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ABSTRACT

ASSESSMENT OF THE IMMUNOGENICITY AND FORMULATION OF
RECOMBINANT PROTEINS FROM SARS-COV-2 AS VACCINE
ANTIGENS

Keser, Duygu
Master of Science, Biology
Supervisor: Prof. Dr. Giilay Ozcengiz

September 2022,112 pages

COVID-19 is an infectious disease caused by SARS-CoV-2. The virus was first
detected in Wuhan, China in late 2019, and the outbreak was declared a pandemic in
January 2020 by WHO, and continues to spread worldwide. As of July 2022, more
than 575 million confirmed cases have been detected all over the world, and more
than 6 million people died from the disease. One of the most important public health
measures in combating the spread of infectious diseases is vaccination. Despite the
existence of rapidly developed and administered vaccines in the later stages of the
COVID-19 pandemic, there is still a need to develop more effective and safe
vaccines against this pathogen. As a result, there is an urgent need to examine
proteins with high immunogenicity that can be employed in novel vaccines. The
genome of SARS-CoV-2 encodes four structural proteins and other accessory or
nonstructural proteins. The present study is on the evaluation of the immunogenicity
of the S1 and S2 region protein fragments in the Spike protein and the whole
nucleocapsid protein for the formulation of a recombinant subunit vaccine against
SARS-CoV-2. S1, S2 gene fragments and the N gene were amplified by PCR and
cloned into the pGEM®-T Easy vector. The genes were then inserted into the



pET-28a (+) vector and their gene expression was achieved in Escherichia coli
BL21(DE3) cells. Recombinant proteins were purified by His-tag affinity
chromatography. Western blot analyzes were performed with monoclonal antibodies
and immunized mice sera. Serum-specific IgG levels were measured by the ELISA
method, and the increased level of total antibodies to all three antigens showed that
a robust humoral response was developed in the immunized group of mice.
Moreover, in the analyzes depend on the ELISA results, a significant increase was
observed in the antigen-specific IgG2a titers, which indicate the cellular response, in
the immunized group compared to the control group. The increase in IFN-gamma
levels observed as a result of the performed cytokine ELISAs indicated a strong
cellular response to recombinant antigens and, in addition to the antibody response,
indicates that these three antigens are suitable vaccine antigen candidates to combat

the COVID-19 pandemic.

Keywords: SARS-CoV-2, COVID-19, Recombinant protein vaccine, Immune

response, Spike, Nucleocapsid
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0z

SARS-CoV-2’DEN ELDE EDILEN REKOMBINANT PROTEINLERIN ASI
ANTIJENLERI OLARAK iIMMUNOJENISITESININ
DEGERLENDIRILMESiI VE FORMULE EDILMESI

Keser, Duygu
Yiiksek Lisans, Biyoloji
Tez Yoneticisi: Prof. Dr. Giilay Ozcengiz

Eyliil 2022, 112 sayfa

COVID-19, SARS-CoV-2 nin neden oldugu bulasic1 bir hastaliktir. Bu virtisun 2019
sonlarinda Cin in Wuhan kentinde tespit edilmesinden ve neden oldugu enfeksiyona
DSO tarafindan Ocak 2020 de pandemi statiisii verilmesinden bu yana diinya capinda
yayilmaya devam etmektedir. Temmuz 2022 itibariyle tiim diinyada 575 milyondan
fazla dogrulanmis vaka tespit edilmis ve 6 milyondan fazla insan bu hastalik
nedeniyle hayatint kaybetmigtir. Asilama bulasict hastaliklarin  yayilmasiyla
miicadelede en 6nemli halk saglig1 6nlemlerinden biridir. COVID-19 pandemisinin
sonraki asamalarinda hizla gelistirilen ve uygulanan asilarin varligina ragmen, bu
patojene ve varyantlarina kars1 hala, daha etkili ve gilivenli agilarin gelistirilmesine
ihtiyag¢ vardir. Bu nedenle yeni asilarda kullanilabilecek yiiksek immiinojenik etkiye
sahip proteinlerin incelenmesine ihtiya¢ vardir. SARS-CoV-2 genomu, dort yapisal
proteini ve diger yardimci veya yapisal olmayan proteinleri kodlar. Mevcut ¢alisma,
Spike proteinindeki S1 ve S2 bolgesi protein parcalarin ve tiim niikleokapsid
proteininin SARS-CoV-2’ye kars1 bir rekombinant alt birim as1 formiilasyonu

