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ABSTRACT 

Background: Emerging and re-emerging infections pose significant global health challenge. 

Clinical spectrum of Coronavirus Disease 19 (COVID-19) ranges from asymptomatic to severe 

life-threatening conditions. Recent research suggests that immune responses may influence 

disease severity, but the dynamics between immune responses and COVID-19 progression 

remain unclear. 

Objective: To determine viral load, levels of anti-viral IgG, interferon gene expressions, C-

reactive protein (CRP) and lactate dehydrogenase (LDH) in COVID-19 patients at Moi 

Teaching and Referral Hospital (MTRH) and Kenya Medical Research Institute (KEMRI) in 

Kenya 

Methodology: This was a retrospective cross-sectional study of 48 asymptomatic patients 

with moderate to severe COVID-19 and 48 SARS-CoV-2-negative individuals at MTRH. Real-

time quantitative PCR (RT-qPCR) (Bio-Rad, Sweden) was used to quantify viral load in swabs 

and interferon mRNA gene expression in blood and mucosal compartments. Antibody levels 

were quantified using MSD-MULTISPOT® assay in blood and nasopharyngeal samples, 

while CRP and LDH in blood were determined using VITROS 5600/XT 7600 (Integrated 

Systems, USA). 

Data Analysis: Variables were tested for normality. Unpaired t-test, Mann-Whitney U-test, 

one-way ANOVA, Kruskal-Wallis were used to test for differences between the groups and 

regression analysis, using GraphPad Prism version 9.0, p<0.05 was considered statistically 

significant. 

Result: Severely ill patients demonstrated higher viral loads, copies/ml, mean±SD11.9±9.55x 

106 compared to moderate 7.44±6.81 x 106 and asymptomatic 4.18±3.12 x 106 p=0.02. Severely 

ill patients recorded higher systemic anti-spike IgG, BAU/ml, 1219±124 and anti-nucleocapsid 

872.3±388.7 as compared to asymptomatic 554.1±145.4 vs 403.8±464.3 p=0.0245 and 

p<0.0001 respectively. Asymptomatic individuals had higher mucosal anti-spike IgG, BAU/ml, 

6.023±12.79 and receptor binding domain (RBD) 7.236±14.70 in comparison to severely ill, 

0.5738±0.8877, p=0.0034 and 0.7275±1.103, p=0.007 respectively. Systemic IFN-α mRNA 

transcript (normalized values) was significantly higher in asymptomatic individuals (median 

[IQR], 95% CI 1.473 [0.5907-2.412]) compared to severely ill individuals (0.1542 [0.1157-

0.4940]) and healthy individuals (1.0).  In blood, severely ill patients had significantly lower 

mean IFN-γ mRNA transcript 0.1737(0.0426-1.045) in contrast to healthy, moderate 0.6803 

(0.4982-1.271) and asymptomatic 1.032(0.2707-1.197) individuals (p=0.0311). In mucosa, 

IFN-γ mRNA levels of asymptomatic persons were significantly higher (1.123±0.8701) than 

healthy (p=0.0201), severely 0.1894(0.0365-0.7772) and moderately ill individuals 

0.3602(0.0965-0.7789). Severely ill patients recorded significantly lower systemic IFI-16 

mRNA transcript levels 0.1166(0.1009-0.1459) in comparison to moderate 0.2721(0.1693-

0.4199), asymptomatic 0.2545(0.1291-0.5104) and healthy. Regression analysis showed a 

positive association between CRP (0.5433; p=0.0006) with a 95% CI: 9.361-110.9 and LDH 

(0.2484; p<0.0001) and a 95% CI between 0.6948-1.252 with COVID-19 severity. 

Discriminative accuracy was highest when asymptomatic patients were compared to severe 

COVID-19 for CRP (AUC: 0.8867, 95% CI: 0.7532-1.000) and LDH (AUC: 1.000, 95% CI: 

1.000-1.000).  

Conclusion: SARS-CoV-2 viral load increased illness severity. Mucosal anti-spike and RBD 

IgG appeared protective against severe COVID-19, while systemic anti-spike, RBD and 

nucleocapsid correlated with disease progression. Both mucosal and systemic interferon 

responses are suppressed in severe disease. Increased CRP and LDH levels correlated with 

COVID-19 severity.  

Recommendation: Mucosal IFN mRNA expression, CRP, LDH and IgG levels may be used 

to predict the course of COVID-19 and targeted treatments for COVID-19 patients. A 

prospective study on interferon protein levels may provide insight into COVID-19 progression.
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CHAPTER ONE 

1.0 INTRODUCTION 

This chapter introduces the background of the study and delves deeper into the problem 

the study addresses, as well as the justification for undertaking the study. Additionally, 

the research objectives, the questions to be answered, and the presumptive associations 

between the study variables are also addressed. Finally, the assumptions, limitations, 

and delimitations of the study and the theoretical and conceptual frameworks 

underpinning the study are further explored in this chapter. The innate immune 

response to COVID-19 is the body’s first line of defense, involving physical barriers, 

immune cells, and molecular mechanisms.  

1.1 Background information 

The catastrophic outbreak of SARS-CoV-2 led the World Health Organization (WHO, 

2023) to declare the coronavirus disease 2019 (COVID-19) a Public Health Emergency 

of International Concern (PHEIC) on 30th January 2020 (Dhama et al., 2020). On 

March 13, 2020, Kenya declared its first COVID-19 case. Most countries reported 

COVID-19 instances within 40 days of the declaration date. As of 13th April 2024, 

COVID-19 had spread to every country in the world, resulting in more than 

704,753,890 COVID-19-positive cases and 7,010,681 fatalities. It was reported that 

Kenya had 344,130 confirmed COVID-19 cases, with 5,689 deaths of the 5,382,790 

COVID-19 cases and 140,682 deaths in Africa as of August 7, 2023 (WHO, 2023). 

Seven pathogenic coronaviruses have so far been described, namely human 

coronaviruses NL63, 229E, HKU1, and OC43. These four are the most prevalent but 

are responsible for mild illnesses (Chen et al., 2018). The other three coronaviruses 

cause severe respiratory distress and viral pneumonia in infected people, which may 

lead to death (Petrosillo et al., 2020). These include a recently discovered, very diverse 
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encapsulated single-stranded RNA virus called SARS-CoV-2, the cause of the current 

COVID-19 epidemic. Others are the Middle East respiratory syndrome coronavirus 

(MERS-CoV) and SARS-CoV. 

The SARS-CoV-2 genome is 29,881 nucleotides long (GenBank no MN908947) and 

encodes 9860 amino acids according to molecular analysis performed utilizing RNA-

based metagenomic next-generation sequencing (mNGS) (Rastogi et al., 2020). 

Both structural and non-structural proteins are formed by the 9860 amino acids encoded 

by the SARS-CoV-2 genome. The membrane (M), envelope (E), nucleocapsid (N), and 

spike (S) proteins are crucial viral structures in attachment and entry to the host cell. 

These proteins play an important role in infectivity and pathogenicity (Naqvi et al., 

2020). 

The Spike (S) protein is made up of two subunits, S1 and S2. S1 recognizes the 

cell surface receptor angiotensin-converting enzyme 2 (ACE2) through a receptor 

binding domain (RBD). The S2 subunit is required for membrane fusion with human 

host cells (Cousin et al., 2021; Zipeto et al., 2020). The transmembrane protease serine 

2 (TMPRSS2) cleaves the S1/S2 complex spike via proteolytic cleavage (Akter et al., 

2021; Barash et al., 2020). Due to its ability to cleave S1 and S2, which promotes the 

absorption of SARS-CoV and probably SARS-CoV-2 virions, TMPRSS2 plays a dual 

function in the infection process (Stopsack et al., 2020). 

The severity of COVID-19 varies widely, from asymptomatic to a complicated and 

potentially fatal disease (Kim et al., 2020). In mild illness, patients may exhibit a variety 

of signs and symptoms, including coughing, fever, sore throat, headache, malaise, 

nausea, muscular pain, diarrhea, vomiting, and loss of smell and taste (Gohil et al., 

2021). Mildly ill COVID-19 patients have no signs of respiratory distress, exertional 

dyspnea, or abnormal chest X-rays. A moderately ill patient is one with oxygen 
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saturation (SpO2) of ≥ 94% on room air at sea level with clinical examination or 

imaging findings of lower respiratory involvement. If a COVID-19 patient has a SpO2 

of ≤ 94% on room air at sea level, an arterial oxygen partial pressure (PaO2 in mmHg) 

to fractional inspired oxygen (FiO2 expressed as a fraction, not a percentage) PaO2/FiO2 

of 300 mm Hg, a respiratory rate of more than 30 breaths per minute, or lung 

infiltrates of more than 50%, they are considered to be severely ill. These people could 

experience an abrupt clinical decline (Gao et al., 2021). 

The initial information on viral load and infectious virus shedding was recorded in a 

cluster of illnesses that happened in January 2020, evaluating nine immunocompetent 

people with a mild course of sickness, following the appearance of SARS-CoV-2 in 

late 2019 (Puhach et al., 2023). Other investigations revealing peak viral loads at the 

time of symptom onset or even shortly before, corroborated the conclusion that peak 

RNA viral loads were attained in the early symptomatic stage at 5 dpos (Souza et al., 

2021). In the nasopharyngeal and throat swabs, RNA virus loads decreased during the 

illness, reaching low or undetectable levels two weeks after symptom start. Resolving 

clinical symptoms and a progressive rise in antibody titres for both binding and 

neutralizing antibodies are linked to declining RNA virus loads (Puhach et al., 2022). 

Ongoing viral RNA detection has been seen in apparently healthy people over extended 

periods of time-up to 28 days and some investigations have even documented low-level 

RT-PCR RNA detection for months (Lauer et al., 2020). A small percentage of non-

severe cases, roughly 3%, 14%, or fewer than 20%, consist of participants who continue 

to shed viral RNA for more than four weeks following initial RT-PCR detection. In the 

early acute phase following the beginning of symptoms, high RNA viral load has been 

shown to correspond with infectious virus shedding of the ancestral SARS-CoV-2 

strain, as established by virus isolation in cell culture (Bullard et al., 2020; Jansen et 
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al., 2021).  

Notably, daily longitudinal sampling of respiratory specimens from patients with 

asymptomatic infections or mild diseases revealed that infectious viruses can be 

identified even before symptoms appear (Ke et al., 2022). Within the first 8–10 days 

post-infection (dpos), successful infectious virus isolation was reported; however, the 

likelihood of a successful culture progressively decreased beyond this time frame. 

Infectious virus titres decreased within the first ten days of infection, according to 

studies that used quantitative assessment methods (Jansen et al., 2021). Furthermore, 

the seroconversion period in hospitalized patients was associated with a decreased 

probability of viral isolation; thus, infectious virus could no longer be isolated from 

seroconverted patients with detectable antibody titres. Similar seroconversion studies 

on patients with moderate symptoms are lacking, although it is more difficult to conduct 

such an evaluation since fewer people are immunologically naïve and because 

underlying immunity is widely present (Puhach et al., 2022). 

SARS-CoV-2 exhibits tropism in the lungs. Thus, it is likely that mucosal immune 

responses are essential in limiting the virus's entrance and propagation (Puhach et al., 

2023). The kinetics and quality of the mucosal immune response to SARS-CoV-2 have 

been the subject of very few studies. In nasopharyngeal swabs, mucosal responses—in 

particular, anti-spike IgM—have an inverse correlation with the viral load (Mettelman 

et al., 2022). This suggests that a robust early nasal antibody response might be crucial 

in mitigating illness by either triggering or promoting early viral clearance. Strong nasal 

antibody response (anti-RBD IgA) has also been linked to the remission of systemic 

symptoms (fatigue, fever, headache, disorientation, joint or muscle pain and enlarged 

lymph nodes) (Russell and Mestecky, 2022).  

This link may be explained by early inhibition of viral replication in the upper 
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respiratory tract, which limits the virus's ability to move to the periphery and, in turn, 

limits systemic symptoms (Noh and Rha, 2024). Children's nasopharynx, 

bronchoalveolar lavages (BAL), saliva, and trachea have all been found to have specific 

anti-SARS-CoV-2 antibodies that are directed against the S, RBD, and N proteins. 

Stool sample data are scarce; only one study found slight differences in anti-S IgA and 

IgG antibodies between patients who were infected and those who were not; another 

study found anti-RBD IgA antibodies in 11% of patients, especially those who had the 

most severe illness or who were presenting with diarrhea (Campbell et al., 2022). 

Similar to blood levels, nasal fluid total IgM and IgG (including IgG subclasses) in 

healthy donors and COVID-19 patients are comparable (Huang et al., 2021). 

As disease severity increases, overall IgA levels also tend to rise. Similar to the 

systemic humoral immune response, mucosal tissues exhibit higher specific antibody 

titers in moderate to severe cases compared to asymptomatic or mild infections 

(Thomas and Bomar, 2023). Notably, among individuals with moderate disease and 

little to no specific serum response, anti-SARS-CoV-2 IgA titers in mucosal tissues 

show a negative correlation with age. 

The high transmissibility of SARS-CoV-2, along with its ability to infect multiple tissue 

types, has contributed to the prolonged nature of the pandemic (WHO, 2020). The 

immune response to SARS-CoV-2 represents a delicate balance between protective 

immunity and excessive inflammation, which helps explain the wide range of clinical 

presentations observed among infected individuals. Many asymptomatic individuals 

remain undiagnosed due to the absence of noticeable symptoms and limited public 

awareness (Paleker et al., 2021). In Africa, COVID-19 testing has largely been directed 

at symptomatic patients seeking medical care, as well as international travelers, leading 

to significant underreporting, particularly among asymptomatic cases. Estimates 
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suggest that 65–85% of SARS-CoV-2 infections in Africa present with mild or no 

symptoms, making surveillance and containment efforts more challenging (Hu et al., 

2020). 

The high proportion of asymptomatic infections means that many individuals do not 

visit healthcare facilities for testing. However, asymptomatic carriers play a crucial role 

in viral transmission, increasing the risk of infection among vulnerable populations who 

may experience severe illness or complications (Nikolai et al., 2020). The human 

immune system is the primary defense against SARS-CoV-2, identifying and 

eliminating the virus. In some instances, however, immune evasion strategies employed 

by the virus or excessive immune activation can result in severe disease outcomes 

(Brodin, 2021). Once the virus begins replicating in the respiratory tract and other 

organs, it triggers a strong immune response, leading to the activation of inflammatory 

macrophages and neutrophils. This process can sometimes cause an excessive release 

of cytokines, commonly referred to as a "cytokine storm," which contributes to acute 

respiratory distress syndrome (ARDS) and multi-organ failure (Khani et al., 2020). 

Despite the potential for severe illness, a large proportion of SARS-CoV-2 infections 

remain asymptomatic, suggesting that, in many cases, the immune system effectively 

controls viral replication and prevents excessive immune-related damage. Both innate 

and adaptive immune responses are crucial in combating SARS-CoV-2 infection 

(Azkur et al., 2020). Natural killer (NK) cells, T lymphocytes, and B cells play essential 

roles in viral clearance by targeting infected cells and generating neutralizing 

antibodies, thereby influencing disease progression and recovery (Alsayb et al., 2021). 

In the lower respiratory tract, children infected with SARS-CoV-2 exhibit particularly 

low levels of neutralizing antibodies. Using genome fragment phage display library 

(GFPDL) technology, Ke et al. (2022) analyzed how IgM, IgG, and IgA antibodies 
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recognized epitopes in nasal secretions. Their findings revealed that while the systemic 

response was largely confined to S234, mucosal IgM, IgA, and IgG responses targeted 

a broader range of epitopes, including the N-terminal domain (NTD), receptor-binding 

domain (RBD), fusion peptide (FP), heptad repeat 1 (HR1), and HR2 regions across 

the S1 and S2 subunits of the spike protein (Pires De Souza et al., 2022). However, 

growing evidence suggests that antibody kinetic profiles differ based on the specific 

antigen of interest, leading to considerable variation in natural antibody levels that 

cannot be easily generalized (Thomas et al., 2023). 

The ectodomain (ECD) of the S protein, NP, RBD, S1, and serum IgM and IgG 

responses display distinctive kinetic patterns (Iyer et al., 2020). This heterogeneity may 

be exploited for improving diagnostic accuracy since the combined detection of 

antigens like NP and ECD increases test sensitivity, as does a combination of IgM or 

IgG specific against N or S (Andrew et al., 2022). According to published data, 

serological approaches used to test for other antigens like S or N protein are 

outperformed when using targets like open reading frame (ORF8) and ORF3b to 

measure antibody response (Hachim et al., 2020, 2022). These results suggest the 

necessity for further investigation into the dynamics of antibody responses and may 

provide insight into an alternative approach to the identification of COVID-19 and the 

maintenance of long-lasting immunity. 

The main target of neutralizing antibodies is spike proteins on the surface of SARS-

CoV-2 virus particles and infected cells (Huang et al., 2021). Each developed SARS-

CoV-2 virion comprises a mean of 26 ± 15 spike trimers that are substantially coated 

with glycans and are randomly scattered on the surface. There are two functional 

components for each monomeric S glycoprotein: the S1 subunit, which binds to the 

receptor ACE2, and the S2 subunit, which mediates the fusion of viral and cellular 
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membranes (Jackson et al., 2022; Wu et al., 2023). The S1 subunit folds into four 

primary structural domains: the NTD, RBD, and two carboxy-terminal domains 

(CTDs), which wrap around and protect the inner S2 subunit (Mohammadi et al., 2021; 

Satarker and Nampoothiri, 2020). 

Interferons of type I (IFN-α and IFN-β) have both autocrine and paracrine effects, 

causing the production of several interferon-stimulated genes (ISGs) that provide host 

cells with antiviral properties (Khorramdelazad et al., 2022). SARS-CoV-2 is one of 

several virus species that have developed defenses against IFN-I's antiviral properties 

(Park and Iwasaki, 2020).  Accordingly, an investigation into SARS-CoV-2 infection 

revealed that, upon analyzing the transcriptomes of SARS-CoV-2-infected bronchial 

epithelial cells, infected ferrets, and post-mortem lung tissues from patients with 

COVID-19, IFN-I responses were restricted, while the expression of different 

chemokines and IL-6 was increased (Falcón-Cama et al., 2023). 

While there was is increased production of IL-6, TNF-α and NF-κB-driven 

inflammatory responses, a more recent study that assessed peripheral blood from 

individuals suffering from COVID-19 of various degrees of severity also found that 

IFN-I responses are extremely impaired in patients with acute or critical COVID-19, as 

indicated by decreased levels of IFN-I and ISGs (Abers et al., 2021; Guo et al., 2022; 

Rarani et al., 2022). Patients with COVID-19 had distinct hyper-inflammatory 

characteristics involving all categories of immune cells, namely the increased 

expression of TNF-α and IL-1β-induced inflammatory reactions. In contrast, patients 

with severe influenza were more likely to exhibit IFN-I and IFN-II (IFN-γ) responses 

(Boechat et al., 2021; Tan et al., 2021).  

In classical monocytes from patients with severe COVID-19, but not mild COVID-19, 

IFN-I responses co-occurred with TNF- and IL-1β-driven inflammatory responses (Lee 
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and Shin, 2020). Remarkably, the transcriptome of post-mortem lung tissue from 

patients with COVID-19 was significantly enriched in severe COVID-19-specific gene 

signatures, including various ISGs identified in this study, which supports the notion 

that IFN-I responses are upregulated in severe COVID-19 (Blanco-Melo et al., 2020). 

In practically all living organisms, LDH is a crucial enzyme in anaerobic metabolism. 

According to several studies, severe COVID-19 patients had higher blood LDH levels 

(Gupta, 2022; Zhou et al., 2020). Findings demonstrate that patients infected with 

SARS-CoV-2 who have elevated levels of LDH on arrival have an increased risk of 

developing ARDS. The pathological processes of pulmonary tissues are significantly 

influenced by inflammation and cell damage (Chen et al., 2023). Compared to patients 

with confirmed SARS-CoV-2 negative pneumonia, COVID-19 patients had higher 

LDH levels. According to research, LDH levels and the COVID-19 mRNA clearance 

ratio were strongly correlated (Klein et al., 2020). The positive-sense RNA virus 

SARS-CoV-2 may cause cellular pyroptosis and severe symptoms by activating 

inflammasomes (Mao et al., 2023).  

The C-reactive protein (CRP), a type of acute protein, significantly increased in 

infected settings. Interleukin (IL)-6, which is primarily controlled by IL-1 at the 

transcriptional level in hepatocytes, is a factor in CRP induction (Akdogan et al., 2021). 

In individuals with COVID-19, excessive inflammation is thought to be the primary 

cause of severe illness and mortality. The CRP is a sensitive measure for determining 

the extent of tissue damage (Sadeghi-Haddad-Zavareh et al., 2021; Wang, 2020). Acute 

inflammation, severe injury, and coronary heart disease may result in elevated serum 

CRP levels. Following an ischemic or hemorrhagic stroke, elevated CRP is a prominent 

feature of the primary acute-phase response, and it is associated with the emergence of 

vascular problems (Smilowitz et al., 2021). 
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There is much concern about the humoral, interferon, and inflammatory responses and 

how they influence the viral load and severity of COVID-19. 

1.2 Problem statement 

The COVID-19 pandemic provided an unparalleled public health challenge brought on 

by the SARS-CoV-2 virus, necessitating thorough knowledge and efficient treatment 

approaches. Some urgent problems mean that even while much progress has been 

achieved in understanding the immune responses to this viral infection, humoral 

responses still need to be continuously studied in order to understand the longevity of 

protection.  

For more than three years, scientists have been attempting to figure out why some 

patients get severe COVID-19 symptoms while others exhibit no symptoms at all, with 

limited success (Abdin et al., 2020). Understanding asymptomatic disease and the 

extent to which it may be a source of transmission has been a major challenge during 

the COVID-19 pandemic. Because the asymptomatic disease is difficult to screen for, 

it is unclear in this aspect of the COVID-19 spectrum. 

The severity of the disease is influenced by several risk factors, such as advanced 

age, male sex, smoking, clinical comorbidities like obesity and immunodeficiency, and 

clinical biomarkers like autoantibodies to type I and III interferons, humoral 

responses and other inflammatory markers (Maggi et al., 2020; Pandey et al., 2021). 

Although it has been hypothesized that CRP is a critical measure of disease 

development in COVID-19, its distribution has never been examined to see if distinct 

patterns exist in a heterogeneous community. 

Further research is necessary to determine the role of humoral responses in severe 

illness consequences. Determining the relationship between viral load, inflammatory 

biomarkers, and IgG antibody responses with clinical outcomes in SARS-CoV-2 
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patients is necessary to manage SARS-CoV-2 infections. 

1.3 Justification 

It is necessary and opportune to continue researching humoral responses to COVID-19 

to effectively handle the worldwide situation. The adjustment of vaccination regime, 

including considerations for booster doses, response to novel variations, and vaccine 

effectiveness optimization, is informed by ongoing monitoring of humoral reactions. 

Humoral responses must be continuously studied due to the constant variations of 

SARS-CoV-2, which is typified by the appearance of mutants. This information is 

critical for developing updated vaccinations and minimizing the risks associated with 

viral escape. Understanding the durability of protective immunity after infection or 

vaccination depends heavily on longitudinal investigations of IgG responses. 

Inflammatory biomarkers in COVID-19 may offer an easy-to-use tool for clinical 

treatment, prompt longer intervals of increased surveillance, provide details about the 

anticipated course of the disease, and support early talks about therapy, ventilation, 

and palliative care (Moderbacher et al., 2020). However, a recent study discovered 

that the viral load measured in asymptomatic/mild individuals was comparable to that 

detected in symptomatic patients. These observations pose the question of whether host 

and immune genetic variations in COVID-19 might be utilized to predict symptom 

susceptibility or severity. 

To comprehend viral infections, pathophysiological changes brought on by disease, and 

the identification of potential therapeutic targets, it is crucial to identify host genetic 

factors that influence susceptibility to infection and the severity of sickness. The virus-

host relationship gains dynamism with the introduction of new SARS-CoV-2 strains. 

Adaptive public health interventions and vaccination tactics need to be informed by 

ongoing monitoring of the possible effects of these variations on humoral responses, 
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including alterations in antibody persistence and effectiveness. Immunity at the 

individual and community levels is significantly influenced by the length and vigor of 

humoral immunity following COVID-19 infection or immunization. 

In order to determine if booster doses are necessary and to maintain population-level 

immunity against COVID-19, this information is essential. The potential for reinfection 

is always a worry, and ongoing research on humoral responses sheds light on how 

effective immunization is against SARS-CoV-2 variations. Refinement of mitigation 

and preventative techniques is aided by knowledge of breakthrough infections. Studies 

must be conducted continuously since humoral responses vary across different groups. 

It is possible to identify variations in age, comorbidities, and genetic variables, which 

allows for the development of customized public health initiatives and guarantees fair 

access to efficacious immunization regimens. 

This information will also provide insight into risk factors, biomarkers, and disease 

outcomes, which will also serve to direct preventive measures.  

1.4 Research questions 

i. What is the relationship between SARS-CoV-2 viral load and clinical outcomes 

in infected participants? 

ii. What are the SARS-CoV-2 IgG antibody kinetics to RBD, spike and nucleocapsid 

epitopes in infected patients? 

iii. What are the type I (IFN-α and IFN-β), type II (IFN-γ) and interferon-stimulating 

gene (IFI-16) expression levels in SARS-CoV-2 participants? 

iv. What are the CRP and LDH inflammatory biomarker levels in SARS-CoV-2 

patient categories? 
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1.5 Objectives 

1.5.1 Broad objective 

To determine viral load, IgG, innate genes and inflammatory biomarkers in SARS-

CoV-2 participants. 

 1.5.2 Specific objectives 

i. To determine the relationship between SARS-CoV-2 viral load and clinical 

outcomes in infected patients. 

ii. To determine SARS-CoV-2 IgG antibody levels to RBD, spike and nucleocapsid 

epitopes in infected patients. 

iii. To determine the type I (IFN-α and IFN-β), type II (IFN-γ) and interferon-

stimulating gene (IFI-16) expression levels in SARS-CoV-2 participants. 

iv. To measure CRP and LDH inflammatory biomarkers in SARS-CoV-2 patients. 
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CHAPTER TWO 

2.0 LITERATURE REVIEW 

This chapter reviews the immune response to SARS-CoV-2, the virus responsible for 

COVID-19, which involves both innate and adaptive components. The innate immune 

system serves as the first line of defense, detecting the virus through pattern recognition 

receptors (PRRs) that sense viral RNA. This triggers the release of type I interferons, 

pro-inflammatory cytokines, and chemokines, recruiting immune cells such as 

neutrophils and macrophages to the site of infection. Neutrophils can release neutrophil 

extracellular traps (NETs), while the complement system enhances pathogen clearance. 

However, excessive activation may result in a cytokine storm and hypercoagulability, 

contributing to acute respiratory distress syndrome (ARDS) and multi-organ damage. 

The adaptive immune response develops later, involving T and B lymphocytes. CD8+ 

cytotoxic T cells kill infected cells, while CD4+ helper T cells assist B cells in 

producing virus-specific antibodies. Neutralizing antibodies, especially those targeting 

the spike protein, are key to preventing viral entry into host cells. Memory B and T 

cells formed after infection or vaccination provide long-term protection. However, viral 

evasion strategies, such as suppressing interferon signaling or mutating epitopes, can 

undermine immune responses. A balanced and well-coordinated immune reaction is 

critical for viral clearance and recovery, while dysregulation can lead to severe disease 

outcomes. 

2.1 Coronaviruses 

Coronaviruses (CoVs) are enclosed, positive-sense RNA viruses with the longest 

known RNA genomes, with lengths of up to 32 kb (order Nidovirales, family 

Coronaviridae, subfamily Coronavirinae) (Boopathi et al., 2020). Alpha, beta, gamma, 

and delta coronaviruses are the four genera that make up the subfamily Coronavirinae, 
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which comprises viruses important to both human and veterinary health (Yang et al., 

2020). Envelope protein (E), membrane protein (M), nucleocapsid protein (N), and S 

are the minimum number of the four classical structural proteins found in the 

coronavirus molecule (spike protein). The membrane-anchored hemagglutinin-esterase 

(HE) protein is also expressed by betacoronaviruses of lineage A (Bai et al., 2021). Due 

to the presence of the receptor-binding domain (RBD) and fusion-related domains, the 

S glycoprotein functions as a crucial protein in the CoV entry process. 

The digestive and respiratory systems of a broad variety of animal species, including 

numerous mammals and birds, are the primary sites of infection by coronaviruses 

(Astuti and Ysrafil, 2020). Although most virus species seem to be constrained to a 

small host range of only one type of animal, genome sequencing and phylogenetic 

analysis show that CoVs have regularly overcome the host species barrier (Boopathi et 

al., 2020). In reality, the majority of human coronaviruses, if not all of them, appear 

to have their roots in bat coronaviruses (BtCoVs), either directly or through an 

intermediary host. 

2.1.1 Evolution of coronaviruses 

For obligatory parasites like viruses, the capacity to spread internally is a critical 

component of fitness. Parasites usually live in populations of hosts, which are highly 

fragmented environments with distinct and transient habitats (Cable et al., 2017; 

Wolinska and King, 2009). A key characteristic of viruses that cause acute infections, 

in which the communicability period is brief, is high transmissibility (Coltart et al., 

2017; Geoghegan et al., 2016). It is believed that these viruses' transmissibility, which 

is often measured as the net reproduction number (Rt), or the total number of secondary 

infections that each case causes in a population, closely resembles their fitness at the 

host population level (Coltart et al., 2017; Escandón et al., 2021). Therefore, a simple 
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evolutionary process of fitness maximization may be used to explain how these viruses 

are continuously evolving towards greater transmissibility. 

Three phases comprise the transmission process: the virus's release from the infectious 

host; its survival and movement throughout the environment; and its establishment 

within the recipient macroorganism (Baquero, 2017; Liu et al., 2020). Natural selection 

acts on certain features of the virus that can help with each of these processes, and these 

transmission-enhancing properties are continually evolving, which leads to 

improvements in intrinsic transmissibility (Geoghegan and Holmes, 2018). Certain 

traits can be optimized to increase the transmissibility of the virus (Wu et al., 2016).  

Such traits can be optimized to increase the transmissibility of the virus in two ways: 

first, by increasing the number of infected cells and, thus, viral loads in the mucosal 

secretions of infectious individuals; second, by improving the ability of the viral lineage 

to establish infection in the new host (Lum et al., 2022; Moriyama et al., 2020; van 

Seventer and Hochberg, 2017). An example of this interaction is that between SARS-

CoV-2 and the angiotensin-converting enzyme 2 (ACE2) receptor, which is its primary 

cell entry route. Spike protein mutations can improve and stabilize the protein's binding 

to the receptor. The mutation D614G78,79 was the first to be noticed for this. N501Y 

in the receptor binding domain (RBD) is the greatest example of the changes that VOCs 

Alpha, Delta, and Omicron were later found to contain, which further increased 

binding. 

The cleavage of the spike protein is crucial for cell entry because it mediates membrane 

fusion (Markov et al., 2023). For the virus to spread in the ferret model, the furin 

cleavage site insertion was necessary (Peacock et al., 2021). P681R in Delta and P681H 

in Alpha and Omicron cause the spike protein to be almost completely cleaved, which 

facilitates viral entrance and, eventually, intrinsic transmissibility (Khatri et al., 2023). 
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Overall, it appears that mutations that facilitate spike cleavage and receptor binding 

both boost infectiousness and infectivity and aid in the lineage's dissemination (Markov 

et al., 2023; Mingaleeva et al., 2022). Mutations in the nucleocapsid (R203K + G204R) 

may improve transmissibility and replication (Johnson et al., 2022). For the 

nucleocapsid, ORF9 b, and ORF6 genes, evolution outside of spike seems to raise sub-

genomic RNA levels in Alpha, resulting in innate immune evasion and enhanced 

transmission (Carabelli et al., 2023). 

Additionally, viruses can increase transmissibility by developing tropism for an organ 

or tissue, which could provide a more effective medium for dissemination (Kleinehr et 

al., 2021; Puig-Torrents and Díez, 2024). Omicron BA.1 developed a propensity for 

effective replication in the nasopharynx, a superior vantage position for entering 

aerosol, in contrast to the original SARS-CoV-2 virus, which invaded bronchial and 

lung cells (Bálint et al., 2022; Knisely et al., 2023; Murgolo et al., 2021). Furthermore, 

ex vivo bronchi cultures seem to reproduce Omicron BA.1 more quickly than other 

VOCs, although lung cells do not respond well to it (Abbasian et al., 2023). 

Another essential element of intrinsic transmissibility is virion stability outside the host, 

which probably has a significant influence on viral fitness (Ramasamy, 2023). Different 

lineages of SARS-CoV-2 have shown different levels of aerosol persistence during the 

pandemic (Arruda et al., 2023). According to studies on aerosol stability, Alpha and 

Beta have longer half-lives than the ancestral branch, but Omicron and Delta have 

similar stability (Mingyu et al., 2023). Further evidence that stability in aerosols may 

not be a determining factor in the evolution of transmissibility comes from research that 

demonstrated extremely low and comparable virion lifetimes in aerosols across VOCs, 

excluding significant changes across evolutionary lineages (Bushmaker et al., 2023; 

Hirose et al., 2022). 
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A virus can increase its reproduction number (Rt) through extended infectiousness in 

addition to being inherently more transmissible (Burrell et al., 2017; Shaw and 

Kennedy, 2021). A host's resistance to infection (Rt) increases with the number of 

secondary infections it may generate over time. The length of infectiousness is therefore 

a feature that may evolve (Delamater et al., 2019). If two viruses have identical inherent 

transmissibility levels, one could spread more quickly than the other as long as its 

infectious phase begins sooner (Tanaka et al., 2022). An epidemiological feature known 

as the latent period is the interval of time that separates an individual's point of infection 

from the point at which they become contagious to others (Park et al., 2023). A shorter 

latency period allows the host to become infected more quickly, which can lead to 

epidemics with steeper development at a given level of Rt (Manjunath et al., 2022). 

When Omicron BA.1 was compared to Delta, its infectiousness was shown to begin 

earlier, but it also persisted for a shorter period (Park et al., 2023). 

The genome surveillance system of the CDC identified the development and shifting 

predominance of numerous Omicron lineages across the country between January 2022 

and May 2023. BA.1.1, BA.2, and BA.2.12.1 were the predominant lineages in the first 

half of 2022; in the second half, BA.5 and BQ.1/BQ.1.1 (combined) were the 

predominant lineages (Manjunath et al., 2022).  

The appearance of these variations was linked to increases in COVID-19 cases. The 

emergence of XBB.1.5 as the dominant strain in 2023 was marked by its spread from 

the northeastern to the southeastern and western parts of the country (Dijokaite-

Guraliuc et al., 2023). The spike RBD has comparable substitutions that several 

Omicron lineages independently acquired (e.g., R346T, K444T, N460K, and F486S/P), 

indicating that these sites are under selection pressure in the population and promote 

improved viral circulation.  
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As a result, these substitutions have been linked to resistance to neutralizing antibodies, 

such as those produced by previously approved monoclonal antibody therapies (Chin 

et al., 2022). Additionally, the S486P substitution, which is seen in some XBB-

descendent lineages, has been shown to boost infectivity through increased binding 

affinity of the angiotensin-converting enzyme 2 receptor (Kwon et al., 2023). As of 

May 13, 2023, the XBB lineages XBB.1.16, XBB.1.16.1, and XBB.2.3 have the 

shortest doubling times, with extra substitutions made in comparison to XBB.1.5 

(Arruda et al., 2023). 

Decisions to withdraw emergency use authorizations for various monoclonal antibody 

treatments with reduced clinical effectiveness against distinct Omicron lineages 

beginning in winter 2021 were influenced by data on the proportions of SARS-CoV-2 

Omicron variants (Kip et al., 2023). The Food and Drug Administration (FDA) also 

recommended the addition of BA.4/BA.5 to updated (bivalent) vaccinations in June 

2022 based on data on variant proportions (Dobrowolska et al., 2023) (Figure 2.1).
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Figure 2.1 Monthly proportion of SARS-CoV-2 variations nationwide 

estimates (A) and the projected number of cases attributable to variants 

(B) — United States, January 2, 2022–May 13, 2023 (Ma et al., 2023)
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2.1.2 Coronavirus structure 

 

Coronaviruses are enclosed, non-segmented viruses with single-stranded RNA 

(ssRNA) that is 26–32 kb long (Huang et al., 2020). The coronavirus genome is the 

longest among RNA viruses at this length (Mittal et al., 2020). The spherical form of 

the negative-stained SARS-CoV-2 particles, which ranged in diameter from 60 to 140 

nm, and their outer surface, which was dotted with characteristic spikes ranging in 

length from 9 to 12 nm, gave the virions the appearance of a solar corona, were revealed 

by electron microscopy (EM) (Fehr and Perlman, 2015; Pal et al., 2020). SARS-CoV-

2's morphology is in line with that of other members of the Coronaviridae family 

(Yadav et al., 2020). 

One of the first viral strains to have its whole genome sequenced was the SARS-CoV-

2 Wuhan-Hu-1 isolate (GenBank: MN908947.3), which had an RNA length of 29,903 

base pairs (Huston et al., 2021). In addition to having two flanking untranslated regions 

(UTRs) and three open reading frames (orfs) that encode different proteins, it is 5′-

capped and 3′ polyadenylated (Kim et al., 2020). The sequence of the genome is: 

accessory proteins–noncoding 3′-UTR, structural proteins–structural genes (S, E, M, 

and N), and noncoding 5′-UTR–replicase genes (orf1ab) (Roman et al., 2021). 

Interestingly, it does not have the hemagglutinin-esterase gene, a characteristic shared 

by betacoronaviruses of lineage A. The biggest orf in the genome, orf1a/b, is found at 

the 5′ end and encodes 15 nsps, divided into nsps 1–10 and nsps 12–16 (V’kovski et 

al., 2020). In short, due of ribosomal frameshifting, the orf1a/b contains overlapping 

orfs and generates the polypeptides pp1a and pp1ab (Roman et al., 2021). The genome 

of the virus encodes two cysteine proteases: nsp3, or papain-like protease (PL2pro), 

and nsp5, or 3C-like protease (3CLpro) (Rajpal et al., 2022).  
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The polypeptides pp1a and pp1ab are broken down by these proteases into 15 nsps. The 

cleaving between nsp1|2, nsp2|3, and nsp3|4 sites is specifically carried out by PL2pro, 

whereas nsp4 through nsp16 are produced by 3CLpro cleaving at the LQ↢SAG sites 

(Mukherjee and Dikic, 2023). Key enzymes among these nsps in charge of transcription 

and viral RNA replication include RNA-dependent RNA polymerase (nsp12), which 

forms a complex with nsp7, nsp8, helicase (nsps13), and exonuclease (nsp14) (Lv et 

al., 2022; Osipiuk et al., 2021). 

Receptor interaction between the virus and the host cell, virion assembly, 

morphogenesis, and viral particle release from the host cell are all mediated by four 

structural proteins found in the 3′-terminus of the SARS-CoV-2 genome (Pizzato et al., 

2022). Localized in the endoplasmic reticulum and Golgi complex of host cells, the E 

protein of SARS-CoV-2 is the smallest structural protein present in the viral membrane 

(Sergio et al., 2024). It is known that the E protein, in conjunction with M and N, 

promotes the production of virus-like particles (Schoeman and Fielding, 2019). The 

most prevalent structural protein in a virion is the M glycoprotein, a transmembrane 

protein found in the viral membrane that is over a hundred times more common than 

the E protein (V’kovski et al., 2020).  

Together with the E and N proteins, the M protein is crucial to the formation of the 

virus. The packaging of the viral genome RNA (gRNA) into a helical ribonucleocapsid 

(RNP) is carried out by the N protein (Boson et al., 2021; Cao et al., 2021). Eight other 

auxiliary proteins, 3a, 3b, 6, 7a, 7b, 8b, 9b, and orf14 (based on the National Center for 

Biotechnology Information [NCBI] designation NC_045512.2), are likewise produced 

from subgenomic RNA and are scattered among the structural genes of SARS-CoV-2. 

The complete genomes and individual genes analyzed using phylogenetic trees indicate 

that SARS-CoV-2 is more closely related to SARS-like bat coronaviruses than it is to 
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SARS-CoVs. In particular, whereas the 3a and 8b accessory genes are more similar to 

SARS-CoVs, the S gene of SARS-CoV-2 is more similar to SARS-like bat 

coronaviruses. The SARS-CoV-2 (106-sequence) genome exhibits a significantly 

lower mutation rate and genetic diversity compared to SARS-CoV (39 sequences), 

according to a recent study based on available genomic sequences. In particular, the S-

protein-coding gene is comparatively more conserved than other protein-encoding 

genes (Figure 2.2). 

 

 

 

Figure 2.2 Structure of coronavirus (Lomeli et al., 2022) 
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2.1.2.1 SARS-CoV-2 S protein structure 

The S protein, which has a molecular weight of 180–200 kDa, is made up of an 

intracellular short segment, an extracellular N-terminus, and a transmembrane (TM) 

domain that is anchored in the viral membrane (Huang et al., 2020). Normally, S is 

found in a metastable, prefusion conformation. However, when the virus comes into 

contact with the host cell, it undergoes significant structural changes that enable it to 

fuse with the membrane of the host cell (Guardado-Calvo and Rey, 2021). 

Polysaccharide molecules are applied to the spikes to help them blend in and avoid 

being noticed by the host immune system when they are first inserted (Negi et al., 

2022). 

The SARS-CoV-2 S subunit (686–1273), the S1 subunit (14–685 residues), and the 

signal peptide (amino acids 1–13) at the N-terminus make up the subunit's total length 

of 1273 aa (Yin et al., 2023). The latter two sections are in charge of membrane fusion 

and receptor binding, respectively (Amin et al., 2022). The N-terminal domain (14–305 

residues) and the receptor-binding domain (RBD, 319–541 residues) make up the S1 

subunit; the S2 subunit is composed of the fusion peptide (FP) (788–806 residues), 

heptapeptide repeat sequence 1 (HR1) (912–984 residues), HR2 (1163–1213 residues), 

TM domain (1213–1237 residues), and cytoplasm domain (1237–1273 residues) 

(Huang et al., 2020; Nagesha et al., 2022). The viral particle is surrounded optically by 

S protein trimers that resemble a bulbous, crown-like halo (Nagesha et al., 2022).  

The bulbous head and stalk portion of the coronavirus are formed by the S1 and S2 

subunits, according to the structure of the S protein monomers (Nassar et al., 2021; 

Negi et al., 2022). Cryo-electron microscopy has revealed the atomic structure of the 

SARS-CoV-2 trimeric S protein, revealing distinct conformations of the S RBD domain 

in both opened and closed states along with their related activities (Bodakuntla et al., 
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2023; Song et al., 2018).  

Receptor recognition is a key factor in determining viral entrance and a target for 

therapeutic design, as the binding of virus particles to host cell receptors initiates viral 

infection (Sriwilaijaroen and Suzuki, 2020). The aminopeptidase N region of the cell 

receptor ACE2 is bound by RBD, which is located in the S1 subunit (Mittal et al., 

2020). The NTD and CTD are located in the S1 region, and important residue changes 

in SARS-CoV-2-CTD are shown by atomic details at the binding contact (Zhang et al., 

2020). Additionally, a greater surface area is buried with SARS-CoV-2 S CTD in 

combination with ACE2 than with SARS S RBD, and the binding interface of SARS-

CoV-2 S CTD includes more residues that directly engage with the receptor ACE2 than 

does SARS-RBD (21 vs 17) (Mittal et al., 2020; Xia, 2023).  

