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Abstract

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the current pathogen
causing the COVID-19 pandemic across the world. While vaccines that elicit anti-SARS-CoV-
2 antibodies have been developed and licenced, there is a reduced protection against variants
of concern (VOCs) such as Beta, Delta and Omicron. This is due to the mutations within the
spike (S) protein which is the antigen targeted by most vaccines. Other potential vaccine targets
include the structural proteins namely the membrane (M) and envelope (E) proteins of SARS-
CoV-2 which are more conserved. In this study we aimed to determine the extent of genetic
diversity in the M and E protein genes from South African SARS-CoV-2 strains and its impact
on predicted B and T cell epitopes. M and E gene sequences were extracted from South African
SARS-CoV-2 genomes obtained from the Global Initiative on Sharing All Influenza Data
(GISAID) database for the period 01March 2020 to 31 December 2021. Maximum-likelihood
phylogenetic tree analysis shows that among South African E gene sequences only the Omicron
VOC sequences form a distinct cluster. Similarly, the Omicron M gene sequences also form a
distinct cluster compared to the Wuhan reference strain, Beta and Delta sequences. The
predicted T cell and B cell epitopes of M and E proteins were identified with specific regions
that have shown to have identical regions in both the variants and the reference strain, this
shows the conserved nature of the M and E genes. SARS-CoV-2 are shown to have varying
antigenic probabilities for M and E proteins from each of the variants considered as probable
antigens. The allergenicity and toxicity of the M and E proteins was assessed in the context of
potential vaccine development with certain peptides of each shown to have toxic properties.
The predicted B and T cell epitopes show that despite the presence of mutations in the VOCs’
derived protein sequences, there is a common epitopic region that is shared between the
reference and the variants. There is a strong 9-mer coverage by the natural sequences despite
some non-coverage due to non-silent mutations. The results from the epitope predication and
HLA typing shows the conserved nature of the M and E proteins which highlights the potential

use for the development of vaccines.
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CHAPTER 1
LITERATURE REVIEW

1.1 Introduction

Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) is the cause of the global
health crisis causing worldwide deaths, rippling effects on the global economy and
overwhelmed many healthcare system (Cascella et al., 2022). SARS-CoV-2 causes the disease
Coronavirus disease 2019 (COVID-19) which primarily affects the respiratory and
cardiovascular systems causing pneumonia and hypercoagulability, respectively
(Cascella et al., 2022). Hypercoagulability is a recognised severe complication of COVID-19.
SARS-CoV-2 is prone to genetic mutations that are associated with increased transmissibility

and reduction in neutralization by the vaccine stimulated immunity (Cascella et al., 2022).

There are a few strains of SARS-CoV-2 that are considered as variants of concern (VOCs)
(Cascella et al., 2022). These VOCs include Alpha (B.1.1.7), Beta (B.1.351), Gamma (P.1),
Delta (B1.617.2) and the most recent Omicron (B.1.1.529) (Cascella et al., 2022). The
mutations in the spike protein of the VOCs are responsible for increases in transmissibility and
reduction in vaccines’ efficacy (Sanyaolu et al., 2021). These mutations on the spike protein
are found most notably on the S1 subunit, resulting in the variations in immune responses and
transmission (Khateeb et al., 2021).

The two VOC:s first identified in South Africa are Beta and Omicron (Tegally et al., 2021b,
Wei et al., 2021). The Alpha variant was briefly detected in South Africa with no detections
since August 2021 (Wolter et al., 2021). The Beta variant posses’ three substitutions namely
K417N, E484K and N501Y in the receptor-binding domain of the spike protein and the
Omicron VOC has over 37 mutations in the spike protein with 26 mutations that are completely
distinct to Omicron like E484A and S477N (Venkatakrishnan et al., 2021, Tegally et al., 2021c,
Zhao et al., 2022). The Omicron variant is the leading cause of the third wave of infections
globally which started in December of 2021 (Yang and Shaman, 2021). There are several
lineages of Omicron that became prominent in South Africa and include the BA.1 and BA.2
lineages which dominated the fourth wave as well as the BA.4 and BA.5 lineages that
dominated the fifth wave (Mohapatra et al., 2022, Wolter et al., 2022).



1.2 Taxonomy of SARS-CoV-2

Coronaviruses are one of the largest groups viruses with the family Coronaviridae is separated
into two subfamilies, Letovirinae and Orthocoronvirinae (Helmy et al., 2020). Letovirinae
includes the genus Alphaletovirus and Orthocoronvirinae includes the four genera:
Alphacoronavirus, Betacoronavirus, Gammacoronavirus and Deltacoronavirus (Helmy et al.,
2020). The taxonomy of SARS-CoV-2 (Table 1.1) classify it in the genus Betacoronavirus and
the subgenus Sarbecovirus (Gorbalenya et al., 2020). The genome of SARS-CoV-2 is
composed of a single-stranded positive-sense RNA (+ssRNA), with a length of between 27-32
kb (Alanagreh et al., 2020). The genome has a 38% of GC content, 11 protein-coding genes
forl2 expressed proteins (Figure 1.1) (Naqvi et al., 2020, Alanagreh et al., 2020). The genetic
arrangement of the ORFs of SAR-CoV-2 closely resemble the ORFs rearrangement of other

coronaviruses (Naqvi et al., 2020).

Table 1.1 Classification of SARS-CoV-2 (Gorbalenya et al., 2020)

Realm Riboviria

Order Nidovirales

Suborder Cornidovirineae

Family Coronaviridae

Subfamily Orthocoronavirinae

Genus Betacoronavirus

Subgenus Sarbecovirus

Species Severe acute respiratory syndrome-related
coronavirus

Individuum SARS-CoV-2

1.3 Phenotypic characteristics of SARS-CoV-2

SARS-CoV-2 is a spherical enveloped, non-segmented, positive sense RNA virus, it has a
diameter of around 91nm and contains a single strand of RNA and is surrounded by crown-like
spikes on the outer shell (Astuti and Ysrafil, 2020, Ke et al., 2020). SARS-CoV-2 has four

main structural proteins which include a small envelope (E) glycoprotein, membrane (M)



glycoprotein, nucleocapsid (N) protein and spike (S) glycoprotein and well as several accessory
proteins (Astuti and Ysrafil, 2020). The S glycoprotein is a heavily glycosylated trimer with
each protomer composed of 1260 amino acids and is composed of two subunits (Duan et al.,
2020). The S glycoprotein which facilitates viral adhesion and fusion consists of the two
subunits S1 and S2 (Kumar et al., 2020). The surface subunit S1 is composed of 672 amino
acids and is organized in four domains: N-terminal domain (NTD), C-terminal domain (CTD)
and two subdomains (Duan et al., 2020). The transmembrane S2 subunit is composed of 588
amino acids and contains two heptad repeats, a cytoplasmic tail, N-terminal hydrophobic fusion
peptide and a transmembrane domain (Duan et al., 2020).

The E protein is an integral membrane proteins of 75-109 amino acids with a single helical
transmembrane domain (TMD) and a long amphiphilic region comprising of one or two a-
helices at the C-terminus (Kuzmin et al., 2021). The M glycoprotein is composed of 222 amino
acids spans the membrane bilayer with a NH2-terminal domain outside and a long COOH-
terminus inside (Thomas, 2020, Gorkhali et al., 2021). The M and E proteins are required for
the morphogenesis and budding of the virus (Kumar et al., 2020). The N protein is composed
of 419 amino acids and is divided into five domains: a dimerization domain, a predicted
disorder C-terminal domain, an intrinsically disordered N-terminal domain (NTD), a RNA-
binding domain (RBD) and a predicted disordered central linker (LINK) (Cubuk et al., 2021,
Gao et al., 2021). The N protein is associated with the viral genome and are released into the
host cell during fusion to facilitates replication, particle assembly and virion release (Zeng et
al., 2020).

1.4 Epidemiology of SARS-CoV-2

The wet market in Wuhan, China is considered to be the early and major epicentre of SARS-
CoV-2 due to the epidemiological data (Holmes et al., 2021). SARS-CoV-2 mode of
transmission from human-to-human occurs via droplets, direct or indirect contact with
contaminated surfaces (Guo et al., 2020). The population groups with a higher vulnerability to
SARS-CoV-2 are individuals over the age of 50 and those who have underlining conditions
such as diabetes, cardiovascular disease and hypertension (Guo et al., 2020). SARS-CoV-2 has
a high transmission rate due to asymptomatic persons unknowingly transmitting the virus and

a lax in the practice of self-isolation and social distancing (Rahman et al., 2020a).
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Figure 1.1 Graphical display of the genomic organization of SARS-CoV-2. Depiction of the open-
reading frames (ORFs), proteins and the virion structure (Alanagreh et al., 2020). NSP: non-structural
protein.

1.5 Pathogenesis of SARS-CoV-2

The entry of SARS-CoV-2 into target cells is mediated by the S glycoprotein (Harrison et al.,
2020). The receptor-binding domain (RBD) of S glycoprotein binds to the cellular receptor,
angiotensin-converting enzyme 2 (ACE2) and the S1/S2 polybasic cleavage site is
proteolytically cleaved by the cellular cathepsin L and transmembrane protease serine 2
(TMPRSS2) (Harrison et al., 2020). TMPRSS3 functions to allow viral entry into the plasma
membrane, whereas cathepsin L activates the Spike in the endosomes and can allow for viral
entry in the absence of TMPRSS2 (Figure 1.2) (Harrison et al., 2020). The virus enters the
host cell via an endosome(Hernandez Acosta et al., 2022). The viral genome is released from
the endosome when it is cleaved by cell protease, cathepsin or a decrease in pH (Hernandez
Acosta et al., 2022). The viral genome is then taken to the ER-Golgi intermediate compartment
(ERGIC) for virion assembly (Klein et al., 2020). The virion is then released from the host cell
by exocytosis (V’kovski et al., 2021).
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Figure 1.2 Graphical representation of the SARS-CoV-2 lifecycle. Indication of the stages of binding
and entry, viral replication, assembly, virion budding and release (Harrison et al., 2020) (Permission
obtained from Elsevier by Rightslink).