acisindan, immiinojenisitesinin degerlendirilmesini icermektedir. Ozetle, {i¢ antijene

vii



kars1 artan toplam antikor seviyesi, saglam bir hiimoral tepkinin gelistirildigini

gostermistir. Hedef gen pargalar1 ve N geni PCR ile ¢cogaltilmig ve pGEM®_T Easy
vektoriine klonlanmistir. Genler daha sonra pET-28a (+) vektoriine yerlestirilmistir
ve Escherichia coli BL21(DE3) hiicrelerinde gen ifadeleri saglanmistir.
Rekombinant proteinler His-tag afinite kromatografi yontemiyle saflastiriimistir.
Monoklonal antikorlar ve bagisiklanan fare serumlari ile Western bot analizleri
yapilmistir. ELISA teknigi ile seruma 6zgii IgG seviyeleri Ol¢iilmiistiir ve her {i¢
antijene kars1 artan toplam antikor seviyesi, bagisiklanan fare grubunda saglam bir
hiimoral tepkinin gelistirildigini gostermistir. ELISA kullanilarak kontrol grubuna
kiyasla hiicresel yanit1 gosteren antijene 6zgii IgG2a titrelerinde 6nemli bir artig
gozlenmistir. Gergeklestirilen sitokin ELISA testlerinin sonucunda tespit edilen IFN-
gama seviyelerindeki artis, antikor yanitina ek olarak rekombinant antijenlere kars1
giiclii bir hiicresel yanitin da olustugunu kanitlamistir. Sonug olarak, ¢calismamiz adi
gegen li¢ rekombinant antijenin COVID-19 pandemisi ile miicadele i¢in hazirlanacak
rekombinant bir ¢oklu altiinite as1i¢in olduk¢a uygun as1 antijeni adaylart oldugunu

ortaya koymaktadir.

Anahtar Kelimeler: SARS-CoV-2, COVID-19, Rekombinant protein asilar,
Bagisiklik tepkileri, Spike proteini, Niikleokapsid proteini
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CHAPTER 1

INTRODUCTION

1.1 COVID-19

1.1.1 Emergence of SARS-CoV-2

In December 2019, people with symptoms of pneumonia and respiratory failure,
similar to the SARS epidemic in 2003, were hospitalized in Hubei/Wuhan, China.
Some of these patients developed severe respiratory problems, which can cause acute
respiratory distress syndrome, ARDS, and similar serious problems. According to
the report of the Disease Control and Prevention Center (CDC) in China, in January
2020, in the nasopharyngeal swab samples of the patients, an unknown coronavirus
was detected (Malik et al. 2020; Zhou et al. 2020). The 2019 novel coronavirus was
named for the new type of coronavirus, and the abbreviation 2019-nCoV started to
be used. The official name of severe acute respiratory syndrome coronavirus 2 or, in
short, SARS-CoV-2 was given by the World Health Organization in 2020. On
January 20, 2020, the World Health Organization published its first status report
about the emerging disease, and when this report was published, 282 cases of 2019-

nCoV were confirmed in four countries. These countries were China, which is the



origin of the virus, where most of the disease cases were located, Japan, the Republic
of Korea, and Thailand. The COVID-19 outbreak was deemed a Public Health
Emergency of International Concern by WHO on January 30, 2020. In the middle of
March, WHO classified the COVID-19 epidemic as a pandemic (Dawood et al.
2020). According to the status report dated 8 June 2020, almost 12 million cases of
severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2) infection were
confirmed via biological tests, and more than 530 000 people died because of
COVID-19. Johns Hopkins University’s Center for Systems Science and
Engineering (CSSE) reports approximately 570 million confirmed cases and 6

million confirmed dead as of July 2022.