The interaction with ACE2 is enhanced by mutations of critical residues (Mengist et 

al., 2021). SARS-CoV-2's F486 produces strong aromatic–aromatic contacts with 

ACE2 Y83, whereas SARS-CoV-2-CTD's E484 develops ionic connections with K31 

in place of P470 in SARS RBD (Borkotoky et al., 2023). These interactions result in a 

greater affinity for receptor binding than SARS-CoV's RBD (Sun et al., 2020). The 

SARS-CoV-2 and SARS-CoV RBD are around 73–76 % identical in sequence, making 

the RBD region a crucial target for neutralizing antibodies (nAbs) (Chen et al., 2022). 

Four of the nine ACE2-contacting residues in the CoV RBD are partly preserved (Li 

and Chang, 2023).  

Receptor-binding motif (RBM) analysis of SARS-CoV and SARS-CoV-2 showed that 

most residues required for ACE2 binding in the SARS-CoV S protein are retained in 

the SARS-CoV-2 S protein (Basavarajappa et al., 2022). The RBM is a component of 

RBD that makes direct interactions with ACE2. Studies using murine monoclonal 

antibodies (mAbs) and polyclonal antibodies against SARS-RBD, however, revealed 
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that they are unable to bind with the SARS-CoV-2 S protein, indicating that SARS-

CoV and SARS-CoV-2 vary in their antigenicity (Ghoula et al., 2023; Pérez-Massón 

et al., 2024). 

Viral fusion and entrance are mediated by the S2 subunit, which is made up of an FP, 

HR1, HR2, TM domain, and cytoplasmic domain fusion (CT) in that order (Su et al., 

2023). When the S protein assumes the prehairpin conformation, a brief stretch of 15–

20 conserved amino acids known as FP is formed, mostly comprising hydrophobic 

residues like glycine (G) or alanine (A), which act as an anchor to the target membrane 

(Duan et al., 2020). According to earlier studies, FP is crucial for facilitating membrane 

fusion because it breaks and rejoins the lipid bilayers of the host cell membrane (Ng et 

al., 2021).  

A repeating heptapeptide, HPPHCPC, makes up HR1 and HR2. P is a polar or 

hydrophilic residue, C is another charged residue, and H is a hydrophobic or typically 

bulky residue (Vinod, 2021). The six-helical bundle (6-HB), which is formed by HR1 

and HR2, is necessary for the S2 subunit's ability to fuse with viruses and enter host 

cells (Yurina et al., 2023). A hydrophobic FP's C-terminus is home to HR1, while the 

TM domain's N-terminus is home to HR2. The S protein is anchored to the viral 

membrane by the downstream TM domain, and the S2 subunit terminates in a CT tail 

(Gupta et al., 2021). After RBD binds to ACE2, S2 inserts FP into the target cell 

membrane, exposing the pre-hairpin coiled-coil of the HR1 domain and causing the 

HR2 domain and HR1 trimer to interact to form 6-HB. This brings the cell membrane 

and viral envelope closer together for viral fusion and entry (Sarkar and Panja, 2022).  

In a homo-trimeric assembly, HR1 displays three surface-bound, highly conserved 

hydrophobic grooves that attach to the HR2 helix (Almehdi et al., 2021). The "fusion 

core region" (comprising the HR1 core and HR2 core regions, respectively) is the 
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helical region within the post-fusion hairpin conformation of CoVs, where a high 

abundance of strong contacts occurs between the HR1 and HR2 domains. The most 

attention in therapeutic drug development has been focused on the heptad repeat (HR) 

(Su et al., 2021). 

The development of specialized medications can benefit greatly from targeting the S 

protein; however, the S1 RBD domain is not a suitable target location for the 

development of broad-spectrum antiviral inhibitors since it is located in a highly 

changeable area (Xia et al., 2020). On the other hand, the contact mechanism between 

HR1 and HR2, as well as the HR region of the S2 subunit, is conserved among HCoVs 

and plays a crucial role in HCoV infections (Cannalire et al., 2020). In vitro infection 

by ZIKV and other flaviviruses was shown to be potently inhibited by a synthetic 

peptide generated from the stem region of the ZIKV envelope protein in 2017 (Dhama 

et al., 2020; Ling et al., 2020).  

This suggests that peptides derived from conserved areas of viral proteins are effective 

against viruses. Competitively binding to viral HR1, peptides generated from the HR2 

region of class I viral fusion proteins of enveloped viruses efficiently prevent viral 

infection (Xia et al., 2019). 

2.1.2.2 SARS-CoV-2 E protein structure 

All coronaviruses contain the structural protein E, which is extremely conserved. It is 

made up of three domains: the hydrophobic transmembrane domain (TMD), the long 

hydrophilic C-terminal domain (CTD), and the short hydrophilic N-terminal domain 

(NTD) (Jahirul Islam et al., 2023). Furthermore, the E protein of SARS-CoV-1 and 

SARS-CoV-2 contains the final four amino acids at the CTD of a binding motif known 

as postsynaptic density protein 95 (PSD95)/Drosophila disc large tumor suppressor 

(Dlg1)/zonula occludens-1 protein (Zo-1) (PDZ) binding motif (PBM) (Artika et al., 
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2020; Pennacchietti and Toto, 2023; Schoeman and Fielding, 2019).  

The PDZ domain is a protein-protein interaction module that is implicated in 

pathogenesis (Lee and Zheng, 2010). It may attach to the CTD of target proteins, 

including the host cell's cellular adaptor proteins. Only the first methionine, Leu39, 

Cys40, and Pro54 are typically conserved in the E protein of SARS-CoV-2 and the 

other six known human coronaviruses, according to comparative sequencing analysis 

(Nagasaka et al., 2013; Nardella et al., 2021). No significant homologous or identical 

areas were found. The SARS-CoV-2 E protein shared the greatest overall sequence 

similarity with SARS-CoV-1 (94.74%), with MERS-CoV (36.00%) coming in second 

(Zhou et al., 2023).  

It is noteworthy that coronaviruses that usually cause severe illness have a substantially 

higher sequence similarity than coronaviruses that cause mild to moderate upper 

respiratory symptoms that are typical of the common cold (Lamers and Haagmans, 

2022). This demonstrates how crucial the E protein is to the development of illness. 

The 75-amino-acid SARS-CoV-2 E protein is a single-spanning membrane protein with 

an uneven distribution of charged residues on both membrane surfaces (Schoeman and 

Fielding, 2019). For E proteins to function, the ERGIC membrane must be assembled 

with the proper orientation, or topology. Research indicates that the dimension of viral 

evolution is expanded by topology (Duart et al., 2020; Zhou et al., 2023). By dispersing 

charged residues on both sides of the membrane, topology can change.  

The propensity to accrue a net positive charge balance in the CTD was found by 

aligning the MERS-CoV, SARS-CoV-1, and SARS-CoV-2 E protein (Burrell et al., 

2017). This suggests that the topological stability from MERS-CoV to SARS-CoV-2 is 

greater. For E proteins to function, the ERGIC membrane must be assembled with the 

proper orientation, or topology (Schoeman and Fielding, 2019c). Research indicates 
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that the dimension of viral evolution is expanded by topology. By dispersing charged 

residues on both sides of the membrane, topology can change. The propensity to accrue 

a net positive charge balance in the CTD was found by aligning the MERS-CoV, 

SARS-CoV-1, and SARS-CoV-2 E protein (Aldaais et al., 2021). This suggests that 

the topological stability from MERS-CoV to SARS-CoV-2 is greater. 

 

2.1.2.3 SARS-CoV-2 N protein structure 

The 419-amino-acid-long, multi-domain, structurally diverse N protein binds RNA 

(Morse et al., 2023). The N-terminal domain (NTD) and the C-terminal domain (CTD) 

of the N protein are two conserved, independently folded domains, similar to those of 

other coronaviruses (Wu et al., 2023). The center linking region (LKR), an intrinsically 

disordered region (IDR), connects these two domains. There is a Ser/Arg (SR)-rich 

region in the LKR that may include phosphorylation sites (Cubuk et al., 2021; Lu et 

al., 2021). N-arm and C-tail are the names of the two IDRs that are located on either 

side of the NTD and CTD. RNA binding is carried out by NTD, RNA binding and 

dimerization are carried out by CTD, and RNA-binding activity and oligomerization of 

NTD and CTD are regulated by IDR (Kang et al., 2020; Peng et al., 2020).  

The structure of SARS-CoV-2 NTD has been effectively solved by several scientific 

groups. Its structure is very similar to that of other coronaviruses' N proteins (Bai et al., 

2021). The SARS-CoV-2 NTD resembles a fist made with the right hand. Situated 

between the conspicuous β-hairpin area created by β2 and β3 chains outside the nucleus 

and the annular or short 310 helices, it is composed of a four-strand antiparallel β-fold 

core subdomain (Gonnin et al., 2023; Gorkhali et al., 2021). Between β2 and β3, a big 

projecting β-hairpin extends from the core (PDBID: 6YI3 and 7CDZ), serving as a 

bridge linking them. The β-hairpin is very flexible. RNA can be recognized by the N 
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protein and bound to it (Bai et al., 2021). The large β-hairpin in NTD is primarily made 

up of residues from basic amino acids (Gonnin et al., 2023). 

Additional examination of the surface electrostatic potential reveals the presence of a 

positively charged pocket, thought to be an RNA-binding site, near the interface 

between the core structure and the basic hairpin (Zhou et al., 2020). This location is 

shared by several human coronaviruses. by the creation of an atomic model of the 

RNA–protein combination (Wu et al., 2023). According to research, arginine residues 

R92, R107, and R149 that directly bind RNA are positioned in the positively charged 

canyon between the alkaline β-hairpin and the core of NTD (Jia et al., 2022). Both 

dsRNA and ssRNA comparably attach to this canyon. 

Similarly, other research teams have described the crystal structure of SARS-CoV-2 

CTD. Typically, two CTD monomers come together to create dimers 

(PDB:6YUN,7CE0, and 6ZCO), which are tile- and diamond-shaped (Chauhan et al., 

2021). Each monomer has two β-strands, two 310-helices, and five α-helices. A four-

chain, antiparallel β-strand forms at the dimer interface when the β-hairpin from one 

prototype is placed within the cavity of another (Gorkhali et al., 2021). One side of the 

dimer is created by the β-strand, while the surface on the other side is made up of a ring 

and an α-helix. The dimer structure is extremely stable due to the hydrophobic 

connection between the β-sheet and α-helix and the strong hydrogen bonding 

interaction between the two hairpins (Morse et al., 2023).  

The CTD structures of MERS-CoV, HCoV-NL63, and SARS-CoV-2 are very similar 

(Bačenková et al., 2021). It is hypothesized that they all have RNA-binding sites since 

they all exhibit a conservative positively charged groove on the helicoid of the N-CTD 

dimer (Bačenková et al., 2021; Wu et al., 2023). The putative RNA-binding site in 

SARS-CoV CTD is conserved and situated between 248 and 280 aa (Takeda et al., 
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2008). The residues Arg319, Thr334, and Ala336 have been identified as RNA-binding 

sites in the CTD of SARS-CoV-2 (Chauhan et al., 2021). The electrostatic surface 

potential study of these places reveals that the positively charged residues from these 

amino acid regions collect near the basic groove's relative border and expand laterally 

about the dimer interface line (Wu et al., 2023).  

The distribution of many positively charged residues, including as K256, K257, K261, 

and R262, is primarily responsible for the positive charge in this area of the SARS-

CoV-2 CTD (Chen et al., 2007). Nevertheless, these proteins' β-strand surfaces exhibit 

distinct features on their electrostatic potential surfaces. The center portion of the 

MERS-CoV structure is positively charged, whereas the SARS-CoV-2 and SARS-CoV 

structures both have a negatively charged region (Bačenková et al., 2021). A 

significantly negatively charged patch is visible in the center of HCoV-NL63's β-

folding surface. The binding pattern of RNA recognition may be impacted by these 

variations (Takeda et al., 2008).  

Each CTD comprises a single-stranded RNA channel with seven bases in its positively 

charged groove (Hristova and Zhivkov, 2024). This structure is explained by the 

coronavirus RNP complex hypothesis, which states that CTD primordia are bundled 

into a spiral core around which the genome's ssRNA is deformed (Wu et al., 2023). The 

single-stranded SARS-CoV-2 RNA genome's CTD, a 7-nucleotide fragment, is bound 

to the fragment with micromolar affinity, as revealed by microscale thermophoresis 

(Chen et al., 2007). The CTD's fundamental grooves encircle this fragment. 

Furthermore, it has been shown that CTD may self-bind to create oligomers, including 

dimers, trimers, tetramers, and even octamers. When CTD dimers contact instantly, 

higher-order oligomers are formed. Protein concentration determines how much 

aggregation occurs (Chen et al., 2007).  



32 

 

  

Comparably, the high-resolution crystal structure of CTD demonstrates that chain 

exchange brought about by close contact is the reason it exists in solution as a dimer 

(Brant et al., 2021). The SARS-CoV-2 CTD dimer is stable in solution, and the self-

binding of this domain is crucial to the overall N stability of SARS-CoV-2, according 

to the CTD detection and characterization of the virus using chemical crosslinking and 

static light scattering (Zhao et al., 2020). Most significantly, it was discovered that the 

C-terminal domain may further facilitate the production of the N protein tetramer by 

self-assembly. Furthermore, NF-κB regulation of the N protein and liquid–liquid phase 

separation (LLPS) depends on the SARS-CoV-2 CTD (Yang et al., 2021).  

 

2.2 SARS-CoV-2 viral host cell entry 

In order to overcome the inherent antagonism between the virus and the cellular 

membranes, viral entrance proteins must first fold into an energetically stable state and 

then proceed through a subsequent conformational change that supplies enough energy 

(Marcink et al., 2020). As a result, before membrane fusion, the S protein changes into 

a condition known as the metastable state, which is susceptible to transformation into a 

lower-energy state (Tang et al., 2020). Following ACE2 interaction, this S protein 

change is facilitated by two proteolytic cleavage stages, just like in SARS-CoV and 

other coronaviruses (Kielian, 2014). These two are confined at the S2′ position in the 

S2 subunit and the S1–S2 border, respectively. For SARS-CoV, the target cell's 

proteases break both locations (Jablunovsky et al., 2024).  

Furin in the virus-producing cell cleaves the S1–S2 border in the instance of SARS-

CoV-2, but target-cell proteases are still needed for the cleavage of the S2′ site (Johnson 

et al., 2021). Thus, the target-cell proteases are necessary for both virus types to enter 

cells, and the two main proteases that activate S proteins are TMPRSS2 and cathepsin 
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L (Lavie et al., 2022). Whereas cathepsin-mediated activation takes place in the 

endolysosome, TMPRSS2-mediated S protein activation takes place at the plasma 

membrane because TMPRSS2 is present at the cell surface (Follis et al., 2006). 

The ACE2, an 805-amino-acid carboxypeptidase, modifies its substrates’ C termini by 

removing one amino acid (Pitcovski et al., 2022). Its first half is made up of a single 

metallopeptidase domain with the HEXXH zinc-binding motif, which is similar to the 

one found in angiotensin-converting enzyme (ACE) and is located in the catalytic site. 

A transmembrane domain that is connected to collectin is present in the C-terminal half 

(Gkogkou et al., 2020). Angiotensin I and Angiotensin II generated by Renin and ACE, 

are converted into Angiotensin and Angiotensin, respectively, by ACE2. This is the 

primary role of ACE2 in healthy physiology. 

The renin-angiotensin-aldosterone system is extremely dependent on this enzyme. 

As with ACE2 for SARS-CoV-2, proteases serve as the required receptors for several 

other coronaviruses, such as DPP4 (also known as CD26) for MERS-CoV and APN for 

HCoV-229E (Molina et al., 2022; Shafiee et al., 2021). Investigations, however, have 

shown that the SARS-CoV infection, which results in the downregulation of ACE2, 

perturbs the renin-angiotensin-aldosterone pathway. 

Once the S1-S2 barrier has been breached, the S2′ site also has to be compromised, 

either by cathepsins in the endosomes or TMPRSS2 on the cell surface (Azouz et al., 

2021). TMPRSS2, a type II transmembrane protein with serine protease activity, has 

not been adequately studied in terms of its basic physiological function and substrate 

selectivity. However, it has a well-established involvement in respiratory viral 

infection, particularly for coronaviruses that cause SARS and influenza (Abdelrahman 

et al., 2020). Type II pneumocytes, ileal absorptive enterocytes, and nasal goblet 

secretory cells are the three primary cell types in these organs that co-express 
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TMPRSS2 and ACE2, while some research has shown that nasal ciliated cells do not 

express ACE2 or that both cells express ACE2 at high levels (Matsuyama et al., 2020; 

Zhao et al., 2022). 

The coronavirus entrance process usually requires two spike (S) protein cleavage 

events: one at the location where the S1 and S2 subunits converge, and the other at the 

S2′ site, which is inside the S2 subunit (Li et al., 2022). SARS-CoV-2 is a virus that 

matures in an infected cell by cleaving the polybasic sequence at the S1–S2 boundary; 

however, the S2′ site is cleaved at the target cell after binding to angiotensin-converting 

enzyme 2 (ACE2) (Mironov et al., 2023; Pizzato et al., 2022). The S1 subunit 

undergoes conformational modifications upon binding to ACE2, and the S2 subunit's 

S2′ cleavage site is made visible. Different proteases cleave the S2′ site in response to 

the entrance route that SARS-CoV-2 takes (Lavie et al., 2022).  

The virus-ACE2 complex undergoes internalization via endocytosis mediated by 

clathrin (step 2) into the endolysosomes, where S2′ cleavage is carried out by 

cathepsins, which are activated only in an acidic environment (steps 3 and 4) (Matveeva 

et al., 2022). This process occurs if the target cell indicates inadequate transmembrane 

protease, serine 2 (TMPRSS2), or if a virus-ACE2 complex does not come into contact 

with TMPRSS2. Correct: S2′ cleavage takes place at the cell surface when TMPRSS2 

is present (step 2). The fusion peptide (FP) is exposed in both entry pathways by 

cleavage of the S2′ site, and the S2 subunit undergoes dramatic conformational changes 

upon dissociation of S1, particularly in heptad repeat 1 (Jackson et al., 2021). This 

allows the fusion peptide to advance into the target membrane and initiate membrane 

fusion (steps 5 on the left and 3 on the right) (Bayati et al., 2021).  

Viral RNA is released into the host cell cytoplasm for uncoating and replication when 

the viral and cellular membranes fuse to create a fusion pore (steps 6 on the left and 
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step 4 on the right) (Jackson et al., 2022). ACE2 mimetics, therapeutic monoclonal 

antibodies that target the neutralizing epitopes on the S protein, and antibodies 

produced by vaccination impede viral binding to ACE2, hence inhibiting both entrance 

routes, are some of the agents that disrupt interaction between the S protein and ACE2 

(Negi et al., 2022). The two routes' approaches to post-receptor-binding phases, 

however, are different (Figure 2.3). Camostat mesylate limits the TMPRSS2-mediated 

entry route since it is a serine protease inhibitor. The cathepsin-mediated entry route is 

restricted by hydroxychloroquine and chloroquine because they inhibit endosomal 

acidification, which is essential for cathepsin function (Pizzato et al., 2022). 

 

 

 

 

Figure 2.3 Mechanism of SARS-CoV-2 entry (Jackson et al., 2021) 
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In the upper airways, where ACE2 expression is higher, many of the airway cells that 

express ACE2 also express TMPRSS2 (Whittaker et al., 2021). This is in contrast to 

the lower airways, where ACE2 expression is relatively low. Other serine proteases 

found in the lung, such as TMPRSS4, human airway trypsin-like protease (HAT), 

TMPRSS11E, TMPRSS11A and matriptase, as well as secreted neutrophil elastase, 

seem to contribute to infection by many respiratory viruses, even though TMPRSS2 

is the coronavirus protease that has been the subject of the most research (Hoffmann 

et al., 2020; Schuler et al., 2021).  

The SARS-CoV-2 entrance mechanism and possible approaches to prevent it were 

clarified by more studies on their function in viral infection in vivo. Although both 

SARS-CoV and SARS-CoV-2 utilize TMPRSS2, SARS-CoV does so less frequently 

than SARS-CoV-2 (Essalmani et al., 2022). One decisive element could be the presence 

or absence of a furin site at the S1-S2 boundary. The S1-S2 junction of the SARS-CoV 

S protein may not be an ideal substrate for TMPRSS2, but cathepsins can break it more 

quickly. This theory is supported by research showing that successful SARS-CoV-2 

infection of TMPRSS2 human airway cells was prevented by replacing the SARS-

CoV-2 furin site with the matching sequence of SARS-CoV or RaTG13 virus from 

horseshoe bats, which has no multibasic site (Azouz et al., 2021). 

 

2.3 Coronavirus Disease (COVID-19) 

A disease with a focus on the respiratory system first appeared in Wuhan, Hubei 

province, China, in December 2019 (WHO, 2022). The market for seafood in Huanan 

was connected to the epidemic since roughly half of the initial cases either worked there 

or resided nearby. Fifty percent of the initial 99 patients with chronic conditions were 

male, with an average age of 55.5 years within the group (Sayampanathan et al., 2021). 
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The illness spread quickly to neighboring nations, other Chinese provinces, and finally 

the entire world. The condition was dubbed coronavirus disease 2019 (formerly known 

as 2019-nCov) by the World Health Organization (WHO) in 2020, and the virus that 

caused the infection was termed severe acute respiratory syndrome coronavirus 2 

(SARS-CoV-2), a member of the Coronaviridae family (Astuti and Ysrafil, 2020; Lai 

et al., 2020). 

As of 17th January, 2023, COVID-19 has spread to every country in the world, resulting 

in more than 701,892,563 COVID-19 cases and 6,969,565 fatalities. On March 13, 

2020, Kenya declared the first COVID-19 case to be positive. Most countries reported 

COVID-19 instances within 40 days. Kenya has 344,130 confirmed COVID-19 cases 

as of September 14, 2023, with 5,689 deaths, compared to 5,382,790 COVID-19 cases 

and 140,682 deaths in Africa (WHO, 2023). 

The order Nidovirales, family Coronaviridae, and subfamily Coronavirinae of 

enclosed, positive-sense RNA viruses known as coronaviruses (CoVs) have the longest 

known RNA genomes, with lengths of up to 32 kb (Boopathi et al., 2020). The 

subfamily Coronavirinae, which includes viruses vital to both human and veterinary 

health, is made up of the four genera alpha, beta, gamma, and delta coronavirus (α, β, 

γ and δ CoV) (Ni et al., 2020). The minimal number of the four traditional structural 

proteins present in the coronavirus particle (spike protein) is envelope protein (E), 

membrane protein (M), nucleocapsid (N), and S protein. According to Bakkers et al. 

(2017), betacoronaviruses of lineage A also express the membrane-anchored 

hemagglutinin-esterase (HE) protein. 

 

 



38 

 

  

2.3.1 Clinical spectrum of COVID-19 

Asymptomatic or pre-symptomatic infection: Although the number of patients who are 

asymptomatic/mild throughout the illness is varied and poorly understood, 

asymptomatic/mild SARS-CoV-2 infection can occur (Chen et al., 2022). It is unknown 

whether the proportion of patients who initially have an asymptomatic/mild infection 

develops a clinical illness. According to reports, some asymptomatic/mild people have 

objective radiographic results consistent with pneumonia caused by COVID-19 (Gohil 

et al., 2021). 

Mild condition: A range of signs and symptoms might be present in patients with minor 

illnesses (e.g., fever, malaise, sore throat, cough, muscle pain, headache, vomiting, 

nausea, loss of smell and taste and diarrhea) (Leem et al., 2021). They do not exhibit 

abnormal imaging, dyspnea with effort, or shortness of breath. Mildly unwell patients 

are often handled in an outpatient environment, at home, or via telemedicine or 

telephone appointments. The majority of the time, people with mild COVID-19 who 

are otherwise healthy do not require imaging or any other laboratory tests (Gao et al., 

2021). 

Moderate illness: When there is lower respiratory illness evidence during a clinical 

examination or imaging and the SpO2 on room air at sea level is less than 94% 

(Subramanian et al., 2021). Patients with mild illness should have regular monitoring 

since lung disease can advance quickly in people with COVID-19 (NIH, 2022). 

Severe illness: SpO2 ≤ 94% on room air at sea level, PaO2/FiO2 300 mm/Hg, a 

respiratory rate >30 breaths/min, or lung infiltrates >50% are regarded as indicators of 

significant illness. Clinically, these people could rapidly worsen (Gohil et al., 2021). 

Critical Illness: Acute respiratory distress syndrome, virus-induced distributive (septic) 

shock, cardiac shock, an aggravated inflammatory response, thrombotic illness, and the 
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aggravation of preexisting comorbidities are all potential adverse effects of SARS-

CoV-2 infection (NIH, 2022). 

2.4 Viral load kinetics during SARS-CoV-2 infection  

Like other viral disorders, the viral load is likely a contributing factor to the severity of 

COVID-19, according to a growing body of evidence. In COVID-19 patients, the 

association between the SARS-CoV-2 viral load and the likelihood of illness 

development is still unclear (de Souza et al., 2021; Soria et al., 2021).  

A study examined the viral RNA shedding patterns by RT-qPCR in COVID-19 patients 

diagnosed with mild and severe illness, utilizing samples from 76 patients in one of the 

first studies evaluating the relationship between viral load and COVID-19 disease 

severity. They discovered that over the first 12 days of infection, the viral load in the 

nasopharyngeal specimens of severe patients remained around 60 times greater than 

that of moderate cases (Hu et al., 2020).  

In another investigation, 3,497 samples (serum, respiratory, feces, and urine) from 96 

patients who were hospitalized in a hospital in Zhejiang province, China, one after the 

other, were examined for SARS-CoV-2 RNA virus shedding. Patients with severe 

illness had a greater viral load in their respiratory samples than in their stool and serum 

samples, but not in their stool or serum samples. Gender and age were linked to 

prolonged viral shedding durations in critically sick individuals (Zheng et al., 2020). 

The prognostic efficacy of many previously reported prognosis markers—circulating 

lymphocytes, IL-6, lactic acid, procalcitonin, CRP, and viral load—of 142 COVID-19 

patients was evaluated in a retrospective cohort analysis (Liu et al., 2020). In this group, 

the SARS-CoV-2 burden in oropharyngeal swabs was greater in non-survivors than in 

survivors. The study's authors proposed that the most sensitive and dependable 

prediction biomarker for COVID-19 patient categorization was circulating 
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lymphocytes, followed by CRP, procalcitonin, IL-6, and viral load as predictors for 

disease type (Liu et al., 2020). 

In a large cohort of hospitalized patients (n=1,145), Silva et al. (2021) examined the 

SARS-CoV-2 viral load in nasal swabs at the time of diagnosis. They discovered that 

survivors had lower viral loads (n = 807; mean log10 viral load 5.2 copies per mL) than 

non-survivors (n = 338; 6.4 copies per mL). In three hospitals in New York City, 

Westblade et al., (2020) looked at the SARS-CoV-2 viral load in 2,914 individuals 

without cancer and 100 patients with cancer. Importantly, this link was also seen in 

patients with cancer. In the entire cohort, the inhospital death rate was 38.8% among 

patients with a high viral load, 24.1% among patients with a medium viral load, and 

15.3% among patients with a low viral load (p < 0.001).  

The SARS-CoV-2 virus load was measured by Fajnzylber et al., (2020) from the 

respiratory tract, plasma, and urine of 231 individuals with varying degrees of COVID-

19 severity. They concluded that the elevated risk of death was connected with SARS-

CoV-2 virus levels, particularly in plasma. Another study evaluated the impact of viral 

load on the emergence of respiratory failure in 455 consecutive patients during 

admission in Spain. Researchers discovered that a Ct value of less than 25 in 

nasopharyngeal samples was linked to a higher chance of respiratory failure on 

admission (OR: 2.99, 95% CI: 1.57–5.69). This implies that the level of SARS-CoV-2 

virus at the time of admission is a useful indicator of COVID-19 severity (Calle et al., 

2021). 

It hasn't been reliably shown in people, yet, that the SARS-CoV-2 virus load and the 

severity and result of COVID-19 are related. There was no change in the viral load 

between asymptomatic and symptomatic individuals, according to a South Korean 

study (Dadras et al., 2022). This was supported by research conducted on Turkish 
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patients, which found that hospitalization and death among COVID-19 patients were 

not significantly influenced by the viral load. One should take the potential for a type 2 

error into account. 

It should be remembered, nevertheless, that the absence of a statistically significant 

difference does not imply that none exists. Another thing to keep in mind is that the 

majority of studies evaluating the viral load in COVID-19 patients only analyzed the 

Ct value rather than the quantity of RNA copies per milliliter (mL) (Zheng et al., 2020). 

Indeed, a patient sample's Ct value and the quantity of viral RNA present are connected. 

But as Ct values cannot be directly compared between RT-qPCR tests, care must be 

used when interpreting them (de Souza et al., 2021). The Ct value during RT-qPCR 

reactions can be affected and altered by a variety of technical factors, including 

variations in protocols, threshold values, viral targets, enzymes and research kits, 

primers, RT-qPCR machine calibration, sample collection period, and biological 

specimen type (Silva et al., 2021). As a result, this can introduce bias into statistical 

analyses.  

2.4.1 Association between viral load and disease severity in the context of SARS-

CoV-2 variants 

Recent research has examined the effect of SARS-CoV-2 variations on illness severity 

in the setting of developing variants. A retrospective analysis to evaluate the outcomes 

of patients infected with wild-type SARS-CoV-2 lineages from early 2020 with those 

infected with alpha, beta, and delta (Ong et al., 2022). The study included 829 patients 

in Singapore who were contaminated with these three VOCs. The delta variation was 

associated with increased risks of oxygen need, ICU admission, or mortality [adjusted 

odds ratio (aOR), 4.90; 95% confidence interval (CI): 1.43–30.78], although similar 

differences were not observed with the alpha or beta variants, even after controlling for 
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age and sex. There was a correlation between vaccination status and reduced severity 

(Ong et al., 2022).  

Significantly lower Ct values (≤30) and prolonged viral shedding (median length of 18 

days for the delta variant compared to 13 days for wild type) were linked to the delta 

variant (Zhou et al., 2023). When combined, these findings imply that infections caused 

by the delta version of SARS-CoV-2 had greater peak viral loads than infections caused 

by other variations. This result is consistent with those of other research groups that 

found that in respiratory specimens taken from COVID-19 patients, the delta SARS-

CoV-2 variant had a greater viral burden than the beta and alpha forms (Luo et al., 

2021). A study examined the relative viral loads of the beta and alpha variants from the 

same angle (Teyssou et al., 2021). They demonstrated that the beta variation had an 

intermediate relative viral burden between the alpha and other SARS-CoV-2 lineages 

in nasopharyngeal samples at diagnosis, using a total of 643 RT-qPCR SARS-CoV-2 

positive nasopharyngeal samples. 

Meta-analysis research examined the association between COVID-19 severity and 

SARS-CoV-2 variations, with attention to the relationship between illness severity and 

these developing variants (Deng et al., 2022). They found that, in terms of 

hospitalization, ICU admission, and fatality, the alpha, beta, gamma, and delta SARS-

CoV-2 variants were all more worrisome than the wild-type virus after analysing 26 

trials from June 1, 2020, to October 15, 2021 (Deng et al., 2022). Interestingly, 

compared to patients with alpha and gamma variations, COVID-19 patients with beta 

and delta variants are more likely to experience severe clinical consequences, including 

death (Yuan et al., 2023). 

Recent research conducted in South Africa examined breakthrough infections among 

healthcare workers taking part in the Sisonke phase 3B Ad26.COV2. S vaccination trial 
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during times when beta, delta, and omicron volatile organic compounds (VOCs) were 

circulating. 40,538 breakthrough infections were detected when data collected between 

February 17, 2021, and December 15, 2021, were analysed (Goga et al., 2021). Of 

these, 6,09 cases had beta, 22,279 cases had delta, and 17,650 cases had omicron. These 

results showed that, among COVID-19 patients, the omicron variant was connected to 

less severe illness, but it was also associated with a large proportion of breakthrough 

infections within the first 30 days of the omicron phase in South Africa (Meng et al., 

2022).  

Remarkably, this result also supports recent discoveries regarding the omicron variant's 

replication competence in ex vivo transplant cultures of human lung and bronchus, 

indicating that omicron's decreased replication competence in human lung may be 

consistent with decreased severity in COVID-19 patients (Hui, Ng, et al., 2022). 

However, because there are other factors that contribute to severe illness, more research 

is necessary to validate this theory (Ho et al., 2022). 

 

2.5 Immune responses to SARS-CoV-2 

2.5.1 Innate immune responses 

When a cell and host get infected with SARS-CoV-2, a strong innate immune response 

is initiated (Kasuga et al., 2021). SARS-CoV-2 within the infected cell will be 

recognized by PRRs such as TLRs, MDA-5, and RIG-I. It starts with TLR2 and 

recognizes the SARS-CoV-2 envelope protein to trigger an immune response that 

releases TNF-α and IFN-γ before viral entrance and replication (Manfrini et al., 2024). 

The NLRP3 inflammasome's assembly is likewise triggered by TLR2. In cases with 

severe and serious COVID-19, TLR1 is expected to form a heterodimer with TLR2 and 

have noticeably increased RNA levels (Diamond and Kanneganti, 2022; Karki and 
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Kanneganti, 2022).  

By increasing NLRP3 expression and inducing the TRIF-dependent pathway for both 

the IRF3 and NF-κB responses, the TLR3 response facilitates the recognition of SARS-

CoV-2 and the creation of an inflammasome with other proteins (da Costa et al., 2019). 

Pyroptosis is caused by the inflammasome, which matures and releases IL-1β and IL-

18. TLR4 increases the synthesis of IL-6 through NF-κB and MAPK in response to 

DAMPs and PAMPs brought on by SARS-CoV-2 infection (Sun et al., 2023). The 

SARS-CoV-2 spike glycoprotein stimulates the MyD88 and TRIF innate immune 

signaling pathways, and TLR1, TLR4, and TLR5 have been suggested as responding 

to this, as well as predicted in silico (Harris and Borg, 2022). Moving on to TLR7, 

TLR8, and TLR9, these endosomal receptors have different functions to perform. When 

ssRNA is detected by TLR7 and TLR8, IL-6, TNFα, and type I and III IFNs are released 

(Diamond and Kanneganti, 2022). 

SARS-CoV-2 is the virus that causes COVID-19, a highly infectious respiratory disease 

that has caused a global pandemic. Understanding the entry and priming of SARS-CoV-

2 is essential for developing effective treatments and vaccines for COVID-19. SARS-

CoV-2 enters human cells through the angiotensin-converting enzyme 2 (ACE2) 

receptor, which is expressed on the surface of various cell types, including the epithelial 

cells of the respiratory tract, heart, and kidneys. ACE2 is known to play a role in 

regulating blood pressure and is thought to be a target for treatments for cardiovascular 

and kidney diseases. The spike (S) protein on the surface of the SARS-CoV-2 virus 

binds to the ACE2 receptor, allowing the virus to enter the cell and initiate its 

replication. 

Once inside the cell, SARS-CoV-2 uses the cellular machinery to replicate its RNA 

genome and produce new virus particles, which can then infect other cells (Fuentes-
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Prior, 2021). The virus also hijacks the immune system, causing an overactive response 

that contributes to the severe lung damage seen in COVID-19 patients. In addition, 

SARS-CoV-2 can prime the immune system to enhance the response to future 

infections, which is known as immunological priming. The immune response to SARS-

CoV-2 can be influenced by several factors, including the age, sex, and underlying 

health conditions of the infected individual (Wang et al., 2020). Older adults and 

individuals with underlying health conditions, such as diabetes and heart disease, are 

more likely to experience severe symptoms and complications from COVID-19. In 

addition, females have been found to have a stronger immune response to SARS-CoV-

2 compared to males (Jackson et al., 2021; Jiang et al., 2020; Shang et al., 2020). 

The priming of the immune system to SARS-CoV-2 has important implications for the 

development of vaccines and treatments for COVID-19. Vaccines can enhance the 

immune response to the virus, reducing the risk of severe illness and death (Hasan et 

al., 2020). Antibody-based treatments, such as monoclonal antibodies, can also be used 

to prevent and treat COVID-19 by neutralizing the virus and reducing the severity of 

symptoms. 

2.5.1.1 Natural Antibodies 

Natural antibodies are a component of the innate immune response produced without 

prior exposure to specific antigens or vaccination. In the context of COVID-19, natural 

antibodies refer to those produced in response to SARS-CoV-2. These antibodies are 

integral to viral neutralization and early immunity and may inform vaccine 

development and public health strategies (Arunachalam et al., 2020). 

Studies have shown that a significant proportion of individuals recovering from 

COVID-19 develop detectable levels of SARS-CoV-2-specific antibodies 

(Gudbjartsson et al., 2020). These antibodies can neutralize the virus by targeting the 
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spike (S) protein and preventing viral entry into host cells (Robbiani et al., 2020). The 

levels of natural antibodies vary depending on disease severity, age, and prior exposure 

to other coronaviruses. Higher antibody titers are often observed in individuals with 

severe disease compared to those with mild or asymptomatic infections (Schmitz et al., 

2020; Long et al., 2020). 

The duration of protection conferred by natural antibodies remains uncertain. Some 

studies suggest a rapid decline in antibody titers, while others show persistence for 

several months post-infection (Wajnberg et al., 2020). Protective immunity appears to 

be correlated with higher antibody levels (Dan et al., 2021). The implications for 

reinfection risk and herd immunity are still under active investigation (Lumley et al., 

2021). 

 

2.5.1.2 Complement System 

The complement system is a central component of innate immunity, involving 

proteolytic cascades that help eliminate pathogens. SARS-CoV-2 infection activates 

the complement system, which may contribute to tissue damage and severity in 

COVID-19 (Holter et al., 2020). Elevated complement activation markers, such as C5a 

and C3a, are found in severe cases and are associated with poor prognosis (Carvelli et 

al., 2020). 

Complement activation can also impair anticoagulant systems by shedding endothelial 

heparan sulfate or amplifying the action of MASPs and MAC in coagulation (Kanitakis 

et al., 2020). COVID-19 patients often present with elevated D-dimer, fibrinogen, 

vWF, and factor VIII levels, confirming systemic coagulopathy (Tang et al., 2020; Levi 

et al., 2020). 



47 

 

  

2.5.1.3 Cytokine Storm 

A cytokine storm refers to an exaggerated immune response characterized by excessive 

cytokine release, which can result in multi-organ failure. In COVID-19, elevated levels 

of IL-6, IL-1β, TNF-α, and GM-CSF are associated with poor outcomes (Huang et al., 

2020; Mehta et al., 2020). Nonsurvivors show persistently elevated inflammatory 

markers such as CRP, ferritin, and IL-6 (Zhou et al., 2020). 

Mechanistically, pyroptosis—a form of inflammatory cell death triggered by SARS-

CoV-2—may initiate the cytokine storm. Infected epithelial cells release IL-1β and 

PAMPs, which are detected by TLRs on alveolar macrophages and type 2 pneumocytes, 

promoting NF-κB signaling and cytokine production (Tay et al., 2020). High cytokine 

levels lead to T-cell recruitment and further amplify inflammation. 

Type I interferon (IFN) responses appear impaired in severe cases. SARS-CoV-2 has 

been shown to suppress IFN signaling, potentially allowing uncontrolled viral 

replication and subsequent inflammatory escalation (Hadjadj et al., 2020). Early 

treatment with IFN-α has been linked to better outcomes (Zhou et al., 2020b), 

indicating the importance of timing in antiviral immunity. 

2.5.1.4 Innate Lymphoid Cells (ILCs) 

Innate lymphoid cells (ILCs) play a critical role in the body's early response to infection 

and inflammation. Recent studies have linked the activation and composition of ILCs 

to COVID-19 disease severity (Kreutmair et al., 2021; Silverstein et al., 2021). 

ILCs are a diverse group of immune cells that help orchestrate early immunity and 

shape adaptive responses. Unlike T and B lymphocytes, ILCs do not require prior 

antigen exposure to respond and are activated by cytokines and danger signals in the 

environment (Vivier et al., 2018). They are classified into three main subsets—ILC1, 

ILC2, and ILC3—based on cytokine production and transcription factor expression. 
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ILC1s are associated with antiviral responses and inflammation through the production 

of interferon-gamma (IFN-γ) and tumor necrosis factor (TNF) (Klose and Artis, 2016). 

ILC2s mediate tissue repair, anti-helminth immunity, and allergic inflammation 

through cytokines like IL-5 and IL-13. 

ILC3s respond to extracellular bacteria and maintain mucosal barriers by producing IL-

17 and IL-22. A study published in Nature Communications found that patients with 

severe COVID-19 had a higher frequency of activated ILC1s, characterized by 

increased production of IFN-γ and TNF, compared to those with mild disease 

(Kreutmair et al., 2021). These proinflammatory cytokines may exacerbate lung injury 

and systemic inflammation. 

In contrast, JCI Insight reported a reduction in circulating ILC2s and an increase in 

ILC3s in severe COVID-19, suggesting a shift in ILC composition may underlie poor 

respiratory outcomes (Silverstein et al., 2021). The imbalance in ILC subsets may result 

from the inflammatory milieu and contribute to immunopathology. 

Moreover, while the causal relationship between ILC activation and disease 

progression is still under investigation, these findings suggest that ILC responses may 

either reflect or drive disease severity. Whether the observed shifts are a consequence 

of viral effects or host-mediated dysregulation remains to be clarified. Interestingly, 

ILCs may also be involved in responses to SARS-CoV-2 vaccination. A Nature 

Medicine study showed that mRNA vaccination was associated with an expansion of 

ILC2s in the peripheral blood, potentially contributing to tissue homeostasis and repair 

post-vaccination (Arunachalam et al., 2021). 
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2.5.1.5 Natural Killer (NK) Cells 

Natural killer (NK) cells are innate lymphocytes that provide rapid defense against viral 

infections through cytotoxicity and cytokine secretion without prior sensitization. They 

mediate direct killing of infected cells and regulate immune responses through cross-

talk with other immune cells like macrophages and dendritic cells (Vivier et al., 2011; 

Hammer et al., 2018). 

SARS-CoV-2 infection is often associated with lymphopenia, particularly in severe 

cases, which includes reductions in T cells and NK cells (Chen et al., 2020). NK cell 

depletion during the acute phase correlates with disease severity and poor outcomes 

(Maucourant et al., 2020). While NK cell numbers tend to recover during 

convalescence in mild cases, persistently low levels are often observed in patients with 

fatal outcomes. 

Studies suggest that NK cell count may serve as a prognostic marker, as patients with 

normal (>40 cells/μL) NK counts showed a faster viral load decline compared to those 

with lower counts, regardless of disease severity (Varchetta et al., 2021). Post-acute 

COVID-19 recovery has shown conflicting reports on NK cell levels. Some studies 

report a rebound in circulating NK cells, while others do not. Factors like disease 

severity, sample timing, and the presence of Long COVID (post-acute sequelae of 

SARS-CoV-2) may contribute to this variability (Phetsouphanh et al., 2022). Notably, 

Long COVID patients have been reported to exhibit elevated NK cell counts compared 

to those who recovered without lingering symptoms (Townsend et al., 2021). 

The decline in circulating NK cells may be due to their recruitment and sequestration 

in lung tissues. Single-cell RNA sequencing of bronchoalveolar lavage fluid (BALF) 

from COVID-19 patients has revealed elevated NK cell signatures in the lungs during 
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acute disease (Liao et al., 2020). This redistribution could contribute to tissue damage, 

as NK cells can kill infected epithelial cells. 

Chemokines such as CXCL16 and CXCL10 are implicated in this recruitment. 

CXCL16, elevated early in both moderate and severe cases, guides NK cells to inflamed 

airways via CXCR6 (Lucas et al., 2020). Similarly, CXCL10, induced by epithelial 

cells and macrophages, attracts NK and T cells via CXCR3 and is associated with lung 

inflammation and mortality in COVID-19 (Blanco-Melo et al., 2020; Yang et al., 

2020). 

