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ABSTRACT

Coronavirus disease 2019 (COVID-19) claimed the lives of millions of people worldwide but with
great disparity in the number of cases and deaths across different populations. Multiple hypotheses
have been proposed to explain the relatively low COVID-19 in the West African population
compared to other parts of the world. The role of host-genetics has been explored in a quest to
explain the disparity. Multiple population-specific polymorphisms within receptors which allow
SARS-CoV-2 cellular invasion have been identified with varying effects on COVID-19 severity.
Using targeted sequencing, this study sought to explore SNPs (Single Nucleotide Variations)
within ACE2 (Angiotensin-converting enzyme 2); the primary receptor for SARS-CoV-2 cellular
entry, and their impact on its function in COVID-19 severity for four West African countries;

Ghana, Nigeria, Benin and Guinea.

RNA (n = 330) was extracted from archived respiratory samples of SARS-CoV-2 positive
individuals across the four countries. The RNA was converted to cDNA and PCR optimization for
twelve overlapping primers targeting ACE2 was carried out. Six out of these primers targeting
eleven ACE2 exons were optimized successfully and sequenced on the Oxford Nanopore
Technology platform. Following bioinformatic analyses, twelve SNPS in total were identified.
Five previously reported ACE2 missense variants (G353V, T434K, V573A, L585P and S607G)
were identified at low frequencies within the sites used in this study. The substitution G352V has
been previously described to confer protection against SARS-CoV-2. PolyPhen-2 analysis of the
other four previously reported SNPs indicated possible structural changes to ACE2 which may
affect its interaction with SARS-CoV-2. Seven novel ACE2 SNPs; W349*, D350E, D350V,

G352W, G352R, G352E, and K353Q were also identified within the four sites. D350G had a high



frequency across all the four West African countries (countries (Benin — 100%, Ghana — 56.2%,
Guinea — 84.2% and Nigeria — 77.4%). The modelled structure of ACE2 with each of the three of
the novel SNPs, their interactions with Spike receptor binding domain (RBD) and estimated
binding affinity was simulated using I-TASSER, ClusPro and PRODIGY respectively. All
modelled variants had a relatively lower binding interaction with the Spike protein compared to
wild-type ACE2. The lower binding interactions observed potentially suggest a lower rate of
SARS-CoV-2 cellular invasion which may be one of the reasons for the low severity of SARS-

CoV-2 observed in West Africa.
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CHAPTER ONE

1.0 INTRODUCTION

Coronaviruses of the family Coronaviridae are single-stranded, positive-sense RNA viruses with
a broad host range causing a plethora of clinical outcomes (Gomes et al., 2020; Mulabbi et al.,
2021). Prior to the coronavirus disease 2019 (COVID-19) pandemic, six human coronaviruses
(HCoVs) had been identified to cause respiratory illness in humans, with the elderly and
immunocompromised persons at risk of severe disease and death (Liu et al., 2021; Mulabbi et al.,
2021). The six previously identified HCoVs are HCoV-229E, HCoV-0C43, HCoV-NL63, HCoV-
HKU1, Severe Acute Respiratory Syndrome Coronavirus (SARS-CoV), and Middle East
Respiratory Syndrome-Related Coronavirus (MERS-CoV) (Liu etal., 2021; Mulabbi et al., 2021).
The aetiological agent for the recent COVID-19 pandemic; SARS-CoV-2, has been grouped with
SARS-CoV and MERS-CoV due to their relatively high pathogenicity (causing severe lower
respiratory tract infection) while the other human coronaviruses are typified by mild clinical

presentation (15% to 30% of common colds) (Li et al., 2019).

A global count of 775,513,850 confirmed COVID-19 cases had been reported by May 12, 2024
with 1.2% of these cases representing the African continent (WHO, 2024). The spread of SARS-
CoV-2 with an unequal number of cases count and case fatality rates globally (WHO, 2024), raises
a concern about viral pathogenesis. Different hypotheses such as frequent exposure to other
infectious agents, lower life expectancy, and population mean age, have been proposed to explain
the pattern of disease especially for West Africans with a high proportion of asymptomatic cases
(Lawal, 2021; Mensah et al., 2022; Oduro-Mensah et al., 2022; Quashie et al., 2021). Amid all

the possible hypotheses that have emerged, genetic variations have also stood as a plausible
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justification for the lower number of cases observed during the COVID-19 pandemic in Africa

(Khayat et al., 2020; Kaltoum, 2021; Sandi et al., 2024).

Infection begins when the Spike protein of SARS-CoV-2 interacts with ACE2 (Angiotensin-
converting enzyme 2) expressed on host epithelial cells (Lamers & Haagmans, 2022). After this
interaction, TMPRSS2 (Transmembrane Serine Protease 2) is recruited for viral fusion by cleavage
of the S2” position of the Spike protein (Lamers & Haagmans, 2022). Entry may also be via the
endosomal route of cellular invasion. In this case, Cathepsins L and B are recruited for activation
of the Spike protein for RNA release and replication (Gomes et al., 2020; Prasad et al., 2021).
Other receptors such as Basigin, Aminopeptidase (ANPEP; receptor for HCoV 229E) and
Dipeptidyl peptidase-4 (DPP4; receptor for MERS-CoV) have also been proposed to allow SARS-
CoV-2 cellular invasion (Qi et al., 2020). Mutations in all these receptors could have different
implications on the level of viral cellular invasion which could be an important factor in the varying
clinical phenotype of COVID-19 globally (Duah-Quashie et al., 2024; Jalaleddine et al., 2022;

Pislar et al., 2020; Srivastava et al., 2020; Wulandari et al., 2021; Yaghoobi et al., 2023).

Based on the general trend of COVID-19 in West Africa; high asymptomatic cases (Quashie et al.,
2021) and lower number of deaths (Parbie et al., 2020; Quashie et al., 2021), it is important to
understand the factors driving low severity as the prediction of fatal cases for Africans was not
achieved during the pandemic (Njenga et al., 2020; Oduro-Mensah et al., 2022). Immune
modulation is a key hypothesis (Tapela et al., 2022; Sandi et al., 2024; Tapela et al., 2024), but it
is also important to determine if host genetics play a role in altering the receptors involved in viral

entry thereby enhancing or reducing infectivity. Thus, this study sought to identify SNPs present
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in ACE2; the primary receptor for SARS-CoV-2 cell invasion, and how these variants influence

viral entry in four selected West African populations.

1.1 PROBLEM STATEMENT

Early in the COVID-19 pandemic, Africa was predicted to experience high fatalities due to reasons
such as poor healthcare systems, malnutrition, and poor surveillance to detect infections on time
(Lawal, 2021; Njenga et al., 2020; Tsinda & Mmbando, 2021). Interestingly, the prediction of
highly severe cases and deaths was not realized, especially for West Africa. This has led to multiple
hypotheses to explain the pattern of COVID-19. Some of these hypotheses include a younger
average population, exposure to host gene polymorphisms, endemic diseases like malaria, warm
climate, lower life expectancy, and reduced production of pro-inflammatory immune response
indicators (Lawal, 2021; Monticelli et al., 2021; Njenga et al., 2020; Oduro-Mensah et al., 2022;
Sandi et al., 2024). Studies have identified polymorphisms in the ACE2 host receptor for SARS-
CoV-2 cellular invasion across multiple populations (Ali et al., 2020; Srivastava et al., 2020; Rokni
et al., 2022; Duah-Quashie et al., 2024). Recently, unique SNPs have been identified within the
first four exons of ACE2 in Ghanaians (Duah-Quashie et al., 2024). These appear to have the
potential to reduce SARS-CoV-2 cellular invasion (Duah-Quashie et al., 2024). However, there
are no reports on ACE2 SNPs in Nigeria, Benin, and Guinea, which also had low COVID-19
severity and deaths during the pandemic. This study focused on identifying SNPs within eleven
exons of ACE2 for individuals in Ghana, Nigeria, Benin and Guinea to further explore the role of

host genetics in COVID-109.
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1.2 RATIONALE

An important step in viral pathogenesis is receptor interaction. Understanding how a receptor and
ligand interact can inform the different clinical presentation of pathogens, immune evasion
mechanisms, and interventions such as vaccines and medicines (Everest et al., 2022; Wong &
Saier, 2021; F. Li, 2015). Previous in-vitro work in our group (Quashie and Paemka laboratories)
had identified SNPs of ACE2 with the potential to affect the infectivity and pathogenicity of SARS-
CoV-2. Five SNPs within ACE2; S19P, K341R, M383T, D427Y, S692P and L731F reportedly
present in Africans, demonstrated a lower infectivity rate with SARS-CoV-2 compared to wild-
type ACE2 (Oyawoye et. al, unpublished). This preliminary data suggested that ACE2 SNPs might
play roles in the infectivity and the pathogenicity of SARS-CoV-2. Additionally, a recent report
has linked polymorphisms in the first four exons of ACE2 to the low susceptibility of SARS-CoV-
2 in the Ghanaian population (Duah-Quashie et al., 2024). Across the West African region,
COVID-19 cases were predominantly mild or asymptomatic compared to other parts of the world.
Given the current reports on SNPs identified (Duah-Quashie et al., 2024), there is the need to
further investigate the role of host genetics in SARS-CoV-2 cellular invasion. Thus,
polymorphisms within the West African region may have contributed to the low severity of

COVID-19 within the sub-region.

Since SARS-CoV-2 cellular invasion requires interaction with ACE?2 for an infection to occur, it
is necessary to identify SNPs which may alter protein structure and function. These SNPs may
play a role in COVID-19 as they can alter SARS-CoV-2 cellular invasion. This will provide more

evidence for the disparity in COVID-19 cases and severity observed globally.
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1.3 AIM

To identify ACE2 receptor SNPs in persons from Ghana, Nigeria, Guinea and Benin and how these

polymorphisms impact virus-host interactions using archived respiratory samples.

