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ABSTRACT
Introduction: Severe Acute Respiratory Syndrome Coronavirus-2 (SARS‑CoV‑2), the causative agent for COVID-19, is a positive-sense enveloped RNA virus belonging to the Betacoronavirus genus and is approximately 30 kilobases long. Since its emergence, SARS-CoV-2 has resulted in over 700 million cases and millions of deaths worldwide, highlighting the critical need for effective diagnostic tools to manage and control the spread of the virus. Testing for COVID-19 was the primary measure implemented by all governments worldwide, as it enabled necessary precautions for those exposed, thereby preventing community spread. Various methods are being used for SARS-CoV-2 diagnosis, with RT-PCR being the gold standard. Due to RT-PCR limitations, such as the need for qualified personnel and long turnaround time, point-of-care testing is important for mass testing. Various antigen and antibody testing kits with varying sensitivities and specificities have been developed and deployed for SARS-CoV-2 diagnosis. Developing highly sensitive and specific antigen detection kits requires monoclonal antibodies, as they are reliable and highly specific. This study leveraged the wheat germ cell-free system (WGCFS) to express the SARS-CoV-2 nucleocapsid protein, owing to its ability to express proteins in their native form. This was an experimental study that used SARS-CoV-2-confirmed clinical samples. RNA was extracted from the nasopharyngeal swab and subjected to target gene amplification using SARS-CoV-2 N gene primers. The amplicon was purified, and a recombinant antigen was generated using the heat-shock transformation method with a pEU-his-tagged vector (pEu-E01-HIS-MCS-TEV-N2). Sanger sequencing was performed to confirm the orientation of the recombinant antigen. Protein expression was performed using WGCFS, purified using affinity chromatography and confirmed using SDS-PAGE and western blotting. BALB/c mice were immunized using the purified His-tagged N antigen with an adjuvant. Booster immunization was performed after 2 weeks, and the spleen cells were harvested after another 2 weeks and fused with myeloma cells to form hybridomas. The hybridomas were screened and selected for sub-cloning. A single clone was used for monoclonal antibody (mAb) production. The generated mAb was screened for reactivity against recombinant and commercial antigens, clinical samples, the Beta and Omicron variants, and for specificity against other respiratory viruses. SARS-CoV-2 N protein was successfully expressed using WGCFS. The generated mAb demonstrated high reactivity against the recombinant antigen, the commercial antigen, and the SARS-CoV-2 Beta and Omicron variants. There was no significant difference in the binding affinity of the mAb and commercial mAb against the recombinant (p=0.12) and commercial (p=0.072) antigen. The mAb detected SARS-CoV-2 in clinical samples with CT values ranging from 15.45 to 31.87 and showed no cross-reactivity with other respiratory viruses, but exhibited minimal potential cross-reactivity with HSV-1/2. The study demonstrated the dependability of the N protein for diagnosis. The generated mAb was comparable to a commercial mAb and detected SAR-CoV-2 variants, suggesting recognition of conserved conformational epitopes and ensuring reliable detection. The mAb also detected clinical samples across a range of CT values in ELISA, indicating good sensitivity. 

CHAPTER ONE
INTRODUCTION
1.1 Background Information
SARS-CoV-2 was first reported in Wuhan China and was subsequently declared a Public Health Emergency of International Concern on 30th January 2020 and a worldwide pandemic on 11th March 2020 by the World Health Organization. The disease caused by SARS-CoV-2 was referred to as Coronavirus disease (COVID-19) (Zhu et al., 2020). Since the first case of COVID-19 disease in 2019, more than 34 million cases and one million deaths were reported worldwide within a period of ten months (Hu et al., 2021). As of June 2021, Africa had reported more than 5.1 million cases and 136,000 deaths, representing about 3% of global cases (Tessema & Nkengasong, 2021).
Africa was the least affected continent worldwide by the COVID-19 pandemic, with Egypt recording the first COVID-19 case on February 14th 2020 (Dufailu et al., 2021). By March 2020, most African countries had detected their first cases, which were imported from Europe, with Kenya reporting its first case on March 8th 2020 (MOH, 2020). Five countries in Africa, namely Egypt, South Africa, Morocco, Ethiopia and Nigeria, recorded 75% of the cases reported in Africa (Dufailu et al., 2021). The effect of COVID-19 on Africa’s economy is clear, but the lower number of cases remains unclear. Experts challenge the reported numbers, arguing that they are lower than the true numbers, attributing this to inadequate SARS-CoV-2 testing capacity in Africa (Kobia & Gitaka, 2020).
SARS-CoV-2 is a positive-sense enveloped RNA virus belonging to the Betacoronavirus genus and is approximately 30 kilobases long (Hartenian et al., 2020). Four structural proteins, spike (S), membrane (M), envelope (E), and nucleocapsid (N), are encoded by the SARS-CoV-2 genome (Sidiq et al., 2020). The E, S, and M proteins form the virus's envelope, while the N protein encloses the single-stranded viral genome (Fenollar et al., 2021). The interaction between the angiotensin-converting enzyme 2 (ACE2) receptor and the S protein mediates SARS-CoV-2 entry into host cells. After gaining access to the host cell, it incubates for 5-7 days before the onset of symptoms, including fever, headache, fatigue, dry cough, lymphopenia, and diarrhoea (Mohamadian et al., 2021). The SARS-CoV-2 N protein, composed of 419 amino acids, is encoded by the ninth open reading frame of the virus. It is divided into conserved structural regions and intrinsically disordered regions based on sequence characteristics (Bai et al., 2021). The N and S proteins are the main immunogens among coronavirus structural proteins, and various serological tests have shown strong antibody responses in hosts (Qu et al., 2020). While the S protein has been evolving under immune pressure, mutations in the N protein have also been reported (Alsuwairi et al., 2023). These mutations have impacted both molecular and serological diagnosis of SARS-CoV-2. S gene mutations have necessitated regular validation of commercial RT-PCR kits to prevent false negatives, while mutations in N and RdRp genes have been shown to reduce assay sensitivity. However, monoclonal antibodies targeting conserved regions of the N gene maintain the binding capacity despite viral mutations. By focusing on stable regions of the N gene, mAbs could yield more consistent results across SARS-CoV-2 variants, thereby enhancing diagnostic accuracy (Yamaoka et al., 2021).  
Despite the decline in COVID-19 cases in some regions of the world, other regions experienced subsequent waves of the virus, with new variants emerging since the vaccine was introduced (Forchette et al., 2021). SARS-CoV-2 detection through testing remains a crucial part in mitigating the virus's spread (Vitiello et al., 2021). Diagnostic tests are important in monitoring the stage of every disease and its prognosis (Majumder & Minko, 2021). Following the SARS-CoV-2 infection in 2019, various assays for COVID-19 diagnosis have been developed, including imaging, molecular, and serological methods (Safiabadi Tali et al., 2021). Imaging is simple and quick, making it easy to screen patients. However, as the illness worsens, distinguishing SARS-CoV-2 from other viral pneumonias becomes more difficult (Yamayoshi et al., 2020). Molecular methods such as RT-PCR are highly specific and sensitive. However, they are expensive, require skilled personnel and equipment, and have a long turnaround time, making them unsuitable for mass testing (Boger et al., 2021).  
Serological methods are cost-efficient point-of-care test kits with a quick turnaround time of 15-30 minutes (Boger et al., 2021). Antibodies are produced 1-3 weeks after infection; therefore, antibody-based serological tests are useful for sero-surveillance but not for detecting active infection (Sidiq et al., 2020). Antigen-based methods detect current infection, including asymptomatic cases, and are therefore useful for mass testing and SARS-CoV-2 mitigation (Fenollar et al., 2021). They have a quick turnaround time and can be used in resource-limited settings (Mutantu et al., 2021). The effectiveness of an antigen-detection kit depends on the use of highly reliable, high-quality monoclonal antibodies specific to the target viral antigen (Yamaoka et al., 2021).
A monoclonal antibody (mAb) is made of a single specificity and immortalized by fusion of B cells with myeloma cells in vitro (Spadiut et al., 2014). The first mAb approved for clinical use by the US Food and Drug Administration (FDA) was muromonab-CD3 in 1986 (Focosi et al., 2022). Since then, mAbs have been licensed yearly with estimated US$75 billion sales as of 2021 (Focosi et al., 2022). The demand for mAbs is rapidly increasing for therapeutic and diagnostic purposes. In diagnosis, mAbs are used to detect serum analytes, pathogenic agents, and cell markers (Qriouet et al., 2021). In routine laboratory settings, mAbs help in clinical diagnosis and disease detection (Zhang et al., 2018) as well as treatment (Castelli et al., 2019) due to their versatility and specificity. mAbs for immunotherapy are produced in human cells, whereas hybridoma technology in mice produces mAbs for immunodiagnostics (El Abd et al., 2022). 