Severe COVID-19 and ARDS are characterized by increased BALF levels of other NK-

attracting chemokines, including CCL3, CCL4, CXCL9, and CXCL11, further 

supporting NK cell migration to the lungs. Transcriptomic analyses confirm 

upregulation of chemokine receptors (CXCR3, CXCR6, CCR5) in BALF NK cells and 

loss of these markers in circulating NK cells, suggesting lung homing (Maucourant et 

al., 2020). 

TLR9 recognizes unmethylated CpG in viral RNA and DNA, as well as mtDNA 

released as a result of SARS-CoV-2-induced cellular damage (Maison et al., 2023). 

Cytokines such as IL-1β, IL-6, IL-10, IL-17, TNFα, and type I IFN are released in 

response to TLR9 (Bezemer and Garssen, 2020) (Figure 2.3).



51 

 

  

 

Figure 2. 4 Host Immune Response to SARS-CoV-2 infection (Maison et al., 2023) 
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2.5.2 Interferon responses to SARS-CoV-2 

2.5.2.1 Type 1 interferons 

When the COVID-19 virus is first emerging and the sickness is not as severe, IFN-I 

production is essential for preventing virus replication (Hadjadj et al., 2020). Research 

has indicated that SARS-CoV-2 causes host cells to produce IFN-I in a dysregulated 

manner. Multiple investigations have reported that individuals with mild to moderate 

COVID-19 infection have elevated IFN-I in both the peripheral blood and the infection 

site (Minkoff and tenOever, 2023; Sodeifian et al., 2022; Zhang et al., 2021).  

On the other hand, individuals with COVID-19 who are in the latter stages of the illness 

and those with a greater viral load, such as older cases and those with comorbidities, 

appear to have enhanced tissue inflammation and pathology as well as reduced 

production of IFN-I (Minkoff and tenOever, 2023; Park and Iwasaki, 2020). Physicians 

may be able to effectively combine therapy methods and identify a characteristic of 

illness severity if there is a decrease in IFN-I in the peripheral blood of infected 

individuals (Hu et al., 2020). Impaired IFN-I expression in individuals with severe 

COVID-19 infection leads to elevated virus loads in peripheral blood and intensified 

inflammatory and pathological reactions (Bencze et al., 2022). 

According to clinical investigations, IFN expression is compromised after infection by 

SARS-CoV-1. Interferon expression may be delayed during SARS-CoV-1 

pathogenesis, according to another study (Alipoor et al., 2021; Vabret et al., 2020). 

There is mounting evidence that human bronchial epithelial cells, rather than being 

completely absent, facilitate an active but delayed immune response to MERS-CoV and 

SARS-CoV infections (Catanzaro et al., 2020; Domingo et al., 2020; Lowery et al., 

2021). It is thought that individuals infected with COVID-19 exhibit an accumulation 

of pathogenic monocyte/macrophage (IMMs), enhanced lung pathology, and 
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dysregulated viral-specific T cell response because the virus produces a substantial 

number of inflammatory cytokines and promotes impaired/delayed IFN expression 

(Bencze et al., 2022; Stölting et al., 2022).  

Three categories of illness severity may be distinguished in SARS-CoV-2 infections 

based on when IFN production started: Finally, the lack of type 1 IFN signaling 

pathways results in invasive ventilation (delivering positive pressure through an 

endotracheal tube), worse outcomes, higher viral loads, and longer stays in intensive 

care units (Rome and Avorn, 2020). Early response of type 1 IFNs leads to decreased 

viral titers, regulated inflammatory response, and mild clinical features; delayed 

response causes dysregulated IMM response, lung damage, and severe pneumonia.  

In COVID-19 patients, there is inconsistent evidence that elevated IFN expression 

increases viremia and the severity of the illness. The COVID-19 patients’ peripheral 

blood mononuclear cells (PBMC) revealed a correlation between the illness severity 

and elevated type 1 IFNs and the viral load (Alipoor et al., 2021; Bencze et al., 2022). 

Moreover, elevated interferons (IFNs) in the latter phases of severe COVID-19 cases 

exacerbate the pathophysiology and are concomitant with pyroptosis, a highly 

inflammatory form of programmed cell death in infected cells. In a group of COVID-

19 patients, elevated viremia and illness severity were linked to IFN-α and ISG levels 

(Sodeifian et al., 2022). 

Furthermore, whereas IFN signaling plays a critical role in attracting inflammatory cells 

to the site of infection, it is unable to eliminate viral particles or regulate viral 

replication.  As previously indicated, it may be because SARS-CoV-2 dampens IFN 

responses and ISG induction through nonstructural protein nsp 1, nsp 6, nsp 13, ORF3a, 

M, ORF7a, ORF7 b, and ORF6 (Domingo et al., 2020; Islamuddin et al., 2022). 

Alternatively, it may be because of late IFN expression. It is crucial to recognize the 
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ideal window of time for IFN administration in order to clarify these contradictory 

effects of IFN administration and get a positive impact and optimal protection of IFNs 

in the treatment of SARS-CoV-2 (Zhang et al., 2021). 

Administering IFNs before to the viral peak and inflammatory phase of the disease may 

have a highly protective impact; however, administering IFNs during the severe and 

inflammatory stages of the disease is more likely to induce immunopathology and long-

term damage (Channappanavar et al., 2016).  In mouse models of MERS-CoV 

infection, early exogenous injection of IFN-β demonstrated a complete protective effect 

against viral multiplication and production of inflammatory cytokines. On the other 

hand, increased production of type 1 interferon, inflammatory cytokines, and ISGs was 

seen after delayed IFN-β treatment (Jhuti et al., 2022; Sodeifian et al., 2022).  

The clinical studies also came to the same conclusions about the crucial function that 

time plays in the administration of IFNs (Dhama et al., 2020). It is noteworthy that 

COVID-19 treatment recommendations advise against using interferons (IFNs) as a 

therapeutic measure for individuals who are critically or severely infected with SARS-

CoV-2. It has additionally been demonstrated that IFN therapy may have a protective 

impact against viral invasion in asymptomatic individuals who have been exposed to 

infected patients, in addition to its significant function in those with infection (dos 

Santos, 2020). Therefore, the outcome demonstrates that IFN pretreatment can prevent 

SARS-CoV-2 infection before it manifests. 
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2.5.2.2 Type II interferons 

Divergent results concerning IFN-γ responses in IAV are potential markers that might 

aid in comprehending its significance for SARS-CoV-2. According to distinctive 

cytokine patterns in the circulation, a recent study revealed the potential for variations 

in the antiviral immune response between IAV and SARS-CoV-2 that had not been 

previously identified (de Andrés-Galiana et al., 2022). Analyzing the temporal patterns 

of cytokines in different patient groups (hospitalized versus non-hospitalized, critically 

and noncritically ill) revealed that pro-inflammatory cytokines like IFN-γ (and TNF, 

IL-6, IL-7, and IL-8) were produced in similar amounts in non-hospitalized IAV 

patients with mild disease as compared to hospitalized patients who were either 

noncritically or critically ill (Todorović-Raković and Whitfield, 2021). 

Conversely, every patient group infected with SARS-CoV-2 produces pro-

inflammatory cytokines, including IFN-γ (as well as TNF, IL-6, IL-8, and IL-10), and 

critically sick patients also show a substantial tendency toward greater IFN-γ, which is 

associated with an enhanced state of hyper-inflammatory response at particular time 

intervals (Tang et al., 2020; Xie et al., 2021). This indicates a significant disproportion 

in the development of pro-inflammatory and antiviral responses in SARS-CoV-2 

patients that is not seen in IAV patients (Das et al., 2023; Fara et al., 2020; 

Montazersaheb et al., 2022; Rabaan et al., 2021). The presence of open reading frames 

(ORFs) in the SARS-CoV-2 genome that encode accessory proteins crucial for 

controlling the host’s infected cell metabolism and innate immune evasion may be the 

primary distinction between IAV and SARS-CoV-2 (Rabaan et al., 2021; Xie et al., 

2021).  

A hypervariable gene that is rapidly evolving in coronaviruses related to SARS, ORF8, 

is one of them. It has a propensity to recombine and suffer deletions, which are thought 
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to aid in the virus’s adaptation to its human host (Arduini et al., 2023). The protein that 

the ORF8 gene encodes is homonymous, multifunctional, highly immunogenic, and 

immunoglobulin-like. It has been discovered that this protein can suppress the Type I 

IFN antiviral response, interfere with host factors that are involved in pulmonary 

inflammation and fibrogenesis, and inhibit the presentation of viral antigens by the class 

I major histocompatibility complex (Bykova et al., 2023). The ORF8 is a crucial 

immune evasion virulence component due to the SARS-CoV-2 virus’s rapid mutations 

and development (Valcarcel et al., 2021; Vinjamuri et al., 2022; Zinzula, 2021). 

2.5.3 Adaptive immune responses 

The adaptive response is initiated and immune cells are recruited by the pro-

inflammatory cytokine response (Sun et al., 2023). Plasma cells, CD4+ T helper cells, 

and CD8+ Killer T cells are some of the key components of the adaptive immune 

response against SARS-CoV-2. Together, the three arms—antibodies, CD4+, and 

CD8+—fight SARS-CoV-2 infection and track the virus's identification by dendritic 

cells and subsequent migration of those activated cells to lymph nodes (Lapuente et al., 

2023). Since nAbs are the most popular means of gaining immunity against the 

development of SARS-CoV-2 to COVID-19, they are crucial and the main target of 

vaccines that induce responses (Abebe and Dejenie, 2023; Morales-Núñez et al., 2021). 

The virus is bound by nAbs, which stop it from infecting cells.  

Memory B cells aid in the long-term defense against antibodies. Up to six months after 

SARS-CoV-2 mRNA immunization and a year after SARS-CoV-2 infection, memory 

B cells can be seen in the bloodstream and the bone marrow (Notario and Kwak, 2022). 

After infection or vaccination, B cells develop into plasma cells, which, within a few 

days, generate nAbs (IgG, IgA, and IgM). This differentiation might take place in the 

germinal centers during the GC phase or in the extrafollicular area during the EF phase 
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(Mlynarczyk et al., 2019). The B cells undergo somatic hypermutation and selection in 

germinal centers during the GC phase after the EF phase, after which they 

compartmentalize in the bone marrow (Allen et al., 2007; Mlynarczyk et al., 2019). 

The absence of germinal centers in lymph nodes is a novel observation in acute 

COVID-19, however.  

The development and differentiation of memory B cells and plasma cells with high-

affinity antibodies depend on germinal centers (Inoue, 2023). The Bcl-6 transcription 

factor-expressing B cells, a necessary transcription factor for B cell growth in germinal 

centers, are absent during COVID-19 illness (Notario and Kwak, 2022). This absence 

is correlated with acute COVID-19, which causes "disease-related" extrafollicular B 

cells due to the absence of germinal centers. Class-switching, not selection, is the cause 

of the "disease-related" B cells in germinal centers (Laidlaw and Cyster, 2021). This 

particular subset of B cells does not provide persistent defense. Therefore, the 

maturation of B cells emphasizes how crucial immunization is for producing a high-

affinity nAb response and providing COVID-19 protection (Mlynarczyk et al., 2019). 

Through their interactions with B cells, CD4+ T helper cells are essential for the 

antibody responses and are present in nearly all SARS-CoV-2 infections (Akkaya et 

al., 2020). When SARS-CoV-2 is present, CD4+ T cell responses outnumber CD8+ 

responses. They are also closely linked to a reduction in the severity of the disease and 

are effective against 21 SARS-CoV-2 proteins, most notably S, M, N, nsp3, nsp4, 

nsp12, ORF3a, ORF7a, and ORF8 (Zaidi et al., 2024). After symptoms appear, memory 

CD4+ T cells circulate within 30 days and have a half-life of 94 days (de Candia et al., 

2021). They can also remain and respond to secondary exposure. The COVID-19 virus 

exhibits several cell functions for CD4+. T follicular helper cells (TFH), a specific 

fraction of CD4+ T cells, are crucial for supporting B cells and producing nAbs (Abebe 
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and Dejenie, 2023; Morales-Núñez et al., 2021).  

CD4+ T-cells that secrete IL-22 are involved in the healing of mucosal wounds. In many 

viral infections, CD8+ T lymphocytes are crucial because they eliminate contaminated 

cells (Pothast et al., 2022). Responses from CD8+ T cells against SARS-CoV-2 S 

protein, M protein, N protein, nsp6, and ORF3a have been identified. After symptoms 

appear, memory CD8+ T cells circulate 20–50 days later and have a 225-day half-life 

(Silva et al., 2022). These circulating CD8+ T cells are mostly TEMRA, with smaller 

proportions of TEM and TCM. TEMRA has been linked to defense against serious illness 

in other viral infections (He et al., 2023). 

 

2.5.3.1 Immunoglobulin gamma antibody responses to COVID-19 

Numerous studies have also assessed the seroconversion kinetics of SARS-CoV-2 

(Chvatal-Medina et al., 2021; Corsini et al., 2023; Fafi-Kremer et al., 2020; Fekry et 

al., 2023). Rates of seroconversion have ranged from 91 to 99% in large studies. In 

addition to highlighting the fact that patients confined to the intensive care unit had 

higher peak readings for IgM in all intervals between 6 and 20 days, noted that over 

80% of patients exhibited IgM and IgG seroconversion between 8- and 10-day POS 

(Spinelli et al., 2022). Furthermore, the second research by Orth-Höller et al. (2020) 

demonstrates that most mild and moderate patients had positive IgG titers after two to 

three weeks. Luo et al. (2021), on the other hand, reported that IgM and IgG production 

peaked at one month post-exposure and was delayed in the crucial group. 

The necessity of additional research is underscored by the fact that several studies, 

including the previously described meta-analysis, indicate that seroconversion of both 

IgM and IgG occurs at around 12 days POS with considerable variation but does not 

define severity (Borremans et al., 2020; Orner et al., 2021; Vengesai et al., 2021). 
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Similar evidence has been found for other coronaviruses, including COVID-19, about 

the first phase of the antibody response (Choudhry et al., 2021). Ten to twenty days 

following the beginning of sickness, a discernible rise in antibody response was found 

for both endemic coronaviruses like HCoV-229E and other outbreak-related 

coronaviruses like SARS-CoV (Aydillo et al., 2021; Chvatal-Medina et al., 2021; 

Huang et al., 2020). 

Antibody dynamics and profiles naturally differ depending on the target isotype, but 

research has also shown that different antibody kinetic profiles exist depending on the 

target antigen (Goulet and Atkins, 2020). As a result, natural antibody levels differ 

greatly and cannot be described in their entirety (Reyneveld et al., 2020). Serum IgM 

and IgG responses showed different kinetic patterns against NP, RBD, S1, and the 

ectodomain (ECD) of the S protein, as an article by Li et al. (2020) vividly illustrates. 

This heterogeneity can be leveraged to improve diagnostic accuracy since it boosts test 

sensitivity when antigens like NP and ECD are detected together, as well as when IgM 

or IgG specific against N or S are combined (Fernandes et al., 2022). 

However, additional antigens that are less well-known should also be given 

consideration. Evidence exists to support the claim that targets like ORF8 and ORF3 b 

give extremely high specificity and sensitivity when assessing antibody response, even 

surpassing serological tests screening for other antigens like S or N protein (Hachim et 

al., 2020; Lam et al., 2020). Targets like these also elicit visibly strong antibody 

responses. All of these results highlight the importance of examining the kinetics of 

antibody response data, as it may shed light on COVID-19 diagnosis and the 

preservation of long-lasting immunity (Silva et al., 2020). 

Regarding the kinetics of the antibody response to SARS-CoV-2, the creation of long-

lasting protection is the primary focus (To et al., 2021). The effectiveness of the 
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antibody response diminishing with time and whether the resultant antibody titers are 

sufficient to protect against reinfection have to be assessed based on the information 

that is currently available (Mallano et al., 2022). A number of reports depict a 

discernible decline in neutralizing antibody titers throughout the course of the follow-

up period for patients who are convalescing and have an obvious decline in antibody 

response over time (Lapuente et al., 2023; Swartz et al., 2023). To successfully 

neutralize the virus, it is uncertain if the quality of the residual antibodies is sufficient 

(Lin et al., 2022). Recent reports of confirmed reinfections support these concerns, but 

additional investigation is needed to understand the nature and causes of these events 

as well as the potential impact of antibody kinetics (Fu et al., 2023). 

2.6 Dysregulation of Innate Immune Responses in COVID-19 

One of the key features of this dysregulation is the phenomenon known as the "cytokine 

storm." In severe COVID-19 cases, the immune system produces excessive amounts of 

proinflammatory cytokines, including interleukin-6 (IL-6), tumor necrosis factor-alpha 

(TNF-α), and interleukin-1β (IL-1β). This uncontrolled cytokine release can lead to 

systemic inflammation, tissue damage, and multi-organ dysfunction. The cytokine 

storm is often associated with acute respiratory distress syndrome (ARDS) and can 

result in severe respiratory compromise, contributing to high mortality rates in severe 

COVID-19 cases. 

2.6.1 Cytokine storm 

Cytokine storm is a potentially life-threatening phenomenon that can occur in severe 

cases of COVID-19. It refers to an excessive and uncontrolled release of cytokines, 

which are signaling molecules produced by the immune system. In a cytokine storm, 

the immune system overreacts and launches a massive attack on the body's cells and 
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tissues, leading to widespread inflammation and organ damage (Tang et al., 2020; 

Zanza et al., 2022). 

The exact mechanisms that trigger a cytokine storm in COVID-19 are not yet fully 

understood, but it is thought to be related to the body's response to the SARS-CoV-2 

virus. The virus triggers an immune response, and in some cases, this response becomes 

overactive and spirals out of control. This can lead to a surge in cytokine levels and 

result in a cytokine storm. The symptoms of a cytokine storm in COVID-19 can be 

severe and include fever, rapid breathing, low blood pressure, and organ failure. In 

some cases, it can lead to death. The risk of developing a cytokine storm is higher in 

people who have underlying health conditions, such as obesity, diabetes, or heart 

disease (Kim et al., 2021). The elderly and people with weakened immune systems are 

also more susceptible to this phenomenon. 

Early research on COVID-19 found that increased clinical inflammatory markers were 

predictive of death and disease severity. The determinants of death in COVID-19 were 

examined in two multicenter, retrospective investigations of hospitalized patients in 

China. Compared to survivors, non-survivors showed higher levels of serum IL-6, 

serum ferritin, lactate dehydrogenase and C-reactive protein at the time of admission to 

the hospital. Furthermore, non-survivors exhibited higher inflammatory markers for the 

duration of their clinical condition, and the clinical decline that came before death was 

correlated with rising levels of inflammation. The group with greater inflammatory 

markers also had a higher rate of ARDS (Mangalmurti and Hunter, 2020; Tang et al., 

2020). 

Plasma collection from individuals with severe COVID-19 indicated a pro-

inflammatory cytokine profile, which was consistent with these preliminary clinical 

results. In the initial study, pneumonia caused by COVID-19 was the cause of hospital 



62 

 

  

admission for 41 individuals in Wuhan, China (Tang et al., 2020). In that study, patients 

with COVID-19 had higher levels of the following plasma proteins compared to healthy 

adults: IL-1β, IL-1Rα, IL-7, IL-8, IL-10, granulocyte-macrophage (GM-CSF), basic 

fibroblast growth factor, interferon (IFN)- γ, granulocyte colony-stimulating factor (G-

CSF), monocyte chemoattractant and induced protein (IP)-10/CXCL10. The subgroup 

of patients in the intensive care unit had mean plasma concentrations of IL-2, IL-7, IL-

10, TNF-α, G-CSF, MCP-1/CCL2, IP-10/CXCL10, MIP-1α/CCL3, and which were 

greater than those in non-intensive care unit patients (Tang et al., 2020).  

Similar results were seen in a study of 21 COVID-19 patients who were hospitalized 

with pneumonia; those who had moderate or severe illness had unusually increased 

levels of TNF-α, IL-1β, IL-2R, IL-6, IL-8, and IL-10 (Chen et al., 2020). Plasma levels 

of IL-6, IL-8, and TNF-α were greater in patients with severe COVID-19, according to 

a large-scale, retrospective investigation that involved 1484 patients visiting Mount 

Sinai Hospital in New York. Furthermore, in that multivariate analysis, levels of IL-6 

and TNF-α at the time of admission were independently related to illness severity and 

death. In an autopsy series of COVID-19 patients, elevated plasma levels of TNF-α, 

IL-6, IL-8 and also peaked before death and were associated with pathologic indicators 

of hemophagocytosis. These findings imply that the immunopathology of severe 

COVID-19 is supported by a cytokine storm. 

A potential mechanism for the cytokine storm in severe COVID-19 (Tay et al. 2021). 

SARS-CoV-2 is a cytopathic virus that causes infected cells to die while the virus is 

replicating. High amounts of pyroptosis, an inflammatory form of programmed cell 

death seen in infection with cytopathic viruses, may also be caused by viral replication 

in epithelial cells. Pyroptosis could serve as a trigger for the inflammatory response that 

results from SARS-CoV-2 infection. Patients with severe COVID-19 have high 
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amounts of IL-1β in their blood and bronchoalveolar fluid (BALF), which is secreted 

by cells going through pyroptosis. Virus RNA and other pathogen-associated molecular 

patterns are also secreted by infected epithelial cells. Several pattern-recognition 

receptors are used by local alveolar macrophages and neighboring lung epithelial cells 

to identify pathogen-associated molecular patterns (Chen et al., 2020). 

Notably, the SARS-CoV-2 for ACE2 type 2 pneumocytes may play a role in the 

cytokine storm.  

Type 2 pneumocytes on the lung epithelium are predominantly where SARS-CoV-2 

binds to the ACE2 receptor (Kim et al., 2022). Type 2 pneumocytes play a unique role 

in the innate immune response while being normally linked to surfactant synthesis and 

alveolar repair. Toll-like receptors (TLRs) are expressed on type 2 pneumocytes, and 

when viral RNA binds to these receptors, inflammatory NF-κB signaling is triggered 

(Stoermer and Morrison, 2011). When NF-κB is active, cytokines are produced, which 

might cause local macrophages to engage in an inflammatory response and draw 

activated T cells and monocytes to the lung. Accordingly, elevated IL-6 levels in 

SARS-CoV-2-infected hyperplastic type 2 pneumocytes have been detected.  

Pro- inflammatory cytokines (including MCP-1/CCL2, TNF-α, IL-1, and IL-6) were 

also found to be expressed at high levels by ACE2-infected pneumocytes in an autopsy 

series of patients with SARS-CoV-1 infection; cytokine expression was unaffected in 

uninfected cells. As a result, COVID-19 cytokine production may be increased by direct 

invasion and activation of ACE2 type 2 pneumocytes that contain TLRs. The 

immunopathology of severe COVID-19 is likely impacted by dysregulated IFN 

signaling as well. SARS-CoV-2 may reduce IFN signaling and impede the virus's 

clearance from infected cells, according to early studies. In vitro testing has revealed 
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that SARS-CoV-2 is susceptible to type I and type III IFN pre-treatment (Abdin et al., 

2020; Kim et al., 2021).  

The type I and III IFN signatures were, however, reduced in studies using SARS-CoV-

2-infected ferret models, native bronchial cells, and infected cell lines. Severe COVID-

19 sufferers also seemed to have a compromised type I IFN signature in comparison to 

those with mild or moderate COVID-19. A whole-blood transcriptome investigation on 

patients with COVID-19 showed an inverse relationship between the expression of type 

I IFN and the viral load and NF-kB-driven inflammatory response (i.e., IL-6 and TNF-

α levels). In addition, early IFN-2 administration to COVID-19 patients was observed 

to lower their risk of hospital death in multicenter observational investigations. These 

findings suggest that a poor IFN response during the early stages of SARS-CoV-2 

infection may have helped to promote the development of severe COVID-19.  

More investigation will be needed to determine the mechanism SARS-CoV-2 employs 

to prevent IFN signaling. However, the findings of functional studies carried out on 

other lethal coronaviruses such as SARS-CoV-1 and MERS-CoV, have led to the 

identification of viral proteins that inhibit IFN signaling and release. IFN production 

suppression, IFN regulatory factor 3 activation, and TNF receptor-related factor family 

members connected to NF-kB activator binding kinase (TBK)-dependent 

phosphorylation are a few examples of virulence pathways. 

2.7 Potential factors contributing to the dysregulation of innate immunity in 

COVID-19 

 The dysregulation of innate immunity in COVID-19 is a multifaceted phenomenon 

influenced by a complex interplay of viral factors, host factors, and the dynamic 

interactions between the two. Understanding these potential contributing factors is 

essential for unraveling the mechanisms underlying the aberrant immune response 
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observed in severe cases of the disease (Tay et al., 2020; Schultze and Aschenbrenner, 

2021). 

2.7.1 Viral Factors contributing to the dysregulation of innate immunity  

SARS-CoV-2 viral load and replication rate: The initial viral load and the rate of viral 

replication within the host can significantly impact the innate immune response. A high 

viral load may overwhelm the host's immune defenses, leading to a more robust and 

dysregulated response (Blanco-Melo et al., 2020; Chen et al., 2020). SARS-CoV-2's 

ability to replicate efficiently within host cells, particularly in the respiratory tract, 

contributes to the prolonged exposure of the immune system to viral antigens (Ziegler 

et al., 2020). 

Viral evasion strategies: SARS-CoV-2 has evolved various mechanisms to evade the 

host's innate immune system. For example, it can suppress the production of type I 

interferons (IFNs), essential antiviral molecules, by interfering with the interferon 

signaling pathway (Hadjadj et al., 2020; Zhang et al., 2020). Additionally, the virus has 

been shown to inhibit the maturation and function of dendritic cells, key antigen-

presenting cells involved in initiating adaptive immune responses (Vabret et al., 2020). 

2.7.2 Host Factors contributing to the dysregulation of innate immunity  

Genetic variability: Host genetic factors play a significant role in determining the 

magnitude and nature of the immune response to SARS-CoV-2. Variations in genes 

related to pattern recognition receptors (e.g., TLRs and RLRs), cytokine production, 

and immune cell function can influence susceptibility to severe COVID-19 and the 

likelihood of developing a cytokine storm (Zhang et al., 2020; Arunachalam et al., 

2020). 

Age and comorbidities: Older age and the presence of underlying health conditions, 

such as cardiovascular disease, diabetes, and obesity, are associated with a higher risk 
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of severe COVID-19 (Tay et al., 2020). These factors can lead to an exaggerated 

inflammatory response due to underlying chronic inflammation and immune system 

dysregulation (Mehta et al., 2020; Vabret et al., 2020). 

Immune senescence: In older individuals, immune senescence—a natural aging-related 

decline in immune function—can impair the innate immune response (Tay et al., 2020). 

This reduced immune competency may contribute to the inability to control viral 

replication and resolve inflammation effectively (Lucas et al., 2020). 

Immune exhaustion: Prolonged exposure to the virus and its antigens can lead to 

immune cell exhaustion, characterized by functional impairments in T cells and NK 

cells (Mathew et al., 2020). This exhaustion further weakens the host's ability to mount 

an effective immune response (Lucas et al., 2020). 

2.7.3. Dysregulated Signaling NF-κB Pathways in SARS-CoV-2 

Hyperactivation of NF-κB: In severe COVID-19 cases, there is evidence of 

hyperactivation of the NF-κB pathway, a key signaling pathway involved in the 

production of proinflammatory cytokines (Giamarellos-Bourboulis et al., 2020). This 

excessive NF-κB activation can lead to the uncontrolled release of cytokines, 

contributing to the cytokine storm and widespread inflammation (Tay et al., 2020). 

Imbalance in T cell subpopulations: Dysregulation of T cell subpopulations, such as an 

increase in proinflammatory Th17 cells and a decrease in regulatory T cells (Tregs), 

can contribute to immune dysregulation in COVID-19 (Vabret et al., 2020; 

Arunachalam et al., 2020). The imbalance may promote excessive inflammation and 

impair immune tolerance, further exacerbating disease severity. 



67 

 

  

2.7.4. Dysfunctional Interplay between innate immunity and SARS-CoV-2 

infection 

Delayed antiviral response: The delayed production of type I interferons, a hallmark of 

SARS-CoV-2 infection, allows the virus to establish a foothold within host cells before 

the immune system can mount an effective defense (Hadjadj et al., 2020; Blanco-Melo 

et al., 2020). This delayed response may contribute to the prolonged exposure of 

immune cells to viral antigens, increasing the risk of hyperinflammation (Lucas et al., 

2020). 

Positive feedback loops: Dysfunctional positive feedback loops can perpetuate the 

inflammatory response. For example, pro-inflammatory cytokines like IL-6 can further 

stimulate immune cells to produce more cytokines, creating a self-sustaining cycle of 

inflammation (Mehta et al., 2020; Giamarellos-Bourboulis et al., 2020). 

2.7.5. Microenvironment and Tissue Factors 

Tissue damage and DAMPs: As the virus replicates and immune cells mount a 

response, tissue damage occurs, leading to the release of damage-associated molecular 

patterns (DAMPs) (Tay et al., 2020). DAMPs can further activate the immune system 

and promote inflammation, compounding tissue injury (Schultze and Aschenbrenner, 

2021). 

Microbial dysbiosis: Alterations in the gut microbiome and microbial dysbiosis may 

influence immune responses in COVID-19. Changes in the gut microbiota can affect 

systemic immune function and may contribute to immune dysregulation (Yeoh et al., 

2021). The gut-lung axis, an emerging field of interest, highlights how gut-derived 

microbial products and signals can shape pulmonary immune responses, possibly 

exacerbating respiratory pathology. 



68 

 

  

2.8 Innate Immune Evasion Strategies of SARS-CoV-2 

One of the primary ways SARS-CoV-2 evades the innate immune system is by 

inhibiting the production of interferons, which are signaling proteins that play a crucial 

role in alerting nearby cells to the presence of a viral invader. Research has shown that 

the virus can interfere with the host cell's ability to produce and release interferons, 

effectively suppressing the early warning signals that would typically trigger an 

immune response. This delay in interferon production allows the virus to replicate and 

spread within the body before the immune system can fully mobilize. 

Additionally, SARS-CoV-2 has evolved strategies to block the activity of key immune 

molecules, such as toll-like receptors (TLRs). TLRs are pattern recognition receptors 

that detect viral components and trigger an immune response. The virus can interfere 

with these receptors' function, hindering their ability to recognize the viral RNA or 

proteins, thus reducing the initiation of innate immune responses. 

Moreover, SARS-CoV-2 possesses mechanisms to evade the host's natural killer (NK) 

cells, which are a type of immune cell that can target and destroy infected cells. The 

virus can downregulate the expression of molecules on the surface of infected cells that 

are recognized by NK cells, making it less likely for them to be targeted for destruction. 

This allows infected cells to survive longer, providing a favourable environment for 

viral replication. 

Furthermore, the virus can exploit host cell machinery to prevent detection. SARS-

CoV-2 may mask its genetic material or use host cell membranes for replication, 

making it harder for the immune system to recognize the virus as a foreign invader. 
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Table 2.1: Immune evasion strategies 

 

Evasion 

Mechanism 

Description 

Interferon 

Suppression 

• Inhibits the production and release of 

interferons, key signaling proteins that alert 

nearby cells of viral infection. 

• Delays the initiation of the innate immune 

response, allowing the virus to replicate before 

immune detection. 

Inhibition of 

Pattern 

Recognition 

• Interferes with the function of pattern 

recognition receptors (PRRs) such as Toll-like 

receptors (TLRs) and RIG-I-like receptors 

(RLRs). 

• Hinders the recognition of viral RNA or 

proteins, delaying the innate immune response. 

Evasion of Natural 

Killer Cells 

• Downregulates surface molecules on infected 

cells that are recognized by natural killer (NK) 

cells. 

• Reduces the likelihood of infected cell 

destruction by NK cells, allowing for prolonged 

viral replication. 

Exploiting Host 

Cell Machinery 

• Masks viral genetic material within host cell 

structures. 
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These viral proteins have evolved various mechanisms to disrupt innate immune 

signaling pathways, which can allow the virus to establish infection, replicate, and 

propagate within the host (Blanco-Melo et al., 2020; Thoms et al., 2020). In this 

discussion, we will delve into some of the key SARS-CoV-2 viral proteins known to 

interfere with innate immune signaling pathways, their specific strategies, and the 

implications of these interactions on the host's immune responses. 

 

2.8.1 SARS-CoV-2 Nsp1 Protein 

The non-structural protein 1 (Nsp1) of SARS-CoV-2 is a potent antagonist of the host's 

innate immune response. Nsp1 primarily targets the host's protein synthesis machinery 

and interferes with the translation of host mRNAs (Thoms et al., 2020). This has a 

broad inhibitory effect on the expression of host antiviral proteins. 

Nsp1 achieves this by binding to the host's ribosomal subunits, leading to the 

degradation of host mRNAs while sparing viral mRNAs (Schubert et al., 2020). This 

selective degradation effectively shuts down the production of antiviral and 

proinflammatory cytokines, including interferons. As a result, the host's ability to 

mount an immediate antiviral response is compromised (Banerjee et al., 2020). 

Moreover, Nsp1 also disrupts the host's RNA-sensing pathways. It interferes with the 

activation of the RIG-I-like receptor (RLR) pathway, which recognizes viral RNA, and 

the downstream production of type I interferons (Yuan et al., 2021). This dual action 

of Nsp1 on both the translational machinery and RNA sensing pathways significantly 

impairs the host's innate immune response, allowing the virus to evade detection and 

suppression. 
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2.8.2 SARS-CoV-2 ORF6 ISG  

The open reading frame 6 (ORF6) protein of SARS-CoV-2 is another viral protein 

involved in immune evasion. ORF6 targets the host's interferon signaling pathways, 

particularly the JAK-STAT pathway, which is essential for the induction of interferon-

stimulated genes (ISGs) (Miorin et al., 2020). 

ORF6 interferes with the nuclear translocation of STAT1, a key transcription factor 

involved in the JAK-STAT pathway. By preventing STAT1 from entering the nucleus, 

ORF6 inhibits the expression of ISGs, which are crucial for antiviral defense (Yuan et 

al., 2021). This disruption of interferon signaling weakens the host's ability to mount 

an effective innate immune response against the virus. 

Additionally, ORF6 has been shown to inhibit the function of key immune regulators 

like IRF3 and NF-κB, which are responsible for the production of type I interferons and 

proinflammatory cytokines, respectively (Xia et al., 2020). By targeting these 

regulators, ORF6 further dampens the host's ability to produce antiviral cytokines and 

mount an effective immune response. 

 

2.8.3 SARS-CoV-2 ORF8  

The open reading frame 8 (ORF8) protein of SARS-CoV-2 has also been implicated in 

immune evasion. ORF8 can downregulate the expression of major histocompatibility 

complex class I (MHC-I) molecules on the surface of infected cells (Zhang et al., 2021). 

MHC-I molecules are essential for presenting viral antigens to cytotoxic T cells, which 

play a critical role in eliminating infected cells. By downregulating MHC-I expression, 

ORF8 interferes with the host's ability to present viral antigens to the adaptive immune 

system, thereby impeding the cytotoxic T cell response. 
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Additionally, ORF8 has been shown to induce the secretion of proinflammatory 

cytokines, such as IL-6, which can contribute to the cytokine storm observed in severe 

COVID-19 cases (Li et al., 2020). This excessive inflammation can further disrupt the 

innate immune response and lead to tissue damage. 

2.8.4 SARS-CoV-2 Spike  

While the spike protein of SARS-CoV-2 primarily plays a role in viral entry into host 

cells, it can also indirectly influence the innate immune response. The spike protein 

interacts with the host's angiotensin-converting enzyme 2 (ACE2) receptor to gain entry 

into cells. This interaction has been shown to downregulate ACE2 expression 

(Verdecchia et al., 2020). 

ACE2 is not only a receptor for the virus but also plays a crucial role in regulating the 

renin-angiotensin system (RAS), which has immunomodulatory functions. 

Downregulation of ACE2 can disrupt the balance of the RAS, leading to an excessive 

inflammatory response. This imbalance can further contribute to the cytokine storm and 

immune dysregulation observed in severe COVID-19 cases (Gheblawi et al., 2020). 

Moreover, the spike protein can directly activate the NLRP3 inflammasome, a 

multiprotein complex involved in the production of proinflammatory cytokines such as 

IL-1β (Pan et al., 2021). This activation can lead to an exaggerated immune response, 

contributing to the pathology of COVID-19. 

2.8.5 Natural antibodies 

Natural antibodies are a type of immune response that is produced by the body in 

response to antigens without prior exposure or vaccination (Holodick et al., 2017; 

Panda and Ding, 2015). In the context of COVID-19, natural antibodies refer to 

antibodies that are produced in response to the SARS-CoV-2 virus, the causative agent 

of the disease. Understanding the role of natural antibodies in COVID-19 is important 
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for developing effective treatments, vaccines, and strategies for controlling the spread 

of the virus. 

Studies have shown that natural antibodies to SARS-CoV-2 are present in a significant 

proportion of individuals who have recovered from COVID-19 (Chen et al., 2022). 

These antibodies are thought to play a role in clearing the virus and protecting against 

reinfection. In addition, natural antibodies can neutralize the virus by binding to the 

spike (S) protein on the surface of the virus and preventing it from entering human cells.  

The level of natural antibodies in individuals who have recovered from COVID-19 is 

influenced by several factors, including the severity of the illness, the age of the 

individual, and prior exposure to other coronaviruses. Individuals who have recovered 

from severe cases of COVID-19 have been found to have higher levels of natural 

antibodies compared to those with mild cases (Schmid et al., 2020). In addition, older 

individuals and those with prior exposure to other coronaviruses have been found to 

have lower levels of natural antibodies (Steele et al., 2023). 

The duration of protection provided by natural antibodies to SARS-CoV-2 is currently 

unclear and a subject of ongoing research (Shook et al., 2022). Some studies have 

suggested that the protection provided by natural antibodies may be short-lived, while 

others have found that the antibodies can persist for several months. The level of 

protection provided by natural antibodies also appears to be influenced by the level of 

antibodies present in the individual, with higher antibody levels providing greater 

protection(Hamady et al., 2021; Netea et al., 2022). 

The role of natural antibodies in controlling the spread of COVID-19 is also a subject 

of ongoing research. Some studies have suggested that individuals with higher levels 

of natural antibodies may be less likely to spread the virus to others, while others have 

found no such association. The potential use of natural antibodies as a tool for 
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controlling the spread of COVID-19, such as through convalescent plasma therapy or 

passive immunization, is a promising area of research. 

2.8.6 Complement System  

A crucial element of the innate immune response that aids in defending the body against 

foreign invaders, such as viruses like COVID-19's causal agent, SARS-CoV-2, is the 

complement system (Afzali et al., 2021). Complement activation is triggered by the 

recognition of pathogens and results in a series of proteolytic reactions that ultimately 

lead to the destruction of the invading microbe (Kulkarni and Atkinson, 2020). 

Understanding the role of the complement system in COVID-19 is important for 

developing effective treatments and strategies for controlling the spread of the virus. 

According to studies, COVID-19 patients have an active complement system, and the 

severity of the disease is correlated with complement activation (Pires and Calado, 

2023).  

In severe cases of COVID-19, complement activation has been found to result in the 

formation of membrane attack complexes (MACs), which can cause damage to the lung 

tissue and contribute to the development of acute respiratory distress syndrome (ARDS) 

(Noris et al., 2020). In addition, high levels of complement activation are associated 

with a higher risk of death in individuals with COVID-19. 

The three primary mechanisms for complement activation—the classical, lectin, and 

alternative pathways—converge on C3 (Takeuchi and Akira, 2010). The traditional 

method makes use of the pattern recognition molecule (PRM) C1q to identify immune 

surveillance molecules like C-reactive protein or attached antibodies. A variety of 

PRMs, such as collectins and ficolins, are used by the lectin pathway to recognize 

carbohydrate structures on pathogens or wounded host cells (Mastellos et al., 2016). 

The alternative pathway, however, lacks a particular PRM but can significantly increase 
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the quantity of C3b produced by the classical or lectin processes. The alternate process 

may potentially be triggered by direct hydrolysis of C3 (Takeuchi and Akira, 2010; Van 

Der Poll et al., 2017). 

SARS-CoV-2 has been demonstrated to directly trigger the complement cascade. When 

activated by the MBL-2-associated proteases (MASP2), the viral N protein (which 

encodes the nucleocapsid) initiates the lectin route, whereas the S protein initiates the 

alternative pathway (Iba et al., 2020). Immune complexes and C-reactive protein, for 

example, may activate the classical pathway in the later stages of COVID-19 (Wang et 

al., 2019). The destructive impact of the complement cascade in the severe forms of 

COVID-19 is emerging despite our limited understanding of how the coronavirus is 

eliminated. 
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Figure 2.5: The activation of the complement cascade and the site where anti-

complement medication treatments work. It has been demonstrated that the 

complement pathway is activated by SARS-CoV and MERS-CoV. The three 

different mechanisms for complement activation—classical, MBL, and 

alternative—converge at the C3 component. You may create C3a and C3b from 

C3. The split of C5 into C5a and C5b is triggered by C3b, which also causes 

pathogen opsonization. The membrane assault complex, which causes cell lysis, 

is created by C5b. C3a and C5a are well-known pro-inflammatory chemicals 

that facilitate the recruitment of immune cells to the infection site. It is unknown 

whether the complement reaction to CoV is pathogenic or protective. Recent 

research indicates that eculizumab, an antibody that is monoclonal antibody 

targeting C5, may be used to block complement in response to CoV to lessen 

possible tissue damage and prevent disease aggravation. 

 

2.8.6.1 Reciprocity between the complement system and SARS-CoV-2 

More than a billion years ago, when basic proteins first formed to defend cells against 

pathogens and participate in internal metabolic activities, the complement system was 

first observed (Santiesteban-Lores et al., 2021). At the nexus of innate and adaptive 

immunity, the modern complement system exists. It efficiently recognizes and 

eliminates viral infections through a variety of mechanisms, including opsonizing 

viruses and virus-infected cells (including lysing them), establishing an antiviral 

immunoinflammatory state, boosting virus-specific immune responses, and directly 

neutralizing cell-free viruses (Java et al., 2020; Risitano et al., 2020).  
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A vast amount of in vitro and in vivo research suggests that complement activation is 

crucial to the etiology and complexity of SARS-CoV and SARS-CoV-2 illness. 

(Gralinski et al., 2018) examined complement activation in SARS-CoV infection using 

C3-/- mice that had been exposed to the virus. As early as one day after SARS-CoV 

infection, C3 activation products (C3a, C3b, iC3b, C3c, and C3dg) were discovered in 

the lung. Despite an identical viral load, the removal of C3 dramatically decreased 

weight loss and lung damage (Java et al., 2020b). In addition, C3-deficient animals had 

much-reduced amounts of cytokines and chemokines, neutrophils, and inflammatory 

monocytes. Additionally, factor B-/- or C4-/- animals lost less weight than WT mice, 

indicating that complement activation worsens systemic disease brought on by SARS-

CoV infection (Gralinski et al., 2018).  

According to a preprint by Gao et al., (2021) the secreted nucleoprotein (N protein) 

dimers of MERS-CoV, SARS-CoV-1, or SARS-CoV-2 are claimed to be the primary 

enzymatic initiator of the lectin pathway, mannan-binding lectin-associated serine 

protease 2 (MASP-2). Membrane attack complex (MAC) formation and C3 convertase 

production are both induced by MASP-2 activation. Additionally, modifying the 

MASP-2-binding motif—either by deleting MASP2 or by preventing the MASP-2-N 

protein interaction—attenuated lung damage (De Nooijer et al., 2021; Kurtovic and 

Beeson, 2021). These findings together with human proteomic research imply that 

coronavirus infections entail several complement signaling pathways being activated. 