1.4 SPECIFIC OBJECTIVES

1. To identify ACE2 variants using targeted sequencing.
2. To perform in-silico validation of the effect of identified ACE2 variants on SARS-CoV-2

cellular invasio
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CHAPTER TWO

2.0 LITERATURE REVIEW

2.1 Coronaviruses

Coronaviruses (CoVs) are a group of viruses with the ability to infect a plethora of hosts globally
and can be lethal (X. Li et al., 2019; Schoeman et al., 2022). Natural hosts of CoVs are often
animals such as bats, cats, wild birds, pangolins, rodents, and camels (El-Sayed & Kamel, 2021,
Z.Zhouetal., 2021). CoVs can survive in different hosts and tissues of the host due to their varying
unique genetic flexibility as observed in their capacity to rapidly evolve, making them a menace
to public welfare (El-Sayed & Kamel, 2021; Mulabbi et al., 2021). Since the first identification of
CoVs in 1993 (Mclintosh, 1974; Mulabbi et al., 2021), several CoVs have been identified. Severe
Acute Respiratory Syndrome-Related Coronavirus 2 (SARS-CoV-2) is the most recently identified
human coronavirus (HCoV) in December 2019 (Shi et al., 2020). Prior to this, HCoV-229E,
HCoV-0C43, HCoV-NL63, HCoV-HKU1, SARS-CoV, and Middle East Respiratory Syndrome-
Related Coronavirus (MERS-CoV) were the only known HCoVs in circulation (Mulabbi et al.,

2021; Nassar et al., 2021).

2.2 Taxonomy and classification

Currently, CoVs are classified into the order Nidovirales based on the presence of identical amino
acids of hallmark genes such as the RdRp (RNA-dependent RNA polymerase) and HEL1 (helicase
of superfamily 1) (Z. Zhou et al., 2021). In the Nidovirales order, they belong to the Coronaviridae

family and are further classified into Orthocoronavirinae and Letovirinae subfamilies (Woo et al.,



120  2023; Z. Zhou et al., 2021). Within the Orthocoronavirinae subfamily are the four genera;
121 Alphacoronavirus and Betacoronavirus which infect humans, and Gammacoronavirus and
122 Deltacoronavirus which infect birds primarily and some mammals (figure 1) (Woo et al., 2023; Z.
123 Zhou et al., 2021). HCoV-NL63 and HCoV-229E are Alphacoronaviruses while HCoV-HKU1,
124  HCoV-0C43, MERS-CoV, SARS-CoV, and SARS-CoV-2 are Betacoronaviruses (Schoeman et
125 al.,, 2022; Woo et al., 2023). SARS-CoV-2, SARS-CoV and MERS-CoV are classified together
126 due to their high pathogenicity; causing severe lower respiratory tract infection, while the other
127  human coronaviruses are considered less pathogenic due to their moderate clinical presentation of

128  15% to 30% of common colds (X. Li et al., 2019).
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129

130  Figure 1: Orthocoronavirinae subfamily classification

131 Human coronaviruses are shown in bold font and highly pathogenic human coronaviruses

are shown in red font (Source: Shors, 2024)



132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

2.3 Genome organization

The genome of coronaviruses is approximately 26 to 32 kilobases and is currently the largest
known for RNA viruses (X. Li et al., 2019; Schoeman et al., 2022). Coronaviruses have a single-
stranded positive-sense RNA genome with a conserved order of a leader sequence and open
reading frames at the 5' end which occupies about two-thirds of the genome and a polyadenylated
3' end occupying the other part of the genome, as well as other accessory genes distributed within
(X. Li et al., 2019; Schoeman et al., 2022; Z. Zhou et al., 2021). There are two 5’ open reading
frames which together encode the replicase-transcriptase complex composed of 15 to 16 non-
structural proteins (nsps) and some host cellular proteins (Artika et al., 2020; X. Li et al., 2019).
The 3’ end encodes structural proteins and many other nsps which differ in quantity, magnitude
and position in the genome of the different coronaviruses (figure 2) (X. Li et al., 2019; Schoeman
etal., 2022; Sohrab et al., 2024; Z. Zhou et al., 2021). Untranslated 5’ and untranslated 3’ regions
of approximately 210 to 530 and 270 to 500 nucleotides respectively, are also present in the

genome with specific conserved regions for functionality (Artika et al., 2020).
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Figure 2: Genome organization of some coronaviruses
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The 3’ end of the genome differs significantly across the four coronavirus genera

Source: (Sohrab et al., 2024).

2.4 Structure of the virion

Coronaviruses are spherical pleomorphic viruses with club-like exterior extensions of their Spike
protein which gives them a characteristic electron microscope image similar to the solar corona
(Rohaim et al., 2021; Woo et al., 2023). They have a diameter range of approximately 80 to 120
nm with a large genome size (Artika et al., 2020; X. Li et al., 2019). Within the membrane of the
virions are three or four (depending on the type of CoV) main structural proteins which are Spike,

Membrane, Envelope, and Hemagglutinin esterase glycoprotein (figure 3) (specific to the

9



162  Embecovirus subgenus of the Betacoronavirus genus) (Florindo et al., 2020; Woo et al., 2023).
163  The Nucleocapsid is also a structural protein within the virion in a helix with the positive sense

164  RNA (Rohaim et al., 2021; Tortorici & Veesler, 2019).

Hemagglutinin

esterase-dimer
) Spike (S)

RNA viral genome
165

166  Figure 3: Coronavirus virion structure

167  The hemagglutinin esterase glycoprotein is specific to the Embecovirus subgenus

168  Adapted from BioRender templates (app.biorender.com/illustrations)

169

170  2.4.1 Spike protein

171 The Spike protein is a member of class one viral fusion proteins and is essential for cellular
172 invasion by interacting with specific host receptors (X. Li et al., 2019; Tortorici & Veesler, 2019).
173 The Spike protein is essential in defining host specificity, and cellular and tissue tropism (Hulswit
174 et al., 2016; Tortorici & Veesler, 2019; Artika et al., 2020). It comprises three protomers of
175  approximately 1100 to 1600 amino acids, making it the largest transmembrane structural protein

10
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of the virion (X. Li et al., 2019; Tortorici & Veesler, 2019). The Spike protein also plays an
important role as immune cells of the host target it for the production of neutralization antibodies
(Tortorici & Veesler, 2019). The Spike protein is made up of two subunits; S1 and S2 (Tang et al.,
2023; Tortorici & Veesler, 2019). S1 interacts with host receptors influencing tropism and host
specificity, while the S2 facilitates host and virus membrane fusion allowing cellular invasion
(Tang et al., 2023). The S1 subunit also has the receptor binding domain (RBD) that determines
the kind of host receptor used by the virus (X. Li et al., 2019). The different viral species have
different RBD positions as seen in SARS-CoV and HCoV-229E at amino acid residues of 318 to
510 and 417 to 547 respectively (X. Li et al., 2019). Also, there may be a cleavage site recognizable
by furin-like proteases between the S1 and S2 subunits (Hulswit et al., 2016) which affects the
activation of the Spike protein and consequently virus-cellular invasion and infection (Bestle et

al., 2020).

2.4.2 Nucleocapsid protein

The Nucleocapsid is an important structural protein that plays a role in genome packaging and
replication of the virus (Dong et al., 2023). It has an N-terminal domain (NTD) and a C-terminal
domain (CTD) and may undergo post-translational modifications such as phosphorylation and
cleavage by proteases (Kim etal., 2022; Liu et al., 2021). Nucleocapsid binds to the viral RNA as
dimers within the viral envelope with a characteristic helical symmetry (Kim et al., 2022; Liu et
al., 2021). It also has a medial linker domain that is rich in Serine and Arginine of approximately
50 amino acid residues (Wong & Saier, 2021) which may regulate the function of the nucleocapsid

(Satarker & Nampoothiri, 2020). The expression of Nucleocapsid is observed in specimens at the
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primal stages of infection (Satarker & Nampoothiri, 2020). Other roles of Nucleocapsid include
association with membrane protein for virion assembly, promotion of RNA strand separation to
increase the efficiency of replication, prevention of the production of interferons, and enhancement

of host apoptosis (Wong & Saier, 2021).

2.4.3 Membrane protein

The Membrane protein is approximately 25 to 30 kDa which primarily associates with the other
structural proteins (Liu et al., 2021) and homotypic interaction with itself in mobilizing the virion
assembly (Artika et al., 2020). The interaction between Membrane and Envelope leads to the
formation of viral-like particles for assembly of the viral envelope (Samavati & Uhal, 2020). The
Membrane protein spans the viral membrane three times, with its CTD interacting with
Nucleocapsid and a short-length NTD at the external portion of the virion (Artika et al., 2020).
Interestingly, there is another structural prediction showing both the NTD and CTD on the exterior
portion of the virion (Schoeman et al., 2022). The membrane protein may also function in immune
evasion using multiple strategies, such as enhancing apoptosis of infected cells and preventing

NF«B production to promote viral replication (Satarker & Nampoothiri, 2020).

2.4.4 Envelope protein

The envelope protein is the least abundant protein of the virion (Schoeman et al., 2022). Its
interaction with the membrane protein constitutes the viral envelope (Schoeman et al., 2022). It

has a short NTD, an a-helical transmembrane domain, and a CTD domain at the intracellular
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portion of the virion (Schoeman et al., 2022; Wong & Saier, 2021). The envelope protein also
plays a role in viral pathogenesis via the formation of ion-channel viroporins which change the
perviousness of host cell membranes (Schoeman & Fielding, 2020). It may also play a role in
maintaining the morphology of the virion, as studies have observed that mutant virions lacking the
Envelope show poor structural virion formation, reduced viral plaques and viral titres (Wong &

Saier, 2021).

2.4.5 Non-structural proteins

The non-structural proteins (nsps) differ in quantity, magnitude and position in the genome of the
different coronaviruses and may provide the virus an added advantage for survival (Schoeman et
al., 2022) such as immune evasion (Artika et al., 2020). Nsps are encoded by the 5’ end of the
genome consisting of two open reading frames (ORFs) 1a and 1b (Rohaim et al., 2021). ORF 1a
and 1b are translated into polyproteins (pp) 1a and 1b and processed by its proteases to generate
15 to 16 nsps (X. Li et al., 2019). The interaction between nsps and the host cellular machinery
can be explored in the design of therapeutics as they may play a vital function in replication

(Rohaim et al., 2021).