Wheat germ cell-free system (WGCFS) is a cell-free expression system that produces near native and functionally active proteins while negating post-translational protein modification that reduces antigenicity (Kanoi et al., 2018). Additionally, the system can express membrane proteins in liposomes, which are extremely difficult to express in classical systems and have previously been used to express up to 2000 proteins from the complex P. falciparum genome (Nagaoka et al., 2019). WGCFS has been used to express the SARS-CoV-2 RNA-binding domain, confirming that the protein maintains its conformation and receptor-binding properties (Yamaoka et al., 2022).
Given that the performance of mAb is determined by the quality of antigen used for immunization, this study leveraged WGCFS to express the SARS-CoV-2 nucleocapsid protein for mAb production. The produced mAb was comparable to a commercial mAb and detected SARS-CoV-2 from clinically confirmed positive samples, as well as the SARS-CoV-2 Omicron and Beta variants. 
1.2 Statement of the Problem
The COVID-19 pandemic not only posed challenges to social culture and the global economy but also disrupted healthcare infrastructure and sparked widespread panic worldwide (Sidiq et al., 2020). Public health strategies reduced the spread of the virus, but because of the adverse socioeconomic impacts, maintaining the prevention strategy proved difficult (Fenollar et al., 2021). Licensed vaccines with varying levels of efficacy have been shown to lessen the severity and spread of COVID-19 (Tregoning et al., 2021). 
As of 2022, SARS-CoV-2 resulted in over 700 million cases and millions of deaths worldwide (Honarmand et al., 2022). As of 1st March 2024, the reported COVID-19 infections exceeded 774 million cases, and COVID-19-associated deaths exceeded 7 million (Sitharam et al., 2024).  SARS-CoV-2 continues to be a threat as it persists as an endemic disease with recurring waves and outbreaks. Over 80% of SARS-CoV-2 patients are asymptomatic (Tessema & Nkengasong, 2021), underscoring the critical need for effective diagnostic tools to manage and control the virus's spread among vulnerable populations. Therefore, diagnostic testing continues to play a pivotal role in managing SARS-CoV-2 (Umakanthan et al., 2020). 
1.3 Justification of the Study
Antigen-based tests provide a clinical and public health-relevant option for the diagnosis of SARS-CoV-2. According to the Foundation for Innovative New Diagnostics (FIND), deployment of the SARS-CoV-2 antigen-based kit for large-scale testing requires a minimum clinical sensitivity of 80% and specificity of 97% (Majumder & Minko, 2021). The nucleocapsid protein has surface epitopes, and molecular modelling shows that these bind monoclonal antibodies, making it well-suited for detecting SARS-CoV-2 in clinical samples (Bai et al., 2021). Moreover, the N protein facilitates viral packaging by binding to and protecting the viral RNA. It is highly immunogenic, conserved, and produced in large amounts during SARS-CoV-2 replication, and therefore a good antigen target for mAb production (Yamaoka et al., 2021). 
mAbs are highly specific and reliable reagents that have been applied in many molecular and immunological investigations. They have become essential reagents for detecting drug abuse (Qriouet et al., 2021), developing ELISA kits (Ramathudi-Dunbar et al., 2024), and therapeutic applications (Castelli et al., 2019). mAbs are highly specific and versatile because they are produced from stable cloned hybridomas (Qriouet et al., 2021). In response to the COVID-19 pandemic, mAbs targeting different SARS-CoV-2 proteins were used to develop antigen kits for SARS-CoV-2 detection (Hwang et al., 2022). As COVID-19 has become endemic, with multiple outbreaks reported from time to time and in the presence of other circulating respiratory viruses with overlapping symptoms, the use of appropriate diagnostic tools is key to effective patient management and disease surveillance. Therefore, the mAbs developed in this study can be used for the diagnosis of SARS-CoV-2 and for the development of an antigen detection kit, which can be deployed for point-of-care diagnosis. 
1.4 Research Questions
1. Can the SARS-CoV-2 nucleocapsid protein be effectively expressed for use as an antigen?
2. Can monoclonal antibodies be successfully generated against the SARS-CoV-2 nucleocapsid protein?
3. What are the reactivity levels and specificity of the monoclonal antibodies?
1.5 Objectives
1.5.1 General Objective
To develop monoclonal antibodies against the SARS-CoV-2 nucleocapsid protein for antigen detection.
1.5.2 Specific Objectives
1. To express the SARS-CoV-2 nucleocapsid protein from positive RT-PCR confirmed clinical samples using the wheat germ cell-free system.
2. To generate monoclonal antibodies (mAbs) against the SARS-CoV-2 N antigen in mice 
3. To evaluate the reactivity and specificity of the generated monoclonal antibody.
CHAPTER TWO
LITERATURE REVIEW
2.1 Coronaviruses Origin and Classification 
Coronaviruses (CoVs) are named for their crown-like projections, corona in Latin, which are visible under an electron microscope (Fehr & Perlman, 2015). They are a part of the Nidovirales order, which also includes the Mesoniviridae, Arteriviridae, Coronaviridae and Roniviridae families. The two subfamilies of the Coronaviridae are the Coronavirinae and the Torovirinae (Hasöksüz et al., 2020). The Coronavirinae subfamily is further divided into four genera based on genomic structure and phylogeny: gamma, beta, alpha, and delta coronaviruses (Corman et al., 2018). Beta and alpha coronaviruses infect only mammals, while delta and gamma coronaviruses infect birds; gamma coronaviruses can also infect mammals, such as cetaceans (Fehr & Perlman, 2015). Coronaviruses are mostly found in wild animals, infect humans through spillover events, and are therefore termed zoonotic pathogens (Cui et al., 2019). 
Coronaviruses are known to infect mammals and birds, causing diseases that affect the farming industry. They also infect humans, causing mild diseases that affect both the upper and lower respiratory systems (Hasöksüz et al., 2020). Mild respiratory illness has been connected to human coronaviruses (hCoVs) in immunocompetent individuals since at least 2002. They included HCoV-229E and HCoV-OC43 (Weiss & Navas-Martin, 2005). HCoV-229E, an alphacoronavirus, was isolated from a patient's respiratory tract in 1966, who had the common cold. The disease lasts from 2-18 days, following a 2–5-day incubation period, with symptoms resembling other respiratory infections such as sore throat, sneezing, nasal discharge, general malaise, headache, cough and fever. A patient with a common cold in 1967 led to the discovery of the betacoronavirus HCoV-OC43 in nasopharyngeal washes. The strain showed 229E-like symptoms (Su et al., 2016). 
Severe acute respiratory syndrome coronavirus (SARS-CoV-1) was a highly contagious coronavirus that first emerged in bats and then spread to people in 2002 through civets sold at markets, causing an outbreak in Guangdong province, China (Weiss & Navas-Martin, 2005). SARS-CoV-1 uses angiotensin-converting enzyme 2 (ACE-2) receptor to infect type II pneumocytes and ciliated bronchial epithelial cells (Cui et al., 2019).  Infected patients presented with myalgia, malaise, chills, headache and fever followed by non-productive cough, dyspnea and respiratory distress leading to death. 37 countries were affected by SARS-CoV-1, where 8273 cases and 775 deaths were reported (Su et al., 2016).  In the Netherlands, a 7-month-old infant with conjunctivitis, fever, coryza, and bronchiolitis was found to have the alphacoronavirus HCoV-NL63 in 2004. A study estimated that the NL63 strain accounted for 4.7% of respiratory disease cases. HKU1, a betacoronavirus, was discovered in 2005 in Hong Kong from a patient with bronchiolitis and pneumonia. It affected both the lower and upper respiratory systems and exhibited the same clinical manifestations as the NL63 strain (Corman et al., 2018).
10 years after the SARS-CoV-1 outbreak, a 60-year-old patient in Jeddah, Saudi Arabia, developed another highly virulent betacoronavirus, MERS-CoV, which was identified in his lungs (Yu Chen et al., 2020). Dipeptidyl peptidase 4 (DPP4) serves as a receptor for MERS-CoV, which infects unciliated bronchial cells and type II pneumocytes (Cui et al., 2019). The clinical manifestation of MERS-CoV, thought to have originated in bats and spread to people by dromedary camels, varies from asymptomatic to terrible pneumonia with breathing difficulties, renal failure, and septic shock that can be fatal (Su et al., 2016).  As of December 2015, 1,621 infection cases and 584 deaths were reported from MERS-CoV, and the infection had spread in 26 countries. The most recent database indicates that all human coronaviruses are derived from animals. Whereas SARS-CoV, MERS-CoV, HCoV-NL63 and HCoV-229E are bat-borne, HCoV-OC43 and HKU-1 are rodent-borne (Su et al., 2016). Although the animal reservoir for SARS-CoV-2 has not been identified, the first SARS-CoV-2 cases were linked to the Huanan market in Wuhan, which sold live wild animals, such as civets and raccoon dogs (Holmes et al., 2021). 
2.2 Coronavirus Genome
Every virus in the Nidovirales order has an enveloped, positive-sense, non-segmented RNA genome, about 30kb in size and 125nm in diameter (Hartenian et al., 2020). They also have an extremely conserved genomic architecture, with a large replicase gene preceding accessory genes, which include transcriptional regulatory sequences (TRSs) and structural genes (Masters, 2006). They express many non-structural genes by ribosomal frameshifting. Downstream genes are expressed through 3’ nested sub-genomic mRNA synthesis (Weiss & Navas-Martin, 2005). They also have rare and distinct enzymatic functions encoded by a large polyprotein replicase-transcriptase (de Wilde et al., 2018). At the 5' end of coronaviruses, 16 non-structural proteins (NSP) are encoded by open reading frames (ORF). The 5′ end also contains a leader sequence and an untranslated region (UTR) with multiple stem-loop structures required for RNA replication and transcription. The four structural proteins shown in Figure 2.1 are located at the 3' end of ORF (Cui et al., 2019). 
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Figure 2.1: Structure of SARS-CoV-2 Viral Genome 
Source: (Chen et al., 2020)
The S protein, approximately 150 kDa, facilitates viral entry and its integration with the host receptor (Schoeman & Fielding, 2019). It uses N-terminal, which is highly N-linked glycosylated, to enter the endoplasmic reticulum. The S protein consists of the S1 and S2 domains. The spike protein S2 forms the stalk and oversees viral fusion, whereas S1 encodes the larger receptor-binding protein (RBD) that interacts directly with the ACE2 receptor for viral attachment (Cui et al., 2019). The most common structural protein is the M protein, which has a mass of 25–30 kDa. It has a shorter N-terminal glycosylated ectodomain and a longer C-terminal endodomain extending 6–8 nm within the viral particle, giving the virion its form. According to studies, the M protein is present in the virion as a dimer, enabling it to adopt two distinct conformations that promote membrane curvature and bind to the nucleocapsid (Hasöksüz et al., 2020). 
The virion contains trace amounts of the E protein, which helps viruses replicate and spread. It is about 8-12 kDa in size, and they have a common architecture despite being highly divergent. Like the M protein, the E protein has an N-ectodomain, and it also has a C-terminal endodomain that functions as an ion channel, which is essential for pathogenesis (Schoeman & Fielding, 2019). The two domains, the C-terminal and the N-terminal, of the N protein each have a unique mechanism for binding RNA in vitro. Significant phosphorylation of the N protein increases its affinity for viral RNAs. The genomic packaging signals and TRSs are RNA substrates for the N protein. Moreover, N protein binds to M protein, which binds the viral DNA to NSP3 and the replicase-transcriptase complex (RTC), an essential element of the replicase complex. The encapsulated genome is then contained in viral particles (Lesbon et al., 2021). Beta coronaviruses also contain the structural protein hemagglutinin-esterase (HE). The protein enhances S protein-mediated cell entry and virus propagation across the mucosa by binding to sialic acids on glycoprotein surfaces (Hartenian et al., 2020).
2.3 Coronavirus Disease 2019 Epidemiology and Clinical Manifestation
The World Health Organization reports that on December 31, 2019, a new betacoronavirus (hCoV-2019), later known SARS-CoV-2, was found in Wuhan, China (Mohamadian et al., 2021). The new coronavirus was initially known as 2019-nCoV, but the International Committee on Taxonomy of Viruses (ICTV) later renamed it SARS-CoV-2 because of its resemblance to SARS-CoV. The disease was identified by the WHO on February 11th, 2020, as coronavirus disease 2019 (COVID-19), and on March 11th, 2020, it was deemed a global pandemic. As of February 2021, there were 2.3 million verified fatalities worldwide and around 106 million people who were infected (Safiabadi Tali et al., 2021).
According to reports, the infection is zoonotic and transmitted through contact and droplets from sneezing or coughing. Airborne transmission can also occur through medical procedures that produce aerosols (Honarmand et al., 2022). Due to its ability to spread faster, public health measures were put in place, such as hand hygiene, the use of proper protective equipment (PPE), and lockdowns of cities and countries, which changed social lifestyles and devastated the global economy (Kobia & Gitaka, 2020). 
From mild to severe acute respiratory syndrome, which can be fatal, the clinical signs and symptoms of COVID-19 can range from asymptomatic to flu-like symptoms (Chen et al., 2020). While most coronaviruses primarily affect the respiratory system, COVID-19 can affect multiple organs, including the gastrointestinal, central nervous, and cardiovascular systems, leading to organ failure (Forchette et al., 2021). Laboratory tests reveal high C-reactive protein (CRP), a decreased to normal lymphocyte count, and neutrophilia (Xie et al., 2020). A surge in adaptive immunity is anticipated within 1 week of infection, but it is delayed in patients with comorbidities, which is thought to contribute to life-threatening complications (Safiabadi Tali et al., 2021). As of 1st March 2024, the reported COVID-19 infections exceeded 774 million cases, and COVID-19-associated deaths exceeded 7 million (Sitharam et al., 2024).  
2.4 SARS-CoV-2 Genome and Pathogenesis
The SARS-CoV-2 genome, like those of other coronaviruses, consists of a single-stranded positive-sense RNA that is enclosed in a membrane envelope with a typical diameter of 75–150nm. The genome is approximately 30 kbp long (Mohamadian et al., 2021). Like any virus, SARS-CoV-2 replication requires a host cell and involves attachment, penetration, uncoating, replication, assembly, and release (Chang et al., 2014). By interacting with the plasma membrane of the host cell that expresses the ACE2 receptor, the spike protein facilitates host cell invasion and fusion, which is further facilitated by TMPRSS2, a serine protease expressed on the host cell (Forchette et al., 2021). The host ribosome subsequently releases the single-stranded RNA and initiates translation into viral polyproteins, which are cleaved by the viral proteases PLpro and 3CLpro into effector proteins. RNAI-dependent RNA polymerase generates a full-length negative-strand RNA template, which is translated into the four structural proteins (Raman et al., 2021). The intermediate compartment ER-Golgi (ERGIC) is formed when M, S, and E proteins are incorporated into the ER membrane. The ER lumen is filled with N protein. The daughter virus is discharged by exocytosis when the ERGIC transports viral offspring to the host cell's plasma membrane (Chen et al., 2020).
SARS-CoV-2 evades the host immune system within the host cell. By inhibiting the host translational machinery, non-structural protein 1 (NSP1) reduces the effectiveness of the interferon (IFN)-1 response (Sun et al., 2020). Moreover, it suppresses the phosphorylation of the transcription factor STAT1 and degrades host mRNA (Maison et al., 2023). NSP3 blocks nuclear factor-kappa B (NF-KB) signaling and interferon production by inhibiting the phosphorylation of interferon regulatory factor 3 (IRF3) (Hartenian et al., 2020). NSP14 and NSP16 combine to generate a viral 5' cap that resembles that of the host cell; as a result, the host immune system does not recognize the viral genome. The JAK-STAT signaling pathway is blocked, IRF3 and NF-κB dependent IFN production is decreased, and the interferon signaling pathway is disrupted by the accessory proteins ORF3b and ORF6. M and N structural proteins disrupt TANK-binding kinase-1, TRAF3/6-TBK1-IRF2/NF-KN/AP1 signals by flattening IFN signaling (Raman et al., 2021). 
2.5 SARS-CoV-2 Variants
During replication, viral genomes can be altered by mutation, leading to variants. Many variants have been identified during the COVID-19 pandemic from around the globe. The dominance of the variants is due to the competitive advantage they confer in terms of viral multiplication, immune escape, or transmission (Forchette et al., 2021). During the first two years of the COVID-19 pandemic, the S protein of SARS-CoV-2 evolved with mutations at residues E484, L452, N501, K417, and P681 across the beta, delta, and alpha variants of concern (VOCs) (Lytton & Ghosh, 2024). The D614G variant, characterized by an amino acid change from aspartate to glutamate at position 614 of the S protein, was highly transmissible and increased disease severity (Korber et al., 2020). 
Between September and December 202, the UK variant, B.1.1.7, and the South African variant, B.1.351, were reported to have greater transmissibility and could escape antibody detection (Pulliam et al., 2022). The genetic variants had mutations at residue E484 and N501Y. In May 2021, the WHO designated the B.1.617.2 delta variant as a VOC (Hattab et al., 2024). It consisted of P681R, T478K, D614G and L452R mutations in the S protein. The Omicron variants BA.1 and BA.2 dominated the COVID-19 pandemic from November 2021 onward, with distinct amino acid mutations such as N450, N460, K444, R346, F486, F490, S494, and Q493 (Verma et al., 2024). 
2.6 COVID-19 Diagnosis
To regulate disease prognosis and prevent virus transmission, a COVID-19 diagnosis is essential (Raman et al., 2021). Identifying asymptomatic COVID-19 cases, which range from mild to severe and life-threatening, remains essential for controlling the spread of the disease (Weiss & Navas-Martin, 2005). For detecting COVID-19, a variety of diagnostic assays were deployed as shown in Figure 2.2, including molecular genetic assays that use real-time polymerase chain reaction (RT-PCR) as the gold standard. Other tests include a chest CT scan, anti-SARS-CoV-2 antibody serological and immunological assays, isothermal nucleic acid amplification assays, and hybridization micro-array assays (Fenollar et al., 2021).
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Figure 2.2: Different Methods of SARS-CoV-2 Detection 
Source: (Rai et al., 2021)
Chest CT scans were used as the initial screening test for COVID-19 in several countries due to a shortage of testing kits. Patients with COVID-19 who had chest CT scans in the early stages showed bilateral and peripheral ground-glass opacities (Safiabadi Tali et al., 2021). Unevenly shaved pavement was observed in later stages of the illness. This shows that CT is sensitive for detecting COVID-19 pneumonia, even in asymptomatic individuals, and thus complements RT-PCR as a screening tool. CT scan results may not be consistent with initial RT-PCR and clinical symptoms (Majumder & Minko, 2021).
Oropharyngeal or nasopharyngeal swabs are used for COVID-19 testing, in which viral RNA is isolated from the swabs (Majumder & Minko, 2021). Reverse transcription of RNA to complementary DNA (cDNA) and amplification of cDNA-specific targets are combined in RT-PCR, which can be detected by electrical or fluorescent signals. RT-LAMP, or reverse transcription loop-mediated isothermal amplification, was devised by Notomi et al. (2000) and was one of the molecular diagnostic methods for testing COVID-19. RT-LAMP does not require temperature changes, unlike RT-PCR, which requires multiple temperature changes per cycle for denaturation, annealing, and elongation. It was designed, tested, and optimized to create LAMP primer sets that specifically target SARS-CoV-2, and based on the primer set, the reaction's constant temperature is established. Compared with RT-PCR, RT-LAMP assays can yield results within 30 minutes, providing a rapid turnaround time. Isothermal nucleic acid amplification is low in sensitivity but highly specific for detecting SARS-CoV-2 (Fenollar et al., 2021). 
The genome-editing technology known as Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR) is also used for diagnosis (Broughton et al., 2020). It uses a guide RNA to target a complementary sequence, and nuclease enzymes such as cas9, cas12 and Cas13 cleave at the precise site. CRISPR targets the SARS-CoV-2 envelope protein in conjunction with LAMP, and the outputs are determined by lateral flow or fluorescence (Rai et al., 2021). 
Field-effect transistor (FET)-based COVID-19 biosensor to increase sensitivity (Seo et al., 2020). FET graphene sheets with specific anti-SARS-CoV-2 spike protein antibodies were used to cover the sensor. Using nasopharyngeal swabs, antigen protein, and cultured viral specimens from COVID-19 patients, the sensor's performance was verified. According to reports, the FET biosensor is extremely sensitive to COVID-19 and doesn't require labelling or pretreatment. The optimal sensing environment for ultrasensitive, low-noise detection is provided by FET biosensors based on graphene, which can detect surface changes in their surroundings (Seo et al., 2020).
Enzyme-linked immunosorbent assays (ELISAs), a serological test, have been developed to detect antibodies against SARS-CoV-2 (Ramathudi-Dunbar et al., 2024). In an ELISA, either an antigen or an antibody can be coated onto the plate before the addition of an enzyme-labelled detection antibody. An enzyme detection substrate is added, yielding a colorimetric signal detectable by a plate reader. (Huang et al., 2020) created an inorganic lateral flow system based on gold nanoparticles (AuNP-LF). Using COVID-19 patient serum, the system finds IgM antibodies. The conjugated anti-human IgM antibody and the SARS-CoV-2 nucleoprotein antigen were coated onto the AuNP-LF strip. This fast detection kit has a turnaround time of approximately 15 minutes (Rai et al., 2021).
Lateral flow immunoassays, shown in Figure 2.3, work on the principle of the antigen-antibody reaction. They offer point-of-care diagnosis, and they are easy to use. Antigen detection kits, they can detect asymptomatic cases and have a quick turnaround time of 15 minutes 
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Figure 2.3: Lateral Flow Detection of SARS-CoV-2 
Source: (Rai et al., 2021)
Chemiluminescence immunoassays (CLIA) are point-of-care diagnostic assays that have shown to be rapid and sensitive for clinical diagnosis (Chen et al., 2012). It works on the principle that the enzymes used convert the substrate into a reaction product, which then emits light. Using CLIA, IgM and IgG against SARS-CoV-2 have been identified (Rai et al., 2021). The pros and cons of the different methods are shown in Table 2.1. 
Table 2.1: Comparison of SARS-CoV-2 Detection Methods
	SARS-CoV-2 Detection Method
	Advantage
	Disadvantage
	Indication