Viruses employ a variety of tactics to undermine complement activation and take 

advantage of it. For instance, poxviruses produce a protein with structural and 

functional similarities to complement regulatory proteins, which dampens complement 

activation. Similar to this, flaviviruses sabotage complement regulators to prevent their 

activation and obstruct antiviral function (Mellors et al., 2020). However, the capacity 
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of viruses to cleave C3 may have an impact on host antiviral reactions. In some of these 

situations, C3 binds to the surface of viruses and may be transported intracellularly. It 

is unknown if coronaviruses utilize similar antiviral tactics (i.e., inhibiting and taking 

advantage of the complement system) (Agrawal et al., 2017). 

 

2.8.6.2 Complement-mediated injury mechanisms in COVID-19 

NETs 

Key guardians of innate immunity, neutrophils and complement, engage synergistically 

to protect the host against encroaching infections and to preserve homeostasis. 

Complement opsonization, for instance, promotes the formation of NETs, but blocking 

CR1 and CR3 prevents NETosis, a form of programmed cell death in response to 

certain infections (Middleton et al., 2020). Therefore, a pathogen's capacity to avoid 

complement activation and opsonization may be negatively correlated with its capacity 

to cause NETosis. A virus that can stop complement deposition is likely a less effective 

NET inducer. 

In patients with COVID-19 who have SARS-CoV-2, an exacerbated host response is 

centered on the abnormal activation of neutrophils, notably in the lung. Neutrophil 

colonization in pulmonary capillaries, neutrophil extravasation into the alveolar space, 

acute capillaritis with fibrin buildup and neutrophilic mucositis were all seen in autopsy 

reports from COVID-19 patients (Middleton et al., 2020; Ondracek and Lang, 2021). 

Neutrophilia predicts catastrophic outcomes in COVID-19 patients, and the neutrophil-

to-lymphocyte ratio is a distinct risk factor for serious disease. The NET-specific 

markers myeloperoxidase DNA and citrullinated histone H3 were also present in 

greater concentrations in the sera of individuals with COVID-19 (Arcanjo et al., 2020). 
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C3, factor B, and properdin are present in both NETs and activated neutrophils. These 

elements are essential for producing and maintaining the AP C3 convertase, which 

amplifies the cascade (Pastorek et al., 2022). The biological significance of 

complement activation on NETs is also thought to promote the synthesis of the 

anaphylatoxins, C3a and C5a, which further encourage neutrophil recruitment and 

activation as well as the generation of proinflammatory cytokines (Zuo et al., 2020). 

Thus, regardless of the absence of immune cell infiltration, continuous NET creation, 

as demonstrated in COVID-19, can set off a chain reaction of inflammatory responses 

that harm and kill the tissues around it. This is true even if NETs are helpful in 

protective immunity against infections. 

As previously mentioned, and further explained below, complement and neutrophil 

signaling jointly contribute to the development of severe COVID-19 symptoms by 

producing microthrombi in a coagulopathic environment, which results in acute lung, 

kidney, and heart damage (Pisareva et al., 2023). ARDS, pulmonary inflammation, and 

thrombotic events are all linked to complement activation and cause long-term 

multiorgan damage. Neutrophilia and dysregulated NET production are two other 

interactions. NETs initiate arterial and venous thrombosis by triggering the contact 

route of coagulation and enhancing other prothrombotic pathways (Veras et al., 2023). 

This results in the overproduction of thrombin and the subsequent development of C5a. 

Determining that there is a feedback loop, we propose that complement activation leads 

to NETosis, which then induces procoagulant activity (such as that of thrombin), and 

that complement activation subsequently continues to promote NET formation. 

Complement activation and hypercoagulability 

There is now a great deal of attention on the subject of whether complement activation 

is responsible for the characteristics of hypercoagulability as well as microthromboses 
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in COVID-19. The evolutionary history of the complement or coagulation systems, 

which suggests a shared origin, and current research showing significant cross-talk 

between the two biological processes are some of the explanations for this link 

(Asakura and Ogawa, 2021). Particularly in paroxysmal nocturnal hemoglobinuria 

(PNH), aHUS, and the antiphospholipid syndrome has the reciprocal involvement of 

both systems been observed. For instance, it is well known that thrombin activates C5 

by a convertase-independent mechanism even in the absence of C3.  

Similar to vWF, depending on multimer size, complement is controlled in a 

complicated manner during coagulation. Small vWF multimers enhance the effects of 

the complement inhibitor factor I, enabling C3b deactivation, whereas ultra-large vWF 

multimers, as seen after tissue damage, provide a binding substrate for C3b to begin 

complement activation utilizing the AP (Ladikou et al., 2020; Rostami et al., 2022). 

While kallikrein cleaves both C3 and factor B, factor XII cleaves C1s and activates the 

traditional complement pathway. The activation of the complement system may be 

facilitated and amplified by platelets. Additionally, C5a promotes the production of 

tissue factor and PAI-1 in endothelial cells and monocytes, which has a prothrombotic 

impact  

(Asakura and Ogawa, 2021). A nidus for prothrombinase assembly is created by the 

MAC's disruption of endothelial cells and platelets, and MASPs (lectin pathway 

initiators) have been demonstrated to cleave prothrombin to thrombin (Fletcher-

Sandersjöö and Bellander, 2020.  

It's interesting to note that complement activation may both promote clotting and 

obstruct anticoagulation. For instance, the proteoglycan heparan sulfate found in 

endothelial cells reduces local inflammation and prevents coagulation. On the other 

hand, both complement-dependent (exposure to C5a) and complement-independent 
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mechanisms result in the loss of heparan sulfate in response to endothelial injury 

(Abou-Ismail et al., 2020). In addition to these changes that both favor clot formation 

and impede fibrin clearance, complement activation may also result in elevated vascular 

barrier resistance in end organs. For instance, a new hypothesis proposes that the local 

rise of angiotensin II levels in critically ill patients with severe COVID-19 is at least 

partially caused by the downregulation of ACE2 on diverse cell surfaces.  

In preclinical models of angiotensin II-associated vasculopathy, locally elevated levels 

of C-reactive protein and TNF-promoted C3 expression and were connected to 

complement activation, which is demonstrated by elevated levels of C1q, C3, C3c, and 

C5b-9 in the vascular media (Bikdeli et al., 2020). As a result, these pathways may 

cause vascular beds to experience an amplifying cycle where endothelial damage and 

complement activation intensify the prothrombotic condition. In addition to having 

raised amounts of fibrin breakdown products (such as D-dimer), severe COVID-19 

patients also appear to have elevated levels of fibrinogen, factor VIII activity, and vWF, 

according to preliminary research (Poveda-Jaramillo, 2021; Rostami et al., 2022). 

Platelet count, aPTT, and on a few occasions even PT, have occasionally been reported 

as normal or slightly elevated. 

2.9 Potential Therapeutic Strategies Targeting Innate Immune Responses in 

COVID-19 

Targeting the innate immune responses in COVID-19 has emerged as a critical 

therapeutic approach due to the significant role played by the innate immune system in 

the disease's pathogenesis. Several potential strategies have been explored to modulate 

these responses and mitigate the adverse effects of SARS-CoV-2 infection. 

One promising approach involves the use of interferon-based therapies. Exogenous 

interferon administration, particularly IFN-α and IFN-β, has been investigated to boost 
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the innate immune response. Early administration of interferons may help limit viral 

replication and spread by enhancing the host's antiviral defenses (Park and Iwasaki, 

2022). Type III interferons, known as IFN-λs, are also being explored for their potential 

in treating COVID-19, as they can stimulate antiviral responses while avoiding 

excessive inflammation (Jagannathan et al., 2023). 

Monoclonal antibodies and immunomodulatory drugs have gained attention for their 

ability to modulate the innate immune response. Monoclonal antibodies targeting 

proinflammatory cytokines, such as tocilizumab and sarilumab against IL-6, can help 

dampen the cytokine storm seen in severe COVID-19 cases (Wang et al., 2022). Janus 

kinase (JAK) inhibitors like baricitinib and tofacitinib are used to reduce inflammation 

and improve outcomes in COVID-19 patients by inhibiting key signaling pathways 

involved in the innate immune response (Infectious Diseases Society of America 

[IDSA], 2024). 

Another avenue of therapy involves convalescent plasma and hyperimmune globulin. 

Plasma from recovered COVID-19 patients contains antibodies that can neutralize the 

virus and modulate the immune response. Hyperimmune globulin, derived from 

convalescent plasma, offers a concentrated source of these neutralizing antibodies and 

may provide a standardized and potent option for passive immunization. 

Small-molecule antivirals like remdesivir and favipiravir indirectly impact the innate 

immune response by reducing viral replication. These drugs have been employed to 

limit the viral load and alleviate the strain on the immune system (Mao et al., 2023). In 

addition to pharmacological interventions, therapies targeting pattern recognition 

receptors (PRRs) are being explored. Toll-like receptor (TLR) agonists may enhance 

innate immune responses, while TLR antagonists could mitigate excessive 
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inflammation. RIG-I-like receptor (RLR) modulators, crucial for recognizing viral 

RNA, offer another potential strategy to enhance antiviral defenses (Torres et al., 2022). 

Nutritional and immune support also play a role in innate immune modulation. Vitamin 

D supplementation has been studied for its potential to reduce the risk of severe 

COVID-19 by modulating the immune response (Merzon et al., 2021). Trace elements 

like zinc and selenium are essential for immune function and may support antiviral 

defenses (Wessels et al., 2020). Stem cell and mesenchymal stromal cell (MSC) 

therapies, with their immunomodulatory properties, have been explored to reduce 

inflammation, particularly in COVID-19-induced cytokine storms. Additionally, 

exosome-based therapies derived from cells have been investigated for their potential 

to modulate immune responses and deliver therapeutic cargo (Leng et al., 2020). 

The Bacillus Calmette-Guérin (BCG) vaccine, originally developed to prevent 

tuberculosis, has been suggested to enhance innate immune memory. Clinical trials are 

underway to determine whether BCG vaccination can reduce COVID-19 severity by 

bolstering the innate immune response (O'Neill and Netea, 2021). 

Overall, these therapeutic strategies aimed at modulating innate immune responses in 

COVID-19 patients hold promise. However, it's crucial to conduct rigorous clinical 

trials to determine their safety and efficacy, considering the stage of disease, patient 

characteristics, and the specific viral variants involved. Personalized medicine 

approaches may become increasingly relevant as our understanding of host factors 

influencing immune responses to the virus grows. 
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2.10 Key Findings and Implications of Innate Immune Responses in COVID-19 

Key Findings: 

Dysregulated immune responses: COVID-19 is associated with a dysregulated innate 

immune response characterized by an excessive release of proinflammatory cytokines, 

a phenomenon known as the cytokine storm. Elevated levels of cytokines such as IL-6, 

IL-1β, and TNF-α contribute to the systemic inflammation observed in severe cases and 

are linked to tissue damage and multi-organ dysfunction (Rocco et al., 2024). 

Delayed type I interferon response: Studies have shown that SARS-CoV-2 can suppress 

the early production of type I interferons (IFN-α and IFN-β), which are crucial for 

antiviral defense. Delayed IFN responses allow the virus to replicate unchecked during 

the early stages of infection, contributing to disease severity (Park and Iwasaki, 2022). 

Immune evasion strategies: SARS-CoV-2 employs various viral proteins, such as Nsp1, 

ORF6, and ORF8, to interfere with innate immune signaling pathways. These proteins 

inhibit the host's production of interferons, impair cytokine signaling, and downregulate 

antigen presentation, collectively aiding the virus's evasion of host defenses (Lee et al., 

2022). 

Cytokine storm and tissue damage: The excessive release of proinflammatory cytokines 

can lead to widespread tissue damage, particularly in the lungs. This phenomenon 

contributes to acute respiratory distress syndrome (ARDS) and other severe 

complications, making the management of cytokine storm a critical therapeutic target 

(Leng et al., 2020). 

Therapeutic opportunities: Therapeutic interventions targeting innate immune 

responses are being explored. These include the use of exogenous interferons, 

monoclonal antibodies against proinflammatory cytokines, JAK inhibitors, and other 

immunomodulatory drugs to mitigate inflammation and cytokine storm (IDSA, 2024). 
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Timing and Patient Variation: The timing of interventions about disease progression is 

crucial. Patients may exhibit different immune responses, with some experiencing a 

more robust innate immune response, while others develop a blunted response. 

Personalized treatment approaches may be necessary (Liu et al., 2023). 

Viral variants: Emerging SARS-CoV-2 variants may impact innate immune responses 

and the efficacy of treatments. Continuous monitoring and adaptation of therapeutic 

strategies are essential in the face of evolving viral variants (Mao et al., 2023). 

 

Implications:  

The findings related to innate immune responses in COVID-19 have several critical 

implications for both understanding the disease and developing therapeutic 

interventions. They underscore the importance of cytokine storm management, as 

targeted therapies to modulate the cytokine storm are crucial to mitigate tissue damage 

and improve patient outcomes, particularly in severe cases. Timely intervention is also 

essential; the timing of therapeutic interventions, such as the administration of 

interferons or immunomodulatory drugs, should be tailored to the patient's stage of 

disease.  

Additionally, understanding immune evasion strategies—specifically how the virus 

interferes with innate immune signaling pathways—can inform the development of 

treatments that counteract these viral mechanisms. Recognizing patient variation in 

innate immune responses highlights the need for individualized treatment approaches, 

as not all patients will respond similarly to immunomodulatory interventions. Lastly, 

viral variant surveillance remains vital, as the continuous monitoring of emerging 

SARS-CoV-2 variants and their impact on innate immune responses is essential for 

adapting therapeutic strategies to evolving viral strains. 
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Table 2.2 Key findings and implications of innate immune responses in COVID-

19 

Key Findings Implications 

Dysregulated 

immune response 

Cytokine storm management is crucial for 

mitigating tissue damage. 

Delayed Type I 

interferon 

response 

Timely intervention with interferons may improve 

outcomes. 

Immune evasion 

strategies 

Development of treatments to counteract viral 

evasion mechanisms. 

Cytokine storm 

and tissue 

damage 

Focus on therapies that mitigate inflammation and 

tissue damage. 

Therapeutic 

opportunities 

Identification of potential therapies to modulate 

the immune response. 

Timing and 

patient variation 

Need for personalized treatment approaches 

tailored to the patient's immune response. 

Viral variants Ongoing surveillance to adapt therapies to 

evolving viral strains. 

 

These findings and implications highlight the complex interplay between the innate 

immune system and SARS-CoV-2 and the importance of targeted therapeutic 

interventions to improve outcomes in COVID-19. 
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2.11 SARS-CoV-2 immune escape 

All viruses are obligatory intracellular parasites that rely on their host for raw materials, 

energy, and access to intricate biological machinery (Minkoff and tenOever, 2023b; 

Summers, 2009). A virus has to take over or deactivate significant host pathways in 

order to develop a productive infection. SARS-CoV-2 spends a lot of money trying to 

prevent the antiviral response from taking hold (Bugatti et al., 2022). These tactics are 

broken down into five main groups, each of which is covered in more depth below. 

2.11.1 Minimizing and masking inflammatory RNA 

The binding of the trimeric S glycoprotein to the host cell receptor is the initial stage of 

the coronavirus infection cycle. This interaction can result in either a "late" entry 

pathway of receptor-mediated absorption via endocytosis or "early" entry pathway of 

direct fusion with the cellular plasma membrane (Moss, 2022). Both of the SARS-CoV-

2 routes are facilitated by the S trimer's binding to the host's angiotensin-converting 

enzyme 2 (ACE2). The S protein needs to be broken twice, once during the virion's exit 

and once again at its entrance, in order for direct fusion with the host membrane to take 

place. For SARS-CoV-2, transmembrane serine protease 2 (TMPRSS2) at the cell 

surface mediates the second event, while furin protease plays a major role in the first 

(Tarique et al., 2022).  

Alternatively, during receptor-mediated endocytosis, cathepsin proteases may also 

catalyze the twofold cleavage of the S protein (Yan et al., 2021). In either case, the host 

ribosome may translate the viral genome right after the genomic viral ribonucleoprotein 

complex enters the cytoplasm and the genome separates from the viral N protein 

(Minkoff and tenOever, 2023). In order to function properly and prevent host detection, 

the viral genomic RNA must translate according to host translation regulations from 

the beginning. In order to achieve this, coronaviruses cap and methylate the 5′-
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triphosphate (pppA) of their genomic RNA and sgRNAs in order to guarantee 

ribosomal loading and evade host detection (Yan et al., 2021).  

Four consecutive enzyme processes are required for the formation of the coronaviral 

cap structure. To create 5′-diphosphate (ppA), γ-phosphate from the nascent mRNA's 

pppA is first removed by a 5′ RNA triphosphatase. Subsequently, a guanylyltransferase 

transfers a guanosine monophosphate (GMP) to the ppA, creating the cap core structure 

(Yan et al., 2021). An N7-methyltransferase methylates the guanine at position N7 

following the formation of the core structure. The final cap structure, 

7MeGpppA2′OMe, is created when a 2′-O-methyltransferase methylates the ribose at 

the 2′-O position of the first transcribed nucleotide (Furuichi, 2015; He et al., 2024). 

Research utilizing SARS-CoV-2 and additional coronaviruses has revealed that Nsp13, 

Nsp14, and Nsp16 serve as 5′ RNA triphosphatase, N7-methyltransferase, and 2′-O-

methyltransferase, respectively, in the viral capping process (Perry et al., 2021; Yan et 

al., 2021).  

Additionally, Nsp12 has been proposed to take part in this process as a 

guanylyltransferase. According to another research, Nsp10 may assist in viral capping 

by acting as a cofactor for Nsp14 and Nsp16's actions, a role that coronaviruses share 

(Figure 2.4). 
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Figure 2. 5 Mechanism of minimizing and masking inflammatory RNA (Minkoff 

and tenOever, 2023) 

 

2.11.2 Blocking host recognition 

It has been proposed that various SARS-CoV-2 proteins target viral sensing 

mechanisms and impede the generation of host antiviral defenses in order to circumvent 

this sophisticated surveillance system (Minkoff and tenOever, 2023). It is suggested 

that the N protein, a key viral component, plays this role. This RNA-binding protein is 

essential for encasing the viral genome into virions and is among the most prevalent 

viral proteins generated during infection (Min et al., 2021). Regarding immune 

antagonistic activity, N's innate capacity to bind with free RNA might potentially 

conceal it from observation or hinder it from building long base pairs with 

complementary sequences (Sievers et al., 2023).  

The enhanced IFN antagonism observed with this variant may correlate with increased 

N protein expression compared with earlier viral lineages, according to in vitro studies 

using the Alpha (B.1.1.7) VOC, which supports this hypothesis (Hamdy et al., 2023). 
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Other explanations, such as an overall decrease in dsRNA production or increases in 

the expression of other non-structural genes, remain possible (Min et al., 2021; Minkoff 

and tenOever, 2023). According to a recent study, there is increasing evidence that N 

can function as an IFN antagonist. It also suggests that fragments of the N protein 

generated upon cleavage by host caspase may potentially reduce the host IFN response 

(Hamdy et al., 2023). N's possible viral influence would ultimately result in a delay in 

the activation of the innate immune system, giving SARS-CoV-2 the crucial time it 

needs to multiply and propagate in the ideal cellular environment (Rando et al., 2021). 

The production of stress granules is another method for triggering RLR signaling. RLR 

signaling pathways are facilitated by these membrane-free cytoplasmic aggregates of 

translationally stalled mRNAs and RNA-binding proteins, which can develop under a 

variety of stressors, including viral infection (M et al., 2022). Nsp5, the primary 

protease of SARS-CoV-2, can prevent these stress granules from forming regardless of 

its enzymatic activity. By attaching to and sequestering RNA as well as a particular 

component known as G3BP1, which serves as both the stress granules' nucleating 

protein and an intermediary between them and the RLRs, the SARS-CoV-2 N protein 

can also prevent the creation of stress granules (Malone et al., 2021). SARS-CoV-2 

proteins can inhibit PRR activation in addition to implementing mechanisms to 

sequester viral PAMPs (Dong et al., 2024).  

It has been demonstrated that the N protein binds to the RIG-I DExD/H box RNA 

helicase domain, blocking its interaction with TRIM25, a cellular ubiquitin ligase that 

enhances RLR signaling by activating RIG-I through K63-ubiquitin-mediated 

processes (Tanaka et al., 2022). The findings of these research, however, are dependent 

on overexpression systems and do not take into consideration the capped nature of both 

the genomic and subgenomic SARS-CoV-2 RNAs or the notion that RIPLET—rather 
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than TRIM25—is thought to be the more pertinent adaptor for RIG-I activation (Loo 

and Gale, 2011; Rehwinkel and Gack, 2020).  

Comparably, it has been reported that the Nsp3 protein, also referred to as the SARS-

CoV-2 papain-like cysteine protease (PLpro), inhibits the conjugation of an ISG, 

identified as ISG15, to MDA5 (Onomoto et al., 2021). However, these findings also 

depend on overexpression experiments and highlight an activation pathway that may 

not have any physiological significance.  

Due to its broad potential to disrupt other protein modifications, such as ubiquitin 

and/or ADP-ribose conjugations, Nsp3 may be more involved in host immune evasion 

(Rehwinkel and Gack, 2020). Although there are differences in sequence, 

coronaviruses share a common capacity for Nsp3 to modify post-translational changes, 

indicating that this protein plays a significant role in host evasion worldwide (Lindner 

et al., 2007; Liu et al., 2022). 

When the host recognizes molecular patterns associated with the viral pathogen, such 

as double-stranded RNA (dsRNA) or single-stranded RNA (ssRNA) with an exposed 

5′-triphosphate, it facilitates the formation of a signaling hub within the mitochondria, 

which is facilitated by the mitochondrial antiviral signalling protein (MAVS) (Minkoff 

and tenOever, 2023). This process ultimately results in the activation of host kinases 

IKKα, IKKβ, and TBK1. The transcription factors ATF2–JUN, IRF3 (interferon 

regulatory factor 3), and NF-κB (nuclear factor-κB) cooperate to produce interferon-β 

(IFNβ) in response to kinase activation. IFNβ, which is secreted, works in a paracrine 

or autocrine way to support cells' antiviral status (Onomoto et al., 2021).  

The cell surface type I IFN receptor subunits dimerize upon binding of IFNβ, attracting 

the receptor-associated kinases Janus kinase 1 (JAK1) and tyrosine kinase 2 (TYK2) 

(Seng et al., 2012). These kinases then activate each other through 
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transphosphorylation, facilitating the recruitment and phosphorylation of the STAT1 

and STAT2 molecules (Junior et al., 2019). Interferon regulatory factor 9 (IRF9) and 

phosphorylated STAT1 and STAT2 combine to produce a stable complex that 

translocates into the nucleus and stimulates the transcription of IFN-stimulated genes 

(ISGs) (Ren et al., 2020). Viral proteins that obstruct the IFN signaling route are shown 

in teal, whereas those that obstruct host recognition and related signaling pathways are 

represented in purple (Xing et al., 2012).  

Since Nsp1 can also impede protein production more broadly, it is unclear what part of 

these processes Nsp1 particularly blocks. N is a nucleocapsid protein; P is 

phosphorylation; S is a spike protein. M stands for membrane protein (Low et al., 2022; 

Yuan et al., 2021) (Figure 2.5). 

 

 

Figure 2. 6 Mechanism of blocking host recognition (Minkoff and tenOever, 

2023) 
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2.11.3 Blocking Interferon Signaling 

More than 60% of the total mRNA detected in an infected cell can be viral-derived, 

demonstrating the effectiveness with which the virus usurps the cell, according to 

single-cell RNA sequencing of SARS-CoV-2-infected cells (Boroujeni et al., 2022). 

High transcription levels of viral genomic RNA and sgRNA, in conjunction with Nsp1-

mediated host mRNA suppression, result in this outcome (Lowery et al., 2021). Nsp10 

and Nsp14-mediated targeted suppression of host translation and RNA splicing is 

another factor contributing to this aggressive cellular invasion. But even with these 

strong antiviral defenses in situ, SARS-CoV-2 eventually causes cell death via a variety 

of pathways, making the virus detectable by phagocytic cells (Min et al., 2021).  

This dynamic is probably the cause of the elevated IFN-I and IFN-III levels seen in 

response to SARS-CoV-2 infection, particularly in those with severe COVID-19 

(Kasuga et al., 2021). Targeting the signaling cascade that responds to IFN-I and IFN-

III and induces ISG production is particularly advantageous for SARS-CoV-2, as this 

biology is difficult to inhibit. By lowering the expression of the IFNAR1 receptor 

subunit, Nsp13 and Nsp14 obstruct IFN-I signalling (Low et al., 2022). Furthermore, 

Nsp13 and the S protein interact with STAT1 to inhibit its receptor-bound state and 

subsequent phosphorylation-mediated activation (Vazquez et al., 2021). Similarly, 

Nsp1, Nsp10, and Nsp14-mediated decrease of host transcripts aids in inhibiting the 

formation of ISG. For viruses, interfering with ISG production is particularly crucial 

since infection of a cell primed with IFN-I or IFN-III not only produces no results but 

also amplifies the host response globally while the virus is still susceptible to detection 

(Beyer and Forero, 2022; Lowery et al., 2021; Wang et al., 2021). 
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2.11.4 Blocking nuclear transport 

A cytoplasmic pathogen can gain an instant selective advantage by interfering with the 

nuclear transport system, either by impairing the export of host mRNA or by impeding 

the translocation of transcription factors (Chen et al., 2022; Sajidah et al., 2021). 

Regulating nucleocytoplasmic transport via an aqueous channel, the nuclear pore 

complex (NPC) is a sizable structure that connects the inner and outer membranes of 

the nuclear envelope (Li et al., 2021). The karyopherin protein family's soluble nuclear 

transport receptors, or importins and exportins, are responsible for transferring 

specially tagged proteins between the nucleus and the cytoplasm. These receptors are 

interacting with the different protein subunits that make up the NPC, known as 

nucleoporins (Nups) (Gong et al., 2023).  

Viruses belonging to various families hijack this mechanism to enable certain viral 

proteins to enter the nucleus when required, or to prevent host components from 

performing tasks that limit viral reproduction (Miorin et al., 2020). Nsp1, Nsp9, Nsp15, 

ORF6, and M can all interact with the host nuclear transport machinery, according to 

analyses of protein-protein interactions between SARS-CoV-2 and host components 

(Shen et al., 2021). Several independent studies have shown that ORF6 inhibits 

nucleocytoplasmic transport by binding to and removing the IFN-inducible nucleoporin 

complex composed of Nup98 and ribonucleic acid export factor 1 (Rae1) from the 

nucleoplasmic plasminogen carrier (NPC). This interaction's crystal structure data 

analysis showed that ORF6 outcompetes RNA for access to the Nup98–Rae1 complex's 

mRNA-binding groove (Chen et al., 2022; Sajidah et al., 2021).  

Targeting this complex, ORF6 stops mRNAs encoding IFN-I, IFN-III, or antiviral ISGs 

from entering the cytoplasm for translation (Figure 2.6). It also limits the nuclear 

translocation of transcription factors, including IRF3 and the separate components of 
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ISGF3 (Xue et al., 2022). Notably, ORF6 may also play a role in the discernible 

variations between SARS-CoV and SARS-CoV-2, as the latter's ORF6 produces a 

changed structure linked to more potent anti-IFN activity than the former (Hall et al., 

2022). 

 

 

 

 

Figure 2. 7 Mechanism of blocking nuclear transport (Minkoff and tenOever, 

2023) 

 

2.10.5 Shutting off translation 

Many viruses target components of protein synthesis to increase fitness in addition to 

preventing an infected cell from using its own defense mechanisms (Meade et al., 

2019). The 40S ribosomal subunit recognizes the poly-A and 5′ cap structures of mature 

mRNA transcripts during eukaryotic translation, a process that is controlled by 

eukaryotic initiation factors (Jiao et al., 2023; Niepmann and Gerresheim, 2020). The 
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polypeptide chain continues to elongate as the 60S ribosomal subunit joins the complex 

to create the 80S ribosome upon scanning of the AUG initiation codon (Ho et al., 2021). 

Since host machinery is also necessary for the translation of viral proteins, virus-

mediated interference with these processes needs to maintain some degree of selectivity 

in order to be effective (Shehata et al., 2024). 

Although similar proteins from various viruses appear to employ different inhibitory 

techniques, Nsp1 is the most well-characterized example of a coronavirus protein that 

stops host translation (Gaucherand and Gaglia, 2022). By attaching to the 18S 

ribosomal RNA component of the 40S ribosomal subunit, SARS-CoV-2 Nsp1 has been 

shown by many groups to block the mRNA entry route to the ribosome (Abernathy and 

Glaunsinger, 2015). SERBP1 and Stm1, two recognized ribosome inhibitors that 

similarly block mRNA from entering the 40S ribosome's entry channel, are structurally 

identical to the C terminus of Nsp1 (Wang et al., 2022; Wang et al., 2010). 

Additionally, a lack of translational repression was seen when Nsp1's C-terminal 

domain was altered to disrupt its interaction with the ribosome (Schubert et al., 2020; 

Tidu et al., 2021).  

Even in the absence of additional SARS-CoV-2 proteins, this connection between Nsp1 

and the ribosome has been linked to a significant decrease in the translation of 

endogenous proteins in human cells (Banerjee et al., 2020). While some researchers 

have shown that Nsp1-mediated translation inhibition predominantly protects mRNAs 

containing the 5′ viral leader sequence, others have discovered that this action is non-

discriminatory (Finkel et al., 2021; Yuan et al., 2021). Since SARS-CoV-2's 5′ and/or 

3′ untranslated region was fused to a reporter gene in each of these investigations, it's 

probable that other viral mRNA characteristics contributed to the virus' ability to evade 

translational shutdown (Lokugamage et al., 2015; Maurina et al., 2023).  
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Furthermore, one study showed that adding the viral 5′ untranslated region increased 

reporter mRNA translation fivefold, indicating that viral RNA may be translated more 

quickly than host mRNAs and compensate for the translational bottleneck (Korneeva 

et al., 2023). As an alternative, the Nsp1 protein may cause mRNAs lacking the 5′ viral 

leader sequence to degrade, enabling the translation of viral mRNAs over cellular 

mRNAs with selectivity (Gerassimovich et al., 2021). Given that the Nsp1 protein has 

been linked to a number of activities that involve evading the host's innate immunity, 

it's critical to take into account the potential role that its capacity to broadly inhibit 

protein translation may play in facilitating its other documented roles (Korneeva et al., 

2023; Thoms et al., 2020). 

Apart from Nsp1, which has been well studied, additional viral proteins, including 

Nsp10, Nsp14, and Nsp16 are also involved in translational shutdown that occurs 

during SARS-CoV-2 infection (Mendez et al., 2021). Intervening sequences, or introns, 

must be removed from nascent RNA transcripts in order to join expressed regions, or 

exons, to form translationally competent mature mRNAs (Vankadari et al., 2020). This 

process, called RNA splicing, is carried out by an RNA–protein complex called a 

spliceosome, which is made up of many proteins splicing factors and tiny, non-coding 

nuclear RNAs (Zaffagni et al., 2022). This is another often seen target for RNA viruses, 

such as SARS-CoV-2, as disruption in splicing may often translate into a selection 

advantage for a virus that does not require this biology (Huang et al., 2011).  

Global suppression of host mRNA splicing during infection is therefore caused by 

SARS-CoV-2 Nsp16's ability to bind to the mRNA recognition domains of U1 and U2, 

two of the primary small nuclear RNA subunits that make up the spliceosome (Condé 

et al., 2022). Nsp10 and Nsp14 have also been observed to exhibit similar interference 

with global host expression, which has an effect on splicing. Infected lung samples from 
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COVID-19 patients have shown abnormalities in host splicing activity due to SARS-

CoV-2 infection (Banerjee et al., 2020). 

Nascent ribosome-associated peptide chains are continuously searched by the signal 

recognition particle (SRP) for hydrophobic signal peptides that identify products 

intended for secretion or insertion into a host membrane (Chen et al., 2011). This 

process ensures appropriate folding and trafficking of freshly produced proteins. The 

endoplasmic reticulum is where those proteins may be correctly produced and directed 

when the ribosome translocates in response to signal identification by the SRP (Tam et 

al., 2023). CoV-2 SARS Newly translated proteins are degraded as a result of Nsp8 and 

Nsp9's binding to the 7SL RNA scaffold component of the SRP complex, which 

disrupts protein trafficking. In particular, Nsp9 binds to the area of 7SL that interacts 

with the SRP19 protein, which is necessary for the correct folding and assembly of SRP 

itself, whereas Nsp8 attaches to the region of 7SL bound by the SRP54 protein, the 

component of SRP responsible for signal peptide recognition (Xiang et al., 2022). 

Reduced protein integration into the cell membrane of SRP-dependent membrane 

proteins was linked to this disruption of SRP structure and function (Bassett et al., 

2022). 

 

2.12 COVID-19 inflammatory markers 

A cytokine storm, which signifies high inflammatory activity in response to infection, 

is involved in the inflammatory pathophysiology of severe COVID-19 and other severe 

illnesses (Bhaskar et al., 2020). Additionally, individuals with COVID-19 commonly 

experience multi-organ failure (MOF) and organ damage brought on by vasculitis. 

Because of this, the majority of the biomarkers examined in COVID-19 patients, such 

as interleukin (IL)-6, C-reactive protein (CRP), white blood cell (WBC) count, 
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neutrophil count (NC), procalcitonin (PCT), D-dimer, lymphocyte count (LC), 

neutrophil: lymphocyte ratio (NLR), prothrombin time (PT), and activated partial 

thromboplastin time (aPTT), are linked to the individuals with severe COVID-19 have 

also had their organ-specific biomarkers altered because this syndrome commonly 

results in heart, liver, and renal failure. Furthermore, patients with severe COVID-19 

have also had their organ-specific biomarkers evaluated because this syndrome 

commonly leads to heart, liver, and renal failure (Aslani et al., 2021; Montazersaheb 

et al., 2022; Ragab et al., 2020; Yokota et al., 2021). 

2.12.1 C-reactive protein (CRP) 

The pentraxin family of inflammatory proteins, including C-reactive protein, is 

generated in response to the acute inflammatory phase. Interleukin-6 (IL-6) and IL-1, 

which enhance the impact, are the primary inflammatory cytokines that cause the 

transcription of the CRP gene to be induced in hepatocytes (Camon et al., 2022). 

Although various polymorphisms have been detected, there haven’t been any allelic 

variants or genetic deficits reported for the human CRP gene, which is located at 1q23.2 

on the long arm of chromosome 1 (Lentner et al., 2021). The activation of the 

complement molecule C1q, which results in the opsonization of pathogens, is thought 

to be the primary function of CRP in bacterial inflammation. 

C-reactive protein (CRP) has long been used as a marker of acute-phase inflammation; 

however, in the current COVID-19 pandemic, it is associated with tissue damage and a 

poor prognosis of the disease (Stringer et al., 2021). CRP binds to polysaccharides on 

the microorganisms, such as phosphor-choline, in the presence of calcium and triggers 

complement activation by the classical pathway, activating C1q. Accordingly, early-

stage COVID-19 lung injury and the severity of the illness have been linked to elevated 

CRP levels. High levels of CRP are found before lung lesions emerge, according to 
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analysis of lung changes detected by computed tomography, giving CRP predictive 

values for severity (Luan et al., 2021; Sadeghi-Haddad-Zavareh et al., 2021). 

High blood levels of CRP have been associated with the onset of pneumonia. An 

inverse relationship between high CRP levels and a decline in the ratio of arterial 

oxygen partial pressure to a fraction of inspired oxygen (PaO2/FiO2) was found in 

studies examining the relationship between CRP levels and respiratory performance, 

suggesting that CRP may be a predictor of lung failure (Vuono et al., 2022). According 

to several studies, CRP and other variables have a role in the development of COVID-

19. High CRP and low albumin levels in this case have been associated with greater 

mortality (Akdogan et al., 2021). An increased CRP/lymphocyte ratio shows a 

substantial correlation with the need for an intensive care unit. 

Analysis of CRP and other cytokines demonstrates prognostic usefulness for COVID-

19 severity. COVID-19 has been predicted by high levels of CRP, IL-6 (a hepatic 

inducer of CRP), and IL-10 (Smilowitz et al., 2021). CRP concentrations and IL-10 

levels are highly correlated. In hypertensive individuals, elevated levels of CRP and IL-

6 were predictive of the severity of COVID-19. High levels of CRP plus leukocytosis 

are indicative of a bad prognosis in patients with COVID-19, according to meta-

analysis research (Bouayed et al., 2022). The persistence of elevated CRP levels in 

those who died of COVID-19 raises the possibility that CRP serves as a predictor of 

lethality brought on by SARS-CoV-2. The type of CRP isoforms should be considered 

even if high CRP levels have been linked to COVID-19 mortality and a poor prognosis 

(Smilowitz et al., 2021).  
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2.12.1.1 CRP and Inflammation in COVID-19 

In COVID-19 individuals, excessive inflammation is thought to be the primary cause 

of severe illness and mortality (Ma et al., 2023). A sensitive metric for assessing tissue 

damage is CRP. Significant insults, coronary heart disease, and acute inflammation 

raise serum CRP levels (Luan et al., 2021). The spectrum of inflammation may revert 

to normal when it has decreased. It is hormone- and trauma-insensitive and stable in 

vivo. Through its combination with C-polysaccharide on the bacterial cell wall, CRP 

may identify a variety of infections as well as damaged or necrotic cell components 

(Sproston and Ashworth, 2018). It can eliminate these pathogens and necrotic cells by 

classically activating the complement system through the formation of different 

complexes with C-polysaccharide and phospholipid (Luan et al., 2021). 

Through a particular CRP receptor, as is well known, CRP can increase phagocyte 

phagocytosis and eliminate a variety of harmful microbes. A cytokine response storm 

(CRS), which is linked to a high death rate in COVID-19, may be initiated throughout 

COVID-19 pneumonia (Chegni et al., 2022). Hepatocytes are stimulated to create CRP 

by cytokines like TNF-α and IL-6. The most robustly correlated biomarker with the 

course of COVID-19 is CRP, which is markedly raised both in the early stages of 

inflammation and before critical results with CT are indicated (Xie et al., 2021).  

Through a particular CRP receptor, as is well known, CRP can increase phagocyte 

phagocytosis and eliminate a variety of harmful microbes. A cytokine response storm 

(CRS), which is linked to a high death rate in COVID-19, may be initiated throughout 

COVID-19 pneumonia (Knethen et al., 2022). Hepatocytes are stimulated to create 

CRP by cytokines like TNF-α and IL-6. The most robustly correlated biomarker with 

the course of COVID-19 is CRP, which is markedly raised both in the early stages of 

inflammation and before critical results with CT are indicated (Ma et al., 2023; 
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Sproston and Ashworth, 2018).  

Procalcitonin (PCT), IL-6, and other acute-phase proteins showed an increasing trend 

in non-survivors and a stable or downward trend in survivors in several retrospective 

comparison studies (Lee et al., 2022). CRP was confirmed to be an independent 

predictor of outcome and an independent discriminator of disease severity, suggesting 

that the diagnostic value of CRP for COVID-19 may be helpful in clinical practice 

(Jekarl et al., 2013). A multicentre retrospective analysis found that thrombotic 

complication occurrences following COVID-19 infection were associated with 

elevated CRP levels. Furthermore, COVID-19 results were impacted by obesity and 

metabolic syndrome, which were linked to chronic systemic inflammation, which 

included hypertension and atherosclerosis (de Leeuw et al., 2021; Xiang et al., 2023). 

A significant link was observed between CRP and a group of metabolically sick 

individuals who were obese and infected with COVID-19 (Szilveszter et al., 2023).  

Similarly, an observational study of older patients from Iran with greater body mass 

index showed that those with COVID-19 infection-related death risk factors at the time 

of admission included lymphopenia, hypomagnesemia, increased CRP, and/or elevated 

creatinine (Luan et al., 2021). When combined, CRP may be essential to the 

inflammatory response process, be used to gauge the severity of COVID-19, and be 

independently linked to the virus's danger (Bansal et al., 2020). 

 

2.12.1.2 CRP and CVD in COVID-19 

COVID-19 is classified as a kind of vascular infection despite SARS-CoV-2 passing 

via the upper respiratory system due to its affinity and specific interaction with the 

ACE2 receptor (Satterfield et al., 2021). The indicator of COVID-19 with CVD is 

arterial or venous thrombosis, which is linked to a high level of systemic inflammation, 
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the release of vascular damage, and pro-thrombogenic cytokines (Cremer et al., 2021). 

Serum CRP concentrations and poor progression were consistently correlated in a 

cohort of COVID-19 patients with cardiovascular disease. Furthermore, older and 

higher levels of CRP, creatinine, and troponin I (TnI) in CVD were associated with a 

greater risk of developing into severe or critically severe cases (as revealed by a 

retrospective cohort analysis involving 288 verified COVID-19 patients) (Bargieł et al., 

2021).  

Additionally, in the uncomplicated phase of COVID-19, individuals with 

cardiovascular comorbidities showed significantly higher levels of troponin and CRP, 

indicators of myocardial damage and thrombo-inflammatory activation (Alfaddagh et 

al., 2020). Of the 2147 patients with COVID-19 included in studies, this was the case. 

Patients with underlying cardiovascular disease (CVD) were more likely to have 

elevated troponin T (TnT) levels when infected with COVID-19 (Alfaddagh et al., 

2020). There was a strong positive linear connection between TnT levels and plasma 

high-sensitivity CRP (hs-CRP) levels. According to epidemiological research, 

inflammation may be involved in many stages of CVD, such as the early development 

of atherosclerotic plaque, its acute rupture, the shedding of plaque that results in 

myocardial infarction, and even its mortality (Osman et al., 2006).  

Clinical and basic experimental studies demonstrated that CRP plays a role in different 

stages of CVD by directly influencing pathophysiological processes like macrophage 

and endothelial cell activation, neutrophil apoptosis inhibition, endothelial NO synthase 

production via destabilizing endothelial NO synthase (eNOS), and complement cascade 

stimulation (Boncler et al., 2019). Furthermore, a higher mortality risk from cardiac 

disorders is linked to genetic variations in CRP. While there is an association between 

CRP and COVID-19 severity in patients with CVD that has been noted in multiple 
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studies, further research is necessary to determine the potential importance of this 

relationship in different kinds of CVD (Melnikov et al., 2023; Pasceri et al., 2000). 

 

2.12.1.3 CRP and Stroke in COVID-19 

While severe pneumonia and respiratory issues are the most common symptoms of 

COVID-19, several studies have also shown additional possible side effects. Notably, 

certain individuals with severe COVID-19 are more likely to experience a stroke. 

Numerous factors, including hypoxia or coagulation abnormalities, can cause COVID-

19-related neurological dysfunction (Akdogan et al., 2021). This can lead to ischemic 

or hemorrhagic stroke. In the meantime, the meninges and the brain are directly infected 

by SARS-CoV-2. Furthermore, inflammation brought on by the host immune system's 

reaction to an infection may harm the brain and nerves. Patients with COVID-19-

associated ischemic stroke had a poor functional result and a significant death rate, 

according to many prospective investigations (Liang and Yu, 2022).  

After an ischemic or hemorrhagic stroke, elevated CRP is easily identifiable in the 

primary acute-phase reaction and is associated with the emergence of vascular 

problems. Clinical findings revealed that COVID-19 patients with acute ischemic 

stroke had higher concentrations of D-D dimer, fibrinogen, and CRP, indicating a 

systemic hyperinflammatory and hypercoagulable condition (Chen et al., 2020). The 

peak of acute-phase reactants in COVID-19 was shown to be linked with CRP at the 

time of stroke onset in a retrospective, observational cohort analysis. Moreover, CRP 

was the predictor of death, and there may be a relationship between its expression and 

the development of ischemia in strokes linked to COVID-19. 
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2.12.1.4 CRP and Type 2 Diabetes Mellitus in COVID-19 

The risk of succumbing to diabetes is 50% higher in patients with COVID-19 than in 

those without the disease, particularly in older patients with type 2 diabetes (Caballero 

et al., 2020). This finding is supported by reports from national health centers and 

hospitals, the Centers for Disease Control (CDC), and epidemiological observations. 