2.5 Host interaction and viral entry

HCoV infection begins when an interaction occurs between host receptors and viral ligands leading
to the release of the viral genome into the host cytoplasm (Artika et al., 2020). This interaction

occurs between the glycosylated S1 portion of Spike protein and host receptors such as
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Angiotensin-Converting Enzyme 2 (ACE2) and Dipeptidyl Peptidase 4 (DPP4) (Artika et al.,
2020; Everest et al.,, 2022). Upon recognition of host receptors, the Spike undergoes
conformational changes and proteolysis at either both or one of its cleavage sites (the S1/S2
cleavage site and S2’ cleavage site) (Hulswit et al., 2016). The host receptor involved in the
internalization of the virus is dependent on the viral strain and may be carried out via endocytosis
or mediated endocytosis by host receptors such as Transmembrane Serine Protease 2 (TMPRSS2)
(Hashimoto et al., 2021; Nassar et al., 2021; Shi et al., 2020). A viral uncoating step occurs after
entry, releasing the positive stranded RNA which encodes an RNA-dependent RNA polymerase
(Fung & Liu, 2019; Nassar et al., 2021). The RNA-dependent RNA polymerase then utilizes the
positive strand RNA as template to produce a negative sense strand, which is used as the template
for new positive sense viral RNA (Fung & Liu, 2019; Nassar et al., 2021). A discontinuous
transcription of the negative sense strand occurs, producing a nested group of sub-genomic RNA
encoding structural and non-structural proteins (Fung & Liu, 2019; Schoeman et al., 2022).
Packaging of the proteins then occurs in the endoplasmic reticulum and Golgi apparatus, producing
mature virions through the secretory pathway or exocytosis (Fung & Liu, 2019; Schoeman et al.,
2022). The replication cycle lasts approximately 10 to 12 hours in an infected cell (Nassar et al.,

2021).

2.6 Receptors

Generally, viruses interact with receptors for cellular entry which may involve primary receptors
and other modulatory molecules (Everest et al., 2022). The seven HCoVs use only four primary
receptors with specific modulatory molecules such as host proteases for viral attachment and entry

(Nassar et al., 2021). The four main receptors are Angiotensin-converting enzyme 2 (ACEZ2),
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Dipeptidyl peptidase 4 (DPP4), Aminopeptidase (ANPEP), and 9-O-acetylated-sialic acid (9-O-
Ac-Sia) (Nassar et al., 2021; Everest et al., 2022; Vargas-Rodriguez et al., 2022). The envelope-
anchored Spike protein of HCoVs binds to one of these host receptors causing a conformational
change that leads to the fusion between the viral envelope and host cell membrane (W. Ni et al.,
2020; Zheng et al., 2018). The Spike protein has S1 and S2 subunits which facilitate viral
attachment and fusion, respectively (Kaidashev et al., 2021; Zheng et al., 2018). The function of
the Spike subunits is facilitated by host proteases showing up at different viral attachment and
entry steps depending on the type of HCoV (Zheng et al., 2018). The HCoV genomic RNA is then
deposited into the host cell through endocytosis or membrane fusion post-cleavage by the host
proteases (Everest et al., 2022; Zheng et al., 2018). Thus, receptor recognition and viral entry is a
complex process involving primary receptors and attachment molecules; which ensure the
continuation of the entry process after interaction with a primary receptor is established (Everest

etal., 2022).
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2.7 Coronavirus disease 2019

2.7.1 Coronavirus disease 2019 epidemiology

Coronavirus disease 2019 (COVID-19) caused by Severe Acute Respiratory Syndrome
Coronavirus 2 (SARS-CoV-2) emerged in Wuhan hospitals as an unusual pneumonia in December
2019 (Boban, 2021; Kumar et al., 2021; Meskini et al., 2021). SARS-CoV-2 was identified to have
sequence similarity of approximately 80% to SARS-CoV (Kumar et al., 2021; Meskini et al.,
2021). Globally, according to the World Health Organization, over 776 million COVID-19
infected persons out of which 7,065,880 million people have lost their lives (assessed 30"
September, 2024 (WHQO, 2024)). Interestingly, the West African region is one of the less impacted
regions compared to other regions like America, Western Pacific, and Europe (figure 5). Many
studies have proposed possible reasons for the low number of cases particularly for the African

population (Lawal, 2021; Oduro-Mensah et al., 2022; Tsinda & Mmbando, 2021).
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Figure 5: Total number of reported cases retrieved from the WHO dashboard on 30t]

September, 2024
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2.7.2 The unequal distribution of COVID-19 pandemic

The COVID-19 pandemic affected countries differently (figure 5). Many plausible hypotheses
have emerged to explain the disparity in the number of cases and fatalities observed particularly
in West Africa (Njenga et al., 2020; Lawal, 2021; Oduro-Mensah et al., 2022). Early predictions
made by experts during the pandemic suggested that Africa will record a high number of COVID-
19 infections and related deaths (Oduro-Mensah et al., 2022; Taboe et al., 2020). However, this
was not observed especially for West Africa as cases reported were largely mild or asymptomatic
(Quashie et al., 2021; Jacobs & Okeke, 2022; Tapela et al., 2024). Some factors that suggest Africa
would have been greatly affected by the COVID-19 pandemic include poverty, poor health
facilities and personnel, low surveillance and poor diagnostic tools (Njenga et al., 2020; Taboe et
al., 2020). Currently, multiple hypotheses; such as exposure to malaria, immune modulation and
host genetics have emerged to partly explain the disparity observed with a focus on the African

continent (Duah-Quashie et al., 2024; Sandi et al., 2024; Tapela et al., 2024).

2.7.2 Routes of infection

COVID-19 spread occurs primarily via viral transmission through inhalation of respiratory
aerosols from an infected person or contact with infected surfaces of fomites (Boban, 2021; Kumar
etal., 2021). Other transmission routes of infection include air, mother-to-child, sexual intercourse,
faecal matter and discharges from the conjunctiva (Jain et al., 2022; Kumar et al., 2021).
Transmission through the air iIs facilitated by the viability of the virus in the air, which is
approximately 3 hours to 3 days and necessitating the need for face masks during the pandemic

(Kumar et al., 2021; Zhao et al., 2022). Transmission through pregnancy is not fully established
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due to conflicting data; some studies identified SARS-CoV-2 in babies between 1 and 1Y% days
after delivery, in breastmilk, and placenta, and high levels of immunoglobin M and G in a baby
120 minutes after caesarean birth (Kumar et al., 2021). Despite these results, there is no conclusive
indication of vertical transmission between a mother and a child (Kotlyar et al., 2021; Kumar et
al., 2021; Yuan et al., 2021). Transmission through sex has also not been fully established although
there is evidence of SARS-CoV-2 in semen samples (Kumar et al., 2021). Nevertheless, the
possibility of spread via sexual intercourse can be inferred due to the expression of the ACE2
receptor at the points of intercourse (Aitken, 2021; Kumar et al., 2021). Transmission through the
orofecal interface and conjunctiva secretions has also been proposed due to the identification of
SARS-CoV-2 in faecal matter and tears of infected persons (Heller et al., 2020; Kumar et al.,

2021).

2.7.3 Clinical presentation

The clinical presentation of COVID-19 disease varies from person to person based on an interplay
between factors such as age, gender, underlying conditions, genetic variation of host and virus and
environmental and pathogen exposures (Niemi et al., 2022; Oduro-Mensah et al., 2022; Pradhan
et al., 2021). On average, the viral incubation phase after cellular invasion is between 2 to 14 days
(Boban, 2021; Mehta et al., 2021), after which symptoms may or may not show. Thus, the clinical
signs of COVID-19 can vary between asymptomatic, mild, moderate, and severe or critical
categories (Mehta et al., 2021). The virus mainly damages the upper respiratory tract upon
infection leading to replication in the infected cells, after which it migrates to the lungs and causes

damage (Mehta et al., 2021; Melenotte et al., 2020). About 3% of symptomatic patients progress
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to fatal conditions (Marik et al., 2021) involving atypical humoral metabolic processes and
pulmonic oedema (Cui et al., 2021). Symptoms of mild COVID-19 involve a plethora of non-
specific presentations such as cough, fever, fatigue, headache and pain in the muscles and joints
(Schoeman et al., 2022) while severe disease involves shortness of breath, high levels of
inflammatory markers, septic shock and multiorgan dysfunction (Lamers & Haagmans, 2022;
Boban, 2021; Mehta et al., 2021). Four main phases of clinical progression from mild to critical
disease have been described; the first clinical signs occur in the upper and or the lower respiratory
tract which manifests as nasal congestion, sneezing, partial or complete loss of smell and loss of
taste (Melenotte et al., 2020; Polidoro et al., 2020). Phase two involves infection of the lower
respiratory tract leading to lung injury requiring hospitalization (Melenotte et al., 2020; Polidoro
et al., 2020). Phase three usually begins from the ninth to the twelfth day (Melenotte et al., 2020)
indicated by an abrupt failure of the respiratory system occurring due to a cytokine storm resulting
in thrombosis (Melenotte et al., 2020; Polidoro et al., 2020). The fourth phase is characterized by

severe distress of the respiratory airway, multiple organ failure and death (Melenotte et al., 2020).

2.7.4 Diagnosis

The gold standard for SARS-CoV-2 detection is reverse transcription polymerase chain reaction
(RT-PCR), which is based on the detection of parts of the viral sequence via reverse transcription
and amplification (Yice et al., 2021). The quantification of immunoglobulins in the blood or
sputum was also carried out during the pandemic using lateral flow devices and enzyme-linked
immunosorbent-based assays indicating the dynamics of immune response to the infection (Tapela

et al., 2023; Yice et al., 2021). Antigen detection kits that detect the presence of the virus without
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the need for PCR were also developed and used during the pandemic. These also utilized lateral
flow devices and enzyme-linked immunosorbent-based assays (Humbert et al., 2022; Yice et al.,
2021). Other detection platforms like smartphone sensors, biosensors, reverse transcription loop-
mediated isothermal amplification (RT-LAMP), nucleic acid hybridization assays, surface
plasmon resonance-based assays, CRISPER Cas 12-based lateral flow devices, and genomic
analysis using the nanopore technology platform emerged as alternate forms of immunoglobulin
and antigen identification (figure 6) (Irkham et al., 2022; Yce et al., 2021). All of these diagnostic

tools offer different levels of sensitivity and specificity on different types of samples (Melenotte

et al., 2020).
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Figure 6: Molecular diagnostic methods for COVID-19
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2.7.5 Immune response

The innate immune response is activated upon SARS-CoV-2 infection in a host causing a general
defense by proteins such as defensins, metabolites, cytokines and mucins at the epithelial surface
to prevent viral replication and spread (Mistry et al., 2022; Smith et al., 2021). As the disease
progresses as a result of insufficient general defense, host pattern recognition receptors (PRRS)
expressed by innate immune cells detect damage-associated molecular patterns (DAMPS) and
pathogen-associated molecular patterns (PAMPS), leading to the production of more defense
proteins (Mistry et al., 2022; Tirelli et al., 2023). These defense proteins include type | and Il
interferon, tumor necrosis factor alpha, and pro-inflammatory cytokines which hinder viral
replication (Mohammed et al., 2022; Tirelli et al., 2023). Subsequently, natural killer cells are also
activated by the cytokines produced, which also mount a defense against SARS-CoV-2 by

degranulation or apoptosis (Mistry et al., 2022).