1.6 Clinical manifestation of SARS-CoV-2

The typical symptoms of COVID-19 occur 5 days after infection and express symptoms such
as a fever, dry cough and fatigue (Hu et al., 2021). The onset of symptoms usually occurs after
the 5 day incubation period and symptom duration can vary with mild and severe symptoms
persisting for 8 days and critical symptoms lasting for 16 days (Hu et al., 2021). Other potential
symptoms include a sore throat, chest pains, sneezing, nasal congestion, nausea and sputum
production (Lotfi et al., 2020). Severe complications have been reported such as hypoxaemia,
acute cardiac injury and acute Kidney injury (Harapan et al., 2020). Severe COVID-19 is
characterized by a hyper-inflammatory response with acute respiratory distress syndrome

(ARDS), multiorgan failure, and coagulation disorders leading to death (Lariccia et al., 2020).

10



1.7 Diagnosis of SARS-CoV-2 and impact of variants

The diagnosis of SARS-CoV-2 infection is important aspect of managing the treatment and
prevention as the correct treatment strategies and required containments need to coincide with
an accurate detection (Kevadiya et al., 2021). There are diagnostic tests that detect viral nucleic
acids, antibodies and viral proteins but the use of Real-Time Polymerase Chain Reaction (RT-
PCR) is the stranded for detection of viral nucleic acid (Kevadiya et al., 2021). The preferred
choice of specimen for RT-PCR is nasopharyngeal specimen (Mathuria et al., 2020).The
targets of RT-PCR are the helicase (ORF 1ab), nucleocapsid (N), transmembrane, S
glycoproteins and the envelope (E) genes within the RNA of the virus (Mathuria et al., 2020).
Most RT-PCR have an accurate result of 100% but false negative can occur as a result of
sampling error or inappropriate timing of sampling (Mathuria et al., 2020). However, genetic
changes associated with variants can be present in common RT-PCR targets such as the N-
gene, S-gene and ORF1ab gene which may impact molecular diagnostic tests negatively. This
impact has been noticeable while using TagPath assay where inability to detect the S gene (S
gene fallout or S gene target failure =SGTF) were linked to the emergence of the Alpha variant
with deletions at S gene codon positions 69 and 70 (Firkins et al., 2021). Subsequently, SGTF
was also associated with the Omicron BA.1 lineage (Subramoney et al., 2022). The point of
care Xpert SARS-CoV-2 assays (Cepheid, Sunnyvale, CA) has been associated with failure to
detect the N gene target (N gene target failure = NGTF) due to point mutations (C29200T,
C29200A, G29140T and C29197T) in the targeted N fragment (Lopez et al., 2022). The
C29197T associated NGTF were associated with lineage B.1.1.519 and
B.1.427/B.1.429 viruses. However, this mutation was also sporadically found in VOCs like
Alpha, Beta and Gamma (Lopez et al., 2022). NGTF was also associated point mutations in
Delta variants which affected detection of the N target with the TagPath assay (Holland et al.,
2022).

1.8 Treatment and prevention

Most preventive strategies implemented in Turkey were aimed at isolation of infected patients
and infection control (Giner et al., 2020). Prevention and control measures similar to what was
implemented in South Africa included mandatory quarantine and other practices such as
avoiding crowds, hand hygiene, use of personal protective equipment, and social distancing

(Guner et al., 2020). South Africa used a risk-adjusted strategy for restrictions during the

11



global outbreak (Majam et al., 2021). Another crucial factor in prevention was increasing
testing capacity in order to pinpoint where infections occur (Glner et al., 2020).

The most effective way to slow down the spread of SARS-CoV-2 is the use of herd immunity
(Liu et al., 2020). Herd immunity comes from the effects of acquired immunity in individual
through either natural infection or immunization with a vaccine at the population level
(Randolph and Barreiro, 2020). It has been estimated that the COVID-19 pandemic will
decrease due to high levels of herd immunity (Liu et al., 2020). It was estimated that to achieve
herd immunity levels of 75% to 80% the COVID-19 vaccines should have an efficacy of 80%
which most vaccines failed to achieve with a single dose (Britton et al., 2020). However,
another concern to achieve and maintain levels of herd immunity was the observation of rapid
waning of immunity following natural infection. Figure 1.3 summarises the types of vaccines
that been developed for the prevention of COVID-19. The live attenuated vaccines use a
weakened or inactivated antigen to trigger an immune response while an inactivated uses only
dead cells of the virus (Uttarilli et al., 2021). Viral vector vaccines use attenuated viral vectors
that retain the ability to replicate thus enhancing the immune response (Uttarilli et al., 2021).
The protein and synthetic peptide vaccines use a protein use a protein conjugated with a non-
infectious recombinant proteins or synthetic peptides to trigger the immune system (Uttarilli et
al., 2021). Nucleic acid-based vaccines contain the specific genetic constructs of the virus
which express the specific components to activate the immune responses (Uttarilli et al., 2021).

Synthetic peptides can target viral structures essential for viral replication (Schiitz et al., 2020).
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attenuated inactivated clerial vector voclor Subunits based peptides

Figure 1.3 Graphical overview of the different types of vaccines that can produced against SARS-CoV-
2 (Uttarilli et al., 2021).
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The S glycoprotein is recognized by the immune system triggering protective cellular and
humoral immune responses which is why vaccines against SARS-CoV-2 are based on the Spike
glycoprotein (Martinez-Flores et al., 2021). There are a variety of vaccines platforms that are
used: viral vector vaccine, whole virus vaccines, nucleic acid vaccine and protein-based
vaccines (Tavilani et al., 2021). There are four main vaccines that are mainly used globally:
BNT162b2/ Comirnaty vaccine (Pfizer-BioNTech/ Fosun Pharma), mRNA-1273 vaccine
(Moderna/ NIAID), JNJ-78436735/ Ad26.COV2.S vaccine ( Janssen Pharmaceutical
companies of Johnson & Johnson) and the AZD1222 vaccine (AstraZeneca/ Oxford
University) (Tavilani et al., 2021). One of the main vaccines approved for use in South Africa
is the Johnson & Johnson (J&J) vaccine which uses a adenovirus vector (Livingston et al.,
2021). The other vaccine approved for use is the Pfizer vaccine which is a mMRNA-based
vaccine (Shahcheraghi et al., 2021). Both vaccine types work to induce production of multiple
pro-inflammatory cytokines and chemokines as well as the stimulation of S protein-specific T
and B cells responses (Teijaro and Farber, 2021). The two vaccine types differ in that the
MRNA vaccine triggers the RNA sensor called Toll-like receptor (TLR) 7 and melanoma
differentiation-associated protein 5 whereas the adenovirus vector stimulates the major double-
stranded DNA sensor TLR 9 (Teijaro and Farber, 2021). Toll-like receptor stimulates the innate
immune responses through the recognition of specific molecular patterns on the virus. The Beta
variant which was the predominant strain in the 2" wave of infection in South Africa has
resulted in lower efficacy of various vaccines such as the AstraZeneca vaccine which exhibited
an efficacy as low as 10% which are no longer used as vaccines after being suspended due
concerns about the actual benefit to vaccine recipients (Venter et al., 2021, Wise, 2021).
However, from 11 May 2021 South Africa entered a 3™ wave of infection driven predominantly
by the Delta variant that emerged in India (Tegally et al., 2021a). The Delta VOC displayed

a 10-20% reduction in vaccine effectiveness (Harder et al., 2021).

Various antivirals, anti-inflammatory, anticoagulant and other drugs are used in the treatment
of COVID-19 (Niknam et al., 2022). Remdesivir is a nucleotide prodrug inhibitor of SARS-
CoV-2 RNA-dependent RNA polymerase and has shown a shortened recovery time for patients
in hospitals (Gottlieb et al., 2021). Baricitinib is the first immunomodulatory treatment for
SARS-CoV-2 to receive FDA approval (Rubin, 2022). Baricitinib is an oral inhibitor of Janus
Kinase (JAK) and has demonstrated multiple mechanisms of anti-viral activity (Marconi et al.,
2021).
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1.9 Variation in SARS-CoV-2

The emergence of VOCs which contain sets of mutation that impact the transmissibility and
antigenicity of SARS-CoV-2 have played a role in changing the immune profile of the virus
(Harvey et al., 2021). VOCs of SARS-CoV-2 are classified as being associated with one or
more of the following changes that have public health significance such as an increase in
transmissibility, virulence or a deceases in effectiveness in vaccines and therapeutics (Choi and
Smith, 2021). The mutations in the S protein that allow for an escape from the immune system
are the E484K, R346K, N501Y of the Beta variant which reduces the neutralizing ability of
antibodies. (Harvey et al., 2021, Koyama et al., 2022). The Delta variant has three key amino
acid mutations in the S protein, the L452R, T478K and P681R associated with increase
transmissibility and immune escape (Tian et al., 2021). The Omicron variant BA.4 and BA.5
lineage have two major mutations in the L452R and F486V which contribute to immune escape
(Tuekprakhon et al., 2022). Both the M and E proteins are highly conserved with low mutations
rates when compared to S (Thakur et al., 2022).

All viruses accumulate mutation in their genomes over time (Otto et al., 2021). The genomes
of coronaviruses such as SARS-CoV-2 encode a proofreading domain that reduce its mutation
rate compared to other RNA viruses (Otto et al., 2021). The estimated mutation rate of 1.87 x
10 nucleotide substitution per site per day, thus approximately 20 genetic changes per year
within a lineage (Otto et al., 2021). For ease of communication to the general public the World
Health Organization (WHO) has provided a new nomenclature system SARS-CoV-2 variants
of concern (VOCs) in late 2020: Alpha , Beta , Delta and Gamma
(https://www.who.int/en/activities/tracking-SARS-CoV-2-variants/). Figure 1.4 Show the
various SARS-CoV-2 VOCs that have appeared over time. The Alpha and Beta variants was
first identified in September 2020 with the Alpha variant was identified in the United Kingdom
and the Beta variant was identified in South Africa (Flores-Vegaet al., 2022). The Delta variant
was identified in October 2020 in India and the Gamma variant was identified in November
2020 in Japan and Brazil (Flores-Vega et al., 2022). The Omicron variant was identified on the
11 November 2021 in Botswana and South Africa (Flores-Vega et al., 2022).
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Figure 1.4 Overview of the different SARS-CoV-2 variants of concern or interest (VOC [red] or VOI
[blue]) and the dates that the variants were detected (Flores-Vega et al., 2022).