	RT-PCR
	· Reliable
· Highly sensitive
· Highly specific
· Detects current infection
	· Expensive
· Long turn-round time
· Qualified personnel needed
· Restriction on sample transportation
	Gold standard for COVID-19 testing

	RT-LAMP
	· Short turn-around time
· Highly sensitive
	· Needs infrastructure
· Qualified personnel
· Expensive
· Sample transport restriction
	Substitute RT-PCR

	CRISPR
	· Highly sensitive
· Can be used in resource-limited setting
	· Requires more clinical validation
	Gene editing tool

	ELISA, IgG & IgM
	· Affordable
· Faster turnaround time
· Broadly used
	· Infrastructure is needed
· Competent personnel
	Screening the population

	Lateral flow antigen kit
	· Easy to use
· Quick turn-around time
· Affordable
· Detects current infection
	· Low sensitivity
· Low specificity
	Point of care testing

	CLIA
	· High throughput and sensitive
	· Qualified personnel needed
· Needs infrastructure
	Population screening


2.7 Cell-Free Expression Systems
The Cell-free Protein Expression System (CFPS) is an in vitro system for the synthesis of proteins that links transcription and translation to those of living cells, using either natural or synthetic DNA (Garenne et al., 2021). The core requirements include ribosomes, translation factors, amino acids, tRNA synthases, energy-generating molecules and cofactors, substrate, plasmid template, and RNA polymerase. CFPS uses crude extracts from plants, microorganisms, wheat or animals for protein synthesis. It also produces high protein yield, offering versatility, portability and scalability. Examples of crude extracts include E. coli, insects, and rabbit reticulocyte, among others (Khambhati et al., 2019). A comparison of different CFPS is shown in Table 2.2.
Table 2.2: Comparison of Different CFPS 
	CFPS
	Advantage
	Limitation

	E. coli
	· Tested in many proteins
· Established system
· High translation speed
· High protein yield
· Low cost
	· Codon optimization is preferred
· Insoluble proteins
· No post-translational modification

	Leishmania tarentolae
	· Eukaryotic system
· More soluble proteins
· Inexpensive 
	· Protein modification not studied
· Limited studies 