The adaptive immune response to SARS-CoV-2 is activated a number of days after infection by
innate immune molecules to enhance viral clearance (Mistry et al., 2022). Antigen presenting cells
such as monocytes, dendritic cells and macrophages process the virus and present them to cluster
of differentiation (CD) 4 positive T (CD4+) cells for activation and differentiation (Kaklamanos
et al., 2021). The CD4+ T cells differentiate into T follicular helper cells, interacting with the B
lymphocytes to allow differentiation into antibody producing plasma cells or memory B cells
targeting surface glycoproteins of the virus (Kaklamanos et al., 2021; Primorac et al., 2022; Silva
et al., 2022). Other CD4+ T cells which are also produced after differentiation further enhance the
adaptive response by providing more signal to enhance B lymphocyte maturation and bridging the

interaction between antigen presenting cells and CD8+ T cells (Primorac et al., 2022).
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Immunoglobin (Ig) A, IgM, and IgG are successively produced by the plasma cells which enhance

viral neutralization (Kaklamanos et al., 2021; Paces et al., 2020). Cytotoxic CD8+ T cells upon

activation and differentiation, secrete multiple cytokines such as Tumor necrosis factor alpha, and

interferon gamma to kill the virus (Mohammed et al., 2022; Primorac et al., 2022).

Despite the host’s attempt to prevent viral spread, the virus adopts immune evasion mechanisms

to enhance its spread and survival (Minkoff & tenOever, 2023). Some immune evasion

mechanisms employed by SARS-CoV-2 include:

1.

Inhibiting mitochondrial physiology which interferes with optimal interferon production
(Burtscher et al., 2020; Rubio-Casillas et al., 2022).

Creation of tunneled nanotubes within the cytoplasm of cells which allows cellular
communication between adjacent cells and infection of cells without the known
permissible receptors for SARS-CoV-2, preventing extracellular immune recognition
(Merolli et al., 2022; Pepe et al., 2022; Rubio-Casillas et al., 2022).

Downregulation of the human leukocyte antigen | (HLA-1) molecules required for antigen
presentation by the interaction of viral proteins from the 6™ and 8" open reading frames of
the viral genome (Yoo et al., 2021; Zhang et al., 2021; Rubio-Casillas et al., 2022).

The incorporation of SARS-CoV-2 in exosomes which prevent recognition by antibodies,
allow cellular invasion of cells without permissible receptors for SARS-CoV-2, and
transport of envelope proteins serving as false targets for immune recognition (Troyer et

al., 2021; Rubio-Casillas et al., 2022).
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2.8 SARS-CoV-2 receptors

2.8.1 Primary Receptors

2.8.1.4 Angiotensin-Converting Enzyme 2

Angiotensin-Converting Enzyme 2 (ACE2) is a homolog of ACE, with a diverse set of biological
functions expressed in a variety of human organs and tissues (Bosso et al., 2020; W. Ni et al.,
2020). ACE2 is a carboxypeptidase and zinc metalloenzyme with one of its main functions being
the regulation of circulating angiotensin II levels to maintain blood pressure homeostasis (Bosso
et al., 2020). ACE2 has been identified as the receptor for the betacoronaviruses;, SARS-CoV and
SARS-CoV-2 (figure 7), and the alphacoronavirus HCoV-NL63 (Everest et al., 2022). Several
polymorphisms in the ACE2 gene that may be linked to severity or susceptibility to COVID-19 in
specific populations have been identified (Jalaleddine et al., 2022; Pislar et al., 2020; Srivastava et
al., 2020). For example, the R514G polymorphism has been found in the African/American
population which may be associated with susceptibility to COVID-19 and cardiovascular
difficulties, 1468V has also been found in Asia which leads to an alteration in ACE2 secondary
structure that reduces ACE2 function, while K26R, T27A, H34R, and many other variants have

also been associated with increased susceptibility (Kaidashev et al., 2021).

Due to the diverse physiological function of ACE2 particularly in hypertension which is associated
with increased mortality and severity of COVID-19, identifying polymorphic forms of ACE2 in
the West African population will be of great importance, not only in understanding viral entry for
SARS-CoV-2 but for other pathogens such as SARS-CoV and HCoV-NL63 and subsequently, aid

in the development of therapeutic interventions for West Africans.
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2.8.1.B Dipeptidyl peptidase 4

Dipeptidyl peptidase 4 (DPP4) also known as cluster of differentiation 26 (CD 26), is a dimeric
type Il transmembrane protein and the third protein identified as a receptor for HCoVs (Raj et al.,
2013). DPP4 plays a role in a wide range of cellular processes such as glucose metabolism, cellular
adhesion, regulation of chemotaxis, and regulation of hormones and chemokines (Raj et al., 2013).
MERS-CoV interacts with DPP4 at the C-terminal domain for cellular entry (Abbad et al., 2021;
Bosch et al., 2014; Everest et al., 2022). DPP4 also interacts with the gp120 envelope of the Human
Immunodeficiency Virus by a hyper-sialylation process (Bassendine et al., 2020; Sebastian-Martin
etal., 2022). Current data shows a possible interaction between DDP4 and SARS-CoV-2 for cellular

invasion causing COVID-19 (figure 7) (Bassendine et al., 2020).

2.8.1.C Aminopeptidase

Aminopeptidase (ANPEP), also described as cluster of differentiation 13 (CD 13), is a type 2
transmembrane metalloprotease that exists in both soluble and insoluble forms (Everest et al.,
2022). ANPEP acts as a primary receptor for the human coronavirus 229E and other human viruses
(Bosch et al., 2014; Everest et al., 2022). It is also been recently proposed to be one of the receptors

for SARS-CoV-2 entry (figure 7) (Qi et al., 2020).

2.8.1.D Basigin

The immunoglobulin family of proteins includes Basigin (basic immunoglobulin - BSG) or cluster

of differentiation 147 (CD 147) or extracellular matrix metalloproteinase inducer (EMMPRIN)
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(Chen et al., 2005; Everest et al., 2022). BSG plays several roles including Plasmodium falciparum
cell entry, tumour development, and viral infection (Everest et al., 2022; Shilts et al., 2021). BSG
in COVID-19, has been proposed as a receptor for the entry of SARS-CoV-2, however, this has
been challenged (Ahmetaj-Shala et al., 2020; Shilts et al., 2021). Chen et al. proposed the link
between BSG and SARS-CoV-2 to be via mediating cyclophilin A, complexed to the nucleocapsid
protein of the virus (Chen et al., 2005). Conversely, after the commencement of clinical trial for
meplazumab (humanized monoclonal antibody against BSG), Shilts ef al., did not find any

evidence to support the invasion of cells via BSG receptor interaction (Shilts et al., 2021).

2.8.2 Attachment or secondary receptors

2.8.2.A Transmembrane Serine Protease 2 (TMPRSS2)

The Spike protein which performs attachment and fusion to the host receptor is cleaved by the
Transmembrane Serine Protease 2 (TMPRSS2) to make available the S2 subunit for viral fusion
(Everest et al., 2022; Wulandari et al., 2021). TMPRSS2 is a type 2 transmembrane serine protease
that performs many functions including proteolytic cleavage activation of membrane proteins and
enhancing viral invasion (Everest et al., 2022; Fraser et al., 2022). Activation of TMPRSS2 occurs
via an autocleavage process facilitating the endocytosis of MERS-CoV, SARS-CoV, and SARS-
CoV-2 in the host (figure 7) (Everest et al., 2022; Wulandari et al., 2021). Some studies have
identified SNPs in TMPRSS2 which enhance or decrease viral entry (Wulandari et al., 2021; Rokni
et al., 2022; Yaghoobi et al., 2023). These variants of TMPRSS2: V160M, G181R, R240C, G259S,
P35L, and G432A, have been identified to cause amino acid substitutions (Wulandari et al., 2021)

which may lead to alteration in function.
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2.8.2.B Cathepsin L and Cathepsin B (CTSL/CTSB)

Cathepsins are proteases that recycle cellular proteins within lysosomes at a pH of 4.5 to 5.0 (Gomes
et al., 2020). Cathepsin L and B are cysteine cathepsins that are delivered to the endosome for viral
entry (Pislar et al., 2020). They play a role in physiological processes including the presentation of
antigens, remodelling of the extracellular matrix, and apoptosis (Gomes et al., 2020). For SARS-
CoV and SARS-CoV-2 infection, one of the mechanisms of viral entry is endocytosis and this is
mediated by the cleavage of the Spike protein by cathepsin L (figure 7) (Gomes et al., 2020; PiSlar
et al., 2020). Thus, when clathrin-mediated endocytosis occurs as a result of low expression of
TMPRSS2, cathepsins undergo Spike cleavage for viral internalization (Jackson et al., 2022).
Cathepsin B (CTSB) has also been identified to be involved in facilitating the entry of SARS-CoV-

2 (figure 7) (Hashimoto et al., 2021).
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493 CHAPTER THREE

494 3.0 METHODOLOGY

495 3.1 Study design

496  Archived respiratory samples from Ghana, Benin, Guinea and Nigeria obtained between 2020 and
497 2022 during the COVID-19 pandemic; stored at -20 degrees, were used for the study. The
498  Ghanaian samples were sequenced for the identification of SARS-CoV-2 as part of a previous
499  study (Morang’a et al., 2022). Samples from the other countries were obtained as part of a
500 collaborative effort between WACCBIP (West African Centre for Cell Biology of Infectious
501  Pathogens) and other five WANIDA (West African Network of Infectious Diseases African Centres

502  of Excellence) partners (table 1).