In December 2020, the SARS-CoV-2 Beta variant was identified in South Africa (Tegally et
al., 2021c). This variant has been associated with increased transmissibility and has three
mutations (K417N, E484K and N501Y) at the key sites in the receptor binding domain (RBD)
of the S protein (Tegally et al., 2020). These mutation in the RBD allow the virus to escape
neutralization by neutralizing antibodies (Wibmer et al., 2021). There have been several cases
in which this has caused a reduction in current vaccines efficiency due to the mutations in the
S proteins (Zhou et al., 2021). Despite the reduction in vaccine efficacy caused by the , some
vaccines are still able to fully neutralize the virus (Madhi et al., 2021). The Alpha variant
originating in the United Kingdom (UK) and Gamma variant, originating in Brazil, are also of
great concern due to greater transmission and immune escape of the virus (Fontanet et al.,
2021). The Alpha variant has a mutation (N501Y) in the RBD domain of the S protein that
cause a higher transmission rate (Fontanet et al., 2021). The Gamma variant has a set of
characteristic mutations ( N501Y, E484K and K417T) in the S protein (Fontanet et al., 2021).
The Delta variant first described in India in 2020 and drove the 3" wave of infections in South
Africa in May 2021 (Mwangi et al., 2022). SARS-CoV-2 Delta variant has shown a higher
transmission rate than previously identified variant (Kumar et al., 2021). The Delta variant has
a L452R and E484 mutation that increases the binding energy between the S protein and human

Angiotensin-converting enzyme 2 (hACE2) (Kumar et al., 2021).
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A VOI of SARS-CoV-2 is Epsilon, identified in the United States of America (USA), which
has displayed immune evasion properties (McCallum et al., 2021). This strain has three
mutations, a S131, W152C and L452 which cause a reduction of neutralization potency from
vaccine-elicited plasma (McCallum et al., 2021). The emergence of these variants has
highlighted the need for the development of a vaccine that targets the more conserved regions
of SARS-CoV-2 in order to prevent the virus from escaping the immune system by mutating
(Lawton, 2021). The two lineages responsible for hospitalization in South Africa were the
Omicron lineages of BA.1 and BA.2 (Islam et al., 2022). The BA.3 lineage of Omicron had a
low number of infections and low spread compared to BA.1 and BA.2 (Desingu et al.,
2022).Two new lineages of the Omicron variant called BA.4 and BA.5 have led to a resurgence
of COVD-19 cases in South Africa rapidly replacing the BA.2 lineage (Mohapatra et al., 2022).
The BA.4 and BA.5 lineages have changes in the L452R and F486V of the S-protein RBD and
has led to increased hospitalizations (Mohapatra et al., 2022).

1.10 M and E proteins as vaccines candidates

The alternative surface proteins such as M and E proteins were considered as potential targets
for SARS-CoV-2 vaccines (Dai and Gao, 2021). However, M and E proteins were initially
described as poorly immunogenic for induction of humoral responses; presumably due to their
small ectodomains (Dai and Gao, 2021). Higher sequence identity between these proteins when
compared to the S protein suggests that M and E proteins can potentially be used as vaccine
targets that stimulate cross-reactive T cell immune responses (Dai and Gao, 2021). Ayyagari
et al. (2020) explored the use of the SARS-CoV-2 M protein on its own to develop vaccines
that induce T-cell responses. For this purpose they used an immunoinformatic approach to
design a epitope vaccine which included both B and T-cell epitopes (Ayyagari et al., 2020).
New evidence suggest that the E protein is reportedly highly antigenic due to the fact that the
E protein is a more conserved outer surface protein which is also easier for produce using

molecular recombinant technology due to its small size (Bhattacharya et al., 2021).

Rahaman et al. (2020b) explored M and E proteins in combination for developing peptide
vaccines. They showed that epitopes in the receptor-binding domain (RBD) and the N-terminal
domains (NTD) of S protein in combination with M and E proteins has potential antigenicity
and are non-allergenic warranting further assessment for use as vaccines (Rahman et al.,

2020Db). The epitopes of E, M and N proteins are well characterised (Lu et al., 2021). However,
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Lu et al. (2020) successfully predicted SARS-CoV-2 epitopes based on the 3D structure of the
proteins. Both B and T cell epitopes have been identified on the M protein of the SARS-CoV
(type 1) strain from the early 2000’s (Liu et al., 2010). The M and E proteins are also target for
antivirals which aim to block virus assembly and siRNA which interfere with the expression
of various SARS-CoV-2 proteins are being evaluated in preclinical trails (Saxena, 2020). The
emergence of new SARS-CoV-2 strains with increased fitness in various countries around the
world, due to mutations in variable regions of the S protein contribute to the varying efficacy
of vaccines. Therefore, evidence that M and E proteins may potentially be good vaccine
candidates due to their conserved and immunogenic nature warrants further investigation. In
addition, besides S, M and E proteins’ transmembrane domains may also be exposed to the
immune system during infection therefore M/E specific antibodies may also contribute to the
blocking S binding the host cell receptor human angiotensin-converting enzyme 2 (hACE2).
Describing the molecular epidemiology of SARS-CoV-2 M and E genes will help us
understand the evolution and impact of mutations on antigen and immune escape. To date the
immunogenicity of candidate SARS-CoV-2 M/E gene vaccine constructs have only been
simulated in silico using the C-ImmSim tool (Rapin et al., 2010, Rahman et al., 2020b). There
is no information regarding if the mutations in the M and E protein play any role in immune
evasion by SARS-CoV-2.
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Study rationale

The SARS-CoV-2 pandemic has had a global effect on public health and the global economy.
Despite the development of vaccines against SARS-CoV-2, the rise of mutations in the vaccine
target, the spike protein, have impacted the overall effectiveness of the vaccines developed
against SARS-CoV-2 (Choi and Smith, 2021). The resulting mutations have led to the
emergence of VOCs such as the Beta, Delta and Omicron that are responsible for the resurgent
waves (Flores-Vega et al., 2022).

The other surface glycoproteins such as the membrane and envelope proteins are more
conserved and immunogenic in nature make these proteins, alternative vaccine targets (Dai and
Gao, 2021). The use of the M and E proteins as a vaccine candidates has only been simulated
in silico and no information on the effects of mutations in these proteins on the SARS-CoV-2
ability to evade the immune system (Rahman et al., 2020b).

This study focussed on South African SARS-CoV-2 M and E gene sequences to explore

characteristics which will support the use of these proteins as vaccine candidates.

Aim of the study

This study aims to describe the molecular epidemiology of M and E genes and the impact of
viral evolution over time on associated immune epitopes from South African SARS-CoV-2
strains, 2020 to 2021.

Specific Objectives

1. To describe the molecular epidemiology of SARS-CoV-2 M/E gene sequences from South
Africa from 2020 to 2021.

2. To describe the impact of genetic mutations over time on the antigenic properties of
translated SARS-CoV-2 M/E proteins from South Africa
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CHAPTER 2
MATERIALS AND METHODS

2.1 M and E protein sequence data

The M and E proteins sequences were extracted from South African SARS-CoV-2 whole
genome sequence available on the Global Initiative on Sharing All Influenza Data (GISAID,
https://www.gisaid.org/, accessed 08/01/2021) for the period 01 March 2020 to 31 December
2021. We focussed on M and E genes from the Beta, Delta and Omicron variants that
dominated the 2" (epidemiological [epi] week 43 in 2020 to epi week 15 in 2021), 3" (epi
week 26 to 47 in 2021) and 4™ (epi week 46 to 53 in 2021) waves of infections in South Africa.

The M and E gene sequences were extracted from South African SARS-CoV-2 genomes (n =
33,347) were aligned using Nextclade (https://clades.nextstrain.org/) online tool that embeds

the NextAlign programme for multiple sequence alignments. Sequence dataset were then

cleaned by removing duplicated genome data to obtain a dataset of 26,734 genomes.

The M and E genes were extracted from the South African SARS-CoV-2 sequences by
selecting the known sequence range of the M gene at nucleotide positions 26523 to 27191 and
the E gene at nucleotide positions 26245 to 26472 after further selection for the most complete
sequences for total gene sizes of 669 bp and 228 bp respectively. The respective Beta, Delta
and Omicron sequences were then combined into a single file for the M gene and a single file

for the E gene.

2.2 Phylogenetics analysis of M and E genes

The Wuhan reference strain (Accession number NC_055512) was used as root or master
sequence for all analyses. Due to the size of the South African dataset, representational data
from Gauteng Province was used for phylogenetic tree construction using MEGA 6 for both
the M and E genes. A reference dataset of non-South African SARS-CoV-2 genomes provided
by Dr Cornelius Roemer was downloaded from GitHub
(https://github.com/nextstrain/nextclade_data/blob/master/data/datasets/sars-cov-

2/reference/MN908947/versions/2022-07-11T12:00:00Z/files/sequences.fasta; accessed

09092022). The identical sequences among all the South African strains were removed leaving
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a total number of 138 unique E gene sequences and 560 unique M gene sequences. The
sequences were used to produced phylogenetic trees using the MEGA 6 software. Maximum-
likelihood trees were constructed using the Hasegawa-Kishino-Yano model with 100
bootstraps to determine confidence level for clusters. Partial deletions were used for missing
or gaps in data with a site coverage cut-off of 95%. The Wuhan reference strain (NC
045512.2:26523-27191) and EPI_ISL_402124-E were selected as root.

The HIV sequence database Highlighter tool was used to produce blots showing the mismatch
and silent/non-silent mutations in the sequences
(https://www.hiv.lanl.gov/content/sequence/HIGHLIGHT/highlighter_top.html ). The

mismatches and silent/non-silent mutations blots were obtained with sequences sorted by
similarity, sequence type set to nucleotides and the rest of the settings kept and default. The
images produced were then cut and shrunk down to fit into the page and remerge into one

image.

2.3 ldentification of immune epitopes using Bioinformatics approaches

Allergenicity of the epitopes were determined with the online AllerTOPv.2.0 tool with proteins

classified by the k- nearest neighbour algorithm (kNN, k=1) (https://www.ddg-

pharmfac.net/AllerTOP/index.html) and toxicity were predicted using the ToxinPred tool

(https://webs.iiitd.edu.in/raghava/toxinpred/algo.php).  Predicted toxins were defined as

having a support vector machine (SVM) threshold value of > 0.00 and an expected (E) value

cut-off of 10. The ToxinPred?2 tool (https://webs.iiitd.edu.in/raghava/toxinpred2/ ) was used to

assess toxin properties for the whole M and E proteins.

The antigenicity of the epitopes was determined using VaxiJen v.20 with default settings which

was set to virus and sequence output (http://www.ddg-pharmfac.net/vaxijen/VaxiJen.html).

The threshold of probable antigen was defined as a score > 0.4.