	Wheat
	· Well established system
· No codon optimization 
· Done on many proteins
· Cap-independent translation
· Good yield for eukaryotic system
· Extremely solubility rate
· Production of large proteins 
	· No glycosylation
· Extract preparation is time consuming


	Insect
	· Translation of large proteins
· Cap-independent translation
· N-glycosylation
· Formation of di-sulfide bridges
	· Expensive
· Tested on few proteins
· Low yield

	Rabbit reticulocyte
	· Mammalian system
· Well established system
· Tried in many proteins
· Cap-independent translation
	· Animal treatment is needed
· No glycosylation
· Sensitive to additives

	Human
	· Protein modification
	· Sensitive to additives
· Low yield


Source: (Harbers, 2014)
In the wheat germ cell-free system (WGCFS), RNA synthesis is promoted by SP6 polymerase, while cap-independent translation is induced by E01 translational inducer. It stores circular and linear cDNAs that encode proteins. A wheat extract can be made using durum wheat that hasn't been processed or bought commercially, as shown in Figure 2.4 (Fogeron et al., 2021).
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Figure 2.4: Summary of the WGCFS 
Source: (Kanoi et al., 2017)
2.8 Monoclonal Antibodies against Coronaviruses
Neutralizing mAbs (NMAbs) mediate viral clearance and prevent reinfection of the host. NMAbs against different coronaviruses have been produced. In the 2002-2003 SARS-CoV-1 outbreak, CR3014 and CR3022 NMAbs effectively neutralized multiple SARS-CoV-1 variants. Additionally, B1, the first S2-targeting mAb, was discovered from convalescent patient antibody libraries, providing a strategy for targeting conserved viral regions (Xiang et al., 2022). During the Middle East Respiratory Syndrome Coronavirus (MERS-CoV) outbreak, NMAbs developed included m336, m337, m338, 3B11, MERS-4, and MERS-27 from phage- and yeast-displayed libraries from healthy donors and the RNA binding domain (RBD) binding to Dipeptidyl Peptidase 4 (DPP4) (Ying et al., 2015). NMAb derived from MERS-CoV-infected patients, MCA1, inhibited viral invasion by targeting RBD (Jiang et al., 2014). NMAb S309 was recovered from the memory B cells of a SARS-CoV-1-infected patient during the 2003 outbreak and has shown cross-neutralization reactivity against both SARS-CoV-1 and SARS-CoV-2 (Xiang et al., 2022). Convalescent sera can be used to develop NMAbs targeting multiple coronaviruses as COVID-19 convalescent sera exhibited cross-reactivity to the S2 subunit of MERS-CoV (Peng et al., 2022a). During the COVID-19 pandemic, the FDA approved etesevimab and bamlanivimab as anti-spike SARS-CoV-2 mAbs for early therapy, while in 2021, cilgavimab and tixagevimab were approved for pre-exposure prophylaxis (Focosi et al., 2022). 
2.9 Overview of Monoclonal Antibody Production 
mAbs are produced in continuous culture of hybridoma cells, making them reproducible and providing a continuous supply of antibodies, unlike polyclonal antibodies, which lack reproducibility (Lu et al., 2021). The process of generating mAbs is summarized in Figure 2.5
During immunization, an antigen is introduced into mice or other animals along with an adjuvant. This can be done intraperitoneally for cells or subcutaneously for proteins. To enhance a polyclonal response, regular boosting is required, and this is monitored through tail bleeds (Ado et al., 2024). During fusion, B cells harvested from the spleen are mixed with myeloma cells using a fusion agent, such as polyethene glycol (PEG). Mixing followed by centrifugation yields hybridoma production. The hybridomas are cultured, and unfused cells are removed. To avoid weak hybridomas, a selection medium containing hypoxanthine, aminopterin, and thymidine (HAT) is used. Screening of hybridomas helps remove the unspecific hybridomas (Majidi et al., 2009). The specific hybridomas are selected and sub-cloned using the limiting dilution method to ensure only a single cell is grown. To produce monoclonal antibodies, hybridomas are expanded either in vitro or in vivo. The in vitro method is preferred, in which antibodies are secreted into the culture supernatant. The in vivo method involves injecting the hybridoma into the mouse's peritoneal cavity and collecting the antibody from the ascitic fluid. This method, however, is unethical but produces high-yielding mAbs. Further screening is required to assess the reactivity, cross-reactivity, and specificity of the produced mAbs (Peng et al., 2022b). [image: image5.png]Antigen

i Bcells M);Ieloma
Fusion a @  HATselection Screening by
Immunization “5 e .:‘fw — ELISA
Hybridoma

Monoclonal antibodies, Antibody producing Hybridoma screening
expansion and stock hybridoma clones for antibody of interest