503  Table 1: Total number of samples submitted for each WANIDA centre

WANIDA Partner Country Total number of samples
submitted

CEA-PCMT Guinea Conakry 40
ACEGID Nigeria 40
ACEPHAP Nigeria 40
ACENTDFB Nigeria 40
ACEMFS Nigeria 40
IRCB/CERPAGE Benin 60
CEA-ITECH/MTV Burkina Faso 0
WACCBIP Ghana 70
Total - 330

504
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505 Key:

506 1. CEA-PCMT : Centre d’Excellence Africain pour le Prevention et le Contréle des Maladies
507 Transmissibles

508 2. ACEGID: African Centre of Excellence for the Genomics of Infectious Diseases

509 3. ACEPHAP: African Centre of Excellence for Population Health and Policy

510 4. ACENTDFB: African Centre of Excellence for Neglected Tropical Diseases and Forensic
511 Biotechnology

512 5. ACEMFS: African Centre of Excellence for Mycotoxins and Food Safety

513 6. IRCB/CERPAGE: Institut de Recherche Clinique du Benin/Centre d’Etude et de Recherche

514 sur les Pathologies Associées a la Grossesse ct a I’Enfance

515

522
Figure 8: African map showing the selected West African countries

523
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3.2 Inclusion criteria and sample characteristics

Archived samples from participants who had consented to future studies at the point of recruitment

were used in this study.

3.2.1 Ethical approval

Ethical clearance had already been obtained from the Ethics Board of the College of Basic and
Applied Sciences, University of Ghana, and the Ethics Committee of the Ghana Health Service

(ECBAS 063/19-20, GHS-ERC 011/03/20).

3.2.2 Sample characteristics

A total of 330 samples were amplified for sequencing. However, 119 of these samples were
successfully sequenced of out which 52 (43.7%) were females, 59 (49.5%) were males and 8
(6.7%) could not be classified due to lack of metadata. With respect to age, 10.9% were 55 years

and above, 9.2% were 18 years and below while 68.9% were 19 to 54 years old (figure 9).
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= 55 and above

m 18 and below

82 (68.9%)

= 19to 54

540  Figure 9: Age classification of samples sequenced
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3.3 General workflow for targeted sequencing

RNA extraction & | __ cDNA PCR optimization & Quality control &
) ) . - g -
Quantification synthesis Gel electrophoresis sequencing
v
SNP analysis - Variant calling & - Primer timming & | __| FastQ files generation
& Metadata correlation Annotation Mapping & Quality control
v

- Docking of mutant Assessment of binding
Modelling of mutant - Sl Metadata
protein structures w0 Fd energy &binding correlation
protein affinity

Figure 10: General workflow for targeted sequencing

RNA was extracted to exclude intronic sequences; full length ACE2 has over 89 million bases while

approximately 3 thousand bases encode the exons (appendix 3).

3.3.1 RNA extraction

RNA extraction was carried out with the Zymogen RNA MiniPrep Plus kit (Catalogue number:
R1058) as instructed by the manufacturer with a few modifications. Approximately, 140 pL of
sputum or viral transport medium containing oropharyngeal or nasal swab was transferred into a
1.5 mL tube. A volume of 15 uL of proteinase K and 30 pL of proteinase K digestion buffer were
added to the tube. These were incubated at room temperature (RT) for 40 minutes, vortexed and
centrifuged at 16,000 x g for 2 minutes. Approximately 185 pL of RNA lysis buffer was added,

vortexed and centrifuged for 2 minutes at 16,000 x g. The lysed samples were then transferred into
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the yellow spin-away filter in a collection tube, and centrifuged at 16,000 x g for 2 minutes to
eliminate the majority of genomic DNA. The flow through was transferred into a 1.5 mL and about
370 pL of 99.9% ethanol was added, vortexed and centrifuged for 16,000 x g for 1 minute. The
mixture was transferred into the green zymo-spin IIICG column in a collection tube and
centrifuged at 16,000 x g for 30 seconds and the flow-through was discarded. The column was
washed with 400 uL of RNA wash buffer, centrifuged at 16,000 x g for 1 minute, and flow-through
discarded. DNase I mix was prepared in a nuclease-free tube by adding 5 pL. DNase I (1 U/ uL) to
75 L DNA digestion buffer per sample and 80 pL of the mixture was added directly unto the
column and incubated at RT for 15 minutes. About 400 uL of RNA prep buffer was then added to
the column, centrifuged at 16,000 x g for 1 minute and flow-through discarded. The column was
then washed with 700 pL of RNA wash buffer and centrifuged for 16,000 x g for 2 minutes. The
column was transferred into a new 1.5 mL nuclease-free tube, and 40 pL of nuclease-free water
was added to elute RNA, incubated for 1 minute, and centrifuged at 10,000 x g for 1 minute. The

RNA was quantified, prepared for complementary DNA (cDNA) synthesis and stored at -80°C.

3.3.2 Complementary DNA synthesis

Complementary DNA (¢cDNA) was synthesized using Protoscript® II first strand cDNA synthesis
kit (catalogue number: E6560L) following the standard protocol. About 2 pL of RNA was
transferred into a 0.2 mL PCR tube, 2 pL of d(T)23 VN and 4 pL of nuclease-free water was added.
The mixture was incubated at 65°C for 5 minutes, centrifuged briefly and promptly placed on ice.
Approximately 10 uL of ProtoScript II Reaction Mix (2X) and 2 uL of ProtoScript II Enzyme Mix
(10X) were added to the mixture. The mixture was then incubated at 42°C for one hour, and at

80°C to synthesize the DNA and inactivate the enzyme, respectively.
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3.3.3 Primer reconstitution and Polymerase Chain Reaction

PCR optimization (Lorenz, 2012) was carried out using 12 previously obtained overlapping
primers targeting ACE2 (figure 11). Lyophilised primers were reconstituted using nuclease-free
water following the manufacturer's protocol (appendix 1) to obtain a 100 uM concentration, after
1:10 dilutions were prepared for each primer and stored at -20°C. Polymerase Chain Reaction
(PCR) was carried out using the cDNA samples synthesized as template. The workflow followed
the manufacturer's instruction of the Q5 Hot Start high fidelity 2x master mix (catalogue number:
M0494L), the GoTaq ® G2 Hot Start master mix (catalogue number: 0000264235) (table 2) and
the One Taq® Quick-Load quick-load 2X master mix with standard buffer (catalogue number:
M0486S) (table 4), with a few modifications. Optimization steps involving varying annealing,
denaturation, and extension temperatures and time were carried out for each primer pair. Optimum
PCR conditions for each master mix (table 3 and 5) were then used for the amplification of ACE2.
Each primer pair of ACE2 was amplified, viewed on a gel and samples successfully amplified were

pooled for sequencing.

ACE_1F ACE_2F ACE_3F ACE_4F ACE_5F ACE_6F ACE_7F

“+---- -« P P crono “+----

ACE_1R ACE_2R ACE_3R ACE_4R ACE_5R ACE_6R

Figure 11: Schematic of overlapping primers designed for ACE2
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Exons 6 to 9 and 11 to ACE2 target sequencing.
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600
601  Table 2: Master mix rea : e x master mix and GoTaq ® G2 Hot

602  Start master mix
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605  Table 3: PCR condition for Q5 Hot Start high fidelity 2x master mix and GoTaq ® G2 Hot Start

606  master mix

Temperature (°C) Time
Condition Q5 Hot Start G2 Hot Start

Initial denaturation 98 95 45 seconds
Denaturation 98 95 30 seconds
Annealing 59 59 30 seconds
Extension 72 72 25 seconds
Final extension 72 72 2 minutes

Hold 4 4 Infinite

Cycle number = 40
607

608
609

610

611  Table 4: Master mix reaction for One Taq® Quick-Load quick-load 2X master mix with standard

612  buffer master mix

Component
Master mix
1% DMSO
cDNA
NFH20
F primer (0.29 uM)
R primer (0.29 pM)
613

614

615

One reaction (nL)
17.5
1
2.5
.2
1
1
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616  Table 5: PCR conditions for ACE2 (primer 2 to 8) using One Taq® Quick-Load 2X master mix

617  with standard buffer

Condition Temperature(°C) Time
Initial denaturation 94 45 seconds
Denaturation 94 30 seconds
Annealing 59 30 seconds
Extension 68 30 seconds
Final extension 68 4 minutes
Hold 4 Infinite

Cycle number = 40
618

619

620
621

622  3.3.4 Agarose gel electrophoresis

623 A two percent gel was prepared using 2 grams of agarose (molecular grade 500 g, catalogue number
624 - ES520-B091370) and 100 mL of 1X tris-acetate ethylenediaminetetraacetic acid (TAE, fisher
625 bioreagents, catalogue number: 207475). The mixture was heated at 500 °C until all the agarose
626 dissolved completely. This was then allowed to cool until warm, 3 pL of GelRed nucleic acid stain
627 (catalogue number: 18G1231) was added, mixed well and poured onto a casting tray with a gel
628 comb fixed and allowed to solidify. Solidified 2% agarose was then transferred into a gel tank and
629 100 mL of 0.5% TAE was poured over it and the gel comb was removed gently. About 5 uL PCR
630 products of the One Taq® Quick-Load 2X master mix with standard buffer and GoTaq ® G2 Hot
631 Start master mix were loaded into each well (due to the manufacturer’s addition of loading dye in
632 the master mix). For PCR products obtained using Q5 Hot Start high fidelity 2x master mix, 2 uL
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649

650

651
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653

654

of gel loading dye (New England Biolabs, catalogue number: B7021) and 3 uL of PCR products
were mixed thoroughly prior to transfer into each well. The electrophoresis tank was set to 100
Volts for 1 hour, after which the gel was viewed using the Amersham™ Imager 600. An expected

band size of approximately 400 base pairs indicated amplification of the target for each primer pair.

