. Proteins and other biological macromolecules were precipitated by the 

addition of methanol and chloroform, remaining trapped in the solvent layer between 

the aqueous and organic phases. Before LC-MS analysis, solvents were completely 

removed using a gentle flow of N2 gas for lipids, and the samples were lyophilized 

(Alpha 1-2 LDplus, Martin Christ) for metabolites. The quantities of metabolites and 

lipids were normalized against the total protein content in the interphase using the 

Bradford assay. 

LC-MS analysis was carried out using a Dionex Ultimate 3000 HPLC system coupled 

with a Bruker MicrOTOF QII HRMS instrument. Chromatographic separation 

employed a C18 column (XBridge 5µm C18- 4.6x250mm, Waters). Metabolites were 

re-dissolved in methanol:water (1:1). Quality control samples comprised an equal 

volume from all samples in both groups, while blank samples contained only the solvent 

mixture. The mobile phase consisted of deionized distilled water with 0.1% formic acid 

(mobile phase A) and acetonitrile with 0.1% formic acid (mobile phase B). The LC 

program initiated with mobile phase B at 95% at 0 min, maintained at 95% until 0.5 

min, decreased to 40% at 10.5 min, held at 40% until 15 min, increased back to 95% at 

17 min, and remained at 95% until 18, 30.5, 31.5, 32, and 42 minutes. The flow rate 

was maintained at 0.25 ml/min. MS data were collected in centroid mode between m/z 

80-700 in ESI-positive mode. Lipids were re-dissolved in chloroform:methanol (1:1) 

for lipid analysis. Quality control samples and blank samples were prepared similarly. 

The mobile phase consisted of deionized distilled water:methanol (60:40) with 0.1% 

formic acid (mobile phase A) and methanol:isopropanol (1:9) with 0.1% formic acid 

(mobile phase B). The LC program for lipids started with mobile phase B at 0% at 0 

min, increased to 20% at 1 min, reached 100% at 16 min, maintained at 100% until 20 
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min, returned to 0% at 20.1 min, and remained at 0% until 21 min. The flow rate was 

maintained at 0.4 ml/min. MS data were collected in centroid mode between m/z 500-

3000 in ESI-positive mode, with reference mass correction enabled. 

Data obtained were visualized and converted to mzxml format using Bruker Compass 

DataAnalysis 5.1 application. Subsequently, the spectra were uploaded and processed 

on MetaboAnalyst 5.0 (www.metaboanalyst.ca) with the following settings: LC-MS 

parameters set to HPLC-Q/TOF, parameter settings set to auto-optimized, and polarity 

set to positive. The intensities of each sample with aligned and averaged m/z values and 

retention time were obtained for further analysis. 

7.6.4. Data analysis and pathway preparation 

The data were presented as the mean and standard error of the mean. In vitro experiment 

data analysis used GraphPad Prism (Version 9.0, GraphPad Software, Inc.). Analysis 

of Raman microspectroscopy and LC-HRMS data was carried out with MetaboAnalyst 

5.0. For intergroup analysis, the Student unpaired T-test (two-tailed) was employed. 

One-way ANOVA was utilized to compare more than two groups, with Tukey’s post 

hoc analysis for subgroup comparisons. A significance level of 5% was applied to all 

analyses. Features were identified with at least a 2/0.5-fold change in LC-MS and 

1.5/0.75-fold change in Raman, demonstrating a significant difference between groups 

(p<0.05). Dimensional reduction for Raman microspectroscopy data of cells and LC-

HRMS of cell lysate was achieved through Partial Least Square-Discriminant Analysis 

(PLS-DA). Variable importance in projection (VIP) scores were obtained for five 

components, and the number of significant components was determined through cross-

validation (5-fold CV) using accuracy as the performance measure. 

7.6.5. Biomolecular Connectome Analysis by IPA 

The biomolecules identified through consecutive analyses of biomolecular changes 

were utilized in developing a connectome using QIAGEN IPA, incorporating the 

ingenuity pathway knowledge base. The generated connectome was specifically filtered 

to focus on infectious diseases, inflammatory responses, and disorders related to the 

lung and intestine in the relevant cell lines. Furthermore, the interactions considered 

were limited to those within the human species, excluding any parameters related to 

chemical-based interactions. 
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Chapter 8. Conclusion and future direction 

 

Our work provides a concoction of clinical and invitro work on COVID-19 diagnosis, 

pathogenesis and treatment. The work has the following conclusions and future 

directions.  

Despite the limitations, the Cancer-COVID study reported important findings on 

cancer-COVID patients and further studies (retrospective and prospective). In future, 

to understand the association of liver in these patients large populations are warranted 

to establish the findings comprehensively and identify subsets of cancer patients who 

might be more vulnerable during the COVID-19 pandemic.  