There is a reciprocal link between diabetes and COVID-19. One the one hand, 

hyperglycemia is linked to a higher chance of developing severe COVID-19. On the 

other hand, normal individuals may develop new-onset diabetes as a result of COVID-

19 (Singh and Khunti, 2020). Inflammation during T2MD can exacerbate metabolic 

disorders, although immune cell activities can also be regulated by metabolic variables. 

Patients are more vulnerable to many pathogenic agents, including SARS-CoV-2, due 

to their compromised immune system and metabolic imbalance (Orozco-Beltrán et al., 

2022).  

Studies that were both cross-sectional and prospective confirmed the link between high 

CRP levels and a higher risk of type 2 diabetes (Caballero et al., 2020). A comparison 

analysis showed that individuals with symptomatic T2DM who tested positive for 

COVID-19 had much higher absolute neutrophil counts and CRP, but lymphocyte and 

eosinophil numbers were much lower (Luan et al., 2021). A large body of clinical 

findings suggests that CRP has a positive link with hemoglobin A1c (HbA1c), the 

measure of total glycemic management in diabetics, and a positive correlation with 

COVID-19 mortality of earlier studies have shown that CRP can bind to its receptor 

(CD32b) in diabetes, therefore inducing inflammation through the activation of the NF-

κB signaling circuit, the ERK/p38 MAPK pathway, or the Smad3-mTOR network. 

Serum CRP as a whole may help evaluate the severity and progression of T2DM in 

COVID-19 (Kanmani et al., 2019; Stanimirovic et al., 2022). 
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2.12.1.5 CRP and COVID-19 Induced Sepsis 

The core of COVID-19 should be seen as a virally induced sepsis when considering the 

clinical symptoms (Lin, 2020). Sepsis and COVID-19 are tightly associated, suggesting 

that the majority of ICU mortality might be directly attributable to septic problems 

brought on by SARS-CoV-2 infection (Koçak Tufan et al., 2021). The 

pathophysiological features of sepsis, including the early cytokine storm and the 

ensuing immunosuppressive stage, are specific to the viral sepsis caused by SARS-

CoV-2 (Tang et al., 2021). Sepsis and severe COVID-19 have some variances and some 

commonalities. Pulmonary macrophages stimulate the inflammatory response and 

phagocytize the virus in mildly infected SARS-CoV-2 patients. Both innate and 

adaptive immune responses can successfully stop the virus from replicating (Nadim et 

al., 2020; Ning et al., 2022).  

Nevertheless, the integrity of the alveolar epithelial and endothelial barrier is seriously 

compromised in COVID-19 patients who are severe or critically ill (Zheng et al., 2024). 

There is a significant number of serous components (chemokines and cytokines) that 

leak into the alveolar cavity as a result of the SARS-CoV-2 virus attacking both 

pulmonary capillary cells and alveolar epithelial cells (Turco et al., 2020). A regulated 

inflammatory response may result from the recruitment of monocytes and neutrophils 

to the infection site, which would allow them to remove virus particles and infected 

cells from the exudate (Alipoor et al., 2021). The substantial reduction in lymphocyte 

counts and T-cell-mediated immunological dysfunction during this step makes it 

challenging to initiate adaptive immunity (Deinhardt-Emmer et al., 2021).  

Severe macrophage infiltration brought on by unchecked viral infection exacerbates 

acute lung damage. Concurrently, SARS-CoV-2 can cause direct harm to other organs, 

and immune response plays a role in both systemic inflammatory storm and 
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abnormalities of microcirculation (Wang et al., 2022). These elements ultimately 

combine to cause viral sepsis. After a retrospective review of COVID-19 fatalities, it 

was shown that sepsis and acute respiratory failure (ARF) were associated with the 

severity of the condition and may have been the primary reasons of death (Luan et al., 

2021; Montazersaheb et al., 2022). 

The most potent pro-inflammatory variables throughout the sepsis development process 

are inflammatory mediators. A range of inflammatory cytokines are seen to exhibit 

time-dependent release characteristics at different stages of sepsis, which may be 

indicative of the health and prognosis of septic patients (Wang et al., 2022). Research 

has shown a correlation between CRP and the measures of sepsis severity and 

prognosis, such as the sequential organ failure assessment (SOFA) score and the acute 

physiology and chronic health evaluation II (APACHE II) (Khalil et al., 2021; Ning et 

al., 2022).  

CRP functions as a non-specific immune mechanism by binding to the C-

polysaccharide capsular to Streptococcus pneumoniae, binding to phosphocholine on 

the membrane when calcium ions are present, binding to chromatin, classically 

activating the complement, enhancing leukocyte phagocytosis, and acting as an opsonin 

when inducing lymphocyte or monocyte/macrophage activation (Chi et al., 2023). 

Elevated CRP, neutrophil-lymphocyte ratio (NLR), and lactate dehydrogenase were 

found in non-survivors in single-centered observational research; non-survivors also 

showed a higher risk of developing sepsis, acute respiratory distress syndrome, and 

CRS.  

Thus, a thorough grasp of the clinical importance of CRP in the diagnosis, management, 

and prognosis of sepsis in cases of SARS-CoV-2 infection is beneficial for the timely 

and prudent administration of stepwise antibiotics (Anush et al., 2019). CRP levels rise 
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rapidly in response to inflammatory stimuli, reaching peak concentrations within 48 

hours of onset. In COVID-19, elevated CRP levels reflect the systemic inflammatory 

response triggered by the SARS-CoV-2 virus, which can lead to tissue damage, 

cytokine release, and immune activation (Devran et al., 2012; Van Der Meer et al., 

2005). CRP serves as a sensitive marker of the intensity and duration of inflammation 

in COVID-19 patients, with higher levels correlating with more severe disease and 

worse outcomes. 

Several studies have shown that elevated CRP levels are associated with increased 

disease severity and progression in COVID-19 patients. For example, a meta-analysis 

by Lippi et al., (2020) involving over 6,000 COVID-19 patients found that elevated 

CRP levels were significantly associated with a higher risk of developing severe 

disease, defined as the need for mechanical ventilation, admission to the intensive care 

unit (ICU), or death. Similarly, a retrospective cohort study by Zhou et al., (2020) 

involving 191 COVID-19 patients reported that CRP levels were significantly higher 

in patients with severe disease compared to those with mild disease (Liang and Yu, 

2022; Zhang et al., 2020). 

The prognostic value of CRP in COVID-19 extends beyond disease severity and 

encompasses other clinical outcomes, including mortality. Several studies have 

demonstrated a dose-response relationship between CRP levels and mortality risk, with 

higher CRP levels associated with increased mortality rates. For example, a 

retrospective study by Wang et al., (2020) involving 191 COVID-19 patients found that 

elevated CRP levels were independently associated with a higher risk of mortality, even 

after adjusting for potential confounding factors such as age, comorbidities, and disease 

severity. 

CRP levels have also been incorporated into risk stratification models and scoring 
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systems to predict disease progression and guide clinical management decisions in 

COVID-19 patients (Stringer et al., 2021). For example, the COVID-19 Severity Index 

(CSI), developed by Wynants et al., (2020), includes CRP as one of the parameters for 

predicting disease severity and the need for hospitalization in COVID-19 patients. 

Similarly, the COVID-GRAM risk score, developed by Liang et al., (2020), 

incorporates CRP levels along with other clinical and laboratory parameters to predict 

disease severity and mortality risk in COVID-19 patients. 

The utility of CRP as a prognostic biomarker in COVID-19 extends to monitoring 

disease progression and response to treatment (Zhang et al., 2020). Serial measurement 

of CRP levels can help clinicians assess the efficacy of therapeutic interventions, such 

as antiviral agents, corticosteroids, and immunomodulators, in reducing inflammation 

and improving clinical outcomes in COVID-19 patients (Gebrecherkos et al., 2023). A 

decrease in CRP levels over time may indicate resolution of inflammation and recovery 

from the disease, whereas persistent elevation or a rising trend in CRP levels may signal 

ongoing disease activity and the need for reassessment of treatment strategies (Mouliou, 

2023). 

 

2.12.2 Lactate Dehydrogenase (LDH)  

In the body’s cells, LDH is an intracellular enzyme that is particularly prevalent in 

skeletal muscle, kidneys, heart, RBCs, liver, lungs and brain (Medina-Hernández et al., 

2022). The LDH is found in every cell in the body; hence, measuring total LDH levels 

cannot identify a specific disease or point to organ damage. LDH is released into the 

circulation as a result of sick or damaged LDH- LDH-containing cells, which raises the 

blood’s LDH levels (Kik et al., 2022; Kik et al., 2022). During the glycolysis cycle, the 

lactate dehydrogenase normally converts pyruvate to lactate. Lactate dehydrogenase is 
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produced in response to neoplastic disorders, pancreatitis, muscular injury, cell 

membrane damage, and liver and lung illnesses as COVID-19 (Raad et al., 2021). 

Several investigations have demonstrated that severe COVID-19 patients had greater 

LDH levels than non-severe individuals. According to a study including 1099 

individuals, tissue injury and inflammation were linked to elevated levels of LDH in 

these patients (Serrano-Lorenzo et al., 2021). High LDH levels were also connected to 

pneumonia and were greatly reflected in CT images. In addition, it has been 

demonstrated that LDH levels are up in COVID-19 patients, and this rise is 

considerable in people with severe disease. In addition, mounting data support the use 

of LDH as a biomarker for assessing the severity of COVID-19 illness (Bartziokas and 

Kostikas, 2021). 

Its physiological role is crucial in cellular metabolism, particularly in energy production 

and maintaining the balance of metabolic pathways. 

2.12.2.1 Glycolysis 

It plays a central role in glycolysis, the metabolic pathway that breaks down glucose to 

produce energy (Farhana and Lappin, 2023). In glycolysis, glucose is converted into 

pyruvate through a series of enzymatic reactions. LDH catalyzes the final step of 

glycolysis, where pyruvate is converted into lactate (Gray et al., 2014; Schurr, 2024). 

This reaction is important for generating ATP (adenosine triphosphate), the primary 

energy currency of cells, under anaerobic conditions when oxygen availability is 

limited (Yang et al., 2022). 

2.12.2.2 Redox balance 

It helps maintain the redox balance within cells by participating in the conversion of 

nicotinamide adenine dinucleotide (NADH) to nicotinamide adenine dinucleotide 

(NAD+), and vice versa (Xiao et al., 2018). During glycolysis, NAD+ is reduced to 
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NADH as it accepts electrons from glucose (Yang et al., 2022). LDH oxidizes NADH 

back to NAD+ while converting pyruvate to lactate. This recycling of NAD+ is essential 

for sustaining glycolytic flux and ensuring the availability of cofactors for other 

metabolic reactions (Xiao et al., 2018). 

2.12.2.3 Regulation of cellular pH 

LDH-mediated lactate production plays a role in regulating cellular pH. Under 

conditions of increased glycolytic activity, such as during intense exercise or hypoxia, 

cells produce lactate as a by-product (Parks et al., 2020). Accumulation of lactate helps 

buffer the intracellular pH, preventing excessive acidification and maintaining cellular 

homeostasis (Cruz-López et al., 2019; Yang et al., 2022). 

2.12.2.4 Tissue function and repair 

LDH isoenzymes are expressed in different tissues, with varying subunit compositions. 

The distribution of LDH isoenzymes reflects tissue-specific metabolic demands and 

functions (Gupta, 2022). For example, LDH-5, which is predominantly expressed in 

skeletal muscle and heart tissue, is important for meeting the energy needs of these 

highly metabolically active tissues (Hoff et al., 2016). LDH also plays a role in tissue 

repair processes, as lactate can serve as a substrate for gluconeogenesis in the liver and 

be utilized for energy production in other tissues (Burns et al., 2015). 

2.11.2.5 Tissue damage 

COVID-19 can lead to direct tissue damage, particularly in the lungs where the virus 

primarily infects respiratory epithelial cells (Wang et al., 2022). The viral infection and 

the subsequent immune response can cause cellular injury, necrosis, and apoptosis, 

leading to the release of intracellular contents, including LDH, into the bloodstream 

(Silva et al., 2022). Elevated LDH levels may reflect the extent of tissue damage in the 

lungs and other affected organs (Li et al., 2022). 
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2.12.2.6 Inflammation 

COVID-19 triggers a dysregulated immune response characterized by systemic 

inflammation, often referred to as a cytokine storm (Tang et al., 2020). Inflammatory 

cytokines, such as interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α), and 

interleukin-1 beta (IL-1β), are released in response to the viral infection and contribute 

to tissue inflammation and injury. Inflammatory cells, such as macrophages and 

neutrophils, can also release LDH as part of their activation and immune response 

(Gupta, 2022). Thus, elevated LDH levels in COVID-19 patients may reflect the 

intensity of the inflammatory response and immune activation (Montazersaheb et al., 

2022). 

2.12.2.7 Hypoxia 

COVID-19 pneumonia can cause severe respiratory compromise, leading to hypoxia 

(low oxygen levels) in the blood and tissues (Jahani et al., 2020). Hypoxia-inducible 

factor-1 alpha (HIF-1α) is a transcription factor that is activated under hypoxic 

conditions and regulates the expression of genes involved in cellular adaptation to low 

oxygen levels (AbdelMassih et al., 2021). LDH is one of the genes regulated by HIF-

1α, and its expression is upregulated in response to hypoxia. Therefore, LDH elevation 

in COVID-19 patients may be a consequence of tissue hypoxia and the adaptive cellular 

response to low oxygen levels (Serebrovska et al., 2020; Wing et al., 2022). 

2.12.2.8 Endothelial dysfunction 

COVID-19 is associated with endothelial dysfunction, which can lead to microvascular 

thrombosis, impaired perfusion, and tissue ischemia (Canale et al., 2022). Endothelial 

cells express LDH, and endothelial dysfunction may contribute to LDH release into the 

bloodstream. Additionally, LDH can exacerbate endothelial dysfunction by promoting 

oxidative stress and inflammation, creating a positive feedback loop that further 
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contributes to tissue injury and LDH elevation (Pelle et al., 2022). 

LDH has emerged as a valuable prognostic biomarker in COVID-19, with numerous 

studies demonstrating its association with disease progression, severity, and mortality 

(Ning et al., 2022; Perico et al., 2024). Elevated LDH levels have been consistently 

linked to adverse outcomes in COVID-19 patients, providing clinicians with a useful 

tool for risk stratification and clinical decision-making (Ceci et al., 2022). 

LDH is a ubiquitous enzyme found in various tissues, including the lungs, heart, liver, 

kidneys, and skeletal muscle. Its physiological role in cellular metabolism and tissue 

homeostasis makes it a sensitive marker of tissue damage, inflammation, and metabolic 

dysfunction (Huang et al., 2022). In the context of COVID-19, LDH elevation reflects 

the pathophysiological processes underlying disease progression and severity (Wu et 

al., 2020). 

Several studies have highlighted the prognostic value of LDH in predicting disease 

severity and progression in COVID-19 patients. A meta-analysis involving over 15,000 

COVID-19 patients found that elevated LDH levels were significantly associated with 

increased odds of severe disease, intensive care unit (ICU) admission, and mortality 

(Henry et al., 2020). Similarly, a retrospective study involving 294 COVID-19 patients 

and reported that LDH levels were significantly higher in patients with severe disease 

compared to those with mild disease (Li et al., 2020). Moreover, LDH levels were 

independently associated with the risk of developing severe respiratory failure and the 

need for mechanical ventilation. 

The association between LDH and COVID-19 severity is likely multifactorial, 

reflecting the underlying pathophysiology of the disease. LDH elevation may indicate 

widespread tissue damage, particularly in the lungs, where the virus primarily replicates 

and causes inflammation. COVID-19 pneumonia can lead to alveolar damage, 
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pulmonary edema, and impaired gas exchange, resulting in hypoxia and respiratory 

failure. LDH isoenzymes, particularly LDH-3 and LDH-4, are highly expressed in lung 

tissue and may leak into the bloodstream due to alveolar injury and epithelial cell 

damage. 

In addition to tissue damage, LDH elevation in COVID-19 patients may also reflect the 

intensity of the inflammatory response and immune activation. COVID-19 is 

characterized by a dysregulated immune response, often referred to as a cytokine storm, 

characterized by excessive production of pro-inflammatory cytokines, such as 

interleukin-6 (IL-6), tumor necrosis factor-alpha (TNF-α), and interleukin-1 beta (IL-

1β). These cytokines can stimulate immune cells, such as macrophages and neutrophils, 

to release LDH as part of their activation and inflammatory response. Therefore, LDH 

levels may serve as a surrogate marker of systemic inflammation and immune 

dysregulation in COVID-19 patients. 

Furthermore, LDH elevation has been associated with poor outcomes and increased 

mortality in COVID-19 patients. Several studies have demonstrated a dose-response 

relationship between LDH levels and mortality risk, with higher LDH levels 

corresponding to increased mortality rates. For example, a retrospective cohort study 

involving 548 COVID-19 patients found that elevated LDH levels were independently 

associated with a higher risk of mortality, even after adjusting for potential confounding 

factors such as age, comorbidities, and disease severity (Liu et al., 2020). Similarly, a 

meta-analysis by Henry et al., (2020) reported that every 2-fold increase in LDH levels 

was associated with a 95% higher risk of mortality in COVID-19 patients. 

The prognostic value of LDH in COVID-19 extends beyond mortality prediction and 

encompasses other clinical outcomes, such as disease progression, hospital length of 

stay, and the need for intensive care interventions (Khan et al., 2019). LDH levels have 
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been incorporated into risk stratification models and scoring systems to predict disease 

severity and guide clinical management decisions. The National Early Warning Score 

2 (NEWS2), a widely used clinical risk assessment tool, includes LDH as one of the 

parameters for predicting deterioration in COVID-19 patients and determining the need 

for escalated care (Alkhatib, 2019; Manosalva et al., 2022). 

2.13 Immune-based therapies for COVID-19 

Using techniques to decrease the production of inflammatory cytokines might be a 

beneficial treatment strategy. These methods fall into two categories: cell-mediated 

treatment and cell-free therapy (Brusini et al., 2020). Essentially, the first category is 

using drugs, which include monoclonal antibodies, secretory vesicles (called 

exosomes) that carry anti-inflammatory chemicals, and tiny inhibitors like baricitinib 

and tofacitinib (Zavvar et al., 2022). The second category is cell-mediated treatment, 

which uses a variety of immunomodulatory cells that can come from both allogeneic 

and autologous sources. Allogeneic sources, in addition to COVID-19's problems, 

expenses, and emergency situation, are of utmost importance. Currently being tested 

are a number of immunotherapeutic strategies to treat SARS-CoV-2 infection (Zavvar 

et al., 2022). 

2.13.1 T Regulatory cells therapy 

More precise regulatory mechanisms, such as regulatory T (Treg) cells with 

CD4+CD25high, CD127low, and FoxP3+ phenotypic markers, are naturally available to 

regulate the beginning of adaptive immune responses and track the body's increasing 

inflammatory responses (Spiliopoulou et al., 2024). Treg cell subsets have a recognized 

therapeutic potential in animal models, which might lead to the development of 

innovative therapeutic strategies for the treatment of immune-mediated illnesses in 

humans (Flippe et al., 2019). It has been suggested that the disruption of Treg cells, 
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either in amount or function, may add to the severity of COVID-19 pathology due to 

the anti-inflammatory action of Treg cells in viral pneumonia. One possible explanation 

is that these cells infiltrate the inflamed lung tissue to prevent harm (Fritsche et al., 

2020; Sprangers et al., 2017).  

Patients with severe COVID-19 were found to have bronchoalveolar lavage specimens 

with decreased IL-2 and elevated CD25 levels. Therefore, a decrease in IL-2 would 

cause Tregs to undergo apoptosis (Dhawan et al., 2023). On the other hand, individuals 

with COVID-19 exhibit elevated levels of CD25, perhaps due to an increase in the 

proteolytic destruction of CD25 cells in contrast to inflammation (Saris et al., 2021). 

This soluble CD25 may enhance Treg apoptosis and disrupt bioavailability and 

signaling cascades. It should be noted that, as previously explained, the MERS 

coronavirus efficiently reduces T lymphocyte count through the induction of both 

intrinsic and extrinsic apoptosis pathways (Kalfaoglu et al., 2020). Therefore, the 

likelihood of a direct SARS-CoV-2 effect on the biology of Tregs cannot be ruled out.  

Given the significance of Tregs in immunological homeostasis, a decrease in Tregs may 

be the cause of severe COVID-19 patients' lung injury and immune system 

overstimulation (Grant et al., 2021). As a result, it has been suggested that patients may 

be able to regenerate either the amount or function of these cells (Dhawan et al., 2023). 

It is noted that a number of factors, such as obesity or chronic illnesses like diabetes 

and systemic lupus erythematosus (SLE), are risk factors for COVID-19. Data from 

these subjects show a reduction in Treg quantity or activity when compared to healthy 

subjects, which results in a higher state of inflammation and CS (de Sousa Palmeira et 

al., 2023). 

In patients with inflammatory diseases such as RA, biological medicine has been shown 

to significantly restore Treg cell activity, even though the primary goal of these 
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treatments is not to modify Treg cells (Lin et al., 2020). As a result, several strategies 

have been developed to increase the number and restore the function of Treg cells. 

These strategies include FoxP3 gene transduction, autologous Treg expansion, antigen-

specific Treg expansion, and induced Treg from naïve CD4+ T cells (Rezaei Kahmini 

et al., 2022). There are two parts to the information that is now available about the 

potential of Treg cells in therapy: ex vivo and in vivo. By controlling CD8+ effector T 

cells against the virus, adoptive transfusion of Treg cells lowers immunopathology in 

animals infected with respiratory syncytial virus (Byng-Maddick and Ehrenstein, 

2015). Treg cells can also improve tissue repair by expressing amphiregulin, which 

inhibits inflammatory reactions and is independent of Treg cells' immunosuppressive 

function (Knoedler et al., 2023). 

2.13.2 Natural killer cell therapy  

One of the innate immune system's most effective weapons against potentially fatal 

viral infections is the natural killer (NK) cell (Razizadeh et al., 2023). According to the 

findings, peripheral blood that has negative viral RNA and positive IgG/IgM tests also 

has a larger number of NK cells (Rascle et al., 2022). A higher decrease in the number 

of NK cells, NK cell fatigue, lack of specific maturity, and potent NK cell phenotypes 

are all connected with the severity of COVID-19 illness, according to an assessment of 

SARS-CoV-2 and SARS-CoV-1 clinical data. But the group with lymphocytopenia 

caused by NK cells had a much lower survival rate and a longer duration of viral 

shedding (Letafati et al., 2024). 

Natural killer (NK) cells are crucial in the fight against SARS-CoV-2-infected cells 

because they have multiple mechanisms of action, such as direct cytotoxicity via killer-

cell immunoglobulin-like receptors (KIR)-mediated apoptosis, degranulation, and 

antibody-dependent cell-mediated cytotoxicity (ADCC), as well as active engagement 
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in antigen presentation processes with dendritic cells (DC) and the secretion of 

particular cytokines (Di Vito et al., 2022; Zafarani et al., 2023). Notably, NK cells are 

now more viable options for COVID-19 immunotherapy as well as pandemic infections 

and reemerging viruses due to their antiviral characteristics (Zuo and Zhao, 2021). 

Numerous articles have discussed the possible function of natural killer cells (NK cells) 

in combating different viral infections, including COVID-19, which causes a long-term 

shift in the NK cell profile toward those more developed and potent phenotypes in 

recuperating individuals (Claus et al., 2023; Maldonado-Bernal, 2022).  

Innate and adaptive immunity may be promoted by early adoptive transfer of highly 

activated NK cells at the beginning of the illness, increasing survival and slowing the 

pace of disease development in SARS-CoV-2-infected individuals (Hosseini et al., 

2020).  

 

2.13.3 Mesenchymal stem cells therapy  

Mesenchymal stem cells (MSCs) have been thoroughly studied for their potential 

therapeutic uses in a variety of medical applications (Hoang et al., 2022). Based on 

their distinct qualities, there are two theories: immunomodulatory and regenerative 

potencies, which include: They can: 1) lessen initial lung damage; and 2) inhibit the 

significant cellular inflammatory responses that SARS-CoV-2 induces. As a result, 

these multipotent cells may find application in tissue engineering, immunotherapy, 

regenerative medicine, and cellular and molecular biology, among other therapeutic 

domains (Coelho et al., 2020). 

The potential immunomodulatory functions of MSCs include (a) suppressing T cells, 

B cells, DCs, and NK cells; (b) converting monocytes into anti-inflammatory M2 

macrophages; (c) generating IL-10 in conjunction with reducing TNF-α and IL-12 
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production; and (d) preventing stimulated neutrophils from producing hydrogen 

peroxide (Wu et al., 2020). Furthermore, MSCs have strong antifibrotic properties and 

reduce lung fibrosis, hence promoting alveolar fluid drainage and enabling the 

regeneration of injured pulmonary epithelial cells (Ali Khodadoust et al., 2023). As a 

result, increased alveolar air-space capacity, decreased alveolar thickness, and 

decreased inflammatory indicators restore lung function (Zhuang et al., 2021). 

Adoptive MSCs transfer therapy can perform its immunomodulatory effects without 

being infected or destroyed by the virus because, in contrast to other cells, MSCs do 

not significantly express the surface ACE2 receptor and TMPRSS2 receptors (entrance 

gate of the coronavirus into the host cells) (Zavvar et al., 2022). In addition, MSCs' 

resistance to viral infections is mostly dependent on intrinsic interferon-stimulated 

genes (ISGs) in contrast to their differentiated progenies. The expression of ISGs 

inhibits viral infection (Avanzini et al., 2021). Furthermore, during viral pneumonia, 

MSCs can eliminate CS in the lungs by producing Leukemia Inhibitory Factor (LIF). 

Additionally, several investigations suggested that the MSCs' antiviral properties 

influenced the cells' production of indoleamine-pyrrole 2,3-dioxygenase (IDO) (Al-

Khawaga and Abdelalim, 2020; Avanzini et al., 2021).  

IDO secreted by MSCs inhibits the proliferation of effector T cells by inducing the 

death of activated T cells and the conversion of tryptophan into kynurenine. In sepsis 

and ARDS, MSCs also help to preserve the function of the endothelium and epithelial 

barriers (Laing et al., 2019). Because of the pathophysiology of ARDS, keratinocyte 

growth factor (KGF) and angiopoietin-1 (Ang-1) released by MSCs facilitate the 

regeneration of the damaged alveolar-capillary barrier. Even for individuals who 

survive the acute stage of the illness, it is helpful if they go on to develop pulmonary 

fibrosis (Rocha et al., 2021). When compared to alternative MSC sources, umbilical 
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cord mesenchymal stem cells (UC-MSCs) have been primarily used to treat a variety 

of illnesses due to their sufficient harvest, lack of ethical concerns, low 

immunogenicity, and quick rate of multiplication (Liu et al., 2024).  

Since UC-MSCs are confined in the lungs, the organ most affected by COVID-19 

patients, an established method of treatment involves injecting these cells intravenously 

(Niu et al., 2020). However, it is still unclear if administering MSCs intratracheally or 

bronchially is practical and effective. MSCs fall into the group of moderately big cells, 

with an average size of around 30 µm (range 16 to 53 µm). They are therefore only 

trapped in the lungs following intravenous delivery and are helpful for COVID-19 

therapy because viruses, especially those that target the lungs, may take precedence 

over other treatments (Verma et al., 2020).  

These cells can regulate the immune system in the lung tissue by altering the activation 

of immune cells, suppressing invading cells, and reducing edema. Acute lung injury 

(ALI) and acute respiratory distress syndrome (ARDS) may be treated more effectively 

by MSCs through the production of extracellular vesicles (EVs), including 

microvesicles and exosomes (Ho et al., 2015). The H7N9 influenza virus-related 

clinical survey of patients exhibited symptoms such as severe pneumonia, lung failure, 

and acute respiratory distress syndrome (ARDS) (Li et al., 2022). However, the 

incidence of MSC post-transplant mortality dropped without any negative 

consequences. Given that COVID-19 and influenza A share comparable multi-organ 

dysfunction and accompanying symptoms (such as ARDS and lung failure), MSC-

based therapy might be a viable COVID-19 alternative treatment (Song et al., 2020). 

2.13.4 Dendritic cells therapy 

Both innate and adaptive immune responses against infections depend heavily on 

dendritic cells (DCs), which come in a variety of subpopulations (Saglani et al., 2019). 
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Two prominent types of DCs are plasmacytoid dendritic cells (pDCs) and conventional 

dendritic cells (cDCs). In addition, it offers a crucial service for a successful 

immunization at the same time. Additionally, activated DCs can protect nearby cells 

against viral invasion by secreting a significant amount of type 1 interferons (Ye et al., 

2020). It should be considered that in the event of a SARS-CoV-2 infection, patients 

may benefit from the induction of CS utilizing infected DCs in conjunction with 

endothelial cells, such as type II alveolar cells. Research on DCs in COVID-19 patients 

has demonstrated a relocalization of activated cDC2 in the lungs as well as depletion 

and decreased maturation in both pDC and cDC subsets (Del Prete et al., 2023).  

Due to downregulation of MHC-I and II molecules as well as a lower expression of 

CD80/CD86 molecules on MERS-infected DCs, previous studies indicated that T-cell 

responses to the virus were insufficient and that NK cell cytotoxicity was induced 

against infected DCs (Price and Tarbell, 2015). Rewarding DCs for eliciting robust T 

cell responses in COVID-19 patients makes sense, given their deficiency in T cells and 

the critical function of DCs in T cell priming. It is previously known that DC-delivered 

peptides activate antigen-specific T cell responses, which are 100–1000 times more 

potent than nonspecific stimulation (Tai et al., 2022). 

Since serious infections like the human immunodeficiency virus (HIV) may be treated 

well with DCs displaying particular viral antigens, tremendous efforts are being made 

in this regard (Carrillo-Bustamante et al., 2015). Two primary cell sources—CD14+ 

monocytes from peripheral blood mononuclear cells (PBMCs) and CD34+ stem cells 

from the bone marrow or umbilical cord—are used in DC treatment. The potential for 

in-vivo differentiation to inflammatory macrophages is a major worry when employing 

DCs to treat COVID-19, despite the positive outcomes of using these cells in anti-

cancer DC-based treatment (Kim et al., 2012). As previously mentioned, macrophages 
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are a primary source of pernicious inflammation and the generation of pro-

inflammatory cytokines within the diseased tissue. Another drawback in the process of 

assembling autologous CD14+ cells is the significant danger of removing contaminated 

monocytes with compromised function (Najafi-Ghalehlou et al., 2021).  

CD34+ stem cells can be used to overcome issues once they have differentiated into 

DCs in the presence of GM-CSF in vitro (Ladner et al., 2021). Umbilical cord stem 

cells seem to be better in this regard since they cause a less severe case of graft-versus-

host disease (GVHD) and require less HLA matching between the donor and the 

recipient; on the other hand, patients with disordered cytokine production benefit even 

more from bone marrow-derived cells with immunomodulatory qualities. In DC-based 

treatment, there are additional questions that require answering (Duan et al., 2020). 

DCs must be loaded with the right antigens in order to maximize their benefits from 

function. This is because these antigens may specifically cause T cells to mount an 

immune response against the virus particles. Naturally, the spike protein (S) of SARS-

CoV is a prime choice for this use (Hamed et al., 2023).  

It was stated that the constructed S protein elicited responses via both antibody-

mediated and cellular mechanisms. However, research is currently being done to 

identify the optimum peptide fragments that may be extracted from this massive protein 

(Wang et al., 2022). Several SARS-CoV structural epitopes and peptide fragments, 

including S436, S525, EP1 (aa 51–71), EP2 (aa 134–208), EP3 (aa 249–273), EP4 (aa 

349–422), and N1 from the N protein, are thought to activate antiviral cytotoxic T cells 

(Piperno et al., 2021). Another segment under investigation, S450-650, is thought to 

elicit significant antigen-specific responses. However, because of its structural 

diversity, it is more difficult to identify a suitable peptide that might trigger the 

development of trustworthy T-dependent neutralizing antibodies. Selecting the most 
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practical antigen-loading method comes after deciding on the ideal antigen (Maestro et 

al., 2021). 

A number of novel techniques have been proposed, such as antigen nanoparticles, viral 

vectors, lipid-mediated transfection, and electroporation to inject RNA. Additionally, 

some researchers have tried primed monocytes with dead viruses and used 

extracorporeal photopheresis (ECP) to differentiate them into powerful DCs (Mashima 

and Takada, 2022). Despite ongoing advancements in antigen loading procedures, 

several drawbacks such as toxicity, allergenicity, and the potential for DC phenotypic 

modification still need to be resolved (Jiao et al., 2024). It is noteworthy to mention 

that, in addition to all of these attempts to produce effective DCs for triggering T-cell 

responses against the coronavirus, the production of tolerogenic DCs using 

andrographolide, which inhibits NF-KB, may help manage the overabundance of 

immunological responses in COVID-19 patients (Wang et al., 2022). 

2.13.5 Chimeric antigen receptor T cell therapy  

T-cells from patients who have undergone genetic modification to produce antigen-

specific receptors are used in chimeric antigen receptor (CAR) and T cell receptor 

(TCR) treatment (Li et al., 2023). This strategy represents a breakthrough in 

immunotherapy for the treatment of cancer and a viable treatment for several cancer 

forms. The potential of CAR-T and TCR-T cells to identify particular intracellular and 

surface antigens, respectively, and direct immune cells to eliminate the targets when 

reinfused into patients, has led to the proposal that these approaches could be used to 

treat viral infections, including HIV and hepatitis B, in addition to cancer (Li et al., 

2023). 

In light of earlier studies showing that SARS-specific cytotoxic T-cells generated via 

specific-TCR gene transfer could detect SARS antigens, experts are now looking into 
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the adoptive transfer of SARS-CoV-2-specific T-cells to prevent and cure COVID-19 

(García-Ríos et al., 2022). The unique response that CAR-T or TCR-T therapy has 

produced notwithstanding, several possible side effects need to be taken into account 

and managed, such as persistent cytopenia, CS, neurotoxicity, and the complete 

removal of all infected cells that may have an impact on critical organs (Al-Haideri et 

al., 2022). One solution to this problem is to use mRNA electroporation to modify 

CAR/TCR T-cells, which can limit the amount of time they can remain functionally 

active and how much they can inflame (Xu et al., 2018). It is also certainly suggested 

that combination therapy, which combines CAR/TCR T-cells with an antiviral drug, 

may be a safe and successful treatment option. In general, targeted and thorough 

research is required to improve the immunotherapy strategy for COVID-19 and other 

viral illnesses (Khan et al., 2021). 

2.13.6 Specific T cell therapy 

The generation of persistent immunity against coronaviruses has piqued the interest of 

cellular immunity, in particular, specific-memory T cells (Primorac et al., 2022). This 

involves lowering IgM and IgG serum levels against coronavirus antigens and unstable 

antibody-mediated protection in patients who are convalescing (Sherina et al., 2021). 

It has previously been discovered that virus-specific T cells are expandable and can be 

separated. These T lymphocytes are capable of identifying a wide range of viral 

antigens, particularly structural antigens like membrane proteins. SARS-CoV-2-

specific T cells (SARS-CoV-STs) were isolated from convalescent donors' PBMCs and 

cultivated in the presence of IL-4 and IL-7 in recent research. These T cells might react 

to the membrane, spike, and nucleocapsid proteins, according to ELISPOT analysis 

(Bachanova et al., 2020).  

The outcomes also point to the possibility of using autologous or commercially 
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available specialized T cell treatment to treat critically ill COVID-19 patients 

(Spanjaart et al., 2021). They also offer hope for prophylactic measures for 

immunocompromised individuals, including those receiving hematopoietic stem cell 

transplantation. SARS-CoV-STs therapy is currently being studied in two clinical trials 

(Zavvar et al., 2022). Its three main objectives are to determine whether it is feasible to 

quickly isolate SARS-CoV-2 from convalescent donors, to use SARS-CoV-2-specific 

peptides appropriately, and to develop an automated medical device for the new 

treatment for severe COVID-19 (Dioverti et al., 2022). 
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CHAPTER THREE 

3.0 METHODOLOGY 

This chapter covers the study's design as well as the methods used for selecting and 

enrolling study participants, collecting and analyzing data, and presenting and 

interpreting the findings. It provides detailed information about the study's design, the 

location, population, inclusion and exclusion criteria, sampling, data collection, and 

analysis. The ultimate findings and, if appropriate, the results' generalizability and 

dependability are based on the methodologies described here. The study's ethical 

considerations are also described. 

3.1 Study site 

The study was conducted at Moi Teaching and Referral Hospital (MTRH), Kenya 

Medical Research Institute (KEMRI) and AMPATH reference laboratory, Kenya while 

laboratory assays were done at the Department of Biomedical and Clinical Studies, 

Linköping University in Sweden.  

The MTRH is a national teaching and referral hospital that offers outpatient, inpatient, 

and specialized healthcare. It is located 310 kilometers northwest of Nairobi on Nandi 

Road in Eldoret Town, Uasin Gishu County. Nearly 24 million people from 23 Kenyan 

counties, parts of Uganda, South Sudan, Tanzania, and the Democratic Republic of the 

Congo are served by the facility. As a level six hospital, it provides a variety of services 

to clients, including oncology services, Paediatric, Surgery, Alcohol and Drug Abuse 

Rehabilitative, Renal Services, Renal Medicine, Spinal and Neurosurgical operations, 

Kidney Transplants, Cardiology Services, Trauma and Specialized Orthopedics. 

The Kenya Medical Research Institute (KEMRI) is a leading health research institution 

in Kenya serving as the national body responsible for conducting health research aimed 

at improving disease prevention, diagnosis, treatment, and control in Kenya and 
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beyond. 

KEMRI collaborates with both local and international partners, including the World 

Health Organization (WHO), the Centers for Disease Control and Prevention (CDC), 

and various universities and research institutions worldwide. Its research focuses on a 

wide range of health issues, including infectious diseases such as malaria, HIV/AIDS, 

tuberculosis, and neglected tropical diseases, as well as non-communicable diseases, 

reproductive health, and emerging health threats. 

The institute operates several specialized centers across Kenya, such as the Center for 

Microbiology Research, Center for Virus Research, and Center for Public Health 

Research. Through its work, KEMRI contributes significantly to public health policy, 

capacity building, and evidence-based healthcare in Kenya and the broader African 

region. 

Academic rigor and dedication to high-quality education are two things that Linköping 

University (LiU) is known for. It provides a wide variety of undergraduate, graduate, 

and doctoral degrees in several fields, including the natural sciences, engineering, 

humanities, social sciences, medicine, and management. Students’ ability to think 

critically, creatively, and solve problems is encouraged by the university’s curricula. 

Innovative research in many different domains is a strength of LiU. There are several 

top-notch research centers and institutes within the university where academics and 

scientists carry out ground-breaking studies.  

The MTRH was used as a patient recruitment site for moderate and asymptomatic 

individuals, while KEMRI-Mbagathi was used to recruit asymptomatic and COVID-19 

negative individuals, and the AMPATH facility was storing and processing samples. 

The IgG quantification and RT-qPCR for mRNA and viral load quantification were 

performed in Linköping University. 
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3.2 Study design 

This was a retrospective cross-sectional laboratory-based study that involved 48 

COVID-19-positive and 48 COVID-19-negative patients and clients recruited under 

the larger Genotype, Phenotype and Mental Health of COVID-19 patients in Kenya 

(GAMPIK, FAN 0003660) at the Moi Teaching and Referral Hospital (MTRH), 

Eldoret, and Kenya Medical Research Institute (KEMRI), Nairobi Kenya. Participants 

consented, and patient information was recorded as per the WHO COVID-19 Case 

Report Form (CRF), categorized by study physicians. Upon recruitment, symptomatic 

participants were asked when they started having COVID-19 symptoms and data was 

recorded as the date after symptom onset. Five (5) ml of blood and naso-oropharyngeal 

swabs were collected and stored at the AMPATH Reference laboratory and MTRH 

Molecular laboratory, respectively. The COVID-19-positive patients were stratified 

into three groups: asymptomatic, moderate symptomatic and severe symptomatic ill 

individuals (Figure 3.1). 

Participant demographics, including co-morbidities if any, symptoms, supportive care 

and laboratory findings were obtained from GAMPIK- CRF form (Appendix X) using 

a data abstraction tool. A Material Transfer Agreement (MTA, Appendix VI) was 

obtained between the two institutions, signed by the Chief Executive Officer, MTRH 

and the Deputy Head of the Department of Biomedical and Clinical Studies, Linkoping 

University and attached to this submission (Appendix VII, VIII and IX). 

 Determination of viral load, type I (IFN-α and IFN-β), type II (IFN-γ) interferons and 

interferon-stimulating gene (IFI-16) was done using RT-PCR in the Department of 

Biomedical and Clinical Studies, Linköping University, Sweden. In addition, the MSD 

MULTI-SPOT assay was used to quantify IgG antibodies in both the naso-

oropharyngeal and blood samples.  
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Figure 3. 1 Study design algorithm 
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3.3 Study population 

This study involved COVID-19-positive and COVID-19-negative inpatients at MTRH 

in all wards. Asymptomatic participants were those who tested positive for COVID-

19 by PCR but without any disease symptoms. Moderately symptomatic participants 

were those who tested COVID-19 positive by PCR and presented with clinical 

symptoms with >85% oxygen levels, while severely symptomatic patients were 

COVID-19 positive, severely ill and had oxygen saturation levels below 85%. 

3.4 Sampling technique and participant recruitment 

For clinical characterization of the COVID-19 pandemic, the study employed purposive 

sampling by the WHO sample guidelines WHO, 2021 based on predefined criteria 

under the inclusion and exclusion. After the 1st participant, every 3rd COVID-19-

positive patient and 5th traveler were recruited into the study. Symptomatic patients 

were recruited from the MTRH general wards and the COVID-19 Isolation Center 

according to days post-symptom onset -6, 7, etc. All individuals ages >18 years with a 

clinical history of fever, dyspnoea or tachypnea, and confirmed diagnosis of COVID-

19 by PCR were included as the test group upon signing of consent form. During the 

time of recruitment under GAMPIK, a COVID-19 test was mandatory for travelers 

outside the country.  Asymptomatic participants were recruited from travelers who 

tested positive for SARS-CoV-2 at the MTRH testing facility and KEMRI-Mbagathi. 

Close family members over 18 years old gave consent on behalf of severely ill patients.  

The participants from the parent study were stratified into three groups: Asymptomatic, 

moderate and severe disease. The study only included participants without any chronic 

illness, pregnancy or trauma patients who were currently SARS-CoV-2 positive at the 

time of recruitment. In each stratum, 16 participants were randomly picked. 
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3.4.1 Inclusion and exclusion criteria 

3.4.1.1 Inclusion 

Moderately and severely symptomatic COVID-19-positive participants were 

included based on: 

i. Symptoms verified by study physicians 

ii. Positive RT-qPCR COVID-19 test 

iii. Aged 20-75 years 

iv. Capacity to participate as determined by the ability to consent as detailed under 

Recruitment Methods and Consent. 

 

Asymptomatic COVID-19 positive individuals were included based on: 

i. Travelers with positive RT-qPCR COVID-19 test 

ii. Aged 18-75 years 

iii. Capacity to participate is determined by the ability to consent as detailed under 

Recruitment methods and Consent. 

 

COVID-19 Negative participants 

i. Negative RT-qPCR COVID-19 test 

ii. Capacity to participate as determined by the ability to consent as detailed 

under Recruitment Methods and Consent. 