Figure 2.5: Diagrammatic illustration of mAbs production (Majidi et al., 2009b)
CHAPTER THREE
METHODOLOGY
3.1 Study Site 
This study was conducted at Mount Kenya University (MKU), a biosafety level (BSL) 2 laboratory, and the Kenya Medical Research Institute (KEMRI)-Nagasaki, which has BSL-2 and 3 laboratories. RNA extraction from positive clinical swabs was performed at BSL-3 at Nagasaki University-KEMRI. Protein expression and purification were carried out at MKU, while mAb characterization was carried out at KEMRI-Nagasaki BSL-3. The clinical positive PCR-confirmed samples were obtained from the MKU biobank.  
3.2 Study Design
This was a laboratory-based experimental study aimed at producing and characterizing monoclonal antibodies against the SARS-CoV-2 nucleocapsid protein. This study was carried out in an immunology and virology research laboratory under controlled conditions suitable for cell culture, animal handling, and immunological assays. The clinical samples used in this study were collected in 2020-2021, and the study was conducted between 2022-2025 during which protein expression and purification, immunization, cell fusion, hybridoma selection, cloning, expansion, and mAb characterization were performed.
3.3 Reagents and Materials
3.3.1 Wheat Germ Cell Extract
Commercial wheat extract (Cell Free Sciences, Yokohama, Japan) was used for antigen expression. The wheat germ expression system gives the best yield in the eukaryotic system. It does not require codon optimization and post-translational modification (Harbers, 2014). 
3.3.2 Vector
The pEu-E01-HIS-MCS-TEV-N2 vector (Cell Free Sciences, Yokohama, Japan) was used to generate the recombinant antigen. This is a His-tagged 3723bp vector with multiple cloning sites, as shown in Figure 3.1.
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Figure 3.1: Schematic Diagram of pEU-E01-His-TEV-MCS-N2 Vector
3.3.3 BALB Mice
10 female BALB mice were used to generate monoclonal antibodies. They were obtained from the Kenya Medical Research Institute Animal Production, and their health was monitored for at least two weeks before the immunization commenced. 
3.3.4 Myeloma Cell Line
This myeloma cell line (ATCC#CRL-1581) was obtained from Ehime University, Japan, and revived one week prior to fusion.  The cells were cultured in RPMI 1640 medium (Nissui, Tokyo, Japan), supplemented with fetal bovine serum, L-glutamine, penicillin-streptomycin, non-essential amino acids and sodium bicarbonate after autoclaving.
3.3.5 Preparation of Ampicillin Stock Solution (100mg/ml)
1g of sodium ampicillin was dissolved in autoclaved water to make a final volume of 1ml. 
The ampicillin stock solution was aliquoted into 100 µl aliquots and stored at -20 °C.
3.3.6 Mueller Hinton Agar (MH)
38g of MH agar was added to distilled water to make a final volume of 1000ml, heated to dissolve the media completely, then autoclaved at 121 °C for 15 minutes. The media was cooled to 55 °C in a water bath, and 1000 µL of ampicillin stock solution was added to achieve a final concentration of 100 µg/mL. The media was stirred to allow ampicillin to dissolve, and the mixture was then poured onto agar plates. The media was allowed to gel, the plates were sealed with parafilm and stored at 4 °C. 
3.3.7 Luria-Bertani Broth
10g of Tryptone, 10g of NaCl, and 5g of Yeast extract were weighed, and water was added to a final volume of 1000 ml after the powder dissolved. pH was adjusted to 7.0 with NaOH, and the medium was divided into two 500ml flasks. The flasks were autoclaved at 121 °C for 15 minutes, then cooled in a water bath at 55 °C. After cooling, 250 µl of the ampicillin stock solution was added to one flask to achieve a final concentration of 50 µg/ml. The other flask was left without an antibiotic, and both flasks were stored at 4 °C.
3.3.8 Competent Cells Preparation
JM109 cells were cultured overnight on MH agar without antibiotic. A colony was cultured in LB broth without antibiotic for ~3 hours and monitored hourly until it reached 0D600 of 0.4-0.5. The cultured bacteria were poured into pre-chilled sterile 50ml Falcon tubes and incubated on ice for 30 minutes. The cells were pelleted at 4,000rpm for 10 minutes at 4 °C, re-suspended in 4 mL of 100 mM CaCl2, mixed by flicking the tubes, and incubated on ice for 30 minutes. After incubation, the cells were again pelleted at 4,000rpm for 10 minutes at 4 °C. The cells were re-suspended in 2ml ice-cold 85% v/v CaCl2 and 15% v/v glycerol, aliquoted into 100 µl in a 1.5ml microcentrifuge tube on ice, and stored at -80 °C.
3.3.9 Virus Propagation
Virus propagation was conducted in the BSL-3 laboratory at Nagasaki University-KEMRI. The cell line used was Vero cells (African green monkey kidney cells; TMPRSS2), and the strains used were the SARS-CoV-2 Beta (Kenya) and Omicron (Nagasaki) variants. Vero cells were grown in a 75cm3 flask with 10% fetal bovine serum in minimum-essential medium (FBS-MEM) with 1% penicillin-streptomycin and incubated at 37 °C with 5% CO2 for 3 days. After >90% confluency was achieved, the media was discarded, and the cells were washed with 3ml of sterile PBS. 1 ml of Beta and Omicron variants was added concurrently to the flask, away from the cells, and 4ml of maintenance media (2% FCS-MEM) was added to the flask, away from the cells. The flasks were incubated at 37 °C with a 5% CO2 incubator for 90 minutes. After virus adsorption, the cells were removed from the incubator, 15ml of 2% FCS-MEM was added, and they were incubated for 4 days at 37 °C with 5% CO2. After cytopathic effect (CPE) was observed, the cells were harvested by vortexing the flask, collected in a 50ml Corning tube and centrifuged at 3000 rpm for 10 minutes. The supernatant was collected and stored at -80 °C for later use. 
3.4 Target Gene Amplification
3.4.1 RNA Extraction 
RNA from a PCR-confirmed COVID-19-positive sample was extracted using the QIAamp® viral RNA extraction kit (Qiagen, Hilden, Germany). 560µl of AVL-carrier protein buffer and 140ul of sample suspension were added to a micro-centrifuge tube (1.5ml), pulse-vortexed and incubated at room temperature for 10 minutes. The mixture was pulse-vortexed to remove any remaining droplets from the lid. Absolute ethanol (560µl) was added to the mixture and pulse-vortexed. 630 µL of the solution was added to the minicolumn, which was then spun at 6000 rpm for 1 minute. The filtrate was discarded, and the step was repeated to use all the solution. AW1 buffer (500µl) will be added to the minicolumn and spun at 6000rcf for 1 minute. The filtrate was discarded, and 500 µL of buffer AW2 was added to the minicolumn in a new collection tube, which was then spun at 20,000 rpm for 3 minutes. The minicolumn was placed in a new micro-centrifuge tube (1.5ml), and the filtrate in the collection column was discarded. 60 µL of elution buffer (buffer AVE) was added to the minicolumn, incubated at room temperature for 1 minute and then centrifuged at 6000 rpm for 1 minute to elute RNA. The RNA will be stored at -80 °C awaiting cDNA synthesis. 
3.4.2 cDNA Synthesis 
ReverTra AceTM qPCR RT kit (Toyobo, Japan) was used for cDNA synthesis, as previously described (Wandera et al., 2018). The reaction mix, including 5µl of 5x RT buffer, 1.5µl of enzyme mix, 3.0µl of DMSO, 1.0µl of random primer and 14.5µl of nuclease-free water, was added to 5µl of RNA. The mixture was pipetted, mixed, and subjected to the following conditions: 25 °C for 10 minutes, 42 °C for 30 minutes, 97 °C for 5 minutes and 4 °C for 5 minutes. The cDNA was kept on ice for 2 minutes immediately prior to nucleocapsid gene amplification.  
3.4.3 N-Gene Amplification 
This was done using the KOD version 2 kit (Toyobo, Japan). Specific primers for the N gene were used (Appendix 1). The cDNA (2 µl) was added to a master mix that included nuclease-free water (15 µl), 10X KOD buffer (2.5 µl), 2 mM dNTPs (2.5 µl), 25 mM MgSO4 (1.5 µl), DMSO (1.0 µL), KOD-Plus (0.5 µL), and 1 µL of forward and reverse primers each. The reaction was subjected to the following conditions: 94 °C for 2 minutes, 35 cycles of (94 °C for 10 seconds, 55 °C for 15 seconds, 72 °C for 1 minute), 72 °C for 5 minutes and 4 °C for ∞.  The amplicons were confirmed using 1% agarose gel electrophoresis.
3.4.4 Agarose Gel Electrophoresis
1X Tris-acetate-EDTA (TAE) buffer was prepared from a 50X stock solution. 20ml of 50X stock solution was added to 980ml of water to make 1X TAE buffer. To make 1% agarose gel, 1g of agarose was measured, and 100ml of X1 TAE buffer was added. The mixture was heated to dissolve, then poured into a gel-casting tray with well-combed wells after cooling to allow it to gel. The PCR amplicons were subjected to gel electrophoresis for 45 minutes at 110 volts and stained with ethidium bromide for 15 minutes for visualization. 
3.4.5 Purification of PCR Amplicons 
Purification was performed using the Wizard SV Gel and PCR Clean-Up Kit (Promega Corporation, Madison, USA). 20 µL of Membrane Binding Solution was added to the PCR reaction and mixed. The mixture was transferred to the minicolumn assembly and incubated at room temperature for 1 minute. After incubation, the mixture was centrifuged at 16,000 × g for 1 minute, the flow-through was discarded, and the minicolumn was reinserted into the collection tube. 700 μl of membrane wash solution containing ethanol was added, and the mixture was centrifuged at 16,000 × g for 1 minute. The flow-through was discarded, and the minicolumn reinserted into the collection tube. 500 μl membrane wash Solution was added to the minicolumn and centrifuged at 16,000 × g for 5 minutes. The collection tube was emptied, the minicolumn was reinserted, and the column assembly was re-centrifuged for 1 minute with the micro-centrifuge lid off to allow evaporation of any residual ethanol. The minicolumn was transferred to a clean 1.5ml microcentrifuge tube, 30 μl of nuclease-free water was added to the minicolumn, incubated at room temperature for 1 minute, and centrifuged at 16,000 × g for 1 minute. The minicolumn was discarded, and the eluted DNA was stored at 4°C. 
3.5 Recombinant Protein Generation
3.5.1 Restriction Digestion
3.5 µl each of purified PCR amplicon and vector (pEu-E01-HIS-MCS-TEV-N2) were subjected to simultaneous double restriction digestion containing Not1 (0.5 µl), Xho1 (0.5 µl), NEB 3.1 buffer containing BSA (2.0 µl), and 43.5 µl of nuclease-free water, making a final volume of 50 µl for amplicon and vector. The digestion mixtures were incubated at 37 °C overnight and subjected to ethanol precipitation.
3.5.2 Ethanol Precipitation
0.1 vol of 3M sodium acetate and 2.5 vol of ice-cold ethanol were added to the sample, mixed by vortexing and precipitated at -20 °C for 1 hour. The precipitated mix was centrifuged at full speed at 4 °C for 30 minutes. The pellet was washed twice with 500 µL of 75% ethanol and centrifuged at 4 °C for 10 minutes after each wash.  The ethanol was removed, the pellet was dried for 1 minute, air-dried, and re-suspended in 15 µL nuclease-free water. The purified DNA and vector were quantified using a Nano drop (Thermo Scientific) and stored at 4 °C.
3.5.3 Ligation
The digested and purified vector and amplicon were ligated at a 1:3 ratio using high-concentration ligation. Vector 1 µl, Insert 3 µl and ligation high of 4 µl. The mix was incubated at room temperature for 40 minutes.  
3.5.4 Transformation 
5 µL of ligation mix was added to 100 µL of JM109 competent cells, incubated on ice for 30 minutes, and heat-shocked at 42 °C for 45 seconds. The cells were immediately placed on ice for 2 minutes. 900 µL of LB broth without antibiotics was added to the cells, which were incubated at 37 °C in a shaking incubator (Innova®40) at 220rpm for 1 hour. The cells were centrifuged at 13000rpm for 2 minutes, the supernatant discarded, and the pellet re-suspended in 100 µL of LB broth without antibiotics. The cells were plated on MH agar containing 100 µg/µL of Ampicillin and incubated for 16 h at 37 °C.
3.5.5 Colony PCR and Master Plate
Using the MH plate agar with an antibiotic, the plate was divided into 10 columns and labelled accordingly. Colonies were picked from the transformed plate, streaked onto the master plate using a pipette tip and labelled accordingly. The plate was incubated at 37 °C for 12hours. The pipette tip was dipped into a master mix containing Ex-Taq kit PCR components: nuclease-free water (37 µL), Ex-Taq buffer (5 µL), DNTP mix (4 µL), Ex-Taq (0.5 µL), and HisCov primers (Appendix 1), forward and reverse (1 µL each), to make a final volume of 50 µL. The mixture was subjected to PCR under the following conditions: 94 °C for 2 minutes, 35 cycles of (94 °C for 15 seconds, 55 °C for 10 seconds, and 72 °C for 1 minute), 72 °C for 5 minutes, and 4 °C ∞. The PCR amplification was confirmed using 1% agarose gel electrophoresis as previously described.
3.5.6 Mini-Prep Broth Culture
5 ml of LB broth containing 50 µg/mL of ampicillin was warmed for 20-30 minutes at 37 °C. Using a sterile pipette tip, a positive colony confirmed by colony PCR was picked from the master plate and transferred into LB broth containing ampicillin. It was cultured overnight in a shaking incubator at 37 °C and 220rpm. After 16 hours, 500 µL of the cultured bacteria in LB medium with ampicillin was mixed with 500 µL of 50% glycerol solution and stored at -80 °C. The rest was harvested using a Qiagen plasmid miniprep extraction kit (QIAGEN, Hilden, Germany).
3.5.7 Plasmid Harvesting 
This was performed using the Qiagen Plasmid Miniprep Kit (Qiagen, Hilden, Germany).