Our case report reveals the possible association between SARS-CoV-2 infection and 

GBS development in children. Both mild and severe COVID-19 may be associated with 

GBS. This case report reveals various clinical presentations of SARS-CoV-2 infection 

and GBS-related complications. More studies are needed to know the neurological 

manifestations due to SARS-CoV-2 infection in the pediatric population. To the best of 

our knowledge, this is the first post-COVID-19 GBS case in a 7-year-old boy. Early 

diagnosis and treatment with immunoglobulin have better outcomes for GBS with 

COVID-19. 

In the diabetes and COVID study, we observe that the treatment of diabetes-associated 

kidney dysfunction using RAAS blockers does not necessarily influence COVID-19. 

Also, the number of comorbidities may not ultimately govern the fate of the viral 

infection and mortality, but rather the degree of particular comorbidity may impact the 

progression of SARS-CoV-2 infection and a patient’s recovery. There is an abstract 

association between seizures and COVID-19, thus a need to evaluate the influence of 

seizures during COVID-19 in the infected individual prevails. 

Our study on COVID-19 lung CT proposed a DL based architecture for lobe 

segmentation and opacity detection of 2D lung CT. The method could accurately 

predict the opacity and reduce the chances of manual bias in opacity scoring. These 

data also indicate that the effect of inflammation-mediated disease progression may 

start initially from the right lobe region of the lungs and subsequently affect the rest of 

the lobes. The effect on the functioning of the organs upon SARS-COV-2 infection in 
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different lobes of the lungs could play an important role in defining the disease’s stage 

and severity, which is a crucial concern for the prescription of the appropriate drug of 

choice. The study may be used to understand the possible interplay between 

biochemical parameters and GGO of specific lung lobes in the case of SARS-CoV-2 

VOCs. 

Further, we focused on the host interaction of SARS-CoV-2 envelope protein and our 

study provided a mechanistic understanding of the SARS-CoV-2 Envelope protein 

induced RIPK1 mediated necroptosis and inflammation. Our findings suggest that 

necroptosis may act as an alternate mechanism of cell death in COVID-19 ARDS and 

multiorgan failure mediated by SARS-CoV-2 E in patients with normal serum ferritin 

levels. The finding suggests that E protein alkalinizes the lysosome in lung and colon 

cells, it also induces inflammation and necroptosis in E-transfected cells. Further 

analysis revealed that RIPK1 mediates the inflammation and necroptosis and inhibition 

of this kinase mitigates the SARS-CoV-2 E induced inflammation and cell death. 

Interestingly the investigation of E protein mediated inflammation in the 

gastrointestinal-lung axis shows an increase in the inflammatory markers' transcript 

level and NFκB protein level in lung and colon cells. In addition to our findings, a study 

involving the whole SARS-CoV-2 virus and virus with mutated E protein will provide 

a detailed understanding of the SARS-CoV-2 mediated inflammation and necroptosis. 

Further, the involvement of other necroptotic markers RIPK3 and MLKL in the SARS-

CoV-2 E-RIPK1 mediated necroptosis needs to be understood in detail. A detailed 

study of necroptosis in ferritin-deficient cells can also unravel the possible association 

of this cell death mechanism with multiorgan failure besides ferroptosis. We have also 

shown the alteration of peroxisome function by Envelope protein while the function of 

mitochondria remains unaffected.   

As the pathogenic potential of viroporin is well established we have screened possible 

Phyto compounds to block this. Our study has shown the viroporin-blocking potential 

of two phytocompounds, Diosgenin and Oleanolic acid Insilco and in-vitro. The effect 

of these molecules is comparable to that of Rimantadine, a well-established viroporin 

inhibitor. Diosgenin and Oleanolic acid attenuate the Envelope protein-mediated 

inflammation, cell death and ERGIC alkalization. The anti-SARS-CoV-2 activity of 

ion channel inhibitors was well established, and the effect of Diosgenin and Oleanolic 

acid on this aspect can be studied further to elucidate the effectiveness of these 



225 

 

phytocompounds. In vivo, analysis of the anti-ARDS activity of the compounds can 

also be investigated. 

Lastly, we sifted our focus to the biomolecular signatures associated with SARS-CoV-

2 VOCs and found that the SARS-CoV-2 VOC alter the cellular processes differently. 

All the VOCs altered some common biological processes and some processes are 

unique to each VOC. The detection of unique biomolecules can be further extended to 

in vivo and patient serum studies to develop some of the molecules as biomarkers for 

specific VOCs. 