Major Histocompatibility Complex (MHC) class-1 epitopes were examined with NetCTL, a
web based tool that predicts the (Cytotoxic T Lymphocytes) CTL epitopes on protein sequences
(https://services.healthtech.dtu.dk/service.php?NetCTL-1.2) (Larsen et al., 2007). The

NetTepi-1.0 online tool was used to predict T-cell epitopes restricted by the most prevalent
HLA-A and HLA-B receptors which included A-01:01, -02:01, -03:01, -11:01, -24:02, and -
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26:01) and B-07:02, -15:01, -27:05, -35:01, -39:01, -40:01, and -58:01. A rank of 50 and above
predicted an epitope (https://services.healthtech.dtu.dk/service.php?NetTepi-1.0)) (Trolle and

Nielsen, 2014). The 138 unique E gene sequences and 560 unique M gene sequences was used

for this analysis.

Identification of B-cell epitopes
The  B-cell epitopes were identified using the BepiPred 2.0 tool

(http://www.cbs.dtu/services/BepiPred/). The default settings were used to run the analysis and

cut-off values for determining epitopes were defined as probability scores higher than 0.5.

Major Histocompatibility Complex (MHC) class-I epitopes were examined with NetCTL, a
web based tool that predicts the (Cytotoxic T Lymphocytes) CTL epitopes on protein sequences
(https://services.healthtech.dtu.dk/service.php?NetCTL-1.2) (Larsen et al., 2007). The
NetTepi-1.0 online tool was used to predict T-cell epitopes restricted by the most prevalent
HLA-A and HLA-B receptors which included A-01:01, -02:01, -03:01, -11:01, -24:02, and -
26:01) and B-07:02, -15:01, -27:05, -35:01, -39:01, -40:01, and -58:01. A rank of 50 and above
predicted an epitope (https://services.healthtech.dtu.dk/service.php?NetTepi-1.0) (Trolle and

Nielsen, 2014). The 138 unique E gene sequences and 560 unique M gene sequences was used

for this analysis.

The Mosaic vaccine tool suite was used to determine the positional CTL epitope coverage
assessment for SARS-CoV-2 M and E sequences to show how much of the respective protein’s
length are covered by the derived mosaic peptide cocktails

(https://www:.hiv.lanl.gov/content/sequence/MOSAIC/). The images of the 9-mer coverage by

position and unique 9-mer counts images were downloaded. For these tools identical sequences
were removed, errors, gaps and non-specific nucleotides were removed, and sequence names

shortened to acceptable lengths.

2.4 Ethics approval

Study protocol was submitted for ethical review and an ethics waiver (reference humber W-
CBP-210813-01) was obtained.
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CHAPTER 3
RESULTS
3. Molecular epidemiology of SARS-CoV-2 M/E gene sequences from South
Africa, 2020 to 2021.

3.1 Phylogenetic analysis of SARS-CoV-2 E

For the study period March 2020 to December 2021 SARS-CoV-2 31781 E gene sequences
were extracted on GISAID from a total of 33 347 genomes from South Africa. The final 26,734
individual SARS-CoV-2 genomes after final selection of the most complete M and E gene
sequences was grouped as a study dataset on GISAID with study identifier
EPI_SET_221130zm which can be used to extract the dataset at any time (or by using the link
doi: 10.55876/gis8.221130zm).

The maximum-likelihood phylogenetic tree for the E gene sequences (Figure 3.1) shows a
distinct Omicron cluster that is separated from the Wuhan, Beta and Delta variants. Most
Omicron sequences forms a distinct cluster with 50% bootstrap support. Similarly, most Beta
sequences also forms a cluster with less than 50% bootstrap support. This shows the highly
conserved nature of the E gene among SARS-CoV-2 strains. All the Omicron sequences have
a cytosine (C) to thymine (T) mutation in gene position 26 which translates to a threonine to

isoleucine amino acid change at position 9 of the E protein.

3.2. Mismatch, silent and non-silent mutation analysis of SARS-CoV-2 E

genes
For the analysis of the mutations, the sequences were cleaned by removing all identical
sequences leaving a total number of 138 unique E gene sequences. The mismatch bases for the
E genes compared to the Wuhan reference strain’s sequence are show in figure 3.2. The E gene
has numerous mismatches in the Beta, Delta and Omicron variants compared to the reference
sequence. The Omicron variant has a consistent mutation of ACA to ATA in the sequences
which is a threonine to tyrosine mutation at position 26. The consistent change in the Beta
variant is identified in the sequences to be a CCG to CTG at position 217 which is a proline to

leucine mutation at amino acid position 72 (shown by the red circles).
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Legend

Light Blue Triangle: Delta
Red Square: Beta

Purple Circle: Omicron

Root: Wuhan:
EPI_ISL_402124-E

Figure 3.1. Phylogenetic tree of the E genes of SARS-CoV-2. The tree was constructed using a
maximum likelihood tree with a bootstrap value of 100 and the Hasegawa-Kishino-Yano model. The
E gene sequences were 228 bp in length and the Wuhan reference strain’s sequence was used as the
root of the tree.
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Figure 3.2 Omicron sequences compared to the Wuhan reference strain’s sequence. Nucleotide
changes in the sequences are shown by the colored ticks. C= cytosine and T= thymine.
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The non-silent mutations mirror the mismatch mutations of the E gene with the consistent non-
silent mutation circled in red (Figure 3.3). The Beta variant have a non-silent C217T mutation,
and the Omicron variant have a C26T non-silent mutation. This shows that the consistent
mutations have an effect on the overall structure of the protein due to being non-silent

mutations.

3.3. Phylogenetic analysis of SARS-CoV-2 M genes

A total of 28983 M gene sequences were extracted for analysis from a total of 33 347 SARS-
CoV-2 genomes from South Africa available on GISAID covering the period 01 March 2020
to 31 December 2021. The M gene maximum-likelihood phylogenetic tree (Figure 3.4) shows
a distinct cluster for the Omicron sequences although with weak (19%) bootstrap support. The
Delta cluster is characterised by an T to C mutation at gene position 245 which translates as an
isoleucine to threonine change at position 82 of the M peptide sequence when compared to the
Wuhan reference strain’s sequence. This mutation is also present in some Beta variant

sequences.

The Omicron M gene sequences haves three mutations that differentiate them from the Wuhan
reference strain: the first mutation is a adenine (A) to guanine (G) nucleotide change at
positions 8 which translate to a aspartic acid to glycine amino acid mutation at position 3 of
the protein, a second mutation of C to G at positions 55 translates to a glutamine to glutamic
acid mutation at position 19 and thirdly a G to A mutation at positions 187 which results in a
alanine to threonine amino acid change at position 63. There is one Omicron sequence
(NCV262/2021) which is an outlier as it sits on the same branch as the Beta variant sequences.
This indicates that this M gene sequence does not have the distinctive Omicron specific

mutations.

3.4. Mismatch, silent and non-silent mutation analysis of SARS-CoV-2 M

The mismatch bases for the M genes compared to the Wuhan reference gene are show in the
figure below. Figure 3.5 shows mismatches among 560 M gene sequences. Beta and Delta
variants share a common C to T nucleotide mutation which results in an isoleucine to threonine

mutation. The Omicron VOC have three consistent mutations found in the sequence of A8G,
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Figure 3.3 Figure 3.6. Highlighter plots providing a graphical representation of silent and non-silent
mutations across the M genes of SARS-CoV-2 variants (A: Beta; B: Beta and Delta; C: Delta and
Omicron) compared to the Wuhan reference strain’s sequence. The silent and non-silent mutations in
the sequences are shown by the colored ticks. N= unresolved amino acid position, T= thymine; C=
cytosine, G= guanine, A= adenosine. The silent and non-silent mutations in the sequences are shown
by the colored ticks. The exact change and position are shown in the images. N= unresolved amino acid
position, C= cytosine and T= thymine.
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Figure 3.4 Phylogenetic tree of the M gene of SARS-CoV-2. The tree was constructed using a
maximum likelihood tree with a bootstrap value of 100 and the Hasegawa-Kishino-Yano model. The
M gene sequences were 669 bp in length and the Wuhan reference strain’s sequence was used as the
root of the tree.
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C55G and A187G which led to respective mutations of aspartic acid to glycine, glutamine to

glutamic acid and alanine to threonine.

The non-silent mutation in the M gene sequences which are circled red (Figure 3.6) mirrors the
mismatch mutation of the M gene as shown in the figure 3.5. This highlights that the consistent
nucleotide mutations actually result in amino acid changes. The Beta and Delta VOCs have a
T245C non-silent mutation, and the Omicron VOC have A8G, C55G and G187A non-silent

mutations.
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Figure 3.5 Highlighter plots providing a graphical representation of key nucleotide mismatch mutations
across the M gene of South African SARS-CoV-2 variants (A: Beta, B: Beta and Delta; C = Delta and
Omicron) compared to the Wuhan reference strain. Nucleotide changes in the sequences are shown by
the colored ticks. All the consistent mismatch mutations are circled and the nucleotide position and
changes are indicated for each (T= thymine; C= cytosine, G= guanine, A= adenosine).
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Figure 3.6. Highlighter plots providing a graphical representation of silent and non-silent mutations
across the M genes of SARS-CoV-2 variants (A: Beta; B: Beta and Delta; C: Delta and Omicron)
compared to the Wuhan reference strain’s sequence. The silent and non-silent mutations in the
sequences are shown by the colored ticks. N= unresolved amino acid position, T= thymine; C=
cytosine, G= guanine, A= adenosine.
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CHAPTER 4
RESULTS

4. Antigenicity of translated SARS-CoV-2 M/E proteins from South African
strains, 2020 to 2021

4.1 Allergenicity and toxicity of M and E proteins

The AllerTop result for the Wuhan reference strain and 560 South African SARS-CoV-2
variants’ M protein sequences showed that the protein is defined as a non-allergen with the
nearest protein being the voltage-dependent L-type calcium channel subunit alpha-1S in
humans (https://www.uniprot.org/uniprotkb/Q13698/entry) and Cation transporter HKT2;2

(https://www.uniprot.org/uniprotkb/Q93XI15/entry) from Oryza sativa subsp. indica (Rice)

specifically nearest for Omicron protein sequences. The AllerTop result for E gene sequences
from the Wuhan reference strain and 138 South African SARS-CoV-2 variants showed that the
proteins are also defined as a non-allergens with the nearest proteins being either the human C-
C chemokine receptor type 1 (https://www.uniprot.org/uniprotkb/P32246/entry) or the human
ATP synthase subunit a (P00846, UniProt Database,

https://www.uniprot.org/uniprotkb/P00846/entry) which is a transmembrane protein

specifically nearest for Omicron sequences.