The overnight culture was pelleted by centrifugation at 4000rpm for 3 minutes at room temperature, re-suspended in 250 μl Buffer P1, and transferred to a microcentrifuge tube. 250 μl Buffer P2 was added, and the tube was inverted 4–6 times until the solution was clear. 350 μl Buffer N3 was added to the clear solution, and the mixture was thoroughly mixed by inverting the tube 4–6 times. The mixture was centrifuged for 10 minutes at 13,000 rpm in a table-top microcentrifuge. 800 μl of supernatant from the previous step was added to the QIAprep 2.0 spin column by pipetting, then centrifuged for 60 seconds; the flow-through was discarded.
The QIAprep 2.0 spin column was washed by adding 0.5ml Buffer PB, centrifuging for 60 seconds, and discarding the flow-through. The QIAprep 2.0 spin column was transferred to the collection tube and centrifuged for 1 minute to remove residual wash buffer. The QIAprep 2.0 column was placed in a clean 1.5 ml microcentrifuge tube, and 30μl Buffer EB (10 mM Tris-Cl, pH 8.5) was added at the centre of the QIAprep 2.0 spin column. The tube was incubated at room temperature for 1 minute and centrifuged for 1 minute to elute the DNA. The extracted plasmid DNA was quantified using a nanodrop (Thermo Scientific).
3.5.8 Recombinant Plasmid PCR
This was performed using both HisCov and N gene primers simultaneously to confirm that the extracted plasmid contained the insert of interest. Ex-Taq kit (Takara Bio, Japan) was used. 0.5 µL of the extracted plasmid was added to the master mix containing nuclease-free water (8 µL), Ex-Taq buffer (5 µL), DNTP mix (4 µL), and the respective forward and reverse primers (1 µL each). The mixture was subjected to PCR under PCR conditions: 94 °C for 2 minutes, 35 cycles of (94 °C for 15 seconds, 55 °C for 10 seconds and 72 °C for 1 minute), 72 °C for 5 minutes and 4 °C ∞. Amplification was confirmed by 1% agarose gel electrophoresis as previously described.
3.6 Sanger Sequencing
3.6.1 Purification of PLASMID PCR Amplicons 
ExoSAP-IT™ (ThermoFisher Scientific) reagent was removed from the –20°C freezer and kept on ice throughout this procedure.  5μl of amplified plasmid DNA was mixed with 2μl of ExoSAP-IT™ reagent. The mixture was incubated at 37°C for 15 minutes to degrade any remaining primers and nucleotides, and at 80°C for 15 minutes to inactivate the ExoSAP-IT™ reagent. The DNA was now ready for sequencing. 
3.6.2 Cycle Sequencing and Purification 
1.5 ml microcentrifuge tubes were labelled with the respective forward and reverse primers, and 2 μl each per sample was added separately for N-specific and HisCov primers that were subjected to sequencing. 16 μl of master mix, consisting of Big Dye Terminator Buffer v1.1 (4 μl), Big Dye Terminator 3.1 (1 μl), and nuclease-free water (11 μl), was added to the respective primers in the microcentrifuge tube and properly mixed. The master mix and primers (18 μl) were aliquoted onto the PCR plate, and 2 μl of DNA template was added to the respective wells. The plate was subjected to standard PCR sequencing conditions (96oC for 1 min, 96oC for 10s, 50oC for 5s, 60oC for 4 mins and 4oC for ∞. After PCR, Big Dye Xterminator kit (SAM solution 90μl, and Big Dye Xterminator 20μl). The mixture (110 μl) was aliquoted into each well, the plate sealed, and vortexed for 30 minutes at 1800rpm. The plate was centrifuged for 2 minutes at 1,000rpm, loaded into the instrument (3500 Genetic Analyzer, HITACHI, Japan) and subjected to capillary electrophoresis using the BDX program (capillary 50cm, polymer 7, BDX_Fastseq50_POP7).
3.6.3 Sanger Data Analysis
The sequences were cleaned using Molecular Evolutionary Genetics Analysis (MEGA) version 11 (Tamura et al., 2021), and blasted against the NCBI Nucleotide database using BLASTN (Samal Kailash Chandra, 2021). SARS-CoV-2 reference genome (Wuhan-Hu-1, GenBank MN908947.3) was obtained from NCBI and aligned against the recombinant N antigen using MAFFT (Katoh & Standley, 2013).  
3.7 Protein Expression
The wheat germ cell-free system was used as previously described (Kanoi et al., 2021). mRNA was synthesized from the plasmid amplicon and confirmed by Sanger sequencing. 20 μl of plasmid DNA was added to a master mix composed of 40 μl of 5X transcription buffer, 2.5 μl of SP6 polymerase (80U/μl), 20 μl of 25mM nucleotide triphosphates mixture, 2.5 μl of 115 μl of nuclease-free water and RNase inhibitor (80U/μl). The reaction was mixed and incubated at 37 °C for 18 hours. The plasmid mRNA was centrifuged at 15,000 rpm for 15 minutes, and the supernatant containing the mRNA was translated using the bilayer method as described by Takai et al. (2010). Using bilayer translation, a lower layer consisted of the mRNA, 250μl of 240 OD/ml wheat germ extract (Cell Free Sciences, Yokohama, Japan), and 20mg/mL of creatine kinase while the upper layer contained 5.5 ml of Sub-AMIX buffer made up of 2.7 mM magnesium acetate, 30 mM HEPES, pH 7.8, 1.2 mM ATP, 0.25 mM GTP, 100 mM potassium acetate, 16 mM creatine phosphate, 0.4 mM spermidine, 0.3 mM of each amino acid, 60μg of liposomes and 24 units of RNase inhibitor. The upper layer was poured into a plate well while the lower layer was drawn into a micropipette tip, ensuring no air remained at the tip's end. The tip was then carefully inserted into the bottom of the well containing the upper layer. The mixture was gently dispensed into the buffer without mixing to avoid bubble formation. This ensured bilayer formation. The plate was incubated at 16 °C for 72hours.
3.8 Protein Purification and Confirmation
3.8.1 Affinity Chromatography
The protein expressed using WGCFS was purified using affinity chromatography to ensure high specificity and yield. Initially, the reaction mixture containing the target protein was centrifuged at 12,000 × g for 15 minutes at 4°C. The column was equilibrated with 10 column volumes of binding buffer (50 mM Tris-HCl, 300 mM NaCl, pH 8.0) prior to loading. The supernatant was then loaded onto a pre-equilibrated Ni-Sepharose Fast Flow affinity chromatography column (Cytiva, Waukesha, WI, USA) as the stationary phase, which specifically binds His-tagged proteins. The target protein was bound to the Ni-Sepharose ligand, while the other wheat germ proteins were washed using phosphate buffer containing 20 mM imidazole. The target protein was subsequently eluted using an elution buffer containing 250 mM imidazole, and the eluted fractions were collected and analyzed by SDS-PAGE to confirm the presence and purity of the protein. 
3.8.2 SDS-PAGE
The protein samples were mixed with a loading buffer containing SDS, a detergent that imparts a uniform negative charge to the proteins, and β-mercaptoethanol, a reducing agent that disrupts disulfide bonds. To ensure complete denaturation, the samples were heated at 95°C for 5 minutes. The denatured proteins were then loaded onto a polyacrylamide gel consisting of a 4% stacking gel (0.650ml of 30% bis-acrylamide, 0.50ml of 1M tris pH 6.8, 3.645ml of nuclease-free water, 50μl of 10%SDS, 25μl of 10%APS, and 5μl of TEMED) for loading the samples and a resolving gel (4ml of 30%bis-acrylamide, 2.5ml of 1.5M tris-HCL pH 8.8, 3.4ml of sterile water, 100μl of 10%SDS, 100μl of 10%APS, and 5μl of TEMED) to ensure separation based on molecular weight. An electric current was applied, causing the negatively charged protein-SDS complexes to migrate toward the anode, with smaller proteins moving faster through the gel matrix. After electrophoresis, the gel was stained with Coomassie Brilliant Blue for one hour and destained with sterile water overnight for visualization. A molecular weight marker was used to estimate protein sizes.
3.8.3 Western Blotting
The nitrocellulose membrane (6 cm x 8 cm) was first cut and soaked in transfer buffer for 15–20 minutes. The buffer chamber was rinsed with distilled water, and the Trans-Blot electrode insert and a small stir bar were placed inside, followed by adding 40ml of transfer buffer until the chamber was half full. A frozen cooling unit was inserted to maintain a low temperature during the transfer. In a shallow tray, the transfer cassette was opened, and a wet sheet of 3MM Whatman paper was placed on a well-soaked filter pad on the black side of the cassette. The gel was carefully positioned on the wet filter paper, ensuring no air bubbles were trapped. A wet nitrocellulose membrane was laid over the gel (from SDS-PAGE), starting from one side to avoid bubbles, followed by another wet sheet of Whatman paper. A small tube or pipette was rolled over the assembly to remove any remaining air bubbles. The setup was completed with a second soaked fibre pad; the cassette was closed, inserted into the buffer tank, and aligned with the black panel of the electrode assembly. The tank was then filled with transfer buffer. The entire apparatus was placed on a magnetic stir plate, and stirring was initiated. Electrodes were connected, and the protein transfer was performed at 100 V for 1 hour.
3.8.4 Immunodetection
After completing the protein transfer, the transfer apparatus was disconnected, and the transfer cassette was removed. The 3MM Whatman paper was carefully peeled off the nitrocellulose membrane. Using forceps, the membrane was transferred into a small container. To block nonspecific binding sites, the membrane was incubated in 20 mL of 5% (w/v) milk in PBS with gentle shaking for 30 minutes. The blocking solution was discarded, and the membrane was washed three times with 0.05% PBS-T, each wash lasting one minute. The primary antibody, a mouse anti-Taq IgG diluted 1:2000 in 20 mL of 2.5% milk in PBS, was added, and the membrane was rocked gently for at least 30 minutes. After incubation, the primary antibody solution was discarded, and the membrane was washed three times with PBS-T. The secondary antibody, anti-mouse IgG conjugated to horseradish peroxidase (HRP), was also diluted 1:2000 in 20mL of 2.5% milk and applied to the membrane, with gentle shaking for 25 minutes. Following incubation, the secondary antibody solution was removed, and the membrane was washed three more times with PBS-T. For detection, 5mL of 1X cobalt nickel/ 3,3-diaminobenzidine (CN/DAB) substrate solution was prepared by mixing 0.5mL of 10X CN/DAB solution with 4.5mL of peroxide substrate solution. The reagent was added to the membrane, and signal development was monitored for up to 30 minutes. Once the signal appeared, the reaction was stopped by rinsing the membrane thoroughly with distilled water. The membrane was then dried using absorbent paper and scanned using an imager. 
3.9 Hybridoma Generation and Screening for mAb Production
Two mice were used as a control, while eight BALB/c mice were immunized with purified recombinant SARS-CoV-2 N protein (50 µL subcutaneously and 100 µL intraperitoneally) with Ribi (sigma) adjuvant after a two-week interval. To generate hybridomas, spleen cells were fused with the SP 2/0 myeloma cell line (ATCC#CRL-1581) using polyethene glycol 1500 (PEG 1500) and cultured in HAT-1640 medium containing Hypoxanthine (H), aminopterin (A), and thymine (T). To select stable hybridomas, we employed indirect ELISA against the recombinant N protein. Briefly, recombinant SARS-CoV-2 N protein (1 μg/mL) was used as the coating antigen for 96-well plates, which were incubated overnight at 4 °C. The plates were blocked using BlockAce and incubated for 1 hour at 37 °C. Washing was performed using 0.05% PBST three times at 3-minute intervals. 20 hybridomas were diluted from 1:101 to 1:108 starting with 1 mg/ml and incubated for 1hour at 37oC. After three washes with PBS-T, the wells were incubated with 100 μL of HRP-anti-mouse IgG antibody (1:5,000) for 1 hour. After three washes with PBS-T, 100 μL of OPD substrate (O-phenylenediamine) was added to the wells and incubated in the dark for 30 minutes. 100 μL of 1N sulfuric acid was used to stop the reaction, and the absorbance was read at 492nm. Five hybridomas with the highest absorbance, indicating strong antibody binding, were selected for sub-cloning to select a stable hybridoma. Indirect ELISA, as previously described, was used to select the most reactive hybridoma, which was cultured in vitro in a T-75 flask using RPMI-640 medium and then scaled up in a T-150 flask for mAb production. The antibody was centrifuged, and the mAb-containing supernatant was purified using protein G affinity chromatography as previously described. 
3.10 Indirect ELISA for Reactivity Screening of mAb 
96-well plates were coated with the recombinant SARS-CoV-2 N antigen (COVAT) and the commercial recombinant SARS-CoV-2 N antigen (Nagasaki University, DIA-5028) concurrently, except for the blank wells, and incubated overnight at 4 °C. Following blocking and washing to prevent nonspecific binding as previously described, the study mAb and the commercial mAb (2G4-H1-B2-C3, Cat No. 130-10836) were added to the wells separately at concentrations ranging from 2 μg/ml to 0.03125 μg/ml and incubated at 37 °C for 1 hour. 100 μL of HRP-conjugated anti-mouse IgG (1:5,000) was added to the wells and incubated at 37 °C for 1 hour.  The reaction was visualized using an OPD substrate, and absorbance was read at 492nm. This method assessed the binding specificity and strength of the mAb against the recombinant and commercial antigens. It also compared the binding affinity of the mAb to that of the commercial mAb. 
3.11 Sandwich ELISA for Reactivity Screening against SARS-CoV-2 Variants
The mAb reactivity with SARS-CoV-2 intracellular fluid (ICF) derived from the Beta and Omicron variants was evaluated. Plate-1 was coated with the mAb in 10-fold serial dilutions and incubated at 4 °C overnight, followed by blocking and washing as previously described. Beta (Kenyan strain) and Omicron (Nagasaki strain) virus isolates were added in duplicate, and the plate was incubated at 37 °C for 1 hour. Culture media with no viruses were used as a negative control. Concurrently, Plate-2 was prepared by forming a complex of the commercial mAb with HRP-conjugated anti-mouse IgG, which was then transferred to Plate-1 and incubated at 37 °C for 1 hour. After incubation, the plate was washed with PBST as previously described, and the reaction was detected using an OPD substrate, and the absorbance was read at 492nm. This approach minimized cross-reactivity between the coated mAbs and the secondary antibody in the absence of SARS-CoV-2 ICF, ensuring specificity in detecting the target antigen.
3.12 Screening of mAb for Clinical Performance Using ELISA
A 96-well plate was coated with the mAb (1 μg/mL), except for the blank well, and incubated overnight at 4 °C. Following blocking and washing as previously described, RT-PCR-confirmed SARS-CoV-2 nasopharyngeal swabs with varying CT values ranging from 15.45 to 31.87 were added to the respective wells and incubated at 37 °C for 1 hour. A known SARS-CoV-2 negative sample was used as a negative control. Following washing with PBST, a mouse anti-SARS-CoV-2 HRP-conjugated IgG secondary antibody was added to all wells except the blank. After incubation at 37 °C for 1 hour and washing with PBST as previously described, OPD substrate was added and incubated in the dark for 20 minutes. 1 N sulphuric acid was added to stop the reaction, and the absorbance was read at 492nm.  
3.13 Specificity of mAbs 
Sandwich ELISA was used to screen for mAbs specificity. The study mAb (1μg/ml) was coated in a plate and incubated overnight at 4 °C. After blocking with blockace, incubating for 1 hour at room temperature and washing with PBST, virus isolates of Human parainfluenza virus (HPIV-1,2,3), Adenovirus (Adv), A-pH1N1 - influenza A virus type H1N1, A-H3 - influenza A virus type H3N2, Influenza B virus (BS), B/Yamagata lineage, Influenza B virus (BB), B/Victoria lineage, Respiratory syncytial virus (RSV), Herpes simplex virus (HSV type 1/2), SARS-CoV-2  Beta and Omicron mutants were added in triplicates to the coated plate in designated wells. SARS-CoV-2 N antigen was used as a positive control.  After one hour of incubation at 37 °C and 3 washes with PBST, a complex of the commercial mAb with HRP-conjugated anti-mouse IgG was added and incubated for one hour at 37 °C. After washing, the reaction was detected with the OPD substrate, and absorbance was determined at 492nm. The mean absorbance of three independent assays was calculated.
3.14 Statistical Analysis
All plots and statistical analyses were conducted using R software v4.4.1 (Lafaye et al., 2014). Inferential statistical method (Kruskal-Wallis test) was used to compare any significant difference in the reactivity of the mAb versus a commercial mAb. 
3.15 Ethical Consideration
This study was approved by the institutional review board at Mount Kenya University, REF: MKU/ERC/1926 (Appendix 2), and the National Commission of Science and Technology (NACOSTI) under reference number NACOSTI/P/23/24347 (Appendix 3).
CHAPTER FOUR
RESULTS
4.1 Protein Expression Using Wheat Germ Cell-Free System
4.1.1 Antigen Generation
Two clinical samples (3 and 4) were amplified with N-gene primers and yielded a 1260 bp band (Figure 4.1). A 100 bp DNA ladder (1) and a negative control (2) were used. 
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Figure 4.1: PCR Amplification Using SARS-CoV-2 N Primers Confirmed by Agarose Gel Electrophoresis 
4.1.2 Recombinant Gene Technology
After digestion and ligation, Transformation was confirmed by the presence of colonies, indicating that the bacteria had successfully taken up the plasmid and could grow on the selective medium. Figure 4.2 shows cream-colored, well-distributed colonies, indicating successful transformation. 
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Figure 4.2: A MH Plate Agar Showing Transformation by Colony Formation.  
After colony confirmation by PCR, the positive colony was further confirmed by PCR using HisCov primers (1 and 2; 3 is the negative control), as shown in Figure 4.3. The expected band size was ~1500 bp, and N gene-specific primers (4 and 5; 6 is the Negative control). The expected band size was ~1200bp. A ligation mix was used as a positive control (labelled 7), and a 100 bp ladder was used (labelled 8). 
[image: image9.png]=———>2000bp