1.1.2 Characteristics of SARS-CoV-2

SARS-CoV-2 possesses traits that are exclusive to the coronavirus family. The virus
belongs to the Beta coronavirus 2B genus. Phylogenetic research showed that SARS-
CoV-2 is closely related to two coronaviruses isolated from bats and that are
comparable to SARS (88-96%), and that it is more distantly related to human SARS
coronavirus (79%). When compared to MERS (Middle East respiratory syndrome
coronavirus), the similarity ratio dropped to 50% (Lai et al. 2020). The
coronaviridae family of lineage-b beta-coronaviruses includes SARS-CoV-2. This
family is a member of the orthomavirae kingdom, the pisonivirecetes class, the
pisuviricota phylum, the ribovaria realm, and the order nidovirales (Jaimes et al.

2020).
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Figure 1.1 SARS-CoV-2, SARS-CoV, MERS-CoV, and other beta coronaviruses
on the phylogenetic tree according to whole genome analyses. (GISAID, 2020)

Coronaviruses are generally large in size and are spherical in shape. SARS-CoV-2
has a single-stranded, positive sense RNA genome. Their genetic material, which is
RNA, is enclosed in a lipid envelope with spike-like glycoproteins embedded in the
surface of the virus. These viruses get their name from the Latin word "corona",
which means "crown". This word alludes to the distinctive morphology that can be
easily discerned while examining them under an electron microscope (Perlman et al.
2020). SARS-CoV-2 is the pathogen that causes the disease COVID-19. The genome
size of the virus is ~29.9 kb. The genome of SARS-CoV-2 encodes accessory
proteins and several non-structural proteins that are mostly responsible for RNA
processing, such as endoribonuclease, RNA replicase, RNA-dependent RNA
polymerase, and proteins that mediate host invasions like papain-like and 3C-like
(chymotrypsin-like) proteases, besides four main structural proteins that are called
Spike, Membrane, Nucleocapsid and Envelope proteins (Khan et al.; 2020, Zhu et
al. 2020; Zhou et al. 2020).



The poly(A) tail at the 3' end and the 5° end cap structure allows the Coronavirus
genome to act as mRNA in host cells, enabling the translation of proteins involved
in replication. Structural and accessory proteins make up one-third (10 kb) of the
viral genome, while non-structural proteins (nsps), including the replicase gene,
cover most of the coronavirus genome (Fehr et al. 2015). 14 open reading frames
(ORFs) in SARS-CoV-2 encode 27 distinct proteins (Wu et al. 2020). The
organization of the open reading frames of SARS-2 coronavirus is as follows: The
untranslated region is located at 5° (5 UTR) which is followed by 14 open reading
frames. The biggest ORF of the coronavirus genome is ORFla/b which encodes
polyproteins, which are then cleaved into 16 nsps. The chopped proteins function in
the replication complex, transcription, invasion, etc. In the continuation of this
region, there are accessory protein-encoded 9 ORFs located between the Spike (S)-
coding region, the Envelope (E) protein-coded region, the Membrane protein (M)
sequence, and the Nucleocapsid (N) sequence, followed by the 3' UTR region and
the poly-A tail. (Figure 1.2)
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Figure 1.2 The genomic organization of SARS-CoV-2 (Alanagreh et al., 2020).
Western blot

The 3° UTR region encodes accessory proteins like ORF-3a, 6, 7a, 7b, 8, and 10.
These proteins are responsible for many different mechanisms related to the
virulence of the pathogen. For example, host-virus interaction, cellular death
mechanism, evasion of host cells, and regulation of host transcription system are
controlled by coronaviruses’ accessory proteins. However, these proteins do not
have a crucial role in replication and the viral cycle (Redondo ef al., 2021). The
genetic arrangements of SARS and MERS coronaviruses are considerably similar to

the ORFs of SARS-CoV-2 (Lu et al., 2015; Rota et al., 2003).