PhD is a journey to finding answer to some questions and creating many more for the 

next persons in line to work on. Following are some of the aspects which can be 

investigated in future.  

The reports on neurological complications can be further understood in the aspect of 

long-term consequence of SARS-CoV-2 infection (long COVID). The deep learning 

based GGO detection algorithm can be further extended to detect other pneumonia and 

in understanding the virus specific signature pattern of GGO. The accuracy of the 

algorithm can be further increased by applying this on larger data sets.  

Interestingly, in our SARS-CoV-2 Envelope and gastrointestinal lung axis study, we 

have found differential inflammatory response in lung and gastrointestinal cells. This 

variation in response can be further studied in detail to find out the underlaying 

molecular pathways.  

The study on effect of Envelope protein on peroxisome-Endoplasmic Reticulum-

mitochondrial axis can be understood in details with over expression and knock down 

study of altered peroxisomal factors. Though we have not found alteration in 

mitochondrial function in response to E protein yet, the virus component which 

modulates the mitochondrial function can be found out with screening study.  

Effect of Oleanolic acid and diosgenin on virus replication, assembly, egress and 

infection can be studied.  

The association between patient biochemical and hematological features with 

dysregulated metabolites and lipids can be deciphered in details.      
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Supplementary file Chapter 1 

Supplementary table 1: History of hematological and biochemical parameters  
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Hematology 

WBC count 5-13X103/µl  12.8 37.6 23.7 19.99  17.24 

RBC count 4.0-5.2X103/µl  3.85 3.9 3.92 4.39  4.64 

Haemoglobin 11.5-15.5g/dl  9.1 9.1 9.2 10.3  11.2 

Hematocrit 35-45%  28 28.8 29.1 32.7  37 

MCV 77-95fl/um3  72.6 73.8 74.2 74.5  79.7 

MCH 25-33pg  23.6 23.3 23.4 23.5  24.1 

MCHC 31.-37gm/dl  32.5 31.5 31.6 31.5  30.3 

RDW-CV 11.6-14%  15.1 15.5 15.9 16.3  15.9 

RDW-SD 39-46fl  38.9 40.7 41.6 42.9  45.4 

Platelet 170-410X103/µl  271 635 512 502  404 

Neutrophils 32-54%  73 85 76 83  72 

Lymphocytes 28-48%  18 8 16 12  21 

Monocyte 3-6%  8 7 8 5  5 

Eosinophil 0-3%  1 0 0 0  2 

Basophil 0-1%  0 0 0 0  0 

Electrolyte 

Phosphorus 2.5-4.5 (mg/dl)   3.7     

Potassium 3.4-4.7mmol/L 4.3 4.1 2.8 3 4.4   

Sodium 138-145 mmol/L 128 131 135 137 131 137  

Calcium 8.8-10.8 mg/dL   8.4   4.5  

Kidney 

function test 

Urea 12-42 mg/dL 25 18 24 11 15   

Creatinine Male: 0.2-0.42 0.25 0.16 0.32 0.31 0.3   

Uric acid 3.5-7.2   3.6     

Liver function 

test 

Total protein 6.4-8.3 g/dL   6.2     

Albumin 3.5-5.2 g/dL   3.3     

Globulin    2.9     

Direct bilirubin 0.0-0.3mg/dl   0.06     

Total bilirubin 0.20-1.20 mg/dL   0.1     

Gama GT m=10-60,f=5-39   15     

SGOT 0-40 U/L   46     

SGPT 5-40 U/L   20     

Alkaline 

phosphatase 
Adult male: <390   116     

Inflammatory 

marker 

CRP  <5 mg/l  21.72   29.79 3 3.5 

Prothrombin time 11 to 13.5 sec   14.1     

APTT 30-40 sec   28     
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Supplementary file Chapter 7 

 

Supplementary Figure 1: Sift in Raman peak (wave number) of the 10 major peaks in 

the SARS-CoV-2 Spike variant (WT, α, β, ɣ, δ) transfected A549 cell’s nuclear region 
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Supplementary Figure 2: Sift in Raman peak (wave number) of the 10 major peaks in 

the SARS-CoV-2 Spike variant (WT, α, β, ɣ, δ) transfected A549 cell’s peripheral 

region.  
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Supplementary Figure 3: Sift in Raman peak (wave number) of the 10 major peaks in 

the SARS-CoV-2 Spike variant (WT, α, β, ɣ, δ) transfected HT-29 cell’s nuclear region.  
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Supplementary Figure 4: Sift in Raman peak (wave number) of the 10 major peaks in 

the SARS-CoV-2 Spike variant (WT, α, β, ɣ, δ) transfected HT-29 cell’s peripheral 

region. 