—+1000bp
g/vsoobp
-





Figure 4.3: Confirmation of Recombinant Antigen Generation by PCR and Gel Electrophoresis 
4.1.3 Sanger Sequencing 
Blast results revealed that the best hit to the query sequence sampled was SARS-CoV-2, with a percentage identity of 99.40% and an E value of 2e-168 (Appendix 2). Other blast results showed SARS-CoV-2 as the best hit, with 100% query coverage. Multiple alignment sequence of 3 sequences against the SARS-CoV-2 N gene reference (Accession No. MN908947.3) showed that amino acid sequences were conserved along the entire length, with PANF- (culture plasmid sample) having a mismatch at position 87 and a deletion at position 105 (Figure 4.4). 
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Figure 4.4: Multiple Sequence Alignment of Sequenced Samples against the SARS-CoV-2 Reference Genome 
Note: N1F; PCR amplicon using N primers, PANF; cultured plasmid using N primers; H1F; PCR amplicon using HisCov primers.

4.1.4 Protein Expression Using WGCFS
The expressed protein (R) had a molecular weight of ~46 kDa on SDS-PAGE (Figure 4.5). The positive control (Bovine serum albumin (BSA)) had a molecular weight of 66 kDa. Western blot also confirmed that the SARS-CoV-2 protein epitope had a molecular weight of ~50kDa (Figure 4.5). 
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Figure 4.5: SARS-CoV-2 N Antigen Expressed Using WGCFS Confirmed by SDS-PAGE and Western Blot (anti-His tag, Abcam ab18184)

M1: Protein marker, Bio-Rad, Cat No. 1610374S; M2: Protein marker, GenScript, Cat. No. M00673; BSA: 2.00ug; R: Reducing condition. 
4.2 Hybridoma Selection for mAbs Production
Out of the twenty hybridomas screened, five clones (clones 5, 6, 7, 12, and 15) were selected for sub-cloning based on their average OD values (0.58, 0.60, 0.55, 0.56 and 0.57, respectively) at 492nm (Figure 4.6a). After sub-cloning, clone 12 (3H1-2) showed the highest binding affinity, as measured by OD (Figure 4.6b), and was selected for mAb production.
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Figure 4.6a: OD Values of the Generated Hybridomas against the Recombinant Antigen
[image: image13.png]0D values (392 nm)

S

W

£

o

Oituton

W

W

o

H

conets
cones
cone?

IEEEE]




Figure 4.6b: Evaluation of Antigen Binding Affinities of Selected Hybridoma Clones Using Indirect ELISA
4.3 mAb Reactivity and Specificity Screening
4.3.1 mAb Reactivity Against Recombinant Antigens and SARS-CoV-2 Variants
The mAb demonstrated strong reactivity with both commercial and recombinant antigens, exhibiting a linear relationship between absorbance and concentration (Figure 4.7A). Using sandwich ELISA, the reactivity of the mAb was determined against beta (B.1.351) and omicron (B.1.1.529) SARS-CoV-2 variants obtained from Kenya and Japan, respectively. The mAb effectively detected both variants, demonstrating strong binding activity (Figure 4.7B).
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Figure 4.7: Comparison of Monoclonal Antibody Reactivity against Different Antigens and SARS-CoV-2 Variants

(A) Indirect ELISA showing the reactivity of the mAbs against both the His-tagged SARS-CoV-2 N antigen (COVAT) and a commercial SARS-CoV-2 N antigen (Nagasaki University).  (B) Sandwich ELISA showing the reactivity of the monoclonal antibodies against beta and omicron SARS-CoV-2 variants from Kenya and Japan, respectively.
4.3.2 mAbs Clinical Performance
The mAb detected SARS-CoV-2 antigen in qRT-PCR-confirmed-positive samples (10), with OD values ranging from 0.3 to 0.97 (Figure 4.8). An inverse relationship was observed (R² = 0.915), indicating high assay sensitivity, as evidenced by the correlation between RT-qPCR cycle threshold (CT) values and ELISA absorbance at 492 nm (Figure 4.8). 
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Figure 4.8: Clinical Performance of the mAb from RT-PCR Confirmed Positive Samples with Varying CT Values
4.3.3 mAb Specificity Screening against Other Respiratory Viruses
The mean absorbance values for the respiratory viruses (Human parainfluenza virus (HPIV-1, 2, 3), Adenovirus (Adv), A-pH1N1 - influenza A virus type H1N1, A-H3 - influenza A virus type H3N2, Influenza B virus (BS), B/Yamagata lineage, Influenza B virus (BB), B/Victoria lineage, Respiratory syncytial virus (RSV), Herpes simplex virus (HSV type 1/2), SARS-CoV-2 Beta and Omicron mutants) ranged from 0.1 to 0.039 (Figure 4.9). The generated recombinant N antigen, which exhibited the highest absorbance of 0.204 (Figure 4.9), was used as a positive control. The SARS-CoV-2 Beta and Omicron variants showed moderate absorbance of 0.1, while HSV-2 showed minimal reactivity with a mean absorbance of 0.07 (Figure 4.9).
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Figure 4.9: Specificity of Monoclonal Antibodies against Other Respiratory Viruses: B-BB; Influenza B virus/Yamagata Lineage, B-BS