 

3.4.1.2 Exclusion 

For both the COVID-19 positive and negative groups; 

i. Patients with a history or apparent chronic illnesses such as TB, cancer and HIV 

were excluded from the study. 
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ii. Trauma patients especially severe trauma—triggers a systemic inflammatory 

response, which can elevate cytokines, inflammatory biomarkers and acute-

phase proteins, mimicking or masking COVID-19-associated inflammation. 

iii. Expectant women were excluded from the study since their immune responses 

to infection are downregulated during pregnancy, interfering with the results. 

iv. Vaccinated individuals ensure that the data reflect infection-driven phenomena 

without interference from vaccine-induced immunity, leading to clearer, more 

interpretable findings 

 

3.5.1 Sample Size Calculation. 

To determine an adequate sample size required for this study for the COVID-19 

positive patients, the formula (Kadam and Bhalerao, 2010) for determining the sample 

sizes: 

𝑛𝑖 =
2(𝑍

1−
𝛼
2
+𝑍1−𝛽)

2

𝐸𝑆
, 

 
Where: 

𝑛𝑖= sample size required in asymptomatic, moderately and severely ill 

symptomatic groups 

 

 𝛼= level of significance 

 𝑍1−𝛼
2
 = value of the standard normal distribution given as 1.96 

𝑍1−𝛽 =value of the standard normal distribution holding 1 − 𝛽 below it and 

expressed as 0.84     

ES= effect size 

Based on the study by Wu et al., (2022), the median viral load levels in the 
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asymptomatic group were reported as (34.7±4.7) relative to the moderately 

symptomatic (33.5±5.6). Therefore, estimate the means and Standard deviation from 

the median and IQR based on the research methodology (Luo et al., 2018; Wan et al., 

2014). 

 

A simple mean estimation is provided as: 

 

 

Using the G*Power sample size software version 3.1.9.7 to calculate the sample size. 

Assuming the mean viral load (copies/ml) of 2.9, 2.7 and 2.7 among the asymptomatic, 

moderate symptomatic and severe symptomatic patients, a total sample size 48 (16 per 

group) would need to be recruited to detect a meaningful effect size of 0.398 with an 

80% power at 0.05 significance level using a one-way analysis of variance (ANOVA). 

3.6 Ethical considerations 

This is a sub-study under Genotype-Phenotype and Mental Health of COVID-19 

patients at MTRH (GAMPIK, Appendix IV); approval number FAN 0003660 and the 

present study FAN 0004608 (Appendix I, II, III and IV), which aims to describe the 

differences in genetic variation between individuals with COVID-19 in Kenya. This 

present  study investigated the immune gene expression levels in COVID-19 disease 

severity further to the GAMPIK study. This study used residual blood and 

naso/oropharyngeal swabs collected under GAMPIK. 

This study was approved by the MU/MTRH Institutional Research and Ethics 

Committee. Participants have been assured of the confidentiality of any information 
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volunteered orally or obtained through hospital records, if relevant. Only people who 

consented to the parent study, GAMPIK, were included.  

Patients have already signed a consent form, with no ramifications for their treatment 

if they choose not to participate. To ensure confidentiality, security and integrity of 

study data, all physical copies were maintained in secured cabinets at all times. Every 

two weeks, a progress review meeting was held to analyze the recruitment rate, data 

correctness, and overall data management process, and it included the principal 

investigator, supervisors and data management staff. All research data was updated on 

a research hard drive biweekly. The primary investigator utilized de-identified final 

data for analysis, which was exported to R statistical software for analysis. 

 

3.7 Laboratory Methods 

3.7.1 Sample collection 

Each patient will have samples taken from their oropharynx and nasopharynx using 

nylon swabs. According to the Centers for Disease Control and Prevention's 

methodology, competent laboratory technologists collected NP and OP aspirates 

(CDC, 2021). In the nasopharynx, mini-tip nylon swabs were utilized, and full-sized 

swabs in the oropharynx. The subject was instructed to sit on a chair at a 700 angle with 

a relaxed back and a small upward tilt of the head. Swabs were carefully placed into 

the nasal and oral cavities to collect pharyngeal aspirates, one after the other, with a 

break for comfort.  

Blood was also collected in EDTA tubes and stored in -800C together with the swabs, 

which were stored in a viral transport medium. One ml of residual samples from the 

GAMPIK study was shipped to the Department of Biomedical and Clinical Studies, 

Linköping University, Sweden. The Chief Executive Officer of MTRH and the Deputy 
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Head of Linköping University's Department of Biomedical and Clinical Studies signed 

a Material Transfer Agreement (MTA) (Appendix VII). 

Export permits from the Ministry of Health (MoH), the Pharmacy and Poisons Board 

(PPB) and the shipping company (Biocair) were obtained prior to shipment of the 

samples (Appendix VIII and IX). 

 

3.7.2 Viral load quantification 

3.7.2.1 Extraction/purification of SARS-CoV-2 RNA 

 Extraction of SARS-CoV-2 from the naso-oropharyngeal swabs was quantified using 

QIAamp (Qiagen©) Viral RNA Mini Kit.  

 

Table 3.1 Kit Components 

 
QIAamp Viral RNA Mini Kit Catalog no. 

52904 

No. of preps (50) 

QIAamp Mini Spin Columns 50 

Collection Tubes (2 mL) 250 

Buffer AVL* 31 mL 

Buffer AW1* (concentrate) 19 mL 

Buffer AW2† (concentrate) 13 mL 

RNase free water 10ml 

 

 

3.7.2.1.2 Protocol 

One hundred and forty microliters of NP/OP sample were added to 560 AVL, pulse-

vortexed for 15 seconds and incubated for 10 minutes at room temperature. Following 

centrifugation at 8000 rpm for 1 min, 560 μL of absolute ethanol was added, pulse 

vortexed for 15 sec and centrifuged at 8000 rpm for 1 minute into a spin column. 630 

μL of the precipitated lysate was added and spun at 8000 rpm for 1 min. The remaining 
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630 μL precipitate was spun as previously described. Five hundred microliters of AW1 

were added and spun at 8000 rpm for 1 min. In a new collection tube, 500 μL of AW2 

was added and spun at 14,000 rpm for 1 min. A dry spin at 14,000 rpm for 3 minutes 

was done before the addition of 50 μL RNase-free water, which was centrifuged at the 

same speed and time. After the run completion, the purified RNA was quantified using 

DS-11 FX/FX+ integrated UV-vis-spectrophotometer, DeNovix at 840nm and stored 

at - 200C for future downstream analyses. 

 

3.7.2.2 Reverse Transcription PCR (RT-PCR)/cDNA synthesis 

Reverse transcription is used in cDNA synthesis to create DNA from an RNA template. 

The total volume for the reactions was 10 μL as described in the table below: 

 

 

 

Table 3.2 Kit Components 

 

 

 

 

 

 

 

 

 

 

 

Component Volume (μL) per 

reaction 

Volume in 50 samples 

(μL) 

10X RT buffer 1 50 

25X dNTPs 0.4 20 

10X RT random 

hexamers/primers 

1 50 

Reverse 

transcriptase 

0.5 25 

Nuclease free water 2.1 105 

Total 5 250 
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The thermocycler temperature was set at 250C for 10 mins, 370C for 2 hrs and 850C for 

5 mins. The sample was stored at - 200C for future downstream analyses. 

 

3.7.2.3 Quantitative Real-Time PCR for SARS CoV-2 viral load -  

Kit Contents 

iTaq Universal SYBR® Green Supermix (Uppsala, Sweden) was a 2x concentrated, 

ready-to-use reaction master mix optimized for dye-based quantitative PCR (qPCR) on 

any real-time PCR instrument (ROX-independent and ROX-dependent). It contained 

antibody-mediated hot-start iTaq DNA Polymerase, dNTPs, MgCl2, SYBR® Green I 

Dye, enhancers, stabilizers, and a blend of passive reference dyes (including ROX and 

fluorescein). 

The iTaq Universal SYBR® Green Supermix and other frozen reaction components 

were thawed to room temperature. After thorough mixing, the solutions were briefly 

centrifuged to collect the contents at the bottom of the tubes, and then stored on ice, 

protected from light. A sufficient amount of reaction mix was prepared—either on ice 

or at room temperature—for all qPCR reactions by adding all required components, 

excluding the DNA template, in accordance with the recommended protocol. The 

reaction mix was mixed thoroughly to ensure homogeneity and then dispensed in equal 

aliquots into the wells of a qPCR plate, using good pipetting practices to maintain assay 

precision and accuracy. The DNA samples, along with nuclease-free water where 

necessary, were added to the PCR wells containing the reaction mix. The wells were 

sealed with optically transparent film and vortexed for 30 seconds to ensure complete 

mixing of the components. The plate was then spun at 680 rpm for 2 minutes to 

eliminate air bubbles and collect the reaction mixture at the bottom of each well. 

Finally, the thermal cycling protocol was programmed into a real-time PCR instrument. 

The reaction volume was set at 10 μL. For the standard curve, a plasmid from SARS-
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CoV-2 was prepared at a dilution factor of 10. The master mix was prepared as 

described below. 

 

Table 3.3 RT-qPCR master mix 

 
Components Volume per 

reaction (μL) 

Volume in 120 

samples (μL) 

iTaq universal probe 5 600 

E gene forward primer 0.4 48 

E gene reverse primer 0.4 48 

E gene probe 0.2 24 

Nuclease-free water 2 240 

Total 8 960 

 

 Two microliters of cDNA were added to each well. The thermocycler was set at 45X 

at 950C for 3 mins, 950C for 5 secs and 560C for 1 min. Data was presented in both the 

cycle threshold (Ct) and starting quantity (SQ). This is because Ct is presented in log 

format and some data overlaps, while SQ is provided in copies/mL. 

 

3.7.3 Immunoglobulin gamma (IgG) quantification  

The V-PLEX COVID-19 Serology Kits (Uppsala, Sweden) were used to quantify IgG 

by a set of antigens coated on a 10-spot MULTI-SPOT® 96-well plate. All plates and 

diluents were brought to room temperature and the samples, reference standards, and 

controls were thawed on ice. All the samples were prepared at a dilution factor of 1:10. 

One hundred microliters of blocking solution were added to each well, and incubated 

at room temperature on a platform shaker at 700 rpm for 30 minutes.  The plates were 

washed 3 times with 150 μL/well of 1X MSD wash buffer. Fifty microliters of diluted 

samples, calibrators, and controls were added and incubated as described previously.  

The plate was washed 3 times as before and 50 μL of detection antibody was added to 



139 

 

  

each well before incubation at room temperature.  The plate was washed as previously 

described and 150 μL of MSD GOLD Read Buffer was added to each well.  The plate 

was read immediately using the calibration curves by fitting the signals from the 

calibrators to a 4-parameter logistic (or sigmoidal dose-response) model with a 1/Y2 

weighting. 

 

3.7.4 Gene Expression Analysis 

 

3.7.4.1 mRNA extraction 

Human RNA purification was done using the ISOLATE II RNA Mini Kit, Meridian 

Bioscience ® (Uppsala, Sweden).  

 

3.7.4.1.1 Kit components 

 

Table 3. 4 Kit components 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Reagent 250 Preps 

ISOLATE II Filters 250  

ISOLATE II RNA Mini Columns and 

Collection Tubes 

250 

Collection Tubes (2 mL) 750  

Collection Tubes (1.5 mL) 250  

Lysis Buffer RLY 125 mL 

Wash Buffer RW1 80 mL 

Wash Buffer RW2 3 x 25 mL 

Membrane Desalting Buffer MEM 125 mL 

Reaction Buffer for DNase I RDN 30 mL 

DNase, RNase-free (lyophilized) - 
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3.7.4.1.2 Protocol 

Blood and naso-oropharyngeal swabs were thawed on ice before the addition of 350 μL 

lysis buffer and 3.5 μL β-mercaptoethanol. The Eppendorf tube was vortexed 

vigorously and incubated at room temperature for 15 minutes. The lysate was loaded 

on an ISOLATE II (violet) filter with 2 ml collection tube and spun at 11,000 x g for 1 

min. The ISOLATE II filter was discarded and 350 μL of 70% ethanol was added to 

homogenize the lysate. This was mixed by pipetting up and down 5 times. The lysate 

was loaded in a new ISOLATE II (blue) mini-column and centrifuged for 1 min at 

11,000 x g. Three hundred and fifty microliters of Membrane Desalting Buffer (MEM) 

were added to each mini-column and spun at 11,000 x g for 1 minute to desalt the silica 

membrane. Ten microliters of DNase I to 90 μL reaction buffer for DNase II (RDN) 

was added to each mini-column and incubated for 15 minutes at room temperature to 

digest DNA. Two hundred microliters of wash buffer RW1 were added to each mini-

column and spun as described previously. To a new collection tube, 600 μL of RW1 

was added and spun as previously described. Two hundred and fifty microliters of wash 

buffer RW2 was added to each mini-column and spun for 3 minutes at 13,000 x g to 

dry the membrane completely. The sample was eluted by the addition of 30 μL of 

RNase-free water and centrifuged at 11,000 rpm for 1 min. The purified RNA was 

quantified using DS-11 FX/FX+ integrated UV-vis-spectrophotometer, DeNovix at 

840nm as earlier described and stored at - 200C for future downstream analyses. 

 

3.7.4.2 Reverse Transcription PCR (RT-PCR)/cDNA synthesis 

The total volume for the reactions was 40 μL as described in the table below: 
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Table 3. 5 Gene expression cDNA synthesis master  

 

 

 

 

 

 

 

 

 

 

 

 

 

Twenty microliters of RNA were put in a PCR tube and placed on a PCR machine at 

700C for 5 mins. The master mix was loaded to each PCR tube and the thermocycler 

was set at 40C for 10 mins, 400C for 45 mins and 950C for 5 mins. The sample was 

stored at - 200C for future downstream analyses. 

3.7.4.3 Quantitative Real-Time PCR for Immune Gene Expression 

 

The reaction volume was set at 10 μL. The master mix was prepared as described below. 

 

 

 

 

 

 

 

 

 

 

 

Component Volume (μL) 

per reaction 

Volume in 

200 samples 

(μL) 

RNase-free water 4 800 

5X 1-strand buffer 8 1,600 

DTT 3 600 

Random Hexamer 2 400 

dNTPS 1 200 

Riboblock 1 200 

RT III 1 200 

Total 20 4000 
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Table 3. 6 Gene expression RT-qPCR master mix 

 
Components Volume per 

reaction (μL) 

Volume in 120 

samples (μL) 

Sybr Green 5 600 

Forward primer 1 120 

Reverse primer 1 120 

Nuclease-free water 1 120 

Total 8 960 

 

Two microliters of cDNA were added to each well. For housekeeping genes, actin and 

GADPH were used. The primers used are described in Table 3.5. 

The thermocycler was set at 45X at 950C for 3 mins, 950C for 5 secs and 560C for 1 

min.  
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Table 3. 7 Primers for gene expression analysis 

 
Genes Prime

rs 

 Sequence (5' > 3') Annealing 

Temp 

(oC) 

Amplico

n size 

(bp) 

IFN-α Primer F: GCT CCT CAA 

CAT GAG CAG 

AAT GG 

60 124 

  R

: 

CCT TGC AAG 

TCA TCT TCT 

TGT GG 

 

IFN-β Primer F: CTC CAC CTC 

CAG GGA CAG 

GAT ATG 

60 106 

  R

: 

TAC ACT CAC 

ACA GCG TGT 

GC 

 

IFN-γ Primer F: TCG GTA ACT 

GAC TTG AAT 

GTC 

60 153 

  R

: 

TCG CTT CCC 

TGT TTT AGC 

TGC 

 

IFI-16 Primer F: GAA CCC ATT 

GCG GCA GCA 

AAC ATA 

60 198 

  R

: 

AGA CTG AAG 

ACT GAA CCT 

GAA GA 

 

Actin Primer F: AGA GGG AAA 

TCG TGA CG 

60                  111 

  R

: 

CAA TAG TGA 

TGG CCC GT 

 

GADP

H 

Primer F: CCA CCA TGG 

AGA AGG CTG 

GGG CTC 

60                  135 

  R

: 

 AGT GAT GGC 

ATG GAC TGT 

GGT CAT 

 

 

F: forward primer; R: reverse primer; Temp: temperature; bp: base pairs 
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3.7.5 CRP and LDH quantification 

A data abstraction tool was used to obtain CRP and LDH data from patient files at 

MTRH. The machine was VITROS 5600/XT 7600 (Beijing, China). In KEMRI, the 

machine was a Fully Automatic Hematology Analyzer CBC Machine 3PART, For 

Laboratory, Model Name/Number: PE6800 (California, USA). 

3.8 Data management and analysis. 

3.8.1 Data management plan 

Demographics, signs and symptoms were acquired through a structured questionnaire, 

while co-morbidities, medication, supportive care and laboratory results were obtained 

from patients’ records at MTRH. The inputted questionnaire was then recorded, 

cleaned, and uploaded to the Redcap Database for authentication, data quality checks, 

precision, data integrity, and storage. To rectify errant and missing data, primary 

documents were used. For any modifications made to the database or final datasets, a 

data cleaning record was preserved. 

3.8.2 Data Analysis 

3.8.2.1 Descriptive statistics 

All continuous variables were assessed for normal distribution. Variables that violated 

the Gaussian distribution were described with medians and interquartile ranges. 

Variables that satisfied the Gaussian distribution were described with means and 

standard deviations. To find factors linked to severe COVID-19 patients, univariate 

logistic regression was used. 

3.8.2.2 Inferential statistics 

Inferential statistics was conducted about the specific objectives of the study and 

outcome of interest as described below; 
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Significant differences in viral load, IgG, interferon genes, LDH and CRP levels in 

continuous variables between asymptomatic, moderately symptomatic and severely 

symptomatic were determined by Analysis of Variance (ANOVA) with paired T-test if 

it was normally distributed and Kruskal-Wallis with Mann-Whitney U test when it was 

not normally distributed.  

The Spearman correlation test was employed to calculate the correlations between IgG, 

IFN-α, IFN-β, and IFN-γ. and IFI-16 levels with disease severity. 

All the statistical analyses were conducted using GraphPad Prism version 9.0. An R 

script was available for the reproducibility of the results, both in graphs and tables. 

Boxplots were used to visualize the distribution of the continuous variables and 

skewness through median and quartiles. 

3.9 Limitations of the study 

i. Assumptions about the Omicron strain were made as NGS runs were not possible to 

identify the SARS-CoV-2 variant in the patients’ samples. 

ii. Vaccination status and most underlying conditions were self-reported. 
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CHAPTER FOUR 

4.0 RESULTS 

4.1 Participants’ Characteristics 

The clinical history, independent variables, and laboratory tests of 48 COVID-19 

patients were examined. Sixteen asymptomatic individuals were recruited into the study 

out of whom 9 were male and 7 were female. In the case of moderate disease cases, 

eight were males while 8 were females. 11 males and 5 females had severe COVID-19.  

All the recruited individuals aged between 20-72 years with a clinical history of fever, 

dyspnoea or tachypnea, and confirmed diagnosis of COVID-19 by RT-qPCR. The 

median age for the participants was 35.5 years (IQR: 29-50 years) (Table 4.1). The 48 

COVID-19 negative control groups were age and sex-matched with the COVID-19 

positive cases.  
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Table 4.1: Characteristics of COVID-19 patients 

 

 

Key: ✱Chi-square, ✱✱-H statistic and ✱✱✱- F-statistic        

Measures Asymptomatic disease 

n = 32 

Moderate disease 

n = 32 

Severe disease 

n = 32 

Statistic p-value 

Case Control Case Control Case Control 

n = 16 n = 16 n = 16 n = 16 n =16 n = 16 

Demographics 

Age—years;  

median (IQR) 

46 (29-56.5) 45 (29.5-55) 39 (32.5-46) 37.5 (32-45.5) 32 (27-45.5) 42 (26.5-

58) 
0.4202✱✱ 0.1722 

Female; n (%) 7 (44) 7 (44) 8 (50) 8 (50) 5 (31) 5 (31) 1.2✱ 0.5488 

Vital signs 

Body 

temperature 

(0C); median 

(IQR) 

36.4 (36.3-

36.8) 

36.35 (36.2-

36.4) 

36.5 (35.35-

36.8) 

36.5 (36.4-

36.35) 

36.65 (36.4-

36.8) 

36.8 

(36.4-

36.8) 

0.0001✱✱ 0.7136 

Systolic 

(mm/Hg);  

mean±SD 

129.8 ±19.97 130.8±17.79 114.7±11.55 127.4±16.47 139.8±29.12 128.4±14.

86 
5.675✱✱✱ 0.0061 

Diastolic 

(mm/Hg);  

mean± SD 

81.81±11.46 82.75±9.04 71.73±14.46 78.56±14.63 78.79±18.00 74.37±13.

28 
2.145✱✱✱ 0.1281 

Oxygen 

saturation (%); 

mean±SD 

94.31±2.86 94.56±2.52 92.51±4.37 93.34±4.37 79.11±11.59 94.58±2.2

6 
22.91✱✱✱ <0.0001 
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A significant difference in the symptoms (cough, muscle ache, joint pain, fatigue, loss of smell, loss of taste, shortness 

of breath, headache and diarrhea) was observed among the groups (Table 4.2).  

Table 4. 2 Symptoms of SARS-CoV-2-infected patients 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Measures Asymptomatic 

Positive 

n = 16 

 Moderate 

Positive 

n = 16 

 Severe 

Positive 

n = 16 

 F p-value 

p-value p-value p-value 

Fever 8 (11.31) 0.5000 8 (-) - 9.5 (13.44) 0.5000 0.009 0.9373 

Cough 8 (11.31) 0.5000 8 (5.66) 0.2952 9.5 (13.44) 0.5000 0.009 0.0386 

Sore throat         

Runny nose 8 (11.31) 0.5000 8 (8.49) 0.4097 9.5 (9.19) 0.3820 0.0121 0.9301 

Wheezing 8 (11.31) 0.5000 8 (8.49) 0.4097 9.5 (0.70) 0.0535 0.0379 0.8775 

Chest pain 8 (11.31) 0.5000 8 (7.07) 0.3556 9.5 (0.46) 0.4647 0.0099 0.9368 

Muscle ache 8 (11.31) 0.5000 -  9.5 (12.2) 0.4647 0.0110 0.9334 

Joint pain 8 (9.89) 0.4576 8 (2.83) 0.1560 9.5 (12.2) 0.4647 0.9903 <0.0001 

Fatigue 8 (9.89) 0.4576 8 (1.14) 0.0792 9.5 (10.61) 0.4254 0.9247 0.0014 

Loss of taste 8 (11.31) 0.5000 8 (8.49) 0.4097 9.5 (9.19) 0.3820 0.3036 0.0121 

Loss of smell 8 (11.31) 0.5000 8 (7.07) 0.3556 9.5 (10.61) 0.4254 0.1492 0.0110 

Shortness of 

breath 

8 (11.31) 0.5000 8 (7.07) 0.3556 9.5 (7.78) 0.3341 0.3731 0.0.149 

Headache 8 (9.89) 0.4576 -  9.5 (10.61) 0.4254 0.0214 <0.0001 

Confusion/Unc

onscious 

8 (11.31) 0.5000 8 (11.31) 0.5000 9.5 (4.95) 0.2247 1.1810 0.0170 

Abdominal 

pain 

9.5 (7.77) 0.3341 8 (7.07) 0.3556 8 (11.31) 0.5000 0.0149 0.9226 

Vomit/ Nausea 8 (9.89) 0.4576 8 (9.89) 0.4576 9.5 (3.56) 0.1638 0.1111 0.7952 

Diarrhoea 8 (11.31) 0.5000 8 (8.49) 0.4097 8.5 (4.95) 0.2487 20.08 0.0464 
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In addition, patients with severe COVID-19 were more likely to have comorbid illnesses than moderate symptomatic and 

asymptomatic such as hypertension (25% vs. 12.5% vs. 12.5%), pulmonary disease (25% vs 25% vs 12.5%), chronic 

kidney disease (31.25% vs. 12.5% vs. 6.25%), cardiac disease (25% vs. 18.75% vs. 18.75%), asthma (43.75% vs 25% vs 

6.25%), diabetes (50% 37.5 % vs 18.75%) and liver diseases (50% vs. 37.5% vs. 50%) (Table 4.3). 

 

 

Table 4. 3 Comorbidities of SARS-CoV-2-infected patients and negative controls 

 

        

 

Key: ✱ Significant  

 

 

Measures Asymptomatic 

disease 

n = 16 

Moderate disease 

n = 16 

 

Severe disease 

n =16 

 

p-value 

Frequency Frequency Frequency 

(n) (%) (n) (%) (n) (%) 

Cardiac disease (%) 3 18.75 3 18.75 4 25 0.0099
✱

 

Hypertension (%) 2 12.5 2 12.5 4 25 0.0572 

Pulmonary disease 

(%) 

2 12.5 4 25 4 25 0.0377
✱

 

Asthma (%) 1 6.25 4 25 7 43.75 0.2143 

Kidney disease (%) 1 6.25 2 12.5 5 31.25 0.1567 

Liver disease (%) 4 25 5 31.25 4 25 0.0059
✱

 

Diabetes (%) 3 18.75 6 37.5 8 50 0.0059 
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4.2 Determination of viral load in SARS-CoV-2 participants 

4.2.1 Viral load in cycle by patients’ stratum 

Severely ill patients recorded lower Ct values median (IQR) 95% CI of 23.04 (22.32-25.73) 

as compared to a moderately ill median (IQR) 95% CI of 23.46 (22.4-28.12) and 

asymptomatic patients median (IQR) 95% CI 24.67 (24.30-29.77 Figure 4.1 A). Mann-

Whitney U-test revealed significant differences between viral loads in asymptomatic and 

severely ill patients (p=0.0441). The starting quantity of severely ill patients was higher 

(p=0.02) (1.2 x 107) in comparison to asymptomatic (0.9 x 106 and moderately ill patients 

(4.1 x 106 Figure 4.1 B). Intergroup analysis revealed significant differences between the 

asymptomatic and severely ill patients (p=0.0176).  
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Figure 4. 1 Comparison of viral load across asymptomatic, moderate, and 

severe COVID-19 cases. (A) Cycle threshold (Ct) values for SARS-CoV-2 detected 

in nasopharyngeal swabs from individuals categorized as asymptomatic (blue), 

moderate (red), or severely (green). Lower Ct values indicate higher viral loads. 

(B) SARS-CoV-2 E gene copy number (viral load) in nasopharyngeal swabs from 

the same individuals. A significant difference in viral load is observed between 

asymptomatic and severe cases (p < 0.05), as indicated by the asterisk 
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4.2.2 Viral load at different time points after symptom onset 

The Ct in SARS-CoV-2 infected individuals had significantly decreased from median 

(IQR) 95% CI 24.80 (24.42-30.82) on days 0-3 to median (IQR) 95% CI 23.13 (22.35-

23.56) on days 4-6, median (IQR) 95% CI 20.85 (18.74-39) on days 7-9 and (p=0.001). 

Mann-Whitney U test analysis showed significant differences between 0-3 and 4- 6 days 

post symptoms (p=0.0066) and 0-3 with 7-9 days (p=0.0048, Figure 4.2 A). Similarly, the 

starting quantity were high in days 7-9 mean ± SD 1.5 X 107 (1 X 107) while mean ± SD 

in days 4-6 was 0.8 ± 0.5 X 107) and median (IQR) 95% CI in days 0-3 was 0.3 X 107 (0.1 

– 0.4 X 107) which was significantly different (p=0.0147). Significant intergroup analysis 

was recorded between days 0-3 and 4-6 (p=0.012), Figure 4.2 B).  
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Figure 4. 2 Viral load dynamics at different time points after symptom onset. (A) Cycle 

threshold (Ct) values for SARS-CoV-2 detected in nasopharyngeal swabs from individuals 

at different time points post-symptom onset: 0–3 days (blue), 4–6 days (red), and 7–9 days 

(green). Lower Ct values indicate higher viral loads. (B) SARS-CoV-2 E gene copy number 

(viral load) in nasopharyngeal swabs from individuals. A significant difference in viral 

load is observed between the early (0–3 days) and later (7–9 days) time points (p < 0.05), 

as indicated by the asterisk. Groups are color-coded by days post-symptom onset: 0–3 days 

(blue), 4–6 days (red), and 7–9 days (green). 
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Severely ill patients recorded lower Ct values, median (IQR) 95% CI 22.65 (19.09-39.00) 

on days 6-9 as compared to days 3-5 post symptom onset, median (IQR) 95% CI 23.09 

(21.53-25.73). Moderately ill patients also recorded lower Ct values corresponding to high 

viral load on days 6-9, median (IQR) 95% CI 22.49 (19.09-39.00) in comparison to the 

median (IQR) 95% CI 23.55 (22.21-28.12) on days 3-5 (Figure 4.3).  

On the other hand, severely ill patients recorded a higher starting quantity of viral copies/ml 

on days 6-9 median (IQR) 95% CI 1.6 X 107 (0.9 – 4.1 X 107) in contrast to the median 

(IQR) 95% CI 1 X 107 (2500-1.3 X 107) on days 3-5. A higher starting quantity of viral 

copies in the moderately ill patients was recorded in days 6-9 median (IQR) 95% CI 0.8 X 

107 (0.04- 1.5 X 107) as opposed to median (IQR) 95% CI 4295 (2500- 1.8 X 107) on days 

3-5 post symptom onset.  



155 

 

  

3-5 3-5 6-9 6-9

10

20

30

40

Days after symptom onset

V
ir

a
l 

lo
a
d

 (
C

t)

Cycle threshold at different time points
after symptom onset

A)

B)

0-3 4-6 7-9 0-3 4-6 7-9

103

104

105

106

107

108

Days after symptom onset

S
A

R
S

-C
o
V

-2
 E

 g
en

e 
 (

co
p

ie
s/

m
l)

Starting quantity at different time point
after symptom onset

Moderate

Severe

 

Figure 4. 3 Viral load comparison between moderate and severe COVID-19 cases at 

different time points post-symptom onset. (A) Cycle threshold (Ct) values for SARS-

CoV-2 detected in nasopharyngeal swabs from individuals with moderate (blue) and 

severely (red) disease at different time points post-symptom onset (3–5 and 6–9 days). 

Lower Ct values indicate higher viral loads. (B) SARS-CoV-2 E gene copy number (viral 

load) in nasopharyngeal swabs from individuals with moderately (blue) and severely (red) 

disease across different time points (0–3, 4–6, and 7–9 days post-symptom onset). Groups 

are color-coded by disease severity: moderate (blue) and severe (red). 
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4.3 Immunoglobulin gamma levels in SARS-CoV-2 patients 

4.3.1 Immunoglobulin gamma levels in blood 

Asymptomatic patients had significantly higher RBD-specific IgG antibodies mean ± SD 

698.4 ±174.9 BAU/ml as compared to spike mean ± SD 554.1 ± 145.4 BAU/ml and 

nucleocapsid mean ± SD 403.8 ± 464.3 BAU/ml (p=0.0034). Significant differences were 

also observed between RBD and nucleocapsid-specific IgG antibody values vs value 

(p=0.0023). In patients with moderate disease, there was a similar trend to asymptomatic 

patients where RBD-specific IgG was higher mean ± SD of 569.6 ±196.0 BAU/ml, as 

compared to nucleocapsid mean ± SD of 193.4±238.5 BAU/ml and spike 550.1 ±191.2 

BAU/ml (p=0.0009). Intergroup IgG comparison revealed significant differences between 

spike and nucleocapsid (p=0.0140) and nucleocapsid and RBD (p=0.0012). Nucleocapsid 

IgG antibodies in severely ill patients had a lower median (IQR) 95% CI 748.8 (586.6-

1403 BAU/ml) as opposed to spike median (IQR) 95% CI 815.2 (510.6-1356 BAU/ml) 

and RBD mean ± SD 982.7 ± 666.6 BAU/ml Figure 4.4). 
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Figure 4.4 IgG antibody levels in asymptomatic, moderate, and severe COVID-19 

cases. (A) IgG levels (binding antibody units per milliliter, BAU/ml) in asymptomatic 

individuals were measured for Spike IgG (blue), RBD IgG (red), and Nucleocapsid IgG 

(green). Statistically significant differences are indicated by p < 0.05 and p < 0.01. (B) 

IgG levels in individuals with moderate COVID-19 showed similar trends in antibody 

responses as in asymptomatic individuals, with significant differences between groups. (C) 

IgG levels in severe COVID-19 cases display a broader range of antibody responses with 

overall higher levels compared to asymptomatic and moderate cases. Color coding 

represents different IgG types: Spike IgG (blue), RBD IgG (red), and Nucleocapsid IgG 

(green). Statistical significance is denoted by p < 0.05 and p < 0.01. 

4.3.2 Immunoglobulin Gamma levels in NP/OP 
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Conversely, in the asymptomatic patients, NP/OP nucleocapsid specific IgG was 

significantly lower median (IQR) 95% CI 0.1 (0.00-0.38 BAU/ml) in contrast to RBD 

median (IQR) 95% CI 0.54 (0.04-2.560 BAU/ml) and spike median (IQR) 95% CI 0.68 

(0.02-2.69 BAU/ml). Analysis utilizing Kruskal-Wallis revealed significant RBD, spike 

and nucleocapsid-specific IgG (p=0.0027). Intragroup IgG analysis displayed significant 

differences between RBD and nucleocapsid (p=0.0059). The RBD in moderately ill 

patients was significantly higher median (IQR) 95% CI 0.165 (0.03-1.270 BAU/ml) in 

comparison to spike median (IQR) 95% CI 0.12 (0.02-0.82 BAU/ml) and nucleocapsid 

median (IQR) 95% CI 0.05 (0.02-0.12 BAU/ml). Severely ill patients recorded 

significantly higher RBD-specific IgG antibodies median (IQR) 95% CI 0.33 (0.08-0.9 

BAU/ml) in contrast to spike median (IQR) 95% CI 0.17 (0.03-0.44 BAU/ml) and 

nucleocapsid mean ± SD 0.0244 ±0.0143 BAU/ml. Mann-Whitney U-test revealed 

significant differences between spike and nucleocapsid (p=0.0088) as well as RBD and 

nucleocapsid (p<0.001) IgG antibodies (Figure 4.5). In addition, Kruskal-Wallis reported 

significant RBD, spike and nucleocapsid IgG antibodies (p<0.0001).   
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1Figure 4.5 IgG antibody levels in asymptomatic, moderate, and severe COVID-19 

cases. (A) IgG levels (binding antibody units per milliliter, BAU/ml) in asymptomatic 

individuals for Spike IgG (blue), RBD IgG (red), and Nucleocapsid IgG (green). A 

significant increase in RBD IgG levels is observed (p < 0.01). (B) IgG levels in individuals 

with moderate COVID-19 showed lower overall antibody levels compared to asymptomatic 

cases. (C) IgG levels in severe COVID-19 cases with significantly higher for RBD IgG 

levels compared to Spike and Nucleocapsid IgG (p < 0.01, **p < 0.0001). Color coding 

represents different IgG types: Spike IgG (blue), RBD IgG (red), and Nucleocapsid IgG 

(green). Statistical significance is denoted by p < 0.01 and **p < 0.0001. 
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4.3.3 Immunoglobulin gamma responses to SARS-CoV-2 epitope in the blood 

Severely ill SARS-CoV-2 patients had significantly higher IgG in the blood median (IQR) 

95% CI 815.2 (1124-1219.3 BAU/ml) as compared to moderately mean ± SD 550.1 

(±191.2 BAU/ml) and asymptomatic individuals mean ± SD 554.1 (±145.4 BAU/ml) 

(p=0.0245). Asymptomatic and severely ill patients had significant spike-specific IgG 

antibodies (p=0.0269). The RBD-specific IgG was also high in severely ill patients with a 

median (IQR) 95% CI 757.0 (464.1-1158 BAU/ml) in contrast to asymptomatic mean ± 

SD 698.4±174.9 and moderately mean ± SD 569.6 ±196.0 BAU/ml (p=0.0381). Mann 

Whitney U-test revealed significant differences between moderately and severely ill 

patients (p=0.0386). Similar observations were made in the severe group (Figure 4.6) 

where they had significantly higher nucleocapsid specific IgG median (IQR) 95% CI 748.8 

(585.6-1403 BAU/ml) as opposed to asymptomatic mean ± SD 403.8±464.8 BAU/ml and 

moderately mean ± SD 193.4 ±238.5 BAU/ml individuals (p<0.0001). Intergroup analysis 

showed significant differences between asymptomatic and severely ill (p=0.0046) along 

with moderately and severely ill individuals (p<0.0001).  
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Figure 4. 6 IgG antibody levels against SARS-CoV-2 Spike, RBD, and Nucleocapsid 

in asymptomatic, moderate, and severe COVID-19 cases. (A) IgG levels (binding 

antibody units per milliliter, BAU/ml) against the Spike protein in asymptomatic (blue), 

moderate (red), and severe (green) COVID-19 cases. A significant increase in Spike IgG 

levels is observed in severe cases compared to asymptomatic and moderate cases (p < 

0.05). (B) RBD-specific IgG levels in the three groups, with severe cases showing 

significantly higher levels compared to asymptomatic and moderate cases (p < 0.05). (C) 

Nucleocapsid-specific IgG levels, with severe cases exhibiting significantly elevated levels 

compared to asymptomatic and moderate cases (p < 0.05). Color coding represents 

different disease severities: asymptomatic (blue), moderate (red), and severe (green). 

Statistical significance is denoted by p < 0.05. 
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4.3.4 Immunoglobulin gamma responses to SARS-CoV-2 epitope in NP/OP 

Asymptomatic individuals recorded high spike IgG antibodies in NP/OP median (IQR) 

95% CI 0.68 (0.02-2.69 BAU/ml) as compared to the moderately median (IQR) 95% CI 

0.165 (0.03-0.44 BAU/ml) and severely ill median (IQR) 95% CI 0.12 (0.02-0.82 

BAU/ml). In the case of RBD-specific IgG antibodies asymptomatic patients recorded 

higher IgG median (IQR) 95% CI 0.54 (0.04-2.56 BAU/ml) in contrast to moderately 

median (IQR) 95% CI 0.325 (0.08-0.9 BAU/ml) and severely ill 0.165 (0.03-1.27 BAU/ml) 

patients (Figure 4.7). Nucleocapsid-specific IgG was also higher in asymptomatic 

individuals with median (IQR) 95% CI 0.1 (0.00-0.38 BAU/ml) as compared to moderately 

(0.0248±0.0141 BAU/ml) and severely ill median (IQR) 95% CI 0.05 (0.05-0.12 BAU/ml).  
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Figure 4.7 Immunoglobulin gamma responses to SARS-CoV-2 Spike, RBD, and 

Nucleocapsid epitopes in NP/OP in asymptomatic, moderate, and severe COVID-19 

cases. (A) IgG levels (binding antibody units per milliliter, BAU/ml) against the Spike 

protein in asymptomatic (blue), moderate (red), and severe (green) COVID-19 cases. (B) 

RBD-specific IgG levels in the three groups. (C) Nucleocapsid-specific IgG levels in 

asymptomatic, moderate, and severe cases. Color coding represents different disease 

severities: asymptomatic (blue), moderate (red), and severe (green). Horizontal bars 

indicate the median IgG levels for each group. 



164 

 

  

4.3.5 Immunoglobulin gamma responses to SARS-CoV-2 epitopes versus days post-

symptom onset in blood 

High spike specific IgG in SARS-CoV-2 patients was high from days 7-9 post-symptom 

onset mean ± SD 540.9 (±159.1 BAU/ml) as compared to days 4-6 median (IQR) 95% CI 

626.7 (510.6-743.2 BAU/ml) and 0-3 median (IQR) 95% CI 931.5 (306.0-3919). Similar 

observations were made in RBD IgG where higher antibody quantities were recorded from 

days 7-9 9222.9± 481.8 BAU/ml as compared to days 4-6 mean ± SD 664.3 ±294.1 

BAU/ml and 0-3 mean ± SD 702 ±188.6 BAU/ml. Nucleocapsid-specific IgG was also 

higher from days 7-9 mean ± SD 1090 ± 897.3 BAU/ml as opposed to days 4-6 mean ± SD 

413.1 (±405.8 BAU/ml) and 0-3 mean ± SD 392.2 ±440.5 BAU/ml. 

Severely ill patients recorded high RBD-specific IgG antibodies on days 6-9 mean ± SD 

1198 ±911.5 BAU/ml as compared to nucleocapsid mean ± SD 991.4 ±476.5 BAU/ml and 

spike median (IQR) 95% CI 962.7 (306.0-3919 BAU/ml). On the contrary, spike-specific 

IgG antibodies were quite high on days 3-5 910.6 ±546.6 BAU/ml in comparison to 

nucleocapsid mean ± SD 789.3±320.8 BAU/ml and RBD mean ± SD 810.3 ±396.7 

BAU/ml. On days 6-9, moderately ill individuals recorded high spike specific IgG 

antibodies median (IQR) 95% CI 513.7 (250.3-517.5 BAU/ml) as opposed to RBD median 

(IQR) 95% CI 466.0 (268.9-709.6 BAU/ml) and nucleocapsid median (IQR) 95% CI 288.1 

(103.8-862.8 BAU/ml). Nucleocapsid-specific IgG antibodies were much lower 129.3 

(±159.9 BAU/ml) on days 3-5 than RBD (600.3-190.5 BAU/ml) and spike 692.6 (438.1-

731.7 BAU/ml) {Figure 4.8}. 



165 

 

  

Spik
e

R
B
D

N
ucl

eo
ca

psi
d

Spik
e

R
B
D

N
ucl

eo
ca

psi
d

Spik
e

R
B
D

N
ucl

eo
ca

psi
d

Spik
e

R
B
D

N
ucl

eo
ca

psi
d

0

500

1000

1500

2000
2000

3000

4000

Days after symptom onset

Ig
G

 (
B

A
U

/m
l)

IgG values in moderate and severe

Moderate 3-5

Moderate 6-9

Severe 3-5

Severe 6-9

A)

B)

0-3 4-6 7-9 0-3 4-6 7-9 0-3 4-6 7-9

0

1000

2000
4000

IgG values days after symptom onset

Days after symptom onset
Ig

G
 (

B
A

U
/m

l)

Spike

RBD

Nucleocapsid

 

Figure 4. 8 Immunoglobulin gamma antibody responses to SARS-CoV-2 

antigens over time and across disease severity in blood. (A) IgG levels (binding 

antibody units per milliliter, BAU/ml) against Spike (blue), RBD (red), and 

Nucleocapsid (green) proteins at different time points (0–3, 4–6, and 7–9 days) 

after symptom onset. Each dot represents an individual sample, and horizontal bars 

indicate median IgG levels. (B) IgG levels against Spike, RBD, and Nucleocapsid 

proteins in moderate and severe cases, stratified by symptom duration. Moderate 

cases are represented in blue (days 3–5) and red (days 6–9), while severe cases are 

represented in green (days 3–5) and black (days 6–9). Horizontal bars indicate 

median values. 
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4.3.6 Immunoglobulin gamma responses to SARS-CoV-2 epitopes versus days post 

symptom onset in NP/OP 

Naso-oropharyngeal spike IgG were higher from days 0-3 median (IQR) 95% CI 0.27 

(0.20-1.28 BAU/ml) in comparison to days 4-6 median (IQR) 95% CI 0.18 (0.05-0.44 

BAU/ml) and days 7-9 median (IQR) 95% CI 0.1 (0.02-0.72 BAU/ml). Analysis revealed 

a high RBD IgG median (IQR) 95% CI 0.47 (0.04-1.57 BAU/ml) on days 0-3 as compared 

to median (IQR) 95% CI 0.195 (0.08-0.95 BAU/ml) on days 4-6 and median (IQR) 95% 

CI 0.15 (0.05-1.70 BAU/ml). On days 0-3, nucleocapsid IgG antibodies were quite high 

median (IQR) 95% CI 0.04 (0.00-0.28 BAU/ml) as opposed to median (IQR) 95% CI 0.03 

(0.02-0.05 BAU/ml) on days 4-6 and median (IQR) 95% CI 0.02 (0.01-0.08 BAU/ml) on 

days 7-9.  