The shape of SARS-CoV-2 is a sphere with a diameter of 80-120 nm, and it is mostly
enveloped by lipids, envelope proteins, membrane proteins, and spike proteins
embedded in the envelope (Wang et al. 2022). Homotrimeric, glycosylated S
proteins present in the form of numerous outward protrusions on the surface of the
virus give the virus the configuration of a solar corona, so this type of virus is called
CoV. Within the lipid bilayer of the virion are nucleocapsids that are helically
wrapped around the +ssRNAsi capsid proteins. Basically, SARS-CoV-2 has four
crucial structural proteins these are Nucleocapsid; a complex of viral RNA and
capsid protein, Spike protein; a glycoprotein found in viral surface responsible for
host interaction, Membrane protein; which is involved in the construction of the
membrane, and Envelope; which participates in the structure of the envelope, at the

3' end of the genome (Yadav et al. 2021).

1.1.2.1 Structural Proteins

Coronaviruses have surface glycoproteins called Spike proteins, that look like sharp
spines in their envelope. These glycoproteins are responsible for the virion's ability
to recognize of and bind host receptors. The spike protein consists of 1273 amino
acids and has a molecular weight of approximately 180 kDa. (Kumar et al. 2020).
The monomeric form of S protein is made up of a C-terminal section which is the
intracellular part of the glycoprotein, an external N-terminus (an ectodomain
element), and a transmembrane (TM) domain linked to the viral membrane (Huang
et al. 2020). The monomeric structure consists of two subunits, S1, which hosts the
host receptor binding sites, and S2, which allows for membrane fusion. As shown in
Figure 1.3, the spike protein has a trimeric form with the S1 subunits placed in the

outer body while S2 act as stems (Chen et al., 2020).
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Figure 1.3. Structure of Spike protein. (CAS,2020)

As shown in Figure 1.4, the S1 subunit of the Spike protein starts with a signal
peptide consisting of 13 amino acids. This peptide is followed by an extracellular N-
terminus, which contains epitopes important for binding host receptors. After NTD,
there is a receptor binding domain (RBD), which is the key sequence for binding to
the host receptor. The most important part of the RBD in terms of virus-host
connection is the receptor binding motif. The S2 unit, on the other hand, allows the
virus to transmit its genetic material to the host after the virus-host connection is
established. For this reason, the S2 subunit consists of a fusion peptide (FP),
hydrophobic heptad repeats (HR1 and HR2), a transmembrane region, and at the end,
a cytoplasmic region (Xia et al. 2020).
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Figure 1.4 Block presentation of Spike protein of SARS-CoV-2 NTD (Gupta et al.
2021)

Previous studies show that virus-host cell fusion begin with the attachment of the
spike protein to the mammalian ACE-2 receptor. To interact with and enter a host
cell, the spike protein's S1 and S2 domains must undergo morphological
modifications by the serine protease TMPRSS2. The receptor binding domain (RBD)
is a highly immunogenic short segment of the Spike that binds to the receptor
sequence to facilitate viral attachment and penetration. RBD of the novel coronavirus
is located between residues 331 and 524. RBD-specific polyclonal antibodies are
effective in preventing SARS-CoV-2 entrance into ACE-expressing cells. This is
assumed to be because of the RBD's critical neutralizing domain (CND), which
generates a powerful neutralizing antibody response. Furthermore, suppressing
SARS-CoV-2 pseudo viruses via RBD-specific polyclonal antibodies suggest that
the RBD region can be utilized as a possible target against CoV in vaccination
research (Min and Sun, 2021). Since the S protein is the primary target for
monoclonal, polyclonal, and neutralizing antibodies, pharmaceuticals, vaccines, as
well as other inhibitors, developing anti-spike techniques is vital in combatting the

outbreak.

Normally, the Spike protein has a metastable structure, in its pre-fusion
conformation. When the virion encounters host cell receptors, the conformation of

the Spike protein is rearranged so that the virus can enter the host cell. The spike
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protein is covered with polysaccharide molecules that camouflage the virus and

allow it to evade the host's immune response (Watanabe et al.).