 Influenza B virus/ Victoria lineage, A-H3; Influenza A virus type H3N2, RSV; Respiratory syncytial virus, HSV-1/2; Herpes simplex virus type 1 & 2, A-pH1NI; Influenza A virus type H1N1, Adv; Adenovirus; HPIV-1,2,3; Human parainfluenza virus, PC; Positive control (Recombinant SARS-CoV-2 N protein).
CHAPTER FIVE
DISCUSSION
5.1 SARS-CoV-2 N Protein Expression by WGCFS
In this study, the SARS-CoV-2 N protein was successfully expressed using WGCFS. The WGCFS surpasses the traditional prokaryotic translation system. It can be used for the large-scale production of soluble proteins that retain their native conformation, mimicking the structure of the target antigen encountered by the immune system (Harbers, 2014). These benefits highlight WGCFS's suitability for producing high-quality antigens. This system has been used to express proteins for drug development (Yamaoka et al., 2022), vaccine targets (Nagaoka et al., 2019), and monoclonal antibody production (Yamaoka et al., 2021). The N protein was used to express the mAb. This is because the N protein is preferred for diagnosis due to its conservation and its abundance during viral replication after infection (Yamaoka et al., 2021).  
5.2 mAb Production in Mice 
mAb can be deployed for clinical diagnosis or therapy. For clinical diagnosis, mAbs are produced in mice (Zhang et al., 2018), while for immunotherapy, they are produced in human form (El Abd et al., 2022). This study's mAbs were produced in BALB/c female mice to detect SARS-CoV-2 antigen in patient samples using ELISA. The mAb can be used to develop a lateral flow kit for point-of-care diagnosis and mass testing. As the number of SARS-CoV-2 cases increases globally, driven by new variants and periodic outbreaks, highly specific mAbs can distinguish SARS-CoV-2 from other common cold-causing viruses (Hwang et al., 2022). This work is comparable to a study that developed mAbs for SARS-CoV-2 detection using ELISA (Yamaoka et al., 2021). 
5.3 mAb Reactivity and Specificity Screening
mAb demonstrated high reactivity against the SARS-CoV-2 recombinant N antigen and the commercial N protein. The higher reactivities observed with the SARS-CoV-2 antigen may be attributed to similarities in the conformational epitopes recognized by the mAbs, whereas the reactivities in the commercial antigen are likely associated with the conserved nature of the conformational epitopes present in the N protein. A study of SARS-CoV-2-positive patients demonstrated that the N protein had a higher PCR detection rate than the S protein (Okba et al., 2020). Another study reported that the N protein has high diagnostic value for patients with infection before antibody appearance (Li et al., 2020). Studies identified conserved immunodominant epitopes of the N protein to develop mAbs for ELISA (Amrun et al., 2020; Yamaoka et al., 2021). 
The mAb detected both the Beta (B.1.315) and Omicron (B.1.1.529) variants in ICF. The evolution of SARS-CoV-2 is primarily driven by point mutations and recombination, resulting in new lineages and variants of concern, defined by their reduced effectiveness against public health interventions (Alsuwairi et al., 2023). The major variants of concern are Beta (B.1.315), Alpha (B.1.1.7), Delta (B.1.617.2), Gamma (P.1), and Omicron (B.1.1.529) (Hossain et al., 2022). The detection of both variants reinforces the dependability of using the N antigen for SAR-CoV-2 diagnosis. Previously developed monoclonal antibodies using the N protein were able to detect both the alpha variant with mutations D3L, R203K, G204R, and S235F and the delta variant with mutations D63G, R203M, D377Y, and R385K, as well as the wild type, beta and omicron variant (Lu et al., 2021). These results indicate that the presence of these mutations may not prevent the epitopes from binding to the monoclonal antibody. 
The mAb demonstrated the ability to detect SARS-CoV-2 antigen from nasopharyngeal swab clinical samples across a range of CT values in ELISA-based detection. Our results are similar to those of a study that developed mAbs against the SARS-CoV-2 N protein and demonstrated their applicability in a microfluidic device for detecting COVID-19 from clinical samples (Yang et al., 2023). Epitope mapping of the native structure of the N protein has increased the sensitivity and reliability of the mAbs produced, thereby enabling detection of the SARS-CoV-2 antigen in clinical samples (Liling Zhou, 2022).
The mAb showed no cross reactivity against Human parainfluenza virus (HPIV-1,2,3), Adenovirus (Adv), A-pH1N1 - influenza A virus type H1N1, A-H3 - influenza A virus type H3N2, Influenza B virus (BS), B/Yamagata lineage, Influenza B virus (BB), B/Victoria lineage, Respiratory syncytial virus (RSV), and Herpes simplex virus (HSV type 1). These findings are similar to a study that reported that mAbs targeting the SARS-CoV-2 N antigen showed cross-reactivity with parts of SARS-CoV-1 but not with other coronaviruses (Wen et al., 2023). A study that expressed the N protein using WGCFS demonstrated that the mAbs developed against it did not show reactivity against SARS-CoV or other coronaviruses, but were specific to SARS-CoV-2 (Yamaoka et al., 2021).  The mAb showed potential reactivity against HSV-2, which could be explained by cross-reactive epitopes in both the HSV-2 and SARS-CoV-2 genomes. However, a study reported poor cross-reactivity of SARS-CoV-2 with common herpes viruses but significant potential cross-reactivity with a combination vaccine used to treat diphtheria, tetanus, and pertussis infectious diseases (Reche, 2020).
5.4 Study Limitations and Next Steps
This study did not evaluate the mAb against other coronaviruses, such as SARS-CoV-1, MERS-CoV, and common cold coronaviruses, such as OC43, 229E, NL63, and HKU1, due to the unavailability of virus isolates during the study period. Assessing cross-reactivity with these viruses would provide a more comprehensive understanding of the mAbs specificity and potential limitations in distinguishing SARS-CoV-2 from related coronaviruses. Additionally, although a limited number of clinical samples were tested to assess the diagnostic performance of the mAbs, a broader evaluation using a larger, more diverse set of clinical specimens is still needed. This would help establish the sensitivity, specificity, and clinical applicability of the antibodies across different populations and viral variants. 
The produced mAbs will be used to develop an antigen-detection kit for point-of-care diagnosis. During this step, the reactivity of the mAbs against other coronaviruses will be evaluated. Also, larger clinical samples will be used. The mAbs can also be used for sero-surveillance among vaccinated individuals. 
CHAPTER SIX
CONCLUSION AND RECOMMENDATION
6.1 Conclusion
1. This study demonstrated the successful use of the WGCFS to express the SARS-CoV-2 N antigen in a resource-limited setting 
2. mAb against SARS-CoV-2 were generated in mice, which showed high reactivity against the recombinant protein, commercial (Nagasaki) antigen, SARS-CoV-2 Beta and Omicron variants
3. The mAb showed comparable reactivity to that of a commercially available antibody, reinforcing its diagnostic potential.  
6.2 Recommendations
From observations in this study, the following recommendations may be made. 
1. This study successfully expressed the SARS-CoV-2 N protein by leveraging WGCFS. Based on its strengths, such as scalability, high yield, and the ability to express proteins in their native form, it is a reliable expression system for researchers and biotechnologists.
2. Based on the limitations of the study, clinical validation of the mAbs with a larger sample size is recommended to establish their reliability in diagnostics for resource-limited settings. 
3. While no cross-reactivity was observed with common respiratory viruses, further validation is needed to assess potential cross-reactivity with other coronaviruses.
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APPENDICES

Appendix I: Primer’s Sequence List
	1
	PlexN_fwd
	5'–GAGAGAGACTCGAGCGAGGACAAGGCGTTCCAATT AAC- 3' 

	2
	PlexN_Rev
	5'-GAGAGAGAGCGGCCGCTTATTTTTCAAACTGCGGATG G CTCCAGGCCTGAGTTGAGTCAGCACTGC- 3' 

	3
	HisCoV_Fwd
	5’ - ATTTAGGTGACACTATAGAA – 3’

	4
	HisCoV_Rev
	5’ - CCTGCGCTGGGAAGATAAAC – 3’

	NB: The SARS-CoV N gene primers contain additional 5′ sequences that facilitate restriction enzyme digestion and cloning. In the forward primer, the extra sequence GAGAGAGA acts as a clamp to enhance enzyme activity, followed by the restriction site CTCGAG, recognized by XhoI. Similarly, the reverse primer contains the clamp sequence GAGAGAGA, followed by the NotI restriction site GCGGCCGC. These added sequences are not complementary to the viral N gene but are intentionally included to allow efficient digestion of the PCR product and directional cloning into an expression vector, ensuring correct insertion and expression of the target gene


Appendix II: BLASTN Search Results Identifying Sequences Producing Significant Alignment
	Description
	Scientific Name
	Max Score
	Total Score
	Query Cover
	E value
	Per. Ident
	Acc. Len
	Accession

	Severe acute respiratory syndrome coronavirus 2 isolate SARS-CoV-2/human/USA/CO-CDC-MMB08836850/2021, complete genome
	Severe acute respiratory syndrome coronavirus 2
	604
	604
	100%
	2.00E-168
	99.40%
	29781
	MZ360351.1

	Severe acute respiratory syndrome coronavirus 2 genome assembly, chromosome: 1
	Severe acute respiratory syndrome coronavirus 2
	604
	604
	100%
	2.00E-168
	99.40%
	29841
	OX252716.1

	Severe acute respiratory syndrome coronavirus 2 genome assembly, chromosome: 1
	Severe acute respiratory syndrome coronavirus 2
	604
	604
	100%
	2.00E-168
	99.40%
	29870
	OX216187.1

	Severe acute respiratory syndrome coronavirus 2 isolate SARS-CoV-2/human/USA/NH-CDC-VSX-A336783/2023 ORF1ab polyprotein (ORF1ab), ORF1a polyprotein (ORF1ab), surface glycoprotein (S), ORF3a protein (ORF3a), envelope protein (E), membrane glycoprotein (M), ORF6 protein (ORF6), ORF7a protein (ORF7a), and ORF7b (ORF7b) genes, complete cds; ORF8 gene, complete sequence; and nucleocapsid phosphoprotein (N) and ORF10 protein (ORF10) genes, complete
	Severe acute respiratory syndrome coronavirus 2
	604
	604
	100%
	2.00E-168
	99.40%
	29845
	OR815901.1

	Severe acute respiratory syndrome coronavirus 2 isolate SARS-CoV-2/human/USA/MD-CDC-LC1119824/2024, complete genome
	Severe acute respiratory syndrome coronavirus 2
	604
	604
	100%
	2.00E-168
	99.40%
	29687
	PQ333789.1

	Severe acute respiratory syndrome coronavirus 2 isolate SARS-CoV-2/human/USA/CO-CDPHE-41815828/2024 ORF1ab polyprotein (ORF1ab) and ORF1a polyprotein (ORF1ab) genes, complete cds; surface glycoprotein (S), ORF3a protein (ORF3a), and envelope protein (E) genes, partial cds; and membrane glycoprotein (M), ORF6 protein (ORF6), ORF7a protein (ORF7a), ORF7b (ORF7b), ORF8 protein (ORF8), nucleocapsid phosphoprotein (N), and ORF10 protein (ORF10) genes, complete cds
	Severe acute respiratory syndrome coronavirus 2
	604
	604
	100%
	2.00E-168
	99.40%
	29732
	PP716173.1

	Severe acute respiratory syndrome coronavirus 2 genome assembly, chromosome: 1
	Severe acute respiratory syndrome coronavirus 2
	604
	604
	100%
	2.00E-168
	99.40%
	29805
	OU151870.1

	Severe acute respiratory syndrome coronavirus 2 isolate SARS-CoV-2/human/USA/NY-PRL-210210_01A07/2021, complete genome
	Severe acute respiratory syndrome coronavirus 2
	604
	604
	100%
	2.00E-168
	99.40%
	29751
	PP603692.1

	Severe acute respiratory syndrome coronavirus 2 genome assembly, chromosome: 1
	Severe acute respiratory syndrome coronavirus 2
	604
	604
	100%
	2.00E-168
	99.40%
	29850
	OW411698.1

	Severe acute respiratory syndrome coronavirus 2 isolate SARS-CoV-2/human/USA/VA-VTVAS3-GSC42598/2023 ORF1ab polyprotein (ORF1ab), ORF1a polyprotein (ORF1ab), surface glycoprotein (S), ORF3a protein (ORF3a), envelope protein (E), membrane glycoprotein (M), ORF6 protein (ORF6), ORF7a protein (ORF7a), and ORF7b (ORF7b) genes, complete cds; ORF8 gene, complete sequence; and nucleocapsid phosphoprotein (N) and ORF10 protein (ORF10) genes, complete cds
	Severe acute respiratory syndrome coronavirus 2
	604
	604
	100%
	2.00E-168
	99.40%
	29501
	OQ891009.1

	Severe acute respiratory syndrome coronavirus 2 isolate SARS-CoV-2/human/USA/FL-CDC-QDX44996059/2022, complete genome
	Severe acute respiratory syndrome coronavirus 2
	604
	604
	100%
	2.00E-168
	99.40%
	29718
	OQ204895.1

	Severe acute respiratory syndrome coronavirus 2 genome assembly, chromosome: 1
	Severe acute respiratory syndrome coronavirus 2
	604
	604
	100%
	2.00E-168
	99.40%
	29850
	OU108040.1
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