Moderately SARS-CoV-2 individuals had high RBD-specific IgG mean ± SD 0.413 ±0.387 

BAU/ml in comparison with the nucleocapsid mean ± SD 0.023 ±0.136 BAU/ml and spike 

median (IQR) 95% CI 0.165 (0.02-0.42 BAU/ml) on days 3-5. Severely ill patients 

recorded high spike specific IgG on days 3-5 mean ± SD 0.618 ±1.105 BAU/ml in 

comparison to RBD median (IQR) 95% CI 0.195 (0.01-4.06 BAU/ml) and nucleocapsid 

median (IQR) 95% CI 0.07 (0.0-1.67 BAU/ml). On days 6-9, severely ill patients recorded 

high RBD-specific IgG antibodies median (IQR) 95% CI 0.12 (0.03-1.93 BAU/ml) in 

comparison to spike median (IQR) 95% CI 0.11 (0.02-0.36 BAU/ml) and nucleocapsid 

median (IQR) 95% CI 0.04 (0.01-0.12 BAU/ml). Similar observations were made in the 

moderately ill individuals where high RBD IgG was higher on days 6-9 median (IQR) 95% 

CI 0.51 (0.08-1.29 BAU/ml) in comparison to spike median (IQR) 95% CI 0.315 (0.03-
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0.62 BAU/ml) and nucleocapsid median (IQR) 95% CI 0.03 (0.01-0.05 BAU/ml) {Figure 

4.9}. 
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Figure 4. 9 Immunoglobulin gamma responses to SARS-CoV-2 epitopes versus days 

post symptom onset in NP/OP. (A) IgG levels (binding antibody units per milliliter, 

BAU/ml) against Spike (blue circles), RBD (red squares), and Nucleocapsid (green 

triangles) proteins at different time points (0–3, 4–6, and 7–9 days) after symptom onset. 

Each symbol represents an individual sample, and horizontal bars indicate median IgG 

levels. (B) IgG levels against Spike, RBD, and Nucleocapsid proteins in moderate and 

severe cases, stratified by symptom duration. Moderate cases are represented in blue 

(days 3–5) and red (days 6–9), while severe cases are represented in green (days 3–5) 

and black (days 6–9). Horizontal bars indicate median values. 
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4.3.7 Comparison of cycle threshold with Immunoglobulin gamma responses 

A high viral load resulted in a high spike, in RBD and nucleocapsid IgG antibodies in the 

blood. On the contrary, low NP/OP spike, RBD and nucleocapsid corresponded with high 

viral load (Figure 4.10). 
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Figure 4. 10 Comparison of IgG antibody responses based on median cycle threshold 

(Ct) values. (A) IgG levels (BAU/ml) against Spike (blue), RBD (red), and Nucleocapsid 

(green) proteins in patients stratified by Ct values (>23.917 and <23.917). Each dot 

represents an individual sample, and horizontal bars indicate median IgG levels. (B) A 

lower scale representation of IgG levels against Spike, RBD, and Nucleocapsid proteins in 

the same Ct-stratified groups as in (A), highlighting differences in lower IgG values. 

Horizontal bars indicate median values. 
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4.3.8 Correlation of NP/OP and blood Immunoglobulin gamma responses 

Analysis utilizing Spearman revealed a significant positive correlation between RBD-

specific IgG in the blood and NP/OP (r=0.6832, p=0.0093) in the severely ill patients. 

Severely ill patients (r=-0.5497, p=0.0294) also had a significant negative correlation in 

the NP/OP and blood nucleocapsid-specific IgG. A significant weak positive correlation in 

spike-specific NP/OP IgG and blood (r=0.2848, p=0.0497) was observed in all the SARS-

CoV-2 patients (Figure 4.11). 
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Figure 4.11 Correlation between blood IgG levels and NP/OP IgG in severe SARS-

CoV-2 patients. (A) Correlation between blood IgG (BAU/ml) and NP/OP IgG for the 

receptor-binding domain (RBD). A significant positive correlation was observed (r = 

0.6832, p = 0.0063). (B) Correlation between blood IgG and NP/OP IgG for nucleocapsid. 

A significant negative correlation was found (r = -0.5497, p = 0.0243). (C) Correlation 

between blood IgG and NP/OP IgG for spike protein. No significant correlation was 

observed (r = 0.2848, p = 0.2493). Each red dot represents an individual severe and/or 

SARS-CoV-2 patient. The red line represents the fitted regression curve. 
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4.3.9 Correlation of epitope-specific Immunoglobulin gamma responses with viral 

load in NP/OP 

Data analysis revealed a negative moderately correlation between NP/OP spike IgG and 

viral load in starting quantity (r=-0.2855, p=0.049) in the SARS-CoV-2 patients (Figure 

4.12). On the other hand, SARS-CoV-2 patients also recorded a low negative correlation 

(r=-0.2977, p=0.04) in starting quantity with RBD NP/OP IgG.  

Spearman test revealed significant moderately positive nucleocapsid IgG (r=0.5534, 

p=0.0001) with viral load. 
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Figure 4. 12 Correlation between viral load (starting quantity) and NP/OP IgG levels 

in SARS-CoV-2 patients. (A) Correlation between SARS-CoV-2 starting quantity 

(copies/ml) and NP/OP IgG levels (BAU/ml) for spike protein. A weak positive correlation 

was observed (r = 0.2855, p = 0.0499). (B) Correlation between SARS-CoV-2 starting 

quantity and NP/OP IgG levels for the receptor-binding domain (RBD). A moderate 

negative correlation was found (r = -0.3977, p = 0.0398). (C) Correlation between SARS-

CoV-2 starting quantity and NP/OP IgG levels for nucleocapsid. A strong positive 

correlation was observed (r = 0.4515, p = 0.0001). Each red dot represents an individual 

SARS-CoV-2 patient. The red line represents the fitted regression curve. 
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4.3.10 Correlation of epitope-specific Immunoglobulin gamma responses with viral 

load in blood 

Spearman correlation revealed a moderate positive correlation (r=0.4198, p= 0.0042) in 

spike-specific IgG and viral load in SARS-CoV-2 patients. Severely ill and SARS-CoV-2 

patients displayed moderate (r=0.699, p=0.0034) and weak (r=0.2986, p= 0.0392) RBD-

specific IgG association with viral load. Nucleocapsid-specific IgG displayed a significant 

positive moderate association (r=0.5136, p=0.04386) with viral load in severely ill patients 

(Figure 4.13). 
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Figure 4.13 Correlation between viral load (starting quantity) and blood IgG levels in 

SARS-CoV-2 patients. (A) Correlation between SARS-CoV-2 starting quantity 

(copies/ml) and blood IgG levels (BAU/ml) for spike protein. A moderate positive 

correlation was observed (r = 0.4193, p = 0.0442). (B) Correlation between SARS-CoV-2 

starting quantity and blood IgG levels for the receptor-binding domain (RBD) in severe 

cases. A weak positive correlation was found (r = 0.6780, p = 0.0834). (C) Correlation 

between SARS-CoV-2 starting quantity and blood IgG levels for the receptor-binding 

domain (RBD) in all patients. A moderate positive correlation was observed (r = 0.3986, 

p = 0.0529). (D) Correlation between SARS-CoV-2 starting quantity and blood IgG levels 

for nucleocapsid in severe cases. A strong positive correlation was observed (r = 0.5136, 

p = 0.0358). Each red dot represents an individual SARS-CoV-2 patient. The red line 

represents the fitted regression curve. 
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4.4 Interferon and Interferon Stimulating gene responses to SARS-CoV-2 patients 

 

4.4.1 Interferon and Interferon Stimulating gene responses to SARS-CoV-2 patients 

in blood  

In the blood, asymptomatic individuals recorded significantly higher IFN-α (1.150-0.9139) 

in comparison to the moderately ill patient’s median (IQR) 95% CI 0.6434 (0.3726-1.713), 

severely ill 0.1542 (0.1157-0.4940) and healthy individuals (1.0). Kruskal Wallis analysis 

revealed significant IFN-α differences between the severely, moderately ill and 

asymptomatic participants (p=0.0012). Intergroup analysis utilizing the Mann-Whitney U-

test revealed significant IFN-α aberrations between the asymptomatic and severely ill 

participants (p=0.0008). 

Similar observations were made in asymptomatic individuals where they had significantly 

higher IFN-β gene expression levels median (IQR) 95% CI 0.0042 (1.5603-2.805) in 

comparison to severely ill median (IQR) 95% CI 0.0299 (0.0064-0.2174) and moderately 

ill median (IQR) 95% CI 0.038 (0.0065-0.3877) {p<0.0001}. Intergroup analysis not only 

revealed significant differences between the asymptomatic and severely ill (p<0.0001) but 

also between asymptomatic and moderately ill individuals (p<0.0001). Kruskal-Wallis 

revealed significant discrepancies between the severely, moderately and asymptomatic ill 

individuals (p<0.0001).  

Severely ill patients recorded significantly lower IFN-γ (0.4367-1.045) in contrast to 

healthy (1.0), moderate median (IQR) 95% CI 0.6803 (0.4982-1.271) and asymptomatic 

(0.8745-0.5808) individuals (p=0.0311). Severely ill patients displayed significantly lower 

IFI-16 gene expression levels median (IQR) 95% CI 0.2053 (0.1479-0.4385) as opposed 

to moderately ill median (IQR) 95% CI 0.3056 (0.2501-0.8018) and asymptomatic median 
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(IQR) 95% CI 0.4784 (0.2120-1.598) individuals (p=0.0469). As displayed in Figure 4.14, 

the intergroup analysis revealed a significant IFI-16 disparity between asymptomatic and 

severely ill patients (p=0.0469).  
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Figure 4. 14 Differential expression of interferon-related genes in SARS-CoV-2 

patients with varying disease severity in the blood. (A) Normalized mRNA expression of 

IFN-α in asymptomatic (blue), moderate (red), and severe (green) SARS-CoV-2 patients. 

A significant decrease in expression is observed in moderate and severe cases compared 

to asymptomatic individuals (*** p < 0.001). (B) Normalized mRNA expression of IFN-β 

across disease severity groups. Expression is significantly lower in moderate and severe 

cases compared to asymptomatic individuals (**** p < 0.0001). (C) Normalized mRNA 

expression of IFN-γ. No significant differences were observed among the groups. (D) 

Normalized mRNA expression of IFI-16, showing a significant reduction in severe cases 

compared to asymptomatic individuals (* p < 0.05). Each dot represents an individual 

patient, and the horizontal bar represents the mean expression for each group. The dotted 

line at 1 represents baseline expression. 
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4.4.2 Interferon and Interferon Stimulating gene responses to SARS-CoV-2 patients 

in NP/OP 

In the NP/OP, asymptomatic individuals displayed significantly higher IFN-α mRNA 

expression median (IQR) 95% CI 0.6283 (0.1807-2.115) in comparison to moderately 

(0.4732-0.5441) and severely ill (0.2878-0.3053) patients (p=0.0481). Asymptomatic 

individuals recorded significant disparity to severely ill patients when analyzed using the 

Mann-Whitney U-test (p=0.0414). A similar case was observed in IFN-β mRNA 

expression analysis (Figure 4.15), severely ill patients had significantly lower levels of 

median (IQR) 95% CI 0.2571 (0.1637-0.5295) in contrast to healthy (1.0) moderately 

(0.5359-0.5429) and asymptomatic (0.8586-0.5908) individuals (p=0.0436). Intergroup 

analysis revealed significant differences in asymptomatic and severely ill IFN-β mRNA 

expression levels (p=0.0444).  

Asymptomatic individuals expressed higher IFN-γ mRNA levels (1.123-0.8701) in 

contrast to healthy (1.0), severely ill (0.4336-0.5130) and moderately ill median (IQR) 95% 

CI 0.3602 (0.0965-0.7789). Kruskal-Wallis revealed significant discrepancies between the 

severely, moderately and asymptomatic ill individuals (p=0.0201). Intergroup analysis 

utilizing the Mann-Whitney U-test revealed significant IFN-α aberrations between the 

asymptomatic and severely ill participants (p=0.0191). 

Severely ill patients recorded significantly lower IFI-16 mRNA expression levels median 

(IQR) 95% CI in comparison to moderate (0.2937-0.1614) and asymptomatic median 

(IQR) 95% CI 0.2545 (0.1291-0.5104). Intergroup analysis revealed significant IFI-16 

mRNA gene expression between severely ill and asymptomatic individuals (p=0.026). 



179 

 

  

Kruskal Wallis analysis also demonstrated significant IFI-16 mRNA levels between 

asymptomatic, moderately and severely ill.  
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Figure 4. 15 Differential expression of interferon-related genes among SARS-CoV-2 

patients with varying disease severity in the NP/OP. (A) IFN-α mRNA expression is 

significantly reduced in moderate (red) and severe (green) patients compared to 

asymptomatic (blue) individuals (*p < 0.05). (B) IFN-β mRNA expression is significantly 

lower in moderate and severe patients compared to asymptomatic individuals (*p < 0.05). 

(C) IFN-γ mRNA expression is significantly decreased in moderate and severe cases 

compared to asymptomatic individuals (*p < 0.05). (D) IFI-16 mRNA expression is 

significantly lower in moderate and severe cases compared to asymptomatic individuals 

(*p < 0.05). Each dot represents an individual patient, and the horizontal bars indicate the 

mean expression levels for each group. The dotted line at 1 represents baseline expression. 

The statistical significance of comparisons between groups is indicated by asterisks (*p < 

0.05). 
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4.4.3 Combined blood and NP/OP Interferon and Interferon Stimulating gene 

responses to SARS-CoV-2 patients  

Analysis revealed high IFN-γ (1.056-1.555) levels in the blood (Figure 4.16) in 

comparison to IFN-α median (IQR) 95% CI 0.6606 (0.4940-1.429), IFN-β median (IQR) 

95% CI 0.1025 (0.035-0.7806), IFI-16 median (IQR) 95% CI 0.3693 (0.2568-0.6753). 

Kruskal-Wallis revealed significant discrepancies (p=0.0176) between IFN-α, IFN-β, IFN-

γ and IFI-16. Intergroup analysis not only unveiled significant differences between IFN-α 

with IFN-β (p=0.0467) but also IFN-β with IFN-γ (p=0.0335).  

On the other hand, NP/OP, mRNA expression analysis revealed significant differences in 

IFN-α, IFN-β, IFN-γ and IFI-16 (p<0.001). High IFN-γ levels median (IQR) 95% CI 

0.6065 (0.3696-0.8974) were observed in SARS-CoV-2 patients in comparison to IFN-β 

median (IQR) 95% CI 0.5486 (0.4245-0.8637), IFN-α median (IQR) 95% CI 0.2586 

(0.1807-0.4315) and IFI-16 0.1839 (0.1807-0.4315). Mann Whitney analysis revealed 

significant differences in IFN-α with IFN-β (p=0.0077), IFN-α with IFN-β (p=0.0154), 

IFN-β with IFI-16 (p=0.0002) and IFN-γ with IFI-16 (p=0.0006). 

 



181 

 

  

0.0

0.2

0.4

0.6

0.8

1.0
1
2
3
4
5
6

N
o
rm

a
li

ze
d

 m
R

N
A

 E
x
p

re
ss

io
n

Blood

✱ ✱

0.0

0.2

0.4

0.6

0.8

1.0

2
4
6
8

10

N
o
rm

a
li

ze
d

 m
R

N
A

 E
x
p

re
ss

io
n

NP/OP

IFN -α

IFN-β

IFN-

IFI-16

Legend
✱✱

✱

✱✱✱

✱✱✱

A)

B)

 

Figure 4. 16 Differential expression of interferon-related genes in blood and NP/OP 

samples from SARS-CoV-2 patients. (A) Blood: Normalized mRNA expression levels of 

IFN-α (blue), IFN-β (red), IFN-γ (green), and IFI-16 (black) in blood samples. Significant 

differences between groups are indicated (*p < 0.05). (B) NP/OP: Normalized mRNA 

expression levels of IFN-α (blue), IFN-β (red), IFN-γ (green), and IFI-16 (black) in 

nasopharyngeal/oropharyngeal (NP/OP) samples. Significant differences between groups 

are indicated (*p < 0.05, **p < 0.01, *** p < 0.001). Each dot represents an individual 

sample, with horizontal bars indicating mean expression levels for each group. The dotted 

line at 1 represents baseline expression. 
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4.4.4 Correlation of Interferon and Interferon Stimulating gene responses to SARS-

CoV-2 patients in blood and NP/OP 

Spearman analysis revealed a positive correlation in IFN-α in the blood and NP/OP 

(r=0.5588, p=0.0267) in the asymptomatic patients (Figure 4.17). A similar case was 

observed in severely ill and SARS CoV-2 patients where they had moderate (r=0.5063, 

p=0.04728, Figure16B) and weak correlation (r=0.2190, p=0.0271) respectively. 

Moderately ill and SARS-CoV-2 patients also had moderate (r=0.5171, p=0.0165) and low 

correlation (r=0.3243, p=0.0245) respectively in IFN-β mRNA expression in the blood and 

NP/OP. A strong positive correlation was noted in IFN-γ Spearman analysis in 

asymptomatic (r=0.9000, p<0.0001), moderately (r=0.8647, p<0.0001), severely ill 

(r=0.9529, p<0.0001) and all SARS-CoV-2 patients (r=0.8033, p<0.0001). Analysis of IFI-

16 in the blood and NP/OP revealed a moderately significant correlation in the 

asymptomatic (r=0.5294, p=0.0372) and severely ill patients (r=0.5382, p=0.0338) while 

SARS-CoV-2 patients recorded significant weak correlation (r=0.2948, p=0.0443). 
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Figure 4.17 Correlation of interferon-related gene expression between blood and 

NP/OP samples in SARS-CoV-2 patients. Scatter plots show the correlation between 

mRNA expression levels in blood and NP/OP samples for (A) IFN-α, (B) IFN-β, (C) IFN-

α in SARS-CoV-2 patients, (D) IFN-β in moderate cases, (E) IFN-β in SARS-CoV-2 

patients, (F) IFN-γ in asymptomatic cases, (G) IFN-γ in moderate cases, (H) IFN-β in 

severe cases, (I) IFN-γ in SARS-CoV-2 patients, (J) IRF-3 in asymptomatic cases, (K) IFI-

16 in severe cases, and (L) IRF-3 in SARS-CoV-2 patients. Each dot represents an 

individual sample, with a linear regression line shown in red. Pearson correlation 
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coefficients (r) and p-values are displayed for each comparison. The dotted line represents 

the baseline expression threshold. 

 

 

4.4.5 Correlation of Interferon and Interferon Stimulating gene responses to SARS-

CoV-2 patients in blood and viral load 

As illustrated in Figure 4.18, a significant negative moderate correlation in IFN-α mRNA 

expression levels in the blood and viral load was noted in asymptomatic (r=-0.5254, 

p=0.0467) and moderately ill (r=-0.5519, p=0.0026) patients. Spearman test of IFN-β 

expression levels in the blood and viral load revealed a moderate negative correlation in 

the asymptomatic individuals (r=-0.5681, p=0.0024). In contrast, moderately ill individuals 

had a significant moderate positive correlation (r=0.5166, p=0.0425). Normalized IFN-γ 

mRNA in the blood recorded a significant weak positive correlation with viral load in 

moderate (r=0.3841, p=0.0026) and SARS-CoV-2 patients (r=0.3227, p=0.0253). 

Moderately ill individuals recorded a significant moderate correlation in normalized 

mRNA expression with SARS-CoV-2 viral load (r=0.6402, p=0.0009).  



185 

 

  

103 104 105 106 107 108

0

1

2

3

4

Starting quantity (copies/ml)

N
o
rm

a
li

ze
d

 m
R

N
A

 E
x
p

re
ss

io
n

IFN-α

r= -0.5254

p= 0.04669

Asymptomatic

103 104 105 106 107 108

0

1

2

3

Starting quantity (copies/ml)

N
o
rm

a
li

ze
d

 m
R

N
A

 E
x
p

re
ss

io
n

IFN-α

Moderate

r= -0.5519

p= 0.0026

103 104 105 106 107 108

0

2

4

6

Starting quantity (copies/ml)

N
o
rm

a
li

ze
d

 m
R

N
A

 E
x
p

re
ss

io
n

IFN-β

Asymptomatic

r= -0.5681

p= 0.0024

103 104 105 106 107 108

0

1

2

3

4

Starting quantity (copies/ml)

N
o
rm

a
li

ze
d

 m
R

N
A

 E
x
p

re
ss

io
n

IFN-β

Moderate

r= 0.5166

p= 0.04251

103 104 105 106 107 108

0

2

4

6

8

Starting quantity (copies/ml)

N
o
rm

a
li

ze
d

 m
R

N
A

 E
x
p

re
ss

io
n

IFN-γ

Moderate

r= 0.3841

p= 0.0026

103 104 105 106 107 108

0

5

10

15

Starting quantity (copies/ml)

N
o
rm

a
li

ze
d

 m
R

N
A

 E
x
p

re
ss

io
n

IFN-γ

SARS-CoV-2 patients

r= 0.3227

p= 0.02530

103 104 105 106 107 108

0.0

0.5

1.0

1.5

2.0

2.5

Starting quantity (copies/ml)

N
o
rm

a
li

ze
d

 m
R

N
A

 E
x
p

re
ss

io
n

IFI-16

Moderate

r= 0.6402

p= 0.008980

A B

C D

E F

G

 

Figure 4. 18 Correlation between viral load and interferon-related gene expression in 

SARS-CoV-2 patients in the blood. Scatter plots display the relationship between viral 

load (starting quantity in copies/mL or log10 copies/mL) and the mRNA expression of 

interferon-related genes. (A) IFN-α in asymptomatic patients, (B) IFN-α in moderate cases, 

(C) IFN-β in asymptomatic patients, (D) IFN-β in moderate cases, (E) IFN-γ in moderate 

cases, (F) IRF-3 in SARS-CoV-2 patients, and (G) IFI-16 in moderate cases. Each dot 

represents an individual sample, and the red curve indicates the trend of correlation. 

Pearson correlation coefficients (r) and p-values are provided for each comparison. The 

dotted line represents the baseline expression threshold. 
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4.4.6 Correlation of Interferon and Interferon Stimulating gene responses to SARS-

CoV-2 patients in NP/OP and viral load 

Spearman correlation of IFN-α expression analysis in the NP/OP with viral load, Figure 

4.19 revealed moderate significant negative relationship in the asymptomatic (r=-0.5180, 

p=0.0418), moderately (r=-0.5681, p=0.0026) and severely ill (r=-0.6932, p=0.0004). A 

moderate positive correlation was observed between viral load and IFN-α mRNA 

expression in SARS-CoV-2 patients (r=-0.5050, p=0.0373). The SARS-CoV-2 patients 

had a weak positive IFN-β correlation with viral load (r=0.3631, p=0.0119). Asymptomatic 

individuals (r=-0.6034, p=0.0151) and severely ill (r=-0.5695, p=0.0233) had a negative 

moderate IFN-γ correlation with viral load. On the other hand, IFI-16 NP/OP mRNA 

expression had a significant moderate positive correlation with viral load in asymptomatic 

individuals (r=0.6249, p=0.0025) while SARS-CoV-2 patients recorded moderate negative 

(r=-0.4174, p=0.0035) correlation. 
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Figure 4. 19 Correlation between viral load and interferon-related gene expression in 

NP/OP in SARS-CoV-2 patients. Scatter plots illustrate the relationship between viral 

load (starting quantity in copies/mL or log10 copies/mL) and the normalized mRNA 

expression of interferon-related genes in different patient groups. (A) IFN-α in 

asymptomatic patients, (B) IFN-α in moderate cases, (C) IFN-α in severe cases, (D) IFN-

β in severe cases, (E) IFN-β in SARS-CoV-2 patients, (F) IRF-3 in asymptomatic patients, 

(G) IFN-γ in severe cases, (H) IFI-16 in asymptomatic patients, and (I) IFI-16 in SARS-

CoV-2 patients. Each red dot represents an individual sample, while the red curve depicts 

the correlation trend. Pearson correlation coefficients (r) and p-values are provided for 

each comparison. The dotted line indicates the baseline expression threshold. 
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4.5 Inflammatory biomarkers in SARS-CoV-2 patients 

Analysis unveiled significant CRP differences between asymptomatic illness and moderate 

disease (p=0.0037), asymptomatic disease and severe disease (p=0.0001), and moderate 

and severe disease (p=0.0041). When compared to the asymptomatic mean ± SD 86.31 

±28.21 mg/L and moderate median (IQR) 95% CI 124.5 (99.5- 249.5mg/L), severely ill 

mean ± SD 241.5 ±138.8 mg/L had high CRP levels. When compared using Kruskal-

Wallis, to the asymptomatic and moderately, and severely ill participants had high CRP 

levels (p<0.0001). 

Similarly, mean LDH levels in severely ill patients were significantly higher mean ± SD 

694.3 ±159.1 mg/L while moderate had mean ± SD 297.9 ±178.8 mg/L, and asymptomatic 

had mean ± SD 184.6 ±62.83 mg/L (p<0.0001). In a Mann-Whitney U-test analysis, there 

were significant differences in CRP between asymptomatic disease and moderate disease 

(p=0.0232), asymptomatic disease and severe illness (p<0.0001), and moderate versus 

severe disease {(p<0.0001) (Figure 4.20)}. 
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Figure 4. 20 Levels of CRP and LDH in different patient groups. Box plots represent 

the concentrations of (A) C-reactive protein (CRP) and (B) lactate dehydrogenase (LDH) 

in asymptomatic, moderate, and severe SARS-CoV-2 patients, as well as SARS-CoV-2-

negative individuals. Statistical significance is indicated by asterisks (p < 0.01). The data 

suggest an increasing trend of CRP and LDH levels with disease severity. 

 

 

4.5.1 Relationship between inflammatory biomarkers and COVID-19 severity 

 As illustrated in Table 4.4, the results show a significant association between inflammatory 

biomarkers and COVID-19 severity. In the case of CRP, there was a strong positive 

association (0.5433; p=0.0006) with a 9.361-110.9 95% CI and 2.581 OR while LDH 

regression analysis showed a weak positive association (0.2484; p<0.0001) and a 95% CI 

between -0.6948-1.252 with OR of 0.2367.  

Table 4. 4 Logistic regression analysis of inflammatory markers and disease severity 

 

 

 

 

Inflammatory 

biomarkers 

Standard 

error 

Statistic OR (95% CI) p-value 

CRP 0.03957 0.5433 2.581 (9.361-110.9) 0.0006 

LDH 0.1768 0.2484 0.2367(-0.6948-1.252) <0.0001 
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The inflammatory biomarkers were also assessed for their ability to predict COVID-19 

severity. The ROC of CRP in asymptomatic vs severe disease revealed the AUC as 0.8867, 

p=0.0002 and 95% CI between 0.7532-1.000. In the case of asymptomatic vs. moderate 

disease, the AUC was 0.8027, p=0.0035 and 95% CI between 0.6338-0.9716 with a 

sensitivity of 87% and specificity 94%. In moderate vs. severe disease, the ROC-AUC was 

0.6797, p=0.083 with a 95% CI between 0.4911-0.8682 (Figure 4.21). 
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Figure 4. 21 CRP Receiver Operating Characteristic (ROC) curves comparing 

disease severity groups. ROC curves depict the diagnostic performance of a biomarker in 

distinguishing between different COVID-19 severity groups: (A) Asymptomatic vs. 

Moderate, (B) Asymptomatic vs. Severe, and (C) Moderate vs. Severe. The area under the 

curve (AUC) values indicate the discriminatory ability of the biomarker, with higher AUCs 

reflecting better differentiation. The asymptomatic vs. severe group (AUC = 0.8867, p = 

0.0002) shows the strongest discriminatory power, while the moderate vs. severe 

comparison (AUC = 0.6797, p = 0.083) does not reach statistical significance. Standard 

errors (SE) and 95% confidence intervals (CI) are provided for each comparison. 
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Regarding LDH, ROC-AUC was 1.0 with a 95% CI between 1.0-1.0 and a p-value 

<0.0001, 142.75 mg/L was shown to be the best cut-off value as a predictor of severe illness 

with a sensitivity of 100% and a specificity of 100% between asymptomatic and severe 

disease. The ROC-AUC values between asymptomatic vs. moderate was 0.9492 and a 95% 

CI between 0.8766-1.0 with p<0.0001. In asymptomatic vs severe symptomatic disease, 

the AUC was 0.9492 with a 95% CI between 0.8766-1.0 and a p<0.0001 (Figure 4.22). 

 



193 

 

  

A

B

C

0 20 40 60 80 100

0

20

40

60

80

100

Asymptomatic vs Moderate

Specificity%

S
en

si
ti

v
it

y
%

AUC: 0.6593
SE: 0.0972
95%CI: 0.5048-0.8859
p=0.0495

0 20 40 60 80 100

0

20

40

60

80

100

Moderate vs Severe

Specificity%

S
en

si
ti

v
it

y
%

AUC: 0.9492
SE: 0.0370
95%CI: 0.8766-1.000
p<0.0001

0 20 40 60 80 100

0

20

40

60

80

100

Asymptomatic vs Severe

Specificity%

S
en

si
ti

v
it

y
%

AUC: 1.000
SE: 0.000
95%CI: 1.000-1.000
p<0.0001

 

Figure 4.22 LDH Receiver Operating Characteristic (ROC) curves for differentiating 

COVID-19 severity groups. ROC curves illustrate the diagnostic performance of a 

biomarker in distinguishing between different severity levels of COVID-19 utilizing LDH: 

(A) Asymptomatic vs. Moderate, (B) Moderate vs. Severe, and (C) Asymptomatic vs. 

Severe. The area under the curve (AUC) values indicates the discriminatory power, with 

higher AUCs signifying better differentiation. The asymptomatic vs. severe comparison 

(AUC = 1.000, p < 0.0001) demonstrates perfect discrimination, while the moderate vs. 

severe group (AUC = 0.9492, p < 0.0001) also shows strong discriminatory ability. The 

asymptomatic vs. moderate comparison (AUC = 0.6593, p = 0.0495) presents a moderate 

ability to distinguish between these groups. Standard errors (SE) and 95% confidence 

intervals (CI) are provided for each comparison. 
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CHAPTER FIVE 

5.1 DISCUSSION 

Initially identified in China at the end of 2019, SARS-CoV-2, the novel coronavirus 

responsible for COVID-19, subsequently expanded around the world (Lai et al., 2020). 

January 30, 2020, was the date the WHO designated this illness as a public health 

emergency of worldwide significance (WHO, 2020). Not only may SARS-CoV-2 cause 

severe pneumonia, but it can also affect other organs, resulting in physical symptoms 

including fever, coughing, and dyspnea, in addition to psychological and gastrointestinal 

issues (Charitos et al., 2020).  

5.1.1 SARS-CoV-2 viral load and clinical outcome disease severity 

The study of SARS-CoV-2 viral load and its association with COVID-19 severity is critical 

in understanding transmission dynamics, clinical outcomes, and informing public health 

interventions. Viral load, often measured through reverse transcription-polymerase chain 

reaction (RT-PCR), can be inferred from the cycle threshold (Ct) value—an inverse 

correlate of viral concentration—and through quantification of gene copies per milliliter. 

This analysis explores data depicted in the two-panel figure, focusing on Ct values and 

starting quantities of SARS-CoV-2 viral RNA across three clinical severity groups: 

Asymptomatic, Moderate, and Severe.  

A study that used samples from Khemiri et al. (2023) evaluated the relationship between 

viral load and COVID-19 illness severity among 76 patients to examine the viral RNA 

shedding patterns by RT-qPCR in COVID-19 patients categorized with moderate and 
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severe disease. They discovered that the viral load in the nasopharyngeal specimens of 

severe cases was approximately 60 times more than that of mild cases and that there was a 

sustained positive correlation over the initial 12 days of infection. 

In another investigation, 3,497 samples (serum, respiratory, feces, and urine) from 96 

patients who were hospitalized at a hospital in Zhejiang province, China, one after the 

other, were examined for SARS-CoV-2 RNA virus shedding (Zheng et al., 2020b). Patients 

with severe illness had a greater viral load in their respiratory samples than in their stool 

and serum samples, but not in their stool or serum samples. Male gender and advanced age 

were linked to prolonged viral shedding durations in critically sick individuals. 

Viral load in asymptomatic vs. symptomatic individuals. Several studies have examined 

whether asymptomatic individuals carry viral loads comparable to symptomatic patients. 

Zou et al. (2020) found similar viral loads in nasal and throat swabs from asymptomatic 

and symptomatic patients, suggesting asymptomatic individuals can contribute to SARS-

CoV-2 transmission (Zou et al., 2020). Similarly, studies by Lee et al. (2020) and Long et 

al. (2020) corroborate that asymptomatic individuals can carry high viral loads, although 

the duration of viral shedding might differ. 

However, the present dataset indicates a tighter range of higher viral loads in asymptomatic 

individuals compared to a more varied distribution in symptomatic patients, particularly 

those with moderate illness. This is consistent with findings from Ra et al. (2021), who 

reported that although peak viral loads may not differ significantly, variability increases 

with clinical severity. 

Viral load and disease severity. The relationship between viral load and disease severity 
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has yielded mixed results in the literature. Chen et al. (2020) observed that patients with 

severe disease had significantly higher viral loads compared to those with milder forms. 

Similarly, Liu et al. (2020) reported that lower Ct values correlated with greater disease 

severity, supporting the data trend observed. Conversely, Argyropoulos et al. (2020) found 

no significant correlation between initial viral load and disease severity, suggesting that 

host immune response may play a more critical role. 

The current data support a trend of lower Ct values (thus, higher viral loads) in severe cases 

but highlight considerable inter-individual variability. This heterogeneity may reflect 

differences in immune responses, comorbidities, or sample timing relative to infection 

onset. Additionally, severely ill individuals may exhibit prolonged viral shedding, 

contributing to sustained high RNA concentrations over time. 

A study by Dadras et al. (2022) found a positive correlation between COVID-19 severity 

and greater viral load, which is consistent with the results. This result emphasizes how 

crucial it is to keep an eye on viral kinetics in order to identify individuals who are more 

likely to develop severe diseases. In a similar vein, Waller et al, (2023) showed that an 

independent predictor of COVID-19 is the upper respiratory tract viral RNA load of SARS-

CoV-2 at the time of hospital admission.  

An illustration of this dispute is the research conducted by (Hasanoglu et al (2021) showed 

that, in contrast to the few studies in the literature, a significant reduction in the viral load 

of nasopharyngeal/oropharyngeal samples was noted with increasing illness severity. They 

also showed that asymptomatic individuals had greater SARS-CoV-2 viral loads than 

symptomatic patients. Similarly, (Cho et al, (2020) discovered no correlation between the 
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SARS-CoV-2 viral load and the degree of these symptoms' severity or rate of recovery. A 

further investigation revealed that the respiratory viral load assessment on the initial 

nasopharyngeal swab (via RT-PCR) in the initial management of a SARS-CoV-2 infection 

did not represent the intensity of the infection or the probability of mortality (Le Borgne et 

al., 2021). Briefly, a negative PCR test had a respectable negative predictive value at the 

beginning of the pandemic's symptoms.    

The quantification of SARS-CoV-2 viral load across different clinical severities and stages 

of infection remains a crucial aspect in understanding the virological landscape of COVID-

19. Measuring viral RNA through RT-PCR via cycle threshold (Ct) values and estimating 

the number of viral gene copies per milliliter provides insights into both infectivity and 

disease progression. This extended analysis incorporates two key dimensions: (1) disease 

severity (asymptomatic, moderate, and severe) and (2) time elapsed since symptom onset 

(0–3, 4–6, and 7–9 days). 

Infectivity window and transmission risk. Combining insights, it is evident that individuals 

are most infectious during the first few days following symptom onset. High viral loads 

during this period, irrespective of disease severity, highlight the necessity for rapid 

diagnostic testing and immediate isolation to curb transmission. The data also support pre-

symptomatic transmission, as individuals may harbor high viral loads before overt 

symptoms emerge (Kimball et al., 2020). 

Severity is not solely determined by viral load. While higher viral loads are associated with 

more severe disease in aggregate, the overlap among severity groups and across time 

suggests that other factors, including immune dysregulation, play significant roles in 
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clinical outcomes. Studies such as those by Chen et al., (2020) and Argyropoulos et al., 

(2020) indicate that cytokine storms and systemic inflammation are critical drivers of 

severe COVID-19, rather than viral burden alone. 

Temporal dynamics and testing strategies. The sharp decline in viral load after the first 

week post-symptom onset underscores the limited utility of RT-PCR for determining 

infectivity in late-stage patients. Viral RNA may persist without indicating active 

replication or transmissibility. This supports evolving testing strategies that incorporate 

antigen tests or viral culture to better assess contagiousness in later disease stages. 

Our findings showed that, after 5 days of symptom onset, individuals with severe illness 

had greater viral loads than those with moderate sickness. However, among individuals at 

an early stage of illness (up to 5 days after symptoms started), there was no statistically 

significant difference in viral load according to COVID-19 severity. 

The relationship between these parameters observed early in the pandemic and the timing 

of symptom onset appears to be very different, according to these data, from that which is 

suggested by SARS-CoV-2 Ct value distributions (a well-established proxy for viral load 

distributions). This finding has significant implications for testing practices in the future. 

Viral loads peaked at the start of symptoms and then gradually decreased afterward, 

according to several studies conducted early in the pandemic (Bhavnani et al., 2022; 

Frediani et al., 2023). In several studies conducted early in the pandemic, the sensitivity of 

fast antigen testing within the first seven days of symptoms was likewise rather good, with 

overall sensitivities (vs PCR) >90–95% in the first week of symptoms in various 

investigations (Parvu et al., 2021; Puhach et al., 2023c; Wertenauer et al., 2023).  
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5.1.2 SARS-CoV-2 IgG antibody kinetics to RBD, spike and nucleocapsid epitopes 

In the blood, higher RBD-specific IgG antibodies were observed in comparison to 

nucleocapsid and spike in all SARS-CoV-2 patients. Severely ill patients had a strikingly 

high spike, nucleocapsid and RBD-specific IgG in blood as compared to moderate and 

asymptomatic groups. In contrast, NP/OP IgG titers were higher in asymptomatic and 

moderate as compared to severely ill patients. There is much debate over whether these 

spike protein-specific antibody responses can protect against a second SARS-CoV-2 

infection (Weisblum et al., 2020). There has been considerable debate over the 

effectiveness of neutralization by these antibody responses, however, prior research has 

shown that S protein-specific serum IgG antibodies with viral neutralization in vitro (Kim 

et al., 2021).  

Studies have assessed the reactions of plasma and nasal antibody titers to natural severe 

acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection and coronavirus 

disease 2019 (COVID-19) (Aksyuk et al., 2023; Chi et al., 2022; Martínez-Flores et al., 

2021). Serum samples from COVID-19 patients showed no proof of cross-binding to the 

S1 component of the SARS-CoV spike antigen. Nonetheless, there was a little cross-

reactivity observed between COVID-19 patient serum samples and SARS-CoV 

nucleocapsid antigens. Days 7-9 from symptom onset, recorded the highest IgG levels in 

the blood contrary to 0-3 in NP/OP in all SARS-CoV-2 individuals. There was a negative 

correlation between spike-specific IgG and viral load in asymptomatic, severe and all 

SARS-CoV-2 patients in blood samples while NP/OP spike, RBD and nucleocapsid IgG 

had positive correlation with viral load. Strong nasal antibody response (anti-RBD IgG) 
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has also been linked to the remission of systemic symptoms (fatigue, fever, headache, 

disorientation, joint or muscle pain, enlarged lymph nodes, etc.). 

 In another study, about 17–19 days following the beginning of symptoms, the percentage 

of patients with positive virus-specific IgG reached 100% (Glück et al., 2021). Conversely, 

individuals with mild SARS-CoV-2 infection showed transient, delayed, or absent S 

protein-specific blood IgG production, which was followed by a late or negative S protein-

specific serum IgG response (Amellal et al., 2023). The discovery of S protein-specific 

IgG in mucosal locations in those with moderate COVID-19 is interesting. It appears 

systemic (i.e., serum) titers of S protein-specific IgG are reflected in mucosal S protein–

specific IgG titers (Sajadi et al., 2022; Serwanga et al., 2023). A possible explanation for 

the humoral immune response's role in immunological pathology has been suggested: it 

may do so by enhancing antigen uptake and stimulation of pro-inflammatory monocytes in 

the lungs, according to preclinical SARS-CoV infection models and correlative evidence 

from the outbreak. However, studies employing convalescent serum treatments during the 

present COVID-19 pandemic as well as in SARS-CoV have yielded positive results. 

Understanding the antibody response to SARS-CoV-2 is crucial for assessing immunity, 

vaccine efficacy, and disease progression. The present data illustrate IgG responses against 

spike, RBD, and nucleocapsid antigens in individuals with varying COVID-19 severity: 

asymptomatic, moderate, and severe cases. The findings suggest that IgG responses to 

Spike and RBD are significantly higher than those to Nucleocapsid, with the most 

pronounced antibody responses occurring in severe cases. To provide a broader context, 

this study is compared with existing literature on antibody responses in COVID-19 

patients. 
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The observed pattern in the figure aligns with several studies that have examined the 

differential IgG responses based on disease severity. Generally, asymptomatic and mild 

cases exhibit lower IgG responses compared to severe cases (Long et al., 2020). The 

current data indicate that asymptomatic individuals have significant IgG levels against 

Spike and RBD, with a markedly lower response to Nucleocapsid. This is consistent with 

studies showing that asymptomatic infections can still induce a detectable immune 

response, although often at lower magnitudes than symptomatic cases (Gallais et al., 2021). 

A study by Choe et al., (2021) found that asymptomatic individuals exhibit weaker and 

more transient IgG responses, particularly against Nucleocapsid, which tends to wane 

faster than Spike-targeting antibodies. This aligns with the present findings where 

Nucleocapsid IgG is significantly lower in all groups. The relatively strong Spike and RBD 

IgG responses suggest that even asymptomatic infections generate some degree of 

protective immunity, which may contribute to long-term immunological memory 

(Gudbjartsson et al., 2020). 

Moderate cases demonstrate a similar trend, with Spike and RBD IgG levels remaining 

high, while Nucleocapsid IgG is lower. This correlates with studies reporting that moderate 

cases tend to mount a more robust and prolonged antibody response compared to 

asymptomatic individuals (Dan et al., 2021). The persistence of high IgG levels in 

moderate cases is essential in understanding protective immunity and potential resistance 

to reinfection. 

In severe cases, the figure shows a marked increase in overall IgG levels, particularly 

against RBD. This aligns with previous findings by Lucas et al., (2020), who reported that 
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patients with severe disease often exhibit exaggerated humoral responses, likely due to 

higher antigenic exposure and prolonged viral replication. Severe cases tend to have 

persistent and high-affinity antibodies, which may contribute to immunopathology as well 

as protection (Wang et al., 2020). 

The consistently lower levels of Nucleocapsid IgG across all severity groups raise 

questions about its role in immune protection. Several studies have shown that while 

Nucleocapsid is a highly immunogenic protein, the corresponding antibody response is 

often short-lived (Ibarrondo et al., 2020). The present findings are consistent with research 

indicating that Nucleocapsid IgG responses are transient and may not be a reliable marker 

of long-term immunity. 

A study by Ripperger et al., (2020) demonstrated that Spike and RBD IgG responses are 

more durable, whereas Nucleocapsid IgG declines rapidly within months post-infection. 

This suggests that Nucleocapsid antibodies may be more reflective of recent infection 

rather than lasting immunity. This pattern has implications for serological testing, as assays 

relying on Nucleocapsid IgG may underestimate prior infection rates in individuals who 

recovered months earlier. 