The ToxinPred tool identified specific epitope regions in the M and E proteins of SARS-CoV-
2 which have toxic properties. In the M protein at least 3 epitopes with toxin properties (positive
Support vector machine (SVM) values) and 7 with non-toxin properties were identified (Table
4.1). The M epitopes with toxic properties are in the region FLTWICLLQFAYA which is
located at amino acid positions 28 to 40. Using peptides that is longer or shorter than the
peptides shown in table 4.1 may resolve some of the predicted toxic properties. The whole M

and E proteins were all identified as non-toxins.

In the E protein 9 overlapping epitopes were identified as toxic within the
ALRLCAYCCNIVNIVNVSLYV epitopic region at positions 36 to 51 (Table 4.2).

31



Table 4.1 The toxic regions in the SARS-CoV-2 M peptide from Toxinpred. The regions with

a positive SVM score are defined as toxins.

Peptides Scanned from Original Protein

Peptide Sequence ¢ | SVM score v | Prediction ¢ | Hydrophobicity # | Hydropathicity # | Hydrophilicity ¢ | Charge ¢ | Mol wt ¢
FLTWICLLQF 0.09 Toxin 0.31 1.89 -1.68 0.00 1283.75
TWICLLQFAY 0.09 Toxin 0.22 1.28 -1.53 0.00 1257.66
WICLLQFAYA 0.00 Toxin 0.26 1.53 -1.54 0.00 1227.63
LTWICLLQFA -0.06 Non-Toxin 0.27 1.79 -1.48 0.00 1207.65
LFLTWICLLQ -0.09 Non-Toxin 0.30 1.99 -1.61 0.00 1249.74
ICLLQFAYAN -0.22 Non-Toxin 0.16 1.27 -1.18 0.00 1155.52
CLLQFAYANR -0.24 Non-Toxin -0.09 0.37 -0.70 1.00 1198.54
VIGFLFLTWI -0.27 Non-Toxin 0.46 244 -1.75 0.00 1208.67
GFLFLTWICL -0.28 Non-Toxin 0.39 220 -1.70 0.00 1212.67
ANRNRFLYII -0.28 Non-Toxin -0.19 0.01 -0.43 2.00 1279.65

Table 4.2 The toxic regions in the SARS-CoV-2 E peptide from Toxinpred. The regions with

a positive SVM score are defined as toxins.

Peptides Scanned from Original Protein

Peptide Sequence ¢ | SVM score ~ | Prediction ¢ | Hydrophobicity ¢ | Hydropathicity # | Hydrophilicity 4 | Charge ¢ | Mol wt #
LCAYCCNIVN 1.28 Toxin 0.09 1.35 -1.05 0.00 1115.48
ALRLCAYCCN 1.25 Toxin -0.07 0.94 -0.67 1.00 1129.50
RLCAYCCNIV 1.25 Toxin -0.02 1.25 -0.77 1.00 1157.56
CAYCCNIVNV 1.16 Toxin 0.09 1.39 -1.02 0.00 1101.45
LRLCAYCCNI 1.05 Toxin -0.02 1.21 -0.80 1.00 1171.59
TALRLCAYCC 0.87 Toxin -0.02 1.22 -0.73 1.00 1116.50
AYCCNIVNVS 0.83 Toxin 0.06 1.06 -0.89 0.00 1085.39
YCCNIVNVSL 0.76 Toxin 0.09 1.26 -1.02 0.00 1127.48
CCNIVNVSLVY 0.60 Toxin 0.14 1.81 -0.94 0.00 1063.44
SRVKNLNSSR -0.54 Non-Toxin -0.56 -1.43 0.70 3.00 1160.43

4.2 Probability of antigens

Table 4.3 shows the likelihood of M and E proteins being recognised as antigens as determined

using the VaxiJen tool which does not consider the alignment of proteins but their

physicochemical properties which is dependent on principal amino acids. The Wuhan reference

strain and 560 South African SARS-CoV-2 variants’ M protein sequences were identified as

probable protective antigens as indicated by probability scores above 0.4. The average

probability for the M peptides of Beta variants are slightly higher than the M peptide of the

reference strain. The M peptides of the Delta variants had the lowest average probability score
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whereas the average probability score for Omicron variants was the highest. Similarly, the
Wuhan reference strain and all 138 South African SARS-CoV-2 E protein sequences were

Table 4.3 The probability of SARS-CoV-2 M and E peptide being Antigens obtain from the
VaxiJen database. Probability scores above 0.4 indicate potential (probable) antigens.

M peptide Antigen probability average Probable antigen
Reference strain 0,5102 Yes
Beta strain 0,5129 Yes
Delta strain 0,4907 Yes
Omicron strain 0,5389 Yes
E peptide Antigen probability average Probable antigen
Reference strain 0,6025 Yes
Beta strain 0,6013 Yes
Delta strain 0,6019 Yes
Omicron strain 0,5977 Yes

identified as probable protective antigens. The average probability scores of the E peptide were
higher than for M peptides with Omicron variants displaying the lowest score and the reference

strain displaying the highest score.

4.3.1 Mutations associated with immune escape in M protein

For the analysis of mutations in predicted CTL epitopes a total of 560 unique M gene sequences
were used. The T cell epitopes of the M protein sequences were summarised into the tables
4.4A to 4.4E and a total of 26 epitopes were identified across the M protein sequence. The
resulting HLA-A and HLA-B epitopes identified from Wuhan, Beta, Delta and Omicron
sequences were combined in tables. The identified epitopes restricted by HLA-A (01:01, 02:01,
03:01, 11:01, 24:02, 26:01) and HLA-B (07:02, 15:01, 27:05, 35:01, 39:01, 40:01, 58:01) are
summarised tables 4.4A to 4.4E.

In table 4.4A some Beta, Delta and Omicron variants retained the wildtype sequence in M
protein peptide epitopes 1MADSNGTIT/VEELKK, 13K/IKLLEQWNL/VIGF,
21LVIGFLFLTW/ICLLQF and 30WICLLQFAY. CTL escape mutations was observed at
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several positions across the overlapping peptides. Six epitopes with escape mutations shown
in table 4.4B are: ;sLQFAYANRN/FLY, 4NRNRFLY II/KLIFLW, 2KLIFLWLLW/PVTL,
saWLLWPVTLA/CFV, o TLACFVLAA/V and e2aFVLAAVYRI/NW. Table 4.4C summarises
the following five CTL epitopes with escape mutations: 7YRINWITGG/I,
75 TGG/IAIAMA/CLYV, sil AMACLVGL/MW, ssCLVGLMWLS/YFIA,
91t WLSY/FIASF/RLFAR. One mutation resulted in a potential N-linked glycosylation gain for
the peptide sequence starting at amino acid position 115 in a Delta variant (Table 4.4D;
115 TNILLNVPL to 11sTNILLNVTL). HLA-B58:01 was identified as the HLA type that
restricted most T cell epitopes identified in this study.

B cell epitopes identified across the M protein sequences are summarised in table 4.5. Twelve
potential B cell epitopes were identified. One B epitope region are linked to position 5, 6, 7
and 9 where positions 5 to 8 (NGTI) is a predicted N-linked glycosylation site. Epitopes were
also identified at positions 11-19 (EELKKLLEQ), 134-137 (LESE), 180-189
(KLGASQRVAG), 190-207 (DSGFAAYSRYRIGNYKLN) and 209-217 (DHSSSSDNIA).
The positions of 71, 160,165 and 166 showed that the Beta and Omicron VOCs share the same

predicted epitope at those positions.
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Table 4.4A The HLA restrictions of the M 9-mer peptide epitopes detected by NetTepi.

The changes in the sequences are in bold. Epitopes starting at amino acid positions 1 to 30.

Protein  amino  acid Epitopes Restriction
position at start of each
epitope
1 Wuhan, Beta, Delta | MADSNGTIT/VEELKK HLA-A11:01
Omicron
Beta, Delta M(S/T) DSNGTIT/VEELKK HLA-A01:01
Delta MAHSNGTITV/VEELKK HLA-B39:01
Beta MADSN(V/C) TIT/VEELKK HLA-A11:01
Beta MADSNGTIT/VEELRK HLA-A11:01
Beta MADSNGT(L/I) T/VEELKK HLA-A11:01, HLA-A03:01
Beta MADSNGTIT/(I/A) EELKK HLA-A11:04
Beta MADSNGTIT/EDLKK HLA-A11:01, HLA-A03:01
13 Wouhan, Beta, Delta, | K/KLLEQWNL/VIGF HLA-A02:01
Omicron
Beta K/ELLEQWNL/VIGF HLA-B40:01
Beta K/KLIEQWNL/VIGF HLA-A02:01
Beta K/KLFEQWNL/VIGF HLA-A02:01, HLA-A24:02
Delta K/IQLLWQWNL/VIGF HLA-A02:01
Delta, Omicron K/KLLEEWNL/VIGF HLA-A02:01, HLA-B40:01
Beta K/KLLEQWNL/VIGL HLA-B39:01
21 Wuhan; Beta; Delta; | LVIGFLFLTW/ICLLQF HLA-A02:01; HLA-A24:02; HLA-B58:01
Omicron
Beta LVIGLLFLTW/ICLLQF HLA-B58:01
Beta, Delta LVIGFLFFTW/ICLLQF HLA-A02:01, HLA-A24:02, HLA-B58:01
Beta LVIGFIFLTW/ICLLQF HLA-A02:01, HLA-A24:02, HLA-B58:01
Delta LVIGFLFLTWI/IFLLQF HLA-A02:01, HLA-A24:02, HLA-B58:01
Delta LVIGFLFLTC/ICLLQF HLA-A02:01, HLA-A24:02, HLA-B58:01
30 Wuhan; Beta Delta; | WICLLQFAY HLA-A01:01, HLA-B35:01
Omicron
Beta WICLLQIAY HLA-A01:01
Beta CICLLQFAY HLA-A01:01
Delta WIFLLQFAY HLA-A01:01, HLA-B15:01




Table 4.4B The HLA restrictions of the M 9-mer peptide epitopes detected by NetTepi. The

changes in the sequences are in bold.

Epitopes starting at amino acid positions 34 to 64.