3.3.5 DNA Library Preparation and Sequencing Using the Oxford Nanopore Technology
Amplicon Preparation

PCR amplicons were purified by an addition of 1X AMPure beads and incubation at room
temperature for 5 minutes. The mixture was placed on a magnetic rack to allow for bead pelleting
until the supernatant became clear. The supernatant was carefully removed, and the AMPure beads
were washed twice with 500 pL of 80% ethanol. About 22 pL of elution buffer was then added to
the beads and resuspended. An incubation step as room temperature was also carried out for 5
minutes and then positioned on a magnetic rack until a clear supernatant was obtained and
transferred into a new tube. The purified amplicons were quantified using a Qubit™ Flex
Fluorometer (Catalogue number: Q33326). Subsequently, the quantified clean amplicons were
diluted with nuclease-free water to achieve a final concentration of 50 ng in a total volume of 12.5

pL.
Library Preparation

The 12.5 pL diluted amplicon DNA was transferred into a new, Eppendorf tube and 1.75 pL of
Ultra Il End-prep reaction buffer and 0.75 pL of Ultra Il End Prep Enzyme Mix (New England
Biolabs, catalogue number: E7546S) were added. This was thoroughly mixed and incubated in a
thermocycler (Eppendorf master cycler X50s), first at 20°C for 5 minutes and then at 65°C for an
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additional 5 minutes to facilitate the preparation of the DNA ends. Following this, the samples

were placed on ice for 1 minute to stabilize the reaction.

Native barcoding

Unique barcodes were introduced to each end-prepped DNA sample to allow for distinct
identification during sequencing. Native barcodes were thawed, flicked, pulse centrifuged, and
kept on ice before added the end-prepped DNA samples. Approximately, 2 puL of end-prepped
DNA and 1.5 pL of a native barcode were transferred into a new tube and mixed thoroughly. A
Blunt/TA Ligase master mix was prepared using nuclease-free water and 6.5 L was added to each
tube containing the barcoded samples. The components were mixed thoroughly placed in a thermal
cycler (Eppendorf master cycler X50s) at 20°C for 20 minutes followed by 65°C for 10 minutes
to facilitate ligation of the adaptors. After ligation, 10 uL from each barcoded fragment was pooled
into a new Eppendorf tube and purified using AMPure XP beads as described previously (at the
end-prep step). The beads were washed with 80% ethanol to remove contaminants and resuspended

in 35 pL elution buffer.

Adapter ligation and clean-up

Adaptors (5 pL) specific to the Oxford Nanopore Technology platform were added to the pooled
barcoded DNA, as well as 5 pL NEBNext Quick Ligation Reaction Buffer and 5 pL of Quick T4
DNA Ligase. This mixture was incubated at room temperature for 20 minutes to allow for efficient
ligation. Following this incubation, AMPure XP Beads were added again for purification, removal

of unligated adaptors and other contaminants. This was then eluted in 17 pL of elution buffer and
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the concentration of the DNA library was quantified using a Qubit™ Flex Fluorometer (Thermo
Fisher Scientific: Q33326). Finally, the library was mixed with 37.5 puL of Sequencing Buffer II
and 25.5 pL of Loading Beads II, and introduced into the MinlON sequencer for a seventy two-
hour sequencing run in real-time high-accuracy mode. The sequence data was then exported and

analyzed.

3.3.6 Bioinformatic pipeline

Adapter
trimmingsand

Preprocessing
and quality
control

Read mapping
and variant
calling

Variant

quality annotation

filtering

Figure 13: Bioinformatic analysis general workflow

3.3.6. A. Preprocessing and Quality Control

Raw sequencing data were received in FASTQ format and a custom Bash script was used to
automate data processing (figure 13). The script merged FASTQ files from previous runs based
on a predefined disk usage threshold. If a barcode directory contained less data than the threshold,
the script skipped it to optimize storage. Subsequently, NanoPlot
(https://github.com/wdecoster/NanoPlot) was utilized to perform quality control (QC) analysis on

the merged FASTQ files, generating individual QC reports (De Coster & Rademakers, 2023).
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3.3.6. B. Adapter Trimming and Quality Filtering

Adapter sequences introduced during library preparation were removed from the FASTQ files

using Porechop (https://github.com/rrwick/Porechop) (Bonenfant et al., 2023). Following adapter

trimming, Nanofilt (https://github.com/wdecoster/nanofilt) (De Coster et al., 2018) was employed

for quality filtering. This step removed reads shorter than a specified minimum length, longer than
a defined maximum length, and those with an average base quality score below a set threshold

based on the sequence data for each sample.

3.3.6. C. Read Mapping and Variant Calling

Minimap2 (https://github.com/Ih3/minimap2) (H. Li, 2018) was used to map the filtered reads
against the chromosome X sequence of the human reference genome (Accession number:
NC_000023.10). This alignment process allows for the identification of potential variations in the
sequences compared to the reference. The resulting SAM files were then converted to sorted and

indexed BAM files using SAMtools (https://github.com/samtools/htslib) (Bonfield et al., 2021),

facilitating efficient storage and analysis.

3.3.6. D. Variant Annotation

Freebayes (https://github.com/freebayes/freebayes) (Garrison & Marth, 2012) was employed for
variant calling on the aligned reads. This step identified single nucleotide polymorphisms (SNPs)
within the mapped RNA-seq data (figure 13). The identified variants were then annotated using

SnpEff (https://pcingola.github.io/SnpEff/), a software tool that predicts the potential functional
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717  consequences of these variations (Cingolani et al., 2012). SnpEff utilizes reference databases such
718  as dbSNP to provide additional information about known variants. The annotation process enriches
719  the analysis by providing insights into the potential impact of the identified SNPs on gene function.

720

721 3.4 General workflow for in-silico analysis

722
1TASSER - PRODIGY
\J P Seucre  FurlonPrdiions @Bonvinlab
723
724 Figure 14: In-silico analysis pipeline
725

I-TASSER provides modelled protein structures, ClusPro predicts binding interaction points

between protein and ligand, and PRODIGY allows for the analysis of docked structures.

726  3.4.1 In-silico analysis pipeline

727  I-TASSER (Iterative Threading ASSEmbly Refinement) is a free online database for predicting
728  protein structure and functional annotation (Yang & Zhang, 2015; X. Zhou et al., 2022). I-TASSER
729  generates a three-dimensional model using an amino acid sequence after several threading
730  orientations and iterative assembly of structural models (Roy et al., 2010). To obtain a three-
731 dimensional model of ACE2, the amino acid sequence information was obtained from the UniProt
732 database (ID: Q9BYF1) and submitted on I-TASSER for a three-dimensional model. Mutant ACE2
733  amino acid sequences were also submitted. An output from I-TASSER is obtained after a few days

734  (depending on the queue) with a list of tertiary protein structure predictions and confidence sore
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and, root mean square deviation (RMSD) and TM values. The selected structure is usually the
first modelled structure showing a good confidence score and TM values which are visualized
using PyMOL or other compatible software (Yang & Zhang, 2015). The ACE2 cryo-electron
microscopy structure 6M 18 with a 2.9 angstroms resolution was used as template to generate the

mutants (Yan et al., 2020).

ClusPro is a free protein-protein docking online tool useful for structural studies based on a rigid-
body docking technique (PIPER) and the fast Fourier transform (FFT) correlation (Alekseenko et
al., 2020; Jones et al., 2022). Modelled ACE2 mutants (reference ACE2 PDB 1D:6M18) were
submitted as receptors while the Omicron Spike protein (PDB ID: 7WVN) was used as ligand.

Docking results were visualized using PyMol.

PRODIGY (PROtein binding enerGY prediction) is a free webserver for the prediction of binding
energy between a protein-protein complex based on the submission of a three-dimensional
structure (Xue et al., 2016). Protein-protein docking results obtained from ClusPro were submitted

to the PRODIGY web server to obtain binding energy calculations.
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CHAPTER FOUR
4.0 RESULTS
4.1 Demography of participants
A total of 330 sputum, nasopharyngeal, or nasal swabs in viral transport media obtained from

consented participants were used in this study. Of these, a total of 119 samples were analyzed as

the other 330 samples failed to pass quality control for sequencing (table 6).

Table 6: Number of sample types obtained and number of samples that were sequenced successfully

from each WANIDA centre
WANIDA Country Number of samples Samples
Partner VIM c¢DNA RNA Sputum successfully

sequenced

CEA-PCMT Guinea Conakry 0 40 0 21
ACEGID Nigeria 40 0 0 0 21
ACEPHAP Nigeria 30% 5% 10 0 9
ACENTDFB Nigeria 40 0 0 0 29
ACEMFS Nigeria 40 0 0 12
IRCB/CERPAGE Benin 40* 0 40 0 4
CEA- Burkina Faso 0 0 0 0 NA
ITECH/MTV
WACCBIP Ghana 82* 0 0 8* 23

Key: * - Source of successful samples
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4.2 PCR optimization and gel electrophoresis

PCR optimization was carried out using 12 pairs of overlapping primers targeting ACE2. After
several steps of optimization for each primer pair, four primers of the ACE2 gene were selected as
most of the other primers failed. Although ACE2 primer pairs 2 and 3 were amplified successfully,
they were not used in this study as they cover the first four exons of ACE2 which has already been
assessed for polymorphisms in the Ghanaian population (Duah-Quashie et al., 2024). The selected
ACE?2 primers 4, 6, 7 and 8, target the 3’ end of the 6™ exon to the 5° end of the 9" exon, and 3’

end of the 11" exon to 5” end of the 17" exon of the six different ACE2 isoforms (figure 10).
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ACE2 primers:
L Y

jon 11 12

Figure 15: Twelve overlapping ACE2 amplicons after primer optimization

Six primers for ACE2 were optimized successfully at an expected band size of 404 base pairs.

Primer pairs 4,6,7 and § were used for selected for amplification and sequencing.

(Ladder size — 100 kb)
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776 Figure 16: Gel representation of 85 samples after amplification of the four selected ACE2 primers

777

Sample one to 65 were amplified using the Q5 Hot Start Q5 Hot Start high fidelity 2x master
778

2179 mix while sample 66 to 85 were amplified using the One Tag® Quick-Load quick-load 2X

780  master mix with standard buffer.
781
782
783
784
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(Ladder size — 100 kb)
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4.3 Bioinformatic analysis

4.3.1 SNP identification

Analysis with SnpEff produced annotated data of twelve missense mutations and one stop codon
for all the 119 samples analyzed (figure 16). Out of the thirteen SNPs that were identified, eight of
them had been identified while five of them have not been reported in literature (figure 17) based
on search in UniProt using the variant viewer option

(https://www.uniprot.org/uniprotkb/Q9BYF 1/variant-viewer).