The higher IgG levels observed in symptomatic cases, particularly for Spike and RBD, 

provide insight into natural immunity relative to vaccine-induced responses. Vaccination 

primarily targets the Spike protein, aiming to generate robust IgG responses similar to those 

observed in symptomatic infections. A study by Stephenson et al., (2021) compared natural 

and vaccine-induced immunity and found that mRNA vaccines elicit higher and more 

sustained Spike-specific IgG levels than natural infection alone. 



203 

 

  

The relatively low Nucleocapsid IgG levels in this dataset further differentiate natural 

infection from vaccine-induced responses, as vaccines do not target the Nucleocapsid 

protein. Studies have confirmed that vaccinated individuals predominantly develop strong 

Spike and RBD IgG responses, comparable to or exceeding those seen in severe infections 

(Zhao et al., 2021). This suggests that vaccine-induced immunity may provide broader and 

more sustained protection than natural infection, particularly against severe disease. 

The heightened IgG responses in severe cases suggest a potential correlation between high 

antibody titers and disease severity. While strong antibody responses are generally 

protective, excessive humoral activation in severe COVID-19 cases has been associated 

with immune dysregulation and hyperinflammation (Garcia-Beltran et al., 2021). A study 

by Liu et al., (2020) found that patients with severe COVID-19 exhibit hyperactivated B-

cell responses, which may contribute to inflammatory damage. 

Moreover, increased RBD IgG levels in severe cases may indicate prolonged viral 

replication and immune system overactivation. In these cases, the interplay between 

cellular and humoral immunity requires further investigation, as excessive antibody 

responses could exacerbate disease through mechanisms such as antibody-dependent 

enhancement (ADE) (Lee et al., 2020). 

There is one further warning regarding the longevity of humoral immunity that provides 

protection. It is unclear if mucosal IgG responses specific to S proteins protect against a 

subsequent SARS-CoV-2 infection. 
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5.1.3 Type I (IFN-α and IFN-β), type II (IFN-γ) and interferon-stimulating gene 16 

(IFI-16) expression levels in COVID-19 patients 

The study compared cases of asymptomatic, moderate COVID-19 with patients 

hospitalized for severe illness to further elucidate how various IFN measurements may be 

utilized to understand the immune response and pathophysiology of COVID-19. Severely 

ill patients had the lowest systemic IFN-α, IFN-β, IFN-γ and IFI-16 as opposed to moderate 

and severe patients. Notably, IFN-γ was highest in the mucosa of severely ill patients. High 

blood mRNA IFN-α, IFN-γ and IFI-16 in SARS-CoV-2 patients positively correlated with 

mucosal mRNA gene expression levels. Asymptomatic individuals also showed a similar 

correlation between mucosal and systemic IFN-α and IFN-β mRNA with viral load, 

however, this was negative. 

There is a greater incidence of severe illness and mortality in patients with combined 

immunological dysregulation diseases, and innate immunity abnormalities that impede 

type I interferon responses are associated with the incidence of severe illness and mortality 

in patients (Zhang et al., 2020). Furthermore, individuals who have autoantibodies against 

this interferon are at a higher risk of developing serious COVID-19 due to the development 

of cytokine storm. There is mounting evidence that interferon (INF)-1 alters innate 

immunity. INF-1 is an essential component that supports the adaptive immune systems and 

aids in the reproduction of viruses. COVID-19 affects the host's innate immune response 

and reduces INF-1's ability to operate in response to infection. All of these points to IFN-

I's critical function in the host's fight against SARS-CoV-2.   

The findings suggest a significant variation in interferon (IFN) and IFI-16 expression levels 
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among asymptomatic, moderate, and severe cases, which aligns with previous studies on 

immune responses during viral infections. Findings show significantly higher expression 

in asymptomatic individuals compared to moderate and severe cases. This is consistent 

with research on SARS-CoV-2 and other viral infections, where early and robust Type I 

IFN responses have been associated with better viral control and milder disease outcomes 

(Hadjadj et al., 2020). In contrast, studies have shown that severe cases of viral infections, 

such as COVID-19, often exhibit blunted Type I IFN responses, potentially due to viral 

mechanisms that evade innate immune detection, leading to unchecked viral replication 

and hyperinflammation (Arunachalam et al., 2020). 

Similarly, IFN-γ, a Type II IFN primarily produced by activated T cells and natural killer 

(NK) cells, follows a similar trend, with higher expression in asymptomatic individuals 

compared to moderate and severe cases. IFN-γ plays a critical role in adaptive immunity 

by promoting macrophage activation and antigen presentation, which are essential for viral 

clearance. Previous studies have reported that individuals with mild or controlled infections 

often display a balanced IFN-γ response, whereas severe cases may experience an impaired 

or dysregulated IFN-γ response, leading to excessive inflammation or immune exhaustion 

(Moderbacher et al., 2020). 

IFI-16 expression is also significantly elevated in asymptomatic individuals and reduced 

in moderate and severe cases. IFI-16 is a key sensor of intracellular DNA, triggering 

immune responses by activating the STING (Stimulator of Interferon Genes) pathway, 

which is crucial for Type I IFN production. Reduced IFI-16 expression in severe cases 

aligns with findings from studies on viral immune evasion strategies, where pathogens 

suppress IFI-16 function to escape immune detection (Orzalli et al., 2015). A decrease in 
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IFI-16 in moderate and severe cases could indicate impaired antiviral sensing, contributing 

to disease progression. 

These findings parallel observations in viral infections such as influenza and SARS-CoV-

2, where patients with mild disease often exhibit robust IFN responses early in infection, 

whereas severe cases are characterized by delayed or suppressed IFN signaling, leading to 

exacerbated inflammation and tissue damage (Blanco-Melo et al., 2020). The correlation 

between lower interferon responses and disease severity underscores the importance of 

early immune activation in controlling viral infections and preventing severe disease 

outcomes. 

IFN-α is a crucial component of the innate immune response, known for its antiviral 

properties and ability to activate adaptive immunity (Park and Iwasaki, 2020). These results 

align with previous studies, which have shown that early and robust IFN-α responses 

contribute to viral control and milder disease outcomes (Hadjadj et al., 2020). However, in 

severe cases, delayed or dysregulated IFN-α responses may exacerbate inflammation, 

contributing to immune-mediated pathology. This is consistent with findings by Zhang et 

al., (2021), who demonstrated that severe COVID-19 patients exhibited high IFN-α levels, 

potentially driven by prolonged viral replication and excessive immune activation. This 

biphasic role of IFN-α—protective in early infection and harmful when dysregulated—has 

been widely documented in viral pathogenesis. 

IFN-β, a key type I interferon, plays a crucial role in the early antiviral response, inhibiting 

viral replication and promoting immune signaling (Blanco-Melo et al., 2020). The 

observed upregulation in asymptomatic and moderate cases supports previous findings that 
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effective type I IFN responses contribute to viral clearance and milder disease 

(Arunachalam et al., 2020). However, severe COVID-19 has been associated with an 

impaired IFN-β response, as reported by Acharya et al., (2022), who found that patients 

with critical illness often exhibit suppressed type I IFN signaling, leading to uncontrolled 

viral replication and hyperinflammation. 

IFN-γ is a type II interferon primarily produced by T cells and natural killer (NK) cells, 

playing a pivotal role in orchestrating adaptive immunity and macrophage activation 

(McNab et al., 2015). These findings align with previous reports demonstrating increased 

IFN-γ production in moderate COVID-19 cases, where a balanced immune response 

facilitates viral clearance without excessive tissue damage (Lucas et al., 2020). However, 

in severe disease, IFN-γ levels may be dysregulated or exhausted due to T cell dysfunction, 

as observed by Moderbacher et al., (2020). Additionally, weaker IFN-γ responses in 

asymptomatic individuals could indicate efficient viral elimination via innate mechanisms 

without requiring extensive adaptive immune activation. 

IFI-16 has been implicated in viral recognition and inflammasome activation, linking 

innate immune sensing with inflammatory responses (Orzalli and Knipe, 2014). Increased 

IFI-16 expression in severe COVID-19 cases may reflect heightened immune activation 

and inflammasome-driven pathology, as proposed by Choudhury et al., (2021). 

Conversely, its upregulation in asymptomatic cases suggests a role in early viral detection 

and immune priming, potentially contributing to efficient viral clearance without excessive 

inflammation. 

Several studies have investigated interferon responses in COVID-19, revealing complex 
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immune dynamics that influence disease severity. A key finding in this dataset is the 

differential expression of type I (IFN-α, IFN-β) and type II (IFN-γ) interferons across 

clinical groups, echoing previous research on the protective and pathological roles of these 

cytokines. 

Research by Bastard et al., (2020) demonstrated that autoantibodies against type I IFNs 

were prevalent in severe COVID-19, impairing antiviral defenses and leading to worse 

outcomes. The positive correlations observed in this dataset suggest that individuals with 

effective IFN-α/β responses tend to have milder disease, supporting the hypothesis that an 

intact type I IFN response is crucial for viral control. 

The observed upregulation of IFNs in severe cases aligns with findings by Hadjadj et al., 

(2020), who reported that late-stage COVID-19 is characterized by excessive type I IFN 

signaling, contributing to cytokine storm and immune dysregulation. This phenomenon has 

been proposed as a mechanism underlying the transition from mild/moderate disease to 

severe pathology. The significant correlations between IFN-γ expression and moderate 

disease severity are consistent with studies highlighting the importance of T cell responses 

in viral clearance (Grifoni et al., 2020). However, reduced IFN-γ responses in severe cases 

may indicate T cell exhaustion, a phenomenon widely reported in critically ill COVID-19 

patients (Sekine et al., 2020). 

The role of IFI-16 in COVID-19 remains less explored, but recent studies suggest its 

involvement in inflammasome activation and antiviral defense (Wang et al., 2021). The 

correlations observed here support a dual role for IFI-16, contributing to protective 

immunity in asymptomatic cases while driving inflammation in severe disease. The 
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findings presented in this image reinforce the complex interplay between innate and 

adaptive immunity in COVID-19. The observed correlations between interferon expression 

and disease severity suggest that early, balanced IFN responses contribute to viral control, 

while delayed or excessive IFN signaling may drive inflammation and severe disease 

outcomes. 

Future studies should further investigate the kinetics of interferon responses across 

different clinical stages and the potential therapeutic targeting of IFN pathways to mitigate 

severe COVID-19. Additionally, longitudinal studies assessing IFN responses in post-

acute sequelae of SARS-CoV-2 infection (PASC) could provide insights into long-term 

immune dysregulation. 

The findings in this study demonstrate significant differences in interferon (IFN) and IFI-

16 expression between blood and nasopharyngeal/oropharyngeal (NP/OP) samples, 

highlighting distinct immune response dynamics at systemic and localized levels. In blood 

samples, IFN-α and IFN-γ showed significant variation, suggesting systemic Type I and 

Type II interferon responses may differ based on disease severity. In contrast, IFN-β 

exhibited lower variability in blood, indicating that it may play a more prominent role in 

localized tissue responses. IFI-16 expression in blood was relatively stable across groups, 

implying that systemic viral DNA sensing mechanisms remain consistent. On the other 

hand, in NP/OP samples, all four markers—IFN-α, IFN-β, IFN-γ, and IFI-16—showed 

significant differences, suggesting that early innate immune responses in the respiratory 

tract are critical for viral detection and control. The higher variability in IFN-β and IFI-16 

expression in NP/OP samples aligns with previous studies showing that local immune 

responses are more dynamic and are crucial for containing viral infections. Research on 
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respiratory viruses such as SARS-CoV-2 and influenza has shown that robust early Type I 

IFN responses in the respiratory tract are associated with better viral clearance and milder 

disease, while delayed or suppressed IFN responses correlate with severe outcomes. These 

findings are consistent with studies by Blanco-Melo et al., (2020) and Hadjadj et al., 

(2020), which demonstrated that patients with severe COVID-19 exhibited impaired Type 

I IFN responses in the respiratory epithelium, whereas mild cases had strong early 

interferon activation. Similarly, Park and Iwasaki (2020) emphasized that IFN-β is 

predominantly produced at infection sites rather than in circulation, which aligns with the 

greater variability observed in NP/OP samples in this study. Additionally, IFI-16, a key 

DNA sensor involved in antiviral immunity, displayed significantly higher variability in 

NP/OP samples, supporting its role in early viral recognition at mucosal surfaces. This is 

in agreement with research by Orzalli et al., (2015), which demonstrated that IFI-16 plays 

a critical role in detecting viral DNA in epithelial cells, leading to STING pathway 

activation and Type I IFN production. The observed differences between blood and NP/OP 

samples suggest that localized immune responses are more responsive to early viral 

detection, whereas systemic responses primarily serve to modulate overall immune 

activation. These findings have important clinical implications, as measuring IFN-β and 

IFI-16 expression in NP/OP samples could serve as a diagnostic marker for disease 

severity, while systemic IFN-γ levels could reflect overall immune activation. 

Furthermore, therapeutic strategies aimed at enhancing early interferon responses in the 

respiratory tract, such as intranasal IFN therapy, could be beneficial in mitigating severe 

disease progression. Additionally, the observed suppression of IFN-β and IFI-16 in certain 

cases suggests potential viral immune evasion mechanisms, highlighting the need for 
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interventions that restore interferon signaling. In summary, this study reinforces the 

importance of early and robust Type I interferon responses at mucosal sites in controlling 

viral infections and underscores the differential regulation of systemic and localized 

immune responses, which could inform future therapeutic and diagnostic strategies. 

Consistent to this study, peripheral blood responses from COVID-19 patients showed 

reduced IFN expression and a pro-inflammatory response in critically ill individuals 

(Hadjadj et al., 2020).  Although another study showed, in vitro, that while high levels of 

chemokines were present for the recruitment of immune cells, the host response to SARS-

CoV-2 is unable to activate a robust IFN-I and -III response by comparing the 

transcriptional responses of several respiratory viruses, including SARS-CoV-2 (Blanco-

Melo et al., 2020). Similarly, (Sposito et al., 2021) assessed if SARS-CoV-2 may cause 

interferons (IFNs) in the upper or lower respiratory tract of COVID-19 patients. Crucially, 

they found that there was no discernible variation in the levels of interferon (IFN) between 

the upper respiratory tracts of COVID-19 patients and healthy persons. However, elevated 

levels of inflammatory cytokines, specifically IFN-I and IFN-III, were seen in the broncho-

alveolar lavage fluid of these individuals. The findings suggest that SARS-CoV-2 

suppresses the synthesis of interferon in the upper respiratory tract, hence reducing the 

immune response and enhancing the survival of the virus. However, an overactive immune 

response and the overexpression of damaging interferons are triggered by the time the virus 

reaches the lower respiratory tract (Kim and Shin, 2021). 

Excessive COVID-19 is linked to compromised T-cell responses, which manifest as 

lymphopenia and CD4+ and CD8+ T-cell functional exhaustion (Sposito et al., 2021; 

Tomasello et al., 2014). Increased levels of IFNs and interferon-stimulated genes (ISGs) 
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have been reported as mortality indicators in earlier investigations, despite the obvious role 

of IFN-I in early innate immunity against SARS-CoV-2 infection (Boukhaled et al., 2021; 

Laurent et al., 2022). There might be several reasons for these discrepancies in disclosing 

the specific function of IFN-I, including variations in the anatomical place under 

investigation, patient demographics, disease dynamics, reporting of IFN protein data vs 

ISG expression, and various IFN-I subtypes (Acosta et al., 2020).  This weak type I IFN 

signature was comparable to that seen in young children with a severe respiratory syncytial 

virus infection, but it differed significantly from the transcriptional response brought on by 

other respiratory viruses, such as influenza A virus or human parainfluenza virus, which 

both in vitro experiments showed a stronger type I IFN response (Bergeron et al., 2023; 

Liang et al., 2014; Sabbah and Bose, 2009).  

Since IFNs support T cell survival and effector activities, insufficient IFN synthesis can 

lead to impaired T cell responses (Hanada et al., 2018). It is well recognized that IFNs play 

a key role in controlling the growth of Treg cells (Gangaplara et al., 2018; Sisirak et al., 

2012). Thus, it is tempting to hypothesize that the production of Treg cells during the 

COVID-19 recovery phase may be influenced by the dysregulated or inadequate IFN 

responses generated by SARS-CoV-2 infection (Lukhele et al., 2019).    

Results show significantly reduced expression of IFN-β and IFN-γ in blood compared to 

IFN-α and IFI-16. This pattern suggests a downregulation of key antiviral interferons in 

peripheral circulation, which might reflect immune evasion or modulation by the pathogen. 

This finding is consistent with previous studies showing suppressed systemic type I IFN 

responses in severe viral infections, particularly COVID-19. For instance, Hadjadj et al., 

(2020) reported that severe COVID-19 cases exhibit impaired type I IFN responses in 



213 

 

  

blood, particularly IFN-β, leading to uncontrolled inflammation and poorer outcomes. 

Similarly, Blanco-Melo et al., (2020) showed that SARS-CoV-2 infection leads to a 

diminished interferon response but an exaggerated chemokine response, emphasizing the 

virus’s strategy to evade the innate immune system. 

Findings reveal significantly higher expression of IFN-γ and IFN-α in NP/OP samples, 

with particularly high IFN-γ levels. This suggests an active local mucosal immune response 

where viral load is highest during respiratory infections. The elevated IFN-γ may reflect 

strong type II interferon activation typically associated with antiviral T-cell responses. 

These observations align with findings from Lee et al., (2020), who reported robust type I 

and III IFN responses in the upper respiratory tract of SARS-CoV-2-infected individuals. 

Moreover, Ziegler et al., (2021) noted that interferon-stimulated genes (like IFI-16) were 

upregulated in nasal epithelial cells early during infection, supporting local antiviral 

defense mechanisms. 

Interestingly, IFN-β levels remain comparatively low across both compartments, consistent 

with other studies indicating a muted IFN-β response in COVID-19, which may be due to 

direct viral suppression of IFN-β gene expression (Park and Iwasaki, 2020). The 

differential regulation of IFN-α and IFN-β underscores their distinct transcriptional control 

and timing during viral infection. 

IFI-16, a DNA sensor and interferon-stimulated gene, shows moderate expression levels in 

both blood and NP/OP samples. It is noteworthy that IFI-16 contributes to inflammasome 

activation and antiviral signaling, including induction of IFN-β (Unterholzner et al., 2010). 

Its consistent expression may reflect its role in maintaining baseline innate immune 
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surveillance, even when upstream IFN responses are suppressed. 

5.1.4 Inflammatory biomarkers  

5.1.4.1 C-reactive protein 

As expected, this study further observed that patients with C-reactive protein (CRP) levels 

>162.3 mg/L were more likely to have the severe form of the illness. C-reactive protein 

may therefore appear to be an effective indicator of the severity and development of 

COVID-19. The liver produces considerable amounts of acute-phase proteins (APPs), 

including CRP, in response to infections (Potempa et al., 2020). Acute inflammatory 

proteins like this one are sensitive biomarkers for infection, inflammation, and tissue 

damage (Chen et al., 2018). The results of the current study showed that CRP levels were 

considerably greater in patients with severe instances than in patients with moderate cases, 

indicating that CRP levels may be a biomarker of disease severity and progression in 

COVID-19 patients.  

According to Liu et al., (2023) severe COVID-19 patients had noticeably higher CRP 

levels than less severe patients indicating that this biomarker can be tracked to gauge 

disease progression. In severe COVID-19 patients, elevated CRP levels were noted up to 

86% of the time (Abdullah et al., 2023). Compared to moderate or non-severely ill patients, 

people with severe disease courses had much higher CRP levels. For instance, research 

found that the average CRP concentration of patients with more severe symptoms was 39.4 

mg/L, whereas the average CRP concentration of individuals with milder symptoms was 

18.8 mg/L. In the beginning, CRP levels were higher in the severe group than in the mild 

group (Ali, 2020). 
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In a separate research, patients classified as severe had a mean CRP value of 46 mg/L, 

compared to non-severe patients' 23 mg/L. The CRP levels in the COVID-19-deceased 

patients were almost ten times greater than those in the recovered patients (median 100 vs. 

9.6 mg/L). According to recent research, around 7.7% of non-severe COVID-19 patients 

advanced to severe disease courses after being admitted to the hospital (Chen et al., 2020). 

The aggravated patients had considerably higher CRP concentrations (median 43.8 vs. 12.1 

mg/L) than the non-severe cases. The aggravation of non-severe COVID-19 patients was 

shown to be significantly correlated with CRP concentrations (Ali, 2020; Bouayed et al., 

2022). The aggravation of non-severe COVID-19 patients was shown to be significantly 

correlated with CRP concentrations. The authors suggested that CRP might be used as a 

useful marker to predict the aggravation risk of non-severe COVID-19 patients, with an 

ideal threshold value of 26.9 mg/L (Ali, 2020). Moreover, patients with low oxygen 

saturation (SpO2 ≤90%) were found to have significantly higher CRP levels (median 76.5 

mg/L) than patients with high oxygen saturation (SpO2 >90%) (median 12.7 mg/L), 

suggesting that patients with more severe lung damage have higher CRP levels. Hence, 

increased CRP levels are associated with a more severe disease course, lung damage, and 

a worse prognosis (Bouayed et al., 2022; Chen et al., 2020). 

Figure 4.21 A shows the ROC curve comparing asymptomatic vs. moderate COVID-19 

cases. The AUC of 0.8027 (p = 0.0035) indicates good discriminatory power of CRP for 

identifying individuals likely to progress from asymptomatic to moderate disease. This 

aligns with findings by Wang et al., (2020), who reported that elevated CRP levels correlate 

well with worsening respiratory function in moderate COVID-19 patients. Likewise, Liu 
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et al., (2020) observed that patients transitioning to more symptomatic phases consistently 

exhibited CRP levels above 10 mg/L. 

Figure 4.21 B, which compares asymptomatic vs. severe cases, shows the highest AUC 

(0.8867, p = 0.0002), indicating excellent discriminatory performance. This is consistent 

with multiple studies, including those by Herold et al., (2020), which demonstrated that 

CRP was significantly elevated in patients requiring mechanical ventilation or ICU 

admission. The high sensitivity and specificity suggest CRP can be a valuable early 

predictor of disease escalation from asymptomatic infection to severe clinical 

manifestations. 

Figure 4.21 C compares moderate vs. severe cases and yields the lowest AUC (0.6797, p 

= 0.083), which does not reach statistical significance. This reduced discriminatory power 

may reflect the overlapping inflammatory response between moderate and severe cases, as 

reported by Tan et al., (2020), where both groups had elevated CRP, albeit with wide inter-

individual variability. In this context, CRP alone may be insufficient to precisely 

distinguish between these two stages, necessitating combined biomarker panels (e.g., 

ferritin, IL-6, or D-dimer) for better accuracy (Del Valle et al., 2020). 

5.1.4.2 Lactate Dehydrogenase  

In line with our study, the levels of LDH were substantially greater in the severe 

symptomatic group than in the moderate symptomatic and asymptomatic patients. 

According to a number of studies, severe COVID-19 patients had higher blood LDH levels 

(Fialek et al., 2022; Ostadi et al., 2023). We consistently demonstrate that patients infected 

with SARS-CoV-2 who have elevated levels of LDH at arrival have an increased risk of 
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developing ARDS. The pathological processes of pulmonary tissues are significantly 

influenced by inflammation and cell damage (Yan et al., 2020; Zhou et al., 2020). 

Compared to patients with confirmed SARS-CoV-2 negative pneumonia, COVID-19 

patients had higher LDH levels. According to Aghbash et al., (2023) LDH levels and the 

COVID-19 mRNA clearance ratio were strongly correlated. Based on previous research, 

the positive-sense RNA virus SARS-CoV-2 may cause cellular pyroptosis and severe 

symptoms by activating inflammasomes (Garcia-Gordillo et al., 2021). This might help to 

explain why LDH and ARDS are associated in COVID-19 patients. Nevertheless, we 

discovered that 273U/L was the optimal threshold for ARDS prediction. 

The incidence of ARDS could be highly predicted by the LDH level, which was also 

independently linked to the disease (Parasher, 2021). Increased LDH activity suggests 

tissue oxygen shortage, multi-organ failure, or a lack of oxygen in metabolic activities. An 

increase in LDH activity might be a sign of hypoxia, cellular damage, or even death (An et 

al., 2023). It should be noted that abnormal processes affecting the lungs, liver, muscles, 

red blood cells, and renal cortex, as well as situations linked to cardiac ischemia, may be 

linked to increased LDH activity. Interstitial lung infections and acute and severe lung 

damage have both been linked to an increase in LDH levels (Medina-Hernández et al., 

2022). Studies showed that a rise or fall in LDH was a sign of radiographic advancement 

or improvement. When a chest CT scan was used to validate the prediction, an increase in 

LDH of 62.5 U/L had a good sensitivity and a high specificity indicating a considerably 

increased likelihood of disease progression (Wu et al., 2020). 

The practical significance of identifying indicators of severe illness stems from the 

therapeutic advantage of early diagnosis of people at risk for severe COVID-19 (Imam et 
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al., 2023). In order to evaluate the usefulness of several markers suggestive of severe 

COVID-19, multiple studies have recently been conducted (Israfil et al., 2021; Nguyen et 

al., 2023). Severe COVID-19 respiratory failure, lung damage, and multi-organ failure 

have all been linked to increased LDH activity, according to many investigations (Kermali 

et al., 2020; Lymperaki et al., 2022). 

This AUC value suggests only a modest discriminatory power of LDH between 

asymptomatic and moderate COVID-19 cases. This aligns with previous findings where 

LDH has been reported to increase with inflammation and tissue damage, but such changes 

may not be as pronounced in individuals who are asymptomatic or have only moderate 

disease. For instance, Henry et al., (2020) found that while LDH was higher in severe and 

critical cases, differences between mild and moderate cases were less significant, indicating 

limited utility of LDH for early-stage discrimination. 

The high AUC indicates that LDH is a strong biomarker for distinguishing moderate from 

severe COVID-19. This supports a growing body of literature. Zhang et al., (2020) reported 

that LDH levels were significantly elevated in severe cases and could be predictive of 

disease progression. The ROC-AUC of approximately 0.95 suggests LDH is highly 

sensitive and specific for identifying patients at risk of severe disease and could be an 

effective triage biomarker in clinical settings. 

An AUC of 1.000 indicates perfect discrimination, underscoring the substantial elevation 

of LDH in severe cases compared to asymptomatic individuals. This is consistent with 

numerous studies. For example, Poggiali et al., (2020) showed that LDH was markedly 

increased in patients requiring intensive care, with clear separation from those who 

remained asymptomatic or mildly symptomatic. Similarly, Wu et al., (2020) emphasized 
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the role of LDH as a strong predictor of mortality and critical illness, reinforcing its utility 

in distinguishing extremes of disease severity. 

The logistic regression model reveals that CRP (C-reactive protein) has a statistically 

significant association with disease severity (OR = 2.581, 95% CI = 9.361–110.9, p = 

0.0006). Despite the wide confidence interval—which may reflect a small sample size or 

high variability—the odds ratio indicates a strong predictive power, with elevated CRP 

levels significantly increasing the likelihood of more severe disease. This aligns with 

existing literature emphasizing CRP as a robust inflammatory marker linked to COVID-19 

progression. Elevated CRP levels correlate with cytokine storm, pneumonia, and poor 

prognosis (Zeng et al., 2020). 

In contrast, the LDH logistic regression result (OR = 0.2367, CI = -0.6948–1.252) appears 

inconsistent and potentially erroneous, as odds ratios cannot have negative confidence 

intervals. However, given the p-value is <0.0001, LDH still shows strong statistical 

significance in association with disease severity, even if the numerical reporting of the odds 

ratio or confidence interval may need verification.  

The results reinforce that LDH remains a relevant biomarker, supporting its clinical utility 

as highlighted in previous ROC analyses. Similarly, ROC curve findings confirm CRP’s 

value in distinguishing between different COVID-19 severity categories. CRP 

demonstrates strong discriminatory power in separating asymptomatic from severe cases, 

with an AUC of 0.8867 (p = 0.0002). This high level of accuracy indicates CRP's 

effectiveness as a severity predictor, consistent with previous studies such as Sadeghi-

Haddad-Zavareh et al. (2021), which also identified CRP as a reliable marker, particularly 

in hospitalized patients. 
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CRP also performs well in differentiating asymptomatic from moderate cases, with an 

AUC of 0.8027 (p = 0.0035), sensitivity of 87%, and specificity of 94%. These values 

suggest that CRP can aid in the early identification of patients transitioning from 

asymptomatic to moderate disease, offering a potential window for timely clinical 

intervention. However, its capacity to distinguish moderate from severe cases is limited, 

with a lower AUC of 0.6797 and p-value of 0.083, indicating a lack of statistical 

significance. This likely reflects overlapping inflammatory profiles between moderate and 

severe stages of COVID-19, suggesting that CRP alone may be insufficient for precise 

stratification at these stages. Additional biomarkers or composite indices may be required 

to improve discriminatory accuracy. 

In contrast, LDH demonstrates superior discriminatory capacity, achieving perfect 

separation between asymptomatic and severe cases (AUC = 1.000) and excellent 

performance between moderate and severe groups (AUC = 0.9492). These findings 

highlight LDH's potential as a robust marker for identifying patients at risk of severe 

disease. However, while the ROC results are compelling, the logistic regression odds ratio 

(OR) for LDH is inconsistent and potentially flawed, which complicates its interpretation 

in regression-based predictive models. Despite this, the strong statistical significance (p < 

0.0001) supports LDH's association with disease severity and affirms its clinical relevance 

in risk assessment and patient monitoring. 
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CHAPTER SIX 

 

6.0 CONCLUSION AND RECOMMENDATIONS 

 

6.1 Conclusions 

This study has demonstrated that: 

i. SARS-CoV-2 viral load is closely associated with disease severity.  

It is typically measured via RT-PCR cycle threshold (Ct) values or viral RNA copies per 

milliliter. Individuals with severe COVID-19 tend to exhibit higher viral loads, particularly 

beyond five days after symptom onset.  

ii. Protection in the mucosa is linked to RBD and spike-specific IgG 

magnitude and target specificity differ by disease severity. Patients with severe COVID-

19 exhibit significantly elevated IgG levels against the Spike protein, Receptor-Binding 

Domain (RBD), and Nucleocapsid (N) antigens in the blood. In contrast, asymptomatic 

and moderately ill patients show robust IgG responses mainly against Spike and RBD, with 

consistently lower Nucleocapsid-specific IgG across all groups. 

Systemic vs. mucosal responses show divergence. While systemic (blood) IgG titers peak 

in severe cases, mucosal IgG (nasopharyngeal/oropharyngeal) levels are paradoxically 

higher in asymptomatic and moderate cases. This suggests immune compartmentalization, 

where strong mucosal immunity may limit disease severity, emphasizing the importance 

of localized immune responses at the infection site. 

 

iii. Interferons and ISGs are essential in preventing severe COVID-19 and mitigating SARS-

CoV-2 infection 

This study underscores the pivotal role of interferons (IFN-α, IFN-β, IFN-γ) and the 
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interferon-stimulated gene IFI-16 in orchestrating early immune responses to SARS-CoV-

2. Robust and well-regulated IFN responses, especially at mucosal sites, are associated 

with asymptomatic disease, indicating their critical function in early viral control and 

infection containment. Asymptomatic individuals demonstrated higher and more balanced 

IFN activity, suggesting that early activation of IFN pathways limits viral replication and 

prevents disease progression. 

iv. CRP and LDH as predictive markers for COVID-19 disease progression. This study 

highlights the prognostic value of C-reactive protein (CRP) and lactate dehydrogenase 

(LDH) in predicting the clinical course of COVID-19.  

6.2 Recommendations 

➢ To stakeholders and policymakers: 

i. To inform public health policies, it is still crucial to keep assessing the traits of viral 

shedding in light of these shifting conditions and to comprehend the biological features of 

new SARS-CoV-2 variants. 

ii. CRP, LDH and IgG indicators may be used to predict COVID-19 course and supplement 

SARS-CoV-2 testing to develop tailored treatments for COVID-19 patients.    

➢ To scientists: 

i. Quantifying interferon protein levels may provide insight for COVID-19 therapy and 

monitoring.  

ii. Larger studies are needed to show a relationship between humoral and inflammatory 

responses with clinical outcomes. 

iii. More research to ascertain if the COVID-19 illness severity is correlated with the levels of 

pentameric (pCRP) and monomeric (mCRP). 
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APPENDIX XI: QUESTIONNAIRE 

 

 

INTRODUCTION 

In response to the COVID-19 pandemic, the World Health Organization (WHO) has 

launched a global COVID-19 anonymized clinical data platform (the “COVID- 19 Data 

Platform”) to enable State Parties to the International Health Regulations (IHR) (2005) to 

share with WHO anonymized clinical data related to patients with suspected or confirmed 

infections with SARS-CoV-2 (collectively “anonymized COVID-19 data”). The 

anonymized COVID-19 data received by WHO will remain the property of the contributing 

Entity and will be used by WHO for purposes of verification, assessment and assistance 

pursuant to the IHR (2005), including to inform the public health and clinical operation 

response in connection with the COVID-19 outbreak. To help achieve these objectives, 

WHO has established an independent Clinical Advisory Group to advise WHO on global 

reporting and analysis of the anonymized clinical COVID-19 data. State Parties and other 

entities are invited to contact WHO to obtain more information about how to contribute 

anonymized clinical COVID-19 data to the WHO Data Platform. To preserve the 

security and confidentiality of the anonymized COVID-19 data, State Parties and 

 

MOI UNIVERSITY 

School of Medicine 

P.O. Box 4606 030100 Eldoret, Kenya 

Tel: +254777248196, Telephone 254 53 2061562, 254 53 2060958/9 

Fax 254 53 2033041,deanmedicine@mu.ac.ke 

mailto:deanmedicine@mu.ac.ke


298 

 

  

other entities are respectfully requested to take all necessary measures to protect their 

respective log-in credentials and passwords to the COVID-19 Data Platform. The 

anonymized COVID-19 data will be stored in the WHO COVID-19 Data Platform, which 

is a secured, access-limited, password-protected electronic platform. WHO will (i) protect 

the confidentiality and prevent the unauthorized disclosure of the anonymized COVID-19 

data; (ii) implement and maintain appropriate technical and organizational security 

measures to protect the security of the anonymized COVID-19 data and the COVID-19 

Data Platform. In accordance with Article 11(4) of the IHR (2005), WHO will not make 

the anonymized COVID-19 data generally available to other State Parties or entities until 

such time as any of the conditions set forth in paragraph 2 of Article 11 are first met, and 

following consultation with affected countries/entities. 

Pursuant to that same Article 11, WHO will not make the anonymized COVID-19 data 

available to the public, unless and until the anonymized COVID-19 data have already been 

made available to State Parties, and provided that other information about the COVID-19 

epidemic has already become publicly available and there is a need for the dissemination 

of authoritative and independent information. To contribute data to the WHO COVID-19 

Data Platform or to receive more information, please contact: 

COVID_ClinPlatform@who.int 

mailto:COVID_ClinPlatform@who.int


299 

 

  

 
1a. CLINICAL INCLUSION CRITERIA 

One or more | A history of self-reported feverishness 

or measured fever of ≥ 38ºC ☐Yes ☐No 

of these | Cough ☐Yes ☐No 

during this | Dyspnoea (shortness of breath) OR 

Tachypnoea* ☐Yes ☐No 

illness | Clinical suspicion despite not meeting criteria above ☐Yes ☐No 

* Respiratory rate ≥ 50 breaths/min for < 1 year; ≥ 40 for 1–4 years; ≥ 30 for 5–12 years; ≥ 20 for ≥ 13 years 

1b. DEMOGRAPHICS 

Sex at birth ☐Male ☐    Female ☐Not specified Date of birth [_D_][_D_]/[_M_][_M_]/[_Y_][_Y_][_Y_][_Y_] If date of 

birth is unknown, record: Age [ ][ ][  ] years OR [_ ][ _] months OR [_  ][ _] days 

Health care worker? ☐Yes ☐No ☐Unknown Laboratory worker? ☐Yes ☐No ☐Unknown Pregnant? * ☐Yes ☐No 

☐Unknown If yes: Gestational weeks assessment [ ][ _] weeks  

Vaccinated ☐Yes ☐No ☐Unknown 

If currently pregnant or recently pregnant (delivery within 21 days of symptom onset), complete Pregnancy CRF 
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1c. DATE OF ONSET AND ADMISSION VITAL SIGNS (first available data at presentation/ admission) 

Symptom onset (date of first/earliest symptom) [_D_][_D_]/[_M_][_M_]/[_2_][_0_][_Y_][_Y_] 

Admission date at this facility [_D_][_D_]/[_M_][_M_]/[_2_][_0_][_Y_][_Y_] 

Temperature [_ ][ ].[_ ]°C Heart rate [ ][ ][_ ]beats/min 

Respiratory rate [_ ][ ] breaths/min 

BP [_ ] [_ ] [_ ](systolic) [ ][_ ][_ ](diastolic) mmHg Severe dehydration ☐Yes ☐No ☐Unknown 

Oxygen saturation: [ ][ ][   ]% on ☐Room air ☐Oxygen therapy ☐Unknown 

1d. CO-MORBIDITIES (existing at admission) (Unk = Unknown) 

Chronic cardiac disease 
(not hypertension) 

Yes ☐No ☐Unk Diabetes ☐ Yes ☐No ☐Unk  

Hypertension ☐ Yes ☐No ☐Unk Current 

smoking 
☐ Yes ☐No ☐Unk 

Chronic pulmonary 

disease 
☐ Yes ☐No ☐Unk Tuberculosis 

(active) 
☐ Yes ☐No ☐Unk 

Asthma ☐ Yes ☐No ☐Unk Tuberculosis 

(previous) 
☐ Yes ☐No ☐Unk 

Chronic kidney disease ☐ Yes ☐No ☐Unk Asplenia ☐ Yes ☐No ☐Unk 

Chronic liver disease ☐ Yes ☐No ☐Unk Malignant 

neoplasm 
☐ Yes ☐No ☐Unk 

Chronic neurological 

disorder 

☐ Yes ☐No ☐Unk Other ☐ Yes ☐No ☐Unk  

  If yes, specify:   

 HIV ☐Yes (on ART) ☐Yes (not on ART) ☐No ☐Unknown ART 
regimen 
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1e. PRE-ADMISSION AND CHRONIC MEDICATION Were any of the following taken within 14 days of 

admission 

Angiotensin converting enzyme inhibitors (ACE inhibitors)? ☐Yes ☐No ☐Unknown Angiotensin II receptor blockers 

(ARBs)? ☐Yes ☐No ☐Unknown 

Non-steroidal anti-inflammatory (NSAID)? ☐Yes ☐No ☐Unknown 

Antiviral? ☐Chloroquine/hydroxychloroquine ☐Azithromycin ☐Lopinavir/Ritonavir ☐Other:    

 
1f. SIGNS AND SYMPTOMS ON ADMISSION (Unk = Unknown) 

History of fever ☐Yes ☐No ☐Unk Lower chest indrawing ☐Yes ☐No ☐Unk 

Cough ☐Yes ☐No ☐Unk 

with sputum ☐Yes ☐No ☐Unk 

production 

with haemoptysis ☐Yes ☐No ☐Unk 

Headache ☐Yes ☐No ☐Unk 

Altered consciousness/confusion ☐Yes ☐No ☐Unk 

Seizures ☐Yes ☐No ☐Unk 

Sore throat ☐Yes ☐No ☐Unk Abdominal pain ☐Yes ☐No ☐Unk 

Runny nose ☐Yes ☐No ☐Unk Vomiting/nausea ☐Yes ☐No ☐Unk 

Wheezing ☐Yes ☐No ☐Unk Diarrhoea ☐Yes ☐No ☐Unk 

Chest pain ☐Yes ☐No ☐Unk Conjunctivitis ☐Yes ☐No ☐Unk 
Muscle aches ☐Yes ☐No ☐Unk Skin rash ☐Yes ☐No ☐Unk 

Joint pain (arthralgia) ☐Yes ☐No ☐Unk Skin ulcers ☐Yes ☐No ☐Unk 

Fatigue/malaise ☐Yes ☐No ☐Unk Lymphadenopathy ☐Yes ☐No ☐Unk 

Loss of taste ☐Yes ☐No ☐Unk Inability to walk ☐Yes ☐No ☐Unk 

Loss of smell ☐Yes ☐No ☐Unk Bleeding ☐Yes ☐No ☐Unk 
Shortness of breath ☐Yes ☐No ☐Unk If bleeding, specifysite(s): 

Stroke: ischaemic stroke ☐Yes ☐No ☐Unk 

Stroke: intracerebral haemorrhage ☐Yes ☐No ☐Unk 
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Other: ☐Yes ☐No ☐Unk 

If yes, specify:    

 

 
1g. MEDICATION On the day of admission, did the patient receive any of the following: 

Oral/orogastric fluids? ☐Yes ☐No ☐Unknown Intravenous fluids? ☐Yes ☐No ☐Unknown Antiviral? ☐Yes 

☐No ☐Unknown If yes: ☐Ribavirin ☐Lopinavir/Ritonavir ☐Neuraminidase inhibitor 

☐ Interferon alpha ☐Interferon beta ☐Other, specify:     

Corticosteroid? ☐Yes ☐No ☐Unknown If yes, route: ☐Oral ☐Intravenous ☐Inhaled If yes, please provide agent and 

maximum daily dose:    

Antibiotic? ☐Yes ☐No ☐Unknown If yes, specify: Antifungal agent? ☐Yes ☐No ☐Unknown Antimalarial 

agent? ☐Yes ☐No ☐Unknown If yes, specify:  Experimental agent 

☐ Yes ☐No ☐Unknown 

If yes, specify: Non-steroidal anti-inflammatory (NSAID) ☐Yes ☐No ☐Unknown Angiotensin converting enzyme 

inhibitors (ACE inhibitors) ☐Yes ☐No☐Unknown Angiotensin II receptor blockers (ARBs) ☐Yes ☐No ☐ Unknown 

Systemic anticoagulation ☐Yes ☐No ☐Unknown 
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1h. SUPPORTIVE CARE On the day of admission, did the patient receive any of the following: 

ICU or high dependency unit admission? ☐Yes ☐No ☐Unknown Oxygen therapy? ☐Yes ☐No ☐Unknown If yes, 
complete all below 
O2 flow: ☐1–5 L/min ☐6–10 L/min ☐11–15 L/min ☐> 15 L/min ☐Unknown 

Source of oxygen: ☐Piped ☐Cylinder ☐Concentrator ☐Unknown 

Interface: ☐Nasal prongs ☐HF nasal cannula ☐Mask ☐Mask with reservoir ☐CPAP/NIV mask ☐Unknown Non-
invasive ventilation? (e.g. BIPAP/CPAP) ☐Yes ☐No ☐Unknown 

Invasive ventilation (any)? ☐Yes ☐No ☐Unknown Inotropes/vasopressors? ☐Yes ☐No ☐Unknown 

If yes, what were the following values closest to 08:00: 

PEEP (cm H2O) ; FiO2 (%) ; Plateau pressure (cm H2O)    ; PaCO2 ; 

PaO2   Extracorporeal (ECMO) support? ☐Yes ☐No ☐Unknown 

 

 

1i. LABORATORY RESULTS ON ADMISSION (*record units if different from those listed) 

Parameter Value* Units Parameter Value* Units 

Haemoglobin   g/L g/dL  Creatinine  mg/L  

 

WBC count  mm3 G/L 

 (=9x10/L) 

 Sodium  mEq/L = mmol/L 

Haematocrit  %  Potassium  mEq/L = mmol/L 

Platelets  mm3 G/L  

(=9 x10 /L) 

 LDH  IU/L  

APTT/APTR  seconds  CRP  mg/L 

PT (seconds)  seconds   
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INR    

ALT/SGPT  IU/L  

 

AST/SGOT 

 IU/L  

Urea (BUN)  g/L mg/dL mmol/ L 

Lactate  mmol/L  IL-

6 

 pg/mL 
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