Protein amino acid Epitopes Restriction
position at start of each
epitope
34 Wuhan, Beta, Delta, | LQFAYANRN/FLY HLA-A01:01, HLA-A24:02, HLA-B15:01,
Omicron HLA-B35:01, HLA-B58:01
Beta LQIAYANRK/FLY HLA-A1:01, HLA-A24:02, HLA-A11:01,
HLA-B58:01, HLA-B35:01
Beta LQFAYSRNR/FLY HLA-A01:01, HLA-A11:01, HLA-24:02,
HLA-B15:01, HLA-B35:01, HLA-B58:01
40 Wuhan, Beta, Delta, | NRNRFLYII/KLIFLW HLA-A24:02, HLA-B15:01, HLA-B27:05,
Omicron HLA-B39:01, HLA-B58:01
Beta NRKRFLY II/KLIFLW HLA-B27:05, HLA-B39:01
Beta, Delta NRNRFLYI(V/T)/KLIFLW HLA-A24:02, HLA-B27:05, HLA-B39:01,
HLA-B58:01
Beta NRNRFLY II/KLVFLW HLA-24:02, HLA-B15:01, HLA-58:01
49 Wuhan, Beta, Delta, | KLIFLWLLW/PVTL HLA-A02:01, HLA-A24:02, HLA-B58:01
Omicron
Beta KLIFLCLLW/PVTL HLA-B58:01
Beta KLVFLCLLW/PVTL HLA-A02:01, HLA-A24:02
54 Wuhan, Beta, Delta, | WLLWPVTLA/CFV HLA-A02:01, HLA-B35:01
Omicron
Beta WLLWPVTLV/CFV HLA-A02:01, HLA-24:02, HLA-B35:01
Beta, Delta, Omicron WLLWPVTLT/CFV HLA-A24:02, HLA-B07:02, HLA-B35:01
Beta WLLWPVTLA/CFL HLA-B07:02, HLA-B35:01, HLA-B39:01
60 Wuhan, Beta, Delta, | TLACFVLAA/V HLA-A02:01
Omicron
Beta TLACFLLAA/NV HLA-A02:01
Beta TLACFLLAA/F HLA-B15:01, HLA-B35:01, HLA-B58:01
64 Wuhan, Beta, Delta, | FVLAAVYRI/NW HLA-A02:01, HLA-B58:01
Omicron
Beta FVLASVYRI/NW HLA-A02:01, HLA-B58:01
Beta FVLAAFYRI/NW HLA-B58:01
Beta FVLAAIYRI/NW HLA-A02:01, HLA-B58:01
Beta FLLAAVYRI/NW HLA-A02:01, HLA-B58:01
Beta FVLAAVYRI/KW HLA-A03:01, HLA-A11:01, HLA-B58:01
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Table 4.4C The HLA restrictions of the M 9-mer peptide epitopes detected by NetTepi.

The changes in the sequences are in bold font. Epitopes starting at amino acid positions 70 to

91.

Protein amino acid Epitopes Restriction

position at start of each

epitope

70 Wuhan, Beta, Delta, | YRINWITGG/I HLA-B27:05
Omicron
Beta YRIKWITGG/I HLA-B27:05
Beta YRINWIAGG/I HLA-B27:05
Beta YRINWITCG/I HLA-B27:05, HLA-B58:01
Beta, Delta YRINWITGV/I HLA-B27:05, HLA-B07:02, HLA-B39:01
Delta YRINLITGG/I HLA-B27:05

75 Wuhan ITGG/IAIAMA/CLV
Beta IAGGI/AIAMA/CLV HLA-B35:01
Beta ITGG/AIAMA/FLV HLA-B15:01, HLA-B58:01
Beta ITGG/AIAIA/CLV HLA-B58:01
Beta ITGG/ISIAMA/CLV HLA-B58:01

81 Wuhan, Beta, Delta, | IAMACLVGL/MW HLA-B15:01, HLA-B58:01
Omicron
Beta IAMAFLVGL/MW HLA-B15:01, HLA-B35:01, HLA-B58:01
Beta ISMACLVGL/MW HLA-B15:01, HLA-B58:01
Delta TAMACLVGF/ MW HLA-B15:01, HLA-B35:01, HLA-B58:01
Beta TAMAFLVGL/MW HLA-B39:01
Beta IAMSCLVGL/MW HLA-B15:01, HLA-B58:01
Beta IAIACLVGL/MW HLA-A26:01, HLA-B58:01

85 Wuhan, Beta, Delta, | CLVGLMWLS/YFIA HLA-A01:01, HLA-A02:01, HLA-24:02
Omicron
Beta FLVGLMWLS/YFIA HLA-A02:01
Delta FLVGFMWLS/YFIA HLA-A01:01, HLA-A02:01, HLA-B15:01,

HLA-B35:01

91 Wouhan, Beta, Delta, | WLSY/FIASF/RLFAR HLA-A03:01, HLA-A11:01, HLA-A24:02,
Omicron HLA-A26:01, HLA-B15:01
Beta WLSY/FISSF/RLFAR HLA-A03:01, HLA-A11:01, HLA-A24:02,

HLA-B15:01

Delta WLSY/FIASF/RLFMR HLA-A26:01
Delta WLSY/FIASF/RLFVR HLA-A02:01
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Table 4.4D The HLA restrictions of the M 9-mer peptide epitopes detected by NetTepi. The

changes in the sequences are in bold font. Epitopes starting at amino acid positions 99 to 169.

Protein amino acid Epitopes Restriction
position at start of each
epitope
99 Wuhan, Beta, Delta, | FRLFARTRS/MWSF/NPET HLA-A02:01, HLA-A03:01, HLA-A24:02, HLA-
Omicron B27:05, HLA-B07:02, HLA-B15:01, HLA-
B58:01
Delta FRLFMRTRS/MWSF/NPET HLA-A24:02, HLA-B27:05, HLA-B07:02, HLA-
B15:01, HLA-B58:01
Delta FRLFVRTRS/MWSF/NPET HLA-A24:02, HLA-B27:05, HLA-B07:02, HLA-
B15:01
115 Wuhan, Beta, Delta, | TNILLNVPL HLA-B39:01
Omicron
Beta TKILLNVPL HLA-B39:01
Beta TDILLNVPL HLA-B39:01
Delta TNILLNVTL HLA-B39:01
121 Wuhan V/PLHGTILT/R HLA-B35:01
Beta VIPLHGTIVIT HLA-B35:01, HLA-B07:02
Beta V/IPLYGTILT/R HLA-A03:01
Delta VITLHGTILT/R HLA-A03:01
133 Wuhan, Beta, Delta, | LE/SELVIGA/VILR HLA-A11:01, HLA-B40:01
Omicron
Beta LE/IELVIGA/VILR HLA-B40:01
Beta LE/NELVIGA/VILR HLA-B40:01
Beta LE/SELVIGA/VVLR HLA-A11:01, HLA-B40:01
Delta LE/SELVIGV/VILR HLA-A11:01, HLA-B40:01
141 Wuhan, Beta, Delta, | AVILRGHLR/IAGHHL HLA-A11:01, HLA-B07:02
Omicron
Beta AVVLRGHLR/IAGHHL HLA-A11:01
Delta VVILRGHLR/IAGHHL HLA-A11:01
Delta AVILRGYLR/IAGHHL HLA-A11:01, HLA-B07:02, HLA-B15:01
Delta AVILRGHLR/IAGHYL HLA-B07:02
163 Wuhan LPKEITVAT/SRTL HLA-B07:02, HLA-B35:01, HLA-B58:01
Beta LPKEITVAT/SRML HLA-A26:01
169 Wuhan, Beta, Delta, | VIATSRTLSY/YKL HLA-A01:01, HLA-B15:01, HLA-B27:05, HLA-
Omicron B35:01, HLA-B39:01, HLA-B58:01
Beta V/IATSRMLSY/YKL HLA-B15:01, HLA-B27:05, HLA-B39:01
Delta V/ATSRTLSY/YRL HLA-B27:05, HLA-B39:01
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Table 4.4E The HLA restrictions of the M 9-mer peptide epitopes detected by NetTepi.
The changes in the sequences are in bold font. Epitopes starting at amino acid positions 178

to 208.

Protein amino acid Epitopes Restriction

position at start of each

epitope

178 Wuhan, Beta, Delta, | YKL/GASQRV/AGDSGF HLA-B39:01
Omicron
Delta YRL/GASQRV/AGDSGF HLA-B39:01, HLA-B27:05
Beta YKL/GASQRV/AGY SGF HLA-B15:01, HLA-B27:05

187 Wuhan, Beta, Delta, | AGDSGFAAY/S HLA-A01:01
Omicron
Beta AGYSGFAAY/S HLA-B15:01, HLA-B35:01
Beta AGESGFAAY/S HLA-B40:01

195 Wuhan, Beta, Delta, | YSRYRIGNY/KL HLA-A24:02; HLA-A26:01, HLA-B15:01, HLA-
Omicron B27:05

208 Wuhan, Beta, Delta, | DH/SSSSDNI/ALLV HLA-A01:01, HLA-B39:01
Omicron
Beta YH/SSSSDNI/ALLV HLA-B39:01
Beta DH/SRSSDNI/ALLV HLA-B39:01, HLA-B58:01
Beta DH/SSNSDNI/ALLV HLA-A01:01, HLA-B39:01
Beta DH/SSSSGNI/ALLV HLA-A01:01, HLA-B39:01
Beta DH/SSSSDNL/ALLV HLA-A01:01
Delta DH/SSSGSDNI/ALLV HLA-A01:01

4.3.2 Immune escape mutations in E protein

The T cell epitopes of the E protein are shown in table 4.6. A total of 3 CTL epitopes
(tMYSFVSEET/GTLIV, uT/LIVNSVLLF/LAFVV and 1sLFLAFVVFL/L) with escape
mutations were identified (Table 4.6A). Five CTL epitopes (22FVV/FLLVTLAIL/TALR,
30LAI/LTALRLCAY/C, 37RLC/AYCCNIVNV/SLVK, VS/ILVKPSFYVY/SRVK and
58 Y SRVKNLNS/SRVPDLLYV) present in E with the relevant escape mutations are shown in
table 4.6B. A N-linked glycosylation loss in ssYSRVKNLNS/SRVPDLLYV epitope is linked to
mutation (YSRVKNLNS/(F/P)RVPDLLV) linked to HLA-03:01; HLA-A11:01; HLA-
B07:02 restriction.
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Table 4.5 The B epitopes in the M proteins detected by the Bepipred tool.