= Missense Variants = Stop codon

Figure 18: Number of types of SNPs identified

7.2 7
7

6.8

6.6

6.4

6.2 6

6
5.8
5.6
5.4 = N

Novel SNPS SNPs identified in-UniProt
database

Figure 19: Number of known and novel SNPs identified

50


https://www.uniprot.org/uniprotkb/Q9BYF1/variant-viewer

802 SNP positions 1055 and 1054 had two alternate alleles coding for different amino acids resulting

803 in missense mutations (table 7). All other gene positions had one alternate allele identified in the

804 samples except position 1046 which encodes a stop codon.

805  Table 7: Specific gene and amino acid variations identified

Gene Individuals Minor Amino )
Variant N Reference Alternate f’Vith SNP fr::ll:le:ﬁcy acid P:‘;;ZICI:
position in E;’;‘(;)rt in Africa change

1 1819 T C 1 0 p.S607G Missense

2 1754 A G 1 0 p.L585P Missense

3 1721 A G 1 0 p.V574A Missense

4 1718 A G 1 0 p.V573A Missense

5 1301 G T 1 0 p.T434K Missense

6 1055 C y 0 p.G352V Missense

7 1054 C 9 - p.G352W Missense

8 1055 C i 7 - p.G352E Missense

9 1057 T G 2 - p.K353Q Missense

10 1054 G T 9 - p.G352R Missense

11 1050 G C 101 - p.D350E Missense

12 1049 T A 58 - p.D350V Missense

13 1046 C T 8 - p.-W349* Stop gained

80

51

p
’ Sample 7 to 12 (in the red box) are the seven novel SNPs identified.
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Distribution of SNPs D350E and D350V across each country:

C - Alternate allele G — Reference allele

 cc W cc|jce
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815
A - Alternate allele T — Reference allele
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Figure 21: Distribution of D350V genotypes across each country
A high percentage of the heterozygous TA genotype was found across each country. The highest
percentage of the heterozygous TA was observed in samples received from Nigeria.
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Alpha missense predicted three benign and two pathogenic phenotypes of the known SNPs and

stability fold change predicted three likely destabilizing SNPs and two unlikely destabilizing

phenotypes. Thus, the resulting phenotype changes could affect overall stability and structure of

ACE2.

Table 8: Alpha missense prediction and stability fold using FoldX for known SNPs identified in the

Uniprot database

Protein
position

G352V
L585P

S607G

T434K

VS573A

Alpha
missense
prediction

0.74

0.92

0.1

0.27

0.21

Alpha Stability fold
Missense change using
phenotype FoldX (AAG)

Pathogenic p. 7
Pathogenic 4.7
Benign 0.09
Benign 0.53
Benign 3.43

Stability fold
change using
FoldX phenotype

Likely destabilizing
Likely destabilizing
Unlikely

destabilizing

Unlikely
destabilizing

Likely destabilizing

PholyPhen-2 analysis of the novel SNPs assigned a probably damaging phenotype to each SNP. For

the novel SNP W349%*, no PolyPhen-2 prediction was carried out. The sensitivity of each prediction

was lower compared to the specificity of each SNP.
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834  Table 9: PolyPhen-2 prediction score, description, sensitivity and specificity of novel SNPs

835 identified

836
Protein PolyPhen-2 PolyPhen-2 PolyPhen-2 PoplyPhen-2
position prediction score  Description Sensitivity Specificity
G352W 1.000 Probably 0.00 1.00
damaging
G352E 0.995 Probably 0.68 0.97
damaging
K353Q 0.806 Possibly 0.84 0.93
damaging
G352R 0.998 Probably 0.27 0.99
damaging
D350E 0.994 Probably 0.69 0.97
damaging
D350V 0.994 Probably 0.69 0.97
damaging
W349* - - - -
837 _
g3g KeL

Benign (less than or equal to 0.446) — not likely to affect protein variant

Possibly damaging (greater than 0.446 and less than or equal to 0.908) — may affect protein function

Probably damaging (greater than 0.098) - will affect protein function

Polymorphism Phenotyping version 2 (PolyPhen-2)

Source: Adzhubei et al., 2010
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4.3.2: Protein modelling and analysis

Position
(350)

Figure 23: Modelled ACE2 Val350GIu mutant

ACE2 was modelled using iTASSER and Pymol. Mutant position shown in yellow.

Mutant
Position
(350)

Figure 22: Superimposition of reference ACE2 (6M18) and D350V/E mutant

The root mean square deviation (RMSD) of D350E was 0.4560 while that of

D350V was 0.4388.
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Figure 24: Mc
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889  Table 10: Summary of binding energy and binding affinity for reference ACE2 and two mutants

ACE2 Binding energy (kcal/mol) Binding affinity [Kd(M)]
Reference ACE2 -17.6 1.3E-13
Mutant (D350E) -14.1 1.2E-10
Mutant (Trp349%*) -14.7 4.10E-11

890
891 A lower binding energy was observed for the reference ACE2 compared to other mutants.
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CHAPTER FIVE

DISCUSSION, CONCLUSION AND RECOMMENDATIONS

5.1.1 Introduction to discussion

Multiple hypotheses such as relatively younger population, host genetics, exposure to previous
pathogens, and Plasmodium falciparum infections had been proposed to explain the relatively low
COVID-19 in the West African population (Njenga et al., 2020; Lawal, 2021; Oduro-Mensah et
al., 2022; Tapela et al., 2024; Sandi et al., 2024). This study sought to explore the role of SNPs in
the primary receptor for SARS-CoV-2 cellular invasion; ACE2, in four West African countries;

Ghana, Nigeria, Benin and Guinea, which had low severity of COVID-19.

ACE?2 interacts with the RBD of the Spike protein of SARS-CoV-2 for cellular invasion and this
interaction can be enhanced or decreased, affecting the onset of infection or severity (Ali et al.,
2020; Sorokina et al., 2020). Several polymorphisms in ACE2 have been reported in specific
populations which may have played a role in increasing or decreasing COVID-19 severity (Ali et
al., 2020; Srivastava et al., 2020; Khayat et al., 2020; Srivastava et al., 2020; Duah-Quashie et al.,
2024). ACE2 polymorphisms have been explored within the first four exons in the Ghanaian
population; SNPs unique to Ghanaians were identified and proposed to play a role in COVID-19
protection (Duah-Quashie et al., 2024). There are no reports on ACE2 SNPs in Nigeria, Benin, and
Guinea, where low COVID-19 severity and deaths were observed during the pandemic. Herein,
11 out of 22 exons of ACE2 were targeted to identify SNPs which may alter its function in SARS-

CoV-2 cell entry for individuals from Ghana, Nigeria, Benin and Guinea.
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5.1.2 ACE?2 target amplification, sequencing and analysis

The ACEZ2 targeted sequencing covered exons six to nine and eleven to seventeen of the six ACE2
variant proteins produced after intron splicing (Appendix 3). Twelve primer pairs were previously
synthesized for the full-length amplification of ACE2. However, only six primers were
successfully amplified in this project due to poor primer design; failure to bind all six ACE2
isoforms producing irreproducible data. Out of the six successfully optimized primers, four were
used in this project targeting the 3’ end of the 6™ exon to the 5’ end of the 9" exon, and 3’ end of
the 11" exon to 5’ end of the 17" exon of the six different ACE2 isoforms. In figure 14, successful
amplification of the six primer pairs was observed with poor amplification results of primer pairs
1,5,9, 10 and 11. These primers were designed to overlap the full length ACE2 however, some
of the prmers could not bind all the ACE2 isoforms. For example, the reverse primer of ACE2
primer pair 1 could not bind the ACE2 gene sequence template as visualized using Benchling
software (Appendix 5).

In figure 15, samples 1 to 65 were amplified using the Q5 Hot Start Q5 Hot Start high fidelity 2x
master mix while sample 66 to 85 were amplified using the One Taq® Quick-Load quick-load 2X
master mix with standard buffer. The varying band sharpness observed could be attributed to
factors such as poor sample quality and the varying chemistry of the polymerases used.
Comparatively, 24 samples amplified using the GoTaq® G2 Hot Start master mix in figure 16
showed sharper bands. Regardless of the type of polymerase used, sharp and faint bands were
observed however, the high-fidelity master mixes; Q5 Hot Start Q5 Hot Start high fidelity 2x
master mix and GoTaq® G2 Hot Start master mix showed sharper bands. In some of the samples,

faint bands were observed at 100 bp which could be unspecific amplification. The amplicons were
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purified using AMPure beads to exclude unspecific amplification and other contaminants prior to

sequencing.

Analysis of SNPs within this region revealed twelve missense SNPs and one stop codon which
truncates the full-length ACE2 (table 7). Out of these, seven were not identified (table 7) in the

UniProt database (https://www.uniprot.org) (The UniProt Consortium et al., 2023). UniProt is a

free open database of protein sequences serving as a centralized hub for other 183 databases such
as AlphaMissense, gnomAD, ClinGen and Ensembl (The UniProt Consortium et al., 2023). The
five known SNPs identified had a minor allele frequency of zero in the African population (table
7) indicating an absence in Africans based on the UniProt database. Out of these, four SNPs;
S607G, L585P, VV574A, T434K were identified in one individual each. Thus, the true allele

frequencies of these SNPs in the African population are not zero as suggested by the database.

G352V was identified in seven individuals of which five were homozygous for the reference allele
while three were heterozygous highlighting the low frequency of the alternate allele in Africans.
G352V has also been proposed to provide protection against COVID-19 by decreasing SARS-
CoV-2 and ACE?2 interaction (Suryamohan et al., 2021). The identification of these SNPs also
suggests a low coverage of Africans in genomic databases as the data available is limited to specific
African populations only (Gurdasani et al., 2015). A larger sample size will be essential in

determining the true prevalence of the five known SNPs that were identified in West Africa.