Reference Epitopic region Targeted positions Epitope Present in
Wuhan 5-9 56,7,9 NGTIT Beta, Delta,
Omicron
Wuhan 11-19 11,12,15,18,19 EELKKLLEQ Beta, Delta,
Omicron
74 N Beta,
Omicron
Wuhan 41 N Beta, Delta,
Omicron
Wuhan 134-137 134,135,136,137 LESE Beta, Delta,
Omicron
160 D Beta,
Omicron
Wuhan 162-163 162,163 KD Beta, Delta,
Omicron
165 P Beta,
Omicron
166 K Beta,
Omicron
Wuhan 180-189 180,182,183,184,185,186,188,189 KLGASQRVAG Beta, Delta,
Omicron
Wuhan 190-207 190,191,200,201,202,203,205,207 DSGFAAYSRYRIGNYKLN | Beta, Delta,
Omicron
Wuhan 209-218 209,210,211,212,213,214,215,216,218 | DHSSSSDNIA Beta, Delta,
Omicron
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Table 4.6A The HLA restriction of the E 9-mer peptide epitopes detected by NetTepi.

The changes in the sequences are in bold font. Epitopes starting at amino acid positions 1 to

18.
Protein amino  acid | Strains Epitope Restriction
position at start of each
epitope
1 Wuhan, Beta, Delta MYSFVSEET/GTLIV HLA-A02:01; HLA-B35:01; HLA-40:01
Beta, Delta, Omicron | MYSFVSEE(I/V)/GTLIV HLA-A02:01; HLA-A26:01; HLA-B35:01; HLA-
B39:01; HLA-B40:01
Beta MYSFVSEET/GALIV HLA-A26:01; HLA-B35:01, HLA-B39:01; HLA-
B40:01
Beta MYSFVSEET/(S/C) TLIV HLA-A02:01; HLA-A26:01; HLA-B35:01, HLA-
B39:01; HLA-B40:01
Beta, Omicron MYSFISEET/GTLIV HLA-A26:01; HLA-B35:01, HLA-B39:01; HLA-
B07:02
MYSFVSEET/GTLI(L/1) HLA-B40:01; HLA-B39:01
11 Wuhan, Beta, Delta, | T/LIVNSVLLF/LAFVV HLA-A02:01; HLA-B15:01; HLA-B58:01
Omicron
Beta A/LIVNSVLLF/LAFVV HLA-A02:01
Delta T/LIVNIVLLF/LAFVV HLA-A02:01; HLA-A26:01; HLA-B15:01; HLA-
B58:01
Beta T/LIVNSVL(R/P) FILAFVV HLA-A02:01; HLA-A26:01; HLA-B15:01; HLA-
B27:05; HLA-B35:01; HLA-B58:01
Beta, Delta T/LI(I/L) NSVLLF/LAFVV HLA-A02:01; HLA-A26:01; HLA-B15:01; HLA-
B58:01
Beta, Delta T/LIVNSVLLF/(F/1/V) AFVV | HLA-A02:01; HLA-A24:02; HLA-B15:01; HLA-
B58:01
Beta T/LIVNSVLLF/LVFVV HLA-A02:01; HLA-B15:01
Beta, Delta T/LIVNSVLLF/(P/F/T) AFVV | HLA-A02:01; HLA-A24:02; HLA-B15:01; HLA-
B35:01
Delta T/LIVNSVLLF/LAFMV HLA-A02:01; HLA-B15:01
18 Wuhan LFLAFVVFL/L HLA-A02:01
Beta LFPAFVVFL/L HLA-A24:02; HLA-B07:02; HLA-B35:01
Beta, Delta LF (1/VIF) AFVVFL/L HLA-A02:01; HLA-A24:02; HLA-A26:01
Beta RFLAFVVFL/L HLA-A24:02
Beta LFLAFVVSL/L HLA-A02:01
Beta LFLVFVVFL/L HLA-A02:01
Delta LFLAFMVFL/L HLA-A02:01
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Table 4.6B The HLA restriction of the E 9-mer peptide epitopes detected by NetTepi.

The changes in the sequences are in bold font. Epitopes starting at amino acid position 22 to

58.
Protein amino acid | Strains Epitope Restriction
position at start of each
epitope
22 Wuhan, Beta, Delta, | FVV/FLLVTLAIL/TALR HLA-A02:01, HLA-A24:02
Omicron
Beta FVV/FLLVILAIL/TALR HLA-A02:01; HLA-A03:01; HLA-A24:02
Beta FVV/FLLVTLAII/TALR HLA-A02:01; HLA-A03:01
FVV/FLLVTLAIL/TVLR HLA-B58:01
Beta FVV/SLLVTLAIL/TALR HLA-A02:01; HLA-B39:01; HLA-B58:01
Delta FMV/FLLVTLAIL/TALR HLA-A02:01; HLA-B15:01; HLA-B39:01
30 Wuhan, Beta, Delta, | LAI/LTALRLCAY/C HLA-A01:01, HLA-A26:01; HLA-B15:01; HLA-
Omicron B58:01
Beta LAI/LTALRLFAY/C HLA-A01:01; HLA-B15:01; HLA-B35:01
Beta LAI/LTVLRLCAY/C HLA-A01:01; HLA-B58:01
Beta LAI/ITALRLCAY/C HLA-A01:01; HLA-B58:01
Beta LAI/LTALRLCVY/C HLA-A01:01
Beta LAI/LTALRLCAY/F HLA-A24:02, HLA-B58:01
37 Wuhan, Beta, Delta, | RLC/AYCCNIVNV/SLVK HLA-A02:01; HLA-A03:01; HLA-A11:01
Omicron
Beta RLC/AYFCNIVNV/SLVK HLA-A02:01; HLA-A024:02
Beta RLC/AYCCNIFNV/SLVK HLA-A02:01; HLA-A03:01; HLA-A11:01; HLA-
A024:02
Beta RLC/VYCCNIVNV/SLVK HLA-A02:01; HLA-A024:02
Beta RLC/AYCCNVVNV/SLVK HLA-A03:01; HLA-A11:01
48 Wuhan, Beta, Delta, | VS/LVKPSFYVY/SRVK HLA-A01:01; HLA-A02:01; HLA-A03:01; HLA-
Omicron B15:0:1; HLA-B35:01; HLA-B58:01
Beta VS/LVKPSFY(F/1) YISRVK | HLA-A02:01; HLA-A03:01; HLA-B15:01; HLA-
B35:01
Delta VS/LVRPSFYVY/SRVK HLA-A01:01; HLA-A02:01; HLA-B15:01; HLA-
B35:01; HLA-B58:01
Beta VS/ILVKPFFYVY/SRVK HLA-A01:01; HLA-A02:01; HLA-B15:01; HLA-
B35:01; HLA-B58:01
58 Wuhan YSRVKNLNS/SRVPDLLV
Beta YSRVKNLNF/SRVPDLLV HLA-A11:01; HLA-A24:02; HLA-B15:01
Delta YSRVKNLNS/(F/P) HLA-03:01; HLA-A11:01; HLA-B07:02
RVPDLLV

The B cell epitopes of the E protein are shown in table 4.7. A total of seven potential B cell

epitopes were identified (Table 4.7) in context of the Wuhan reference strain for the Beta, Delta
and Omicron sequences. B epitopes (SEE) are linked to position 6-8, 60-64 (SRVKN) and 66-
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71 (NSSRVP). The positions 66 to 69 (NSSR) is a predicted N-linked glycosylation site. The
Beta and Delta VOCs have two additional predicted epitopes compared to Wuhan and
Omicron. The Delta variant has predicted epitope associated with amino acids at position 5 and

9. The Beta variant has predicted epitopes associated with amino acid positions 62 and 65.

Table 4.7 The B epitopes of the E peptides detected by BepiPred. The B epitope are relevantly

conserved.

Reference Epitopic region | Targeted position | Epitope | Presentin
5 \% Delta

Wuhan 6-8 6,7,8 SEE Beta, Delta, Omicron
9 T Delta

Wuhan 60-64 60,61,63,64 SRVKN | Beta, Delta, Omicron
62 V Beta
65 L Beta

Wuhan 66-71 66,67,68,69,70,71 NSSRVP | Beta, Delta, Omicron

4.4 Accounting for SARS-CoV-2 strain diversity to derive candidate vaccine

Immunogens

The sequence datasets of 138 unique E gene sequences and 560 unique M gene sequences from
South African SARS-CoV-2 strains were also used to derive mosaic peptide cocktails which
account for amino acid sequence diversity within each dataset. The natural protein sequences
identified that best represented the mosaic peptide pools derived from each of the South African
M and E datasets was identical to the Wuhan reference strain’s sequences. Positional epitope
coverage (which indicates the proportion of sequences in the dataset that have the specific
epitopes present) across the M protein sequence alignment for 9-mer peptide epitopes was 90%
to 100% across the M protein except at amino acid positions 60 to 70 where exact match
coverage drops to below 60% (Figure 4.1a). The unique 9-mer counts of the E peptide in Figure
4.1b show that the exact 9-mer coverage by position is 80% to 90% for most of the E protein

except at the C terminal end where it drops to around 60%.
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In figure 4.2 an overview of the positional epitope coverage for each strain’s M and E
sequences are provided. Yellow indicates the perfect matches per 9-mer peptide and dark

brown indicates complete mismatches or very low peptide coverage.

The unique 9-mer counts of the E peptides in Figure 4.2 show that there is no match in the ends
of the peptide of the Beta sequences and at the beginning of the Omicron sequences. The M
peptides 9-mer coverage by position has a high number of exact matches save for a decrease
in exact match coverage by 0.5 in the alignment positions around 82 as shown in Figure 4.1a.
The unique 9-mer counts of the M peptide in Figure 4.2 show that the areas of the peptide are

non-silent mismatch mutation does not match for the 9-mer epitope sequence.
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(a) 9-mer coverage by position
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(b) 9-mer coverage by position
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Figure 4.1 Graphical display of predicted positional 9-mer epitope coverage for unique (a) M
and (b) E protein sequences from South African SARS-CoV-2 strains.
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01234567839
unique 9—-mer counts

Figure 4.2 The unique 9-mer counts of M and E peptides for each aligned peptide sequence.

The circled area for the M protein indicates poor CTL epitope coverage associated with the

amino acid mutations in Beta and Delta variants’ protein sequences.
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CHAPTER 5
DISCUSSION

The results from the phylogenetic analysis of the M and E genes showed that some of the
SARS-CoV-2 variants formed distinct clusters. The E gene tree (Figure 3.1) showed that the
Beta and Delta variants lie on the same branch as the reference strain showing that the
sequences are conserved. Only the Omicron variant formed a distinct cluster in the
phylogenetic tree. The Omicron variants all possess an ACC to ATT mutation at positions 25
to 27 of the gene sequence which causes a threonine to isoleucine mutation in the protein. A
threonine to isoleucine change makes the protein region more hydrophobic (Rehman et al.,
2020). It has been documented that mutations found in the E protein may led to changes in the
structural conformation of the protein there by altering the functions of the virus with regards
to the replication, propagation, pathogenesis and viral assembly (Rahman et al., 2021). These
mutations in the C-terminal domain include L39M, A41V, C43F, A41S, C43R, C44Y, C43S
and N45R. Structural changes due to mutations in the E protein’s transmembrane domain and
C-terminal domain have also been observed to affect viral replication and pathogenesis for
severe acute respiratory syndrome-associated coronavirus (SARS-CoV) and Middle East

respiratory syndrome coronavirus (MERS-CoV) (Rahman et al., 2021).

The M gene tree (Figure 3.1) showed that only the Beta variant was on the same branch as the
reference strain. The Delta variants form a cluster with a mutation of ATT to ACC at the
positions of 244 to 246 which caused an isoleucine to threonine change. An isoleucine to
threonine substitution causes a modification of non-polar to polar amino acid thereby leading
to an increase in stability in the viral structure (Marques-Pereira et al., 2022). The isoleucine
to threonine mutation is also involved with the putative glucose transport transmembrane
helices of the M protein (Shen et al., 2021). The Omicron variant forms a cluster with three
mutations, a GAT to CGC at position 7 to 9 causing an aspartic acid to glycine mutation, a
CAG to GAA at position 55 to 57 causing a glutamine to glutamic acid mutation and a GCG
to ACC mutation at position 187 to 189 causing an alanine to threonine mutation. An aspartic
acid to glycine mutation has only been document to occur in the Omicron BA.1 lineages and
can possibly create a N-myristoylation site at the position which will increase protein-protein

interactions (Hossain et al., 2022). N-myristoylation cause cotranslational lipidic modifications
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at the alpha-amino groups of the N-terminal residues to increases specific protein-protein
interactions (Udenwobele et al., 2017, Wang et al., 2021). This is thought promote viral
infection, assembly, budding and host interactions. The glutamine to glutamic acid mutation at
position 19 of the M protein that may influence SARS-CoV-2 RNA packaging was only
observed in the Omicron variant (Khairnar et al., 2022). The alanine to threonine mutation at
position 63 may impact the stability of the M protein and thus promote pathogenesis or immune
escape of Omicron variants (Hossain et al., 2022).

The results from the HIV sequence database tools show a detailed report on the mutations of
the SARS-CoV-2 variants. SARS-CoV-2 variants demonstrating a disproportionate bias for T
to U mutations has been reported previously (Kosuge et al., 2020). This may explain why so
many of the mutation seen in the highlighter nucleotide mismatch plots (Figures 3.3) are a
change to a T nucleotide. These point mutations are linked to an increased ability to stimulate
inflammatory responses (Kosuge et al., 2020). Among the E gene sequences the Omicron
variants from 2021 had a consistent mutation from a C to T at position 26 (T9l amino acid
change) which is not seen in the Beta and Delta variants. This mutation is in the N-terminal
functional region of the E protein. The M gene of the Beta and Delta variants from 2021 have
a consistent point mutation from T to a C nucleotide in position 245 (182T amino acid change;
Figure 3.5). The Delta variant sequences have two mutations, a C55G and G187A nucleotide

changes (Figure 3.5), which is also seen in the Omicron variant.

The analysis of the mismatch, silent and non-silent mutations show consistent trends in the
variants. The E gene sequences of the Beta variants have a CCG to CTG mutation at position
217 (Figure 3.5) which result in proline to leucine changes at position 71. This mutation is
thought to affect interaction with host proteins called PDZ (Postsynaptic density protein of 95
kDa [PSD95]/ Drosophila disc large tumour suppressor/ zomula occludens-1 protein [Zo-1])
through the Zo-1 binding domain to promote viral entry. Mutations in the E protein may disrupt
binding to PDZ and help with viral escape from neutralising antibodies (Zhu et al., 2022). The
proline to leucine mutation at position 71 is also associated with an increase in disease severity
and death rates associated with SAR-CoV-2 Beta variants (Mohammad et al., 2021). In figure
3.3 the ACA to ATA mutation in E genes which results in a threonine to isoleucine change at

position 26 in Omicron variants affects the ion channel properties and attenuates virus
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production and virulence (Xia et al., 2022). The M gene mismatch mutations of the late Beta
and Delta variants show the T to C mutation which is the isoleucine to threonine mutation at
position 82. The mismatch mutations in the Omicron variants show the three nucleotide
mutations of a to G in position 8, C to G in position 55 and a G to A at position 187 which
cause the respective mutations of aspartic acid to glycine, glutamine to glutamic acid and
alanine to threonine. The non-silent and silent mutation shown graphically in figures 3.5 and
3.6 mirror the consistent nucleotide changes in figure 3.3 and 3.4, respectively. Presently,
information in peer-reviewed literature on the direct implications of mutations in E or M in

immune evasion are lacking.

The predicted T and B cell epitope analysis is critical for determining the diversity of the
antigen among the South African variants. The most prominent HLA type restriction of the M
epitopes is HLA-B58:01 and HLA-A02:01 is the most prominent HLA type restriction for the
E epitopes. The HLA-A*02:05/HLA-B*58:01 is the most prevalent HLA allele combination
in the black African population with a frequency of 5.1% in South Africa (Paximadis et al.,
2012). HLA-A*02:01 is one of the most frequent class I alleles and is present in 40% of the
Caucasoid population (Ishii, 2020) which resembles the most frequent HLA alleles restrictions
reported in this study for M and E epitopes identified. The M gene of one of the Delta variant
gains a N-linked glycosylation site (1155 TNILLNVPL to 115sTNILLNVTL; Table 4.4D) which
may cause immune evasion. Unfortunately, due to the focus on the S protein as vaccine antigen
together with the much smaller size of M and E viral surface glycoproteins their possible
contribution to immune escape are not being considered. Presently, it is not known how
widespread this escape mutation may be among global SARS-CoV-2 variants. N-linked
glycans can provide protection form neutralizing antibodies thereby contributing to immune
evasion which has been document in SARS-CoV (Vigerust and Shepherd, 2007). The E gene
from one of the Delta variant sequences losses a N-linked glycosylation site, this can possibly
affect viral entry of the virus as glycosylation is an important factor for host recognition and
penetration (Gong et al., 2021)..The B cell epitope analysis showed that there was no variation
between the Wuhan reference strain and South African SARS-CoV-2 variants’ M and E epitope
sites identified. This again highlights the more conserved nature of M and E protein peptide
epitopes compared the S protein where mutations in B-cell epitopes are frequently observed
(Yuan and Li, 2021).
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The mosaic vaccine cocktail produced is identical to the Wuhan reference strain peptide. A
mosaic protein is an artificial recombinant protein created from a set of reference proteins and
are generally used as vaccine candidates (Fischer et al., 2007). Mosaic vaccine often
outperforms conventional vaccination in infection prevention, improved vaccine efficacy and
lower individual risks (McLeod et al., 2021). The fact that the mosaic vaccine cocktails’ best
natural sequence is identical to the Wuhan reference strain could mean that a candidate vaccine
would induce immune responses to all strains. Other research into the use of mosaic vaccines
in the spike protein have shown that a mosaic vaccine has the potential to elicit neutralizing

antibodies with a broad effectiveness against SARS-CoV-2 variants (Kang et al., 2022).

The positional epitope coverage by the mosaic peptides of the E peptide shows high coverage
with exact matches of CTL epitopes and for most of the protein alignment positions coverage
is above 80%. Areas of lower coverage are associated with the emergence of Omicron VOC.
The positional epitope coverage (which indicates the proportion of sequences in the dataset
that have the specific epitopes present) in the mosaic peptide cocktail for the M protein also
shows a high coverage for exact matched 9-mer peptides but lower frequency for these exact
matched 9-mers were seen at around position 82 in the protein sequence. This reduced coverage
was linked to the 182T mutation in Beta and Delta variants as also reported by Sahni et al.
(2022) in SARS-CoV-2 variants from patients with vaccine breakthrough infections. The high
coverage shows that mosaic peptide-based vaccines will induce immune responses associated
with CTL epitopes across the M and E peptides of SARS-CoV-2 strains. However, it is
important to note that the composition of the mosaic peptide pools for optimal T cell epitope
coverage for both M and E still identified the Wuhan reference strain’s sequences as the best
natural proteins despite the amino acid changes observed. However, the same can’t be said for
the S protein sequences that are also under investigation in our laboratory (unpublished data,

K. Subramoney).

The results from the VaxiJen confirmed that the variant’s M and E proteins are indeed antigens
that can be used as potential targets for the adaptive immune responses. The AllerTop results
showed that both the M and E protein are non-allergens and therefore we do not expect the

development of allergic reactions in vaccines if used as vaccine targets. The Toxinpred analysis
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showed that certain parts of the peptides were toxic and should not be considered as is for
epitope-based vaccines (Tables 4.1 and 4.2). The toxic M epitopic regions is in the
transmembrane domain 1 of the protein. Toxic effects of the expressed E gene were shown in
cell cultures and the E protein on its own is believed to cause cell damage associated with acute
respiratory distress syndrome in infected persons (Xia et al., 2022). Therefore, toxic peptide
region (ALRLCAYCCNIVNIVNVSLYV) in the C-terminal domain of the E protein should not
be used as is or must be excluded or modified for improved vaccine safety. We therefore
conclude that SARS-CoV-2 E protein should not be used whole as vaccine target, but non-

toxic peptides could be included in epitope-based vaccines.

This study does have limitations in that only South African SARS-CoV-2 viruses’ M and E
genes sequence data were analysed. Therefore, our study findings may not by representational
in an international context. We also did not determine the global frequency of the specific

mutations highlighted in this study.

Conclusion

Genomic data for South African SARS-CoV-2 M and E genes show that there is a potential
for the development of M and E protein vaccine due to our finding that the best natural
sequences for the respective mosaic peptide cocktails still resemble the Wuhan reference
strain’s sequences. However, amino acid mutations that can impact structural changes in M
and E proteins from Omicron variants were observed. Further research on immune responses
to the M and E protein are needed to verify the suitability of including these two proteins in

vaccine design strategies.
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list of Authors, visit 10.55876/gis8.221130zm

Data Snapshot
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