The novel SNPs that were identified were analyzed using Polymorphism Phenotyping version 2
(PolyPhen-2) (SNP effect on protein function), I-TASSER (protein three-dimensional modelling),
CLusPro (protein-protein docking) and Prodigy (assessment of binding efficiency). Seven novel

SNPs were identified with 101 individuals having a change from Asp to Glu at position 350; a
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large proportion of them had the alternate allele across all four countries (figure 20). All of the
novel SNPs identified were predicted to be probably damaging except K353Q which was possibly
damaging based on PolyPhen-2 (table 9). Probably damaging indicates a higher chance of the SNP
affecting protein function relative to the description of possibly damaging (Adzhubei et al., 2013).
PolyPhen-2 prediction was not carried out for the novel W349 stop codon as the algorithm only
works for missense mutations only (Adzhubei et al., 2013). Thus, out of the seven novel SNPs
identified, five could affect protein function greatly based on PolyPhen-2 prediction which may

alter the interaction between SARS-CoV-2 and ACE2 affecting COVID-19 severity.

5.1.4 In-silico analysis of novel mutants

The ACE2 protein sequence (ID: Q9BYF1) was retrieved from UniProt, pasted into Microsoft
Word and mutant ACE2 forms were generated by changing amino acids at specific positions.
Modelled three-dimensional structure of ACE2 mutants D350V and D350E was carried out and
compared to the reference 6M18 (figure 23) (Yan et al., 2020). The reference 6M18 is a wild-type
ACE?2 solved by electron microscopy with a 2.90 A (protein structure identification - Q9BYF1 in
the UniProt database) (Yan et al., 2020) which makes it a good structure for comparison with
modelled ACE2 mutants. ClusPro provides a platform for predicting protein-ligand interaction
position at minimum binding energies while providing root mean square deviation (RMSD) values

(Lopez-Camacho et al., 2016; Alekseenko et al., 2020).

RMSD is a metric used in discriminating modelled structures by comparing a known ligand-
receptor interaction to a computed prediction of ligand position to a receptor (Sargsyan et al.,

2017). An RMSD value of 2 and above is considered to have a poor computed docking prediction
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while 2 and below is considered highly precise (Sargsyan et al., 2017). Upon comparison of D350E
and D350V (figure 21) to the reference 6M18, RMSD values of 0.456 and 0.4388 were obtained
indicating good computational models that are not very distinct from the reference. The W349*
RMSD value was also 0.641 with the modelled structure showing a loss of the N-terminal
encompassing the extracellular and transmembrane domains of ACE2 (figure 22). A loss of the
transmembrane domain implies that soluble ACE2 which is not bound to the host cells will be
produced. Soluble ACE2 has been described to have the ability to bind to SARS-CoV-2 by acting
as a molecular decoy (Kuba et al., 2021). Upon interaction, soluble ACE2 can prevent cellular
invasion by neutralizing SARS-CoV-2 such that it is unable to interact with membrane-bound
ACE2 leading to an infection (Appendix 4) (Kuba et al., 2021). Soluble ACE2 however is always
present in an individual as membrane-bound ACE2 requires cleavage by other host proteases to
form active soluble ACE2 which regulates the renin-angiotensin system for blood pressure

homeostasis (Yeung et al., 2021).

ClusPro analysis of W349* (producing soluble ACE2) indicated a binding interaction with Spike
with a binding energy of -14.7 (kcal/mol) and binding affinity of 4.10E-11 (K at 37 °C) (figure
27, table 10). Low binding energy and affinity were also obtained for D350E and D350V (figure
25 & 26, table 10). Binding affinity indicates the strength of the bond between molecules and low
binding energy implies a strong bond between molecules being studied (Tallei et al., 2021). Thus,
all the structures show a good interaction with the Spike protein of the Omicron variant. Wild-type
reference ACE2 (6M18) interaction with the Spike resulted in a binding energy of -17.6 and a
binding affinity of 1.3E-13. A comparison between the wildtype ACE2 and modeled mutants

indicates a lesser binding energy for the mutants implying an interaction with lesser strength which
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may lead to less cellular invasion causing an infection. The Omicron variant was used in this study

as most of the participants were infected with that variant of SARS-CoV-2.

Similar to C-C chemokine receptor type 5 (CCR5) mutation in Human Immunodeficiency Virus
(HIV) infection which has been shown restrict HIV (J. Ni et al., 2018), the SNPs identified are
host-receptor polymorphisms which may restrict a viral infection. Thus, highlighting the need to

research further into host receptor polymorphisms when studying viral infections.

5.2 Conclusion

Twelve missense SNPs and one stop codon were identified within 11 exons of the ACE2 receptor
across the four West African countries; Ghana, Benin, Nigeria and Guinea. The SNPs identified
showed possible structural changes in ACE2 and lower binding energy and affinity for the Spike
protein of SARS-CoV-2 (Omicron variant). Thus, polymorphisms present in the ACE2 receptor

may have influenced viral entry, reducing COVID-19 infection and severity in \West Africa.

5.3 Recommendations

e The use of fresh respiratory samples for RNA extraction will yield better amplification
results as archived samples may have lost their RNA over a long storage period.
e An in-vitro validation of mutant models and Spike interaction will be a good option to

confirm binding interactions observed after in-silico analysis.
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1021 ¢ Whole exome sequencing will be useful to explore mutants present in the other exons of
1022 ACE?2 and other proposed receptors which may have also affected viral entry.
1023
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1490 APPENDIX

1491  Appendix 1: Primer name, sequence and nuclease-free water used in a dilution of lyophilized

1492  product

Primer sequence Nuclease-free water added
Primer name

ACE2 _1F CTCTGGCAATGAGGACACTGAG 801.99
ACE2 1R TCGGCTTCGTGGTTAAACTTGT 738.50
ACE2 2F CTTGTTGCTGTAACTGCTGCTC 667.76
ACE2 2R AGCATTCTTGTGGATTATCTGGGT 769.58
ACE2 3F ACAAGAGCAAACGGTTGAACAC 809.66
ACE2 3R GCCCTCACATAGGCATGAAGAT 868.73
ACE2 _4F CGGCCAGTTGATTGAAGATGTG 824.17
ACE2 4R AAGCTGTGGGATGGCAGACT 856.62
ACE2 6F CATTGGTCTTCTIGTCACCCGAT 914.76
ACE2 6R ACAGTTTCTGTCCAGCTTCIGT 653.60
ACE2 7F AGAAGCACTTTGTCAAGCAGCT 877.37
ACE2 7R TTTACTTTTAAAAAGTACTGCCTCATAGC 854.02
ACE2 8F TCAGCTCTTGGAGATAAAGCATATGA 886.35
ACE2 8R TCAGGATGACAATGCCAACCAC 853.7
ACE2 9F TAACCAGCCCCCTGTTTCCATA 563.35
ACE2 9R TGTCAATGAAGATGCICTCTCCTIT 845.74
ACE2_10F CTTGAGGTGATTTTGTTGTATGTAAATGT 771.01
ACE2 10R CAATCCTTGCAGCTACACCAGT 761.73
ACE2 _11F TGGAGCAAGTGTTGGATCTTGT 896.8
ACE2 11R TGGAATTTCCATTCACTCCACAGT 756.91
ACE2_12F AGCTCACTTTCATTTAATCCATTGTCAA 649.66

ACE2 12F TTGAGTGICTGCTTTGIGCTCA 604.80
1493

1494
1495

1496
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1497  Appendix 2: Selected ACE2 primers used in PCR amplification and the specific binding positions

1498  on the cDNA product of the six ACE2 isoforms

Specific binding positions of primers

ACE2 Variant ACE2 Variant ACE2 Variant ACE2 Variant ACE2 Variant ACE2 Variant

Primer name 1 2 3 4 5 6
ACE2_4F 727 984 727 727 NA 856
ACE2_4R -1075 -1332 -1075 -1075 NA -1204
ACE2_6F 1330 1587 1330 1330 351 1459
ACE2_6R -1691 -1948 -1691 -1691 -712 -1820
ACE2_TF 1648 1905 1648 1648 669 1777
ACE2_7R -1997 -2254 -1997 NA -1018 NA
ACE2_8F 1950 2207 1950 NA 971 NA
ACE2 8R -2309 -2566 -2309 -1976 -1330 -2105
1499
1500
1501
Appendix 3: schematic of ACE2 gene and transcript variants produced after splicing 1502

L Per ',m:l . [ mron ok | ig’saggairs (®p) 1503

!

— Exon |  Exen Iﬁ— Variant 2 - 3,596 bp
—{ Exon[J._EXon [ Exon | "Exonll— Variant 3 - 3,141 bp

Exon Exol _|Exon Variant 4 - 3,006 bp

—{ Exon [ Exon-[Exon [EXeR | — Variant 5 - 2,360 bp

—{ Exon | Exon [ Exon | Exon | Variant 6 - 3,135 bp
1511

1512
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1513  Appendix 4: ACE2 mediated cell entry of SARS-CoV-2 and inhibition of virus infection by

1514  recombinant soluble ACE2 protein

Soluble ACE2
SARS-CoV-2
Virus

neutralization

Internalization \

Membrane fusion,
viral RNA release

1515
1516  Source: (Kubaetal., 2
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1520  Appendix 5: Benchling software showing the attachment of ACE2 primers to ACE2 gene sequence

1521  (Ensembl: ENSG00000130234).

1522 The full length ACE2 template (Ensembl: ENSG00000130234) was uploaded on the Benchling
1523  software showing the attachment of five ACE2 primers used in this project. Although primer
1524  ACE_1F was included in the primers attached, the software shows no binding between the ACE2

1525  template and the ACE2_1F primer. Thus, no amplification was observed for ACE2 primer pair 1.
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1528
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1532

1533

1534

1535

1536

1537

1538

Appendix 6: Total number of samples which were processed for sequencing and total number of

samples which passed for sequencing after quality control from each centre

ACE Partner

Country

Number of samples

Samples

VIM | cDNA | RNA | Sputum successfully
sequenced
CEA-PCMT Guinea Conakry 0 40 0 0 21
ACEGID Nigeria 40 0 0 0 21
ACEPHAP Nigeria 30* 5* 10 0 9
ACENTDFB Nigeria 40 0 0 0 29
ACEMFS Nigeria 40 0 0 0 12
IRCB/CERPAGE Benin 40* 0 40 0 4
CEA-ITECH/MTV Burkina Faso 0 0 0 0 NA
WACCBIP Ghana 82* 0 0 8* 23

95