Envelope membrane (E) proteins, another structural protein, are responsible for the
assembly and release of virions. (Fehr ef al. 2015). Protein E consists of only 75 aa.
However, its importance in viral assembly and morphogenesis is quite high. E
proteins and M protein both have roles in membrane curvature. When the expression
of E is inhibited, replication does not abolish completely. However, the virions had
been considerably attenuated, with much lower titers (Kuo and Masters, 2003;
DeDiego et al., 2007). Protein E is only present in small amounts and most likely
forms ion channels. It was also revealed to be capable of inducing the production of
proinflammatory cytokines by activating p38 kinase and NLRP3 inflammasome
(Guerdeno et al. 2014, Nieto-Torres et al. 2015). E proteins are not necessarily
required for viral replication but are required for infectivity and pathogenesis.
Therefore, coronaviruses with knockout E gene are strong candidates for vaccine

studies (Schoeman and Fielding, 2019).

Membrane or, in other words, Matrix proteins are responsible for viral assembly,
RNA packaging, and the release of virions and work together with the other three
structural proteins, especially E proteins. M proteins consist of 222 amino acids. The
most prevalent structural protein in the coronavirus is the M protein. M proteins form
the different shapes of the virus by giving membrane curvature to the viral envelope,
especially through their interaction with E proteins (Tang et al., 2020). It blocks the
entrance of IFN-beta-stimulating transcription factors into the nucleus by blocking

the RIG-I pathway together with the Nucleocapsid protein (Mu et al., 2020).

In the process of packaging viral RNA into ribonucleocapsids, nucleocapsid proteins
(N) are crucial. The amino acid sequence of SARS-CoV-N is 90% consistent with
former coronaviruses. This demonstrates how vital the nucleocapsid is for
coronaviruses (Bai et al., 2021). The N-terminal domain (NTD) holds the RNA

genome. In contrast, the C-terminal domain anchors the ribonucleoprotein complex



to the viral membrane via its association with the M protein (Khan et al., 2021). The
viral ribonucleoprotein cocoon is formed by folding RNA wrapped around the
proteins during the RNA-N protein interaction. The key role of SARS-CoV-2 N
protein is to wrap the viral genome, but it also contributes to the host's immune
system escape mechanisms by exhibiting VSR (viral suppressors of RNA1) activity
in mammalian cells (Cui et al, 2015). It was also revealed that the N protein has
several effects on IFN activity. N protein decreases IFN-f3 expression and enhances
SARS-CoV-2 replication by suppressing the STAT1/STAT2 pathway and nuclear
translocation (Mu et al., 2020). High Anti-SARS-CoV-2 N IgG and IgM antibody
titers have been reported in the sera of COVID-19 patients, so it can be said that N
is the main immunogen of SARS-CoV-2 (Liu et al. 2020). It was discovered that
prior CoV N proteins had a substantial immunogenic impact and that the N protein
was upregulated throughout the disease (Okada et al. 2005). As a result, SARS-CoV-
2 N is critical in terms of both therapeutic and diagnostic approaches. Previous
research has shown that N protein is critical for both specific T cell proliferation and
cytotoxic T cell response. The acquisition of long-term T-cell memory is crucial for
vaccine efficacy. The identification of long-lasting memory T cells reactive to the N
protein of SARS-CoV-2 in a patient who had been infected in 2003, 17 years earlier
by SARS, highlights the importance of vaccine formulations including N protein
(Lin et al. 2014, Le Bert et al. 2020).

The partnership of the Nucleocapsid protein with the M protein regulates RNA
synthesis and replication (Naqvi et al., 2020). Also, N protein is essential for viral
nucleation, assembly, envelope development, and budding. Furthermore, it plays a
crucial role in CoV pathogenesis, and as a consequence of these features, it is the
most potent protein among CoV immunogens for vaccine and therapeutic

investigations (McBride et al. 2014).
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1.1.2.2 Nonstructural and Accessory Proteins

The structural protein genes that are resident in the 5’region of the viral RNA genome
in the open reading frame 1 a and 1 b encode several non-structural proteins,
including NSP1 to NSP11 in ORFla and NSP12 to NSP16 in ORF1b. Nspl is an
essential virulence factor that suppresses the host cell's protein production pathways
and allows the virus to evade the immune system by mainly inhibiting type-1 IFN.
The mutant nsp1 protein is a promising option for live attenuated viral vaccines (Yan
et al., 2021). Another nonstructural protein that encoded in the SARS-CoV-2
genome is nsp2. Nsp2 influences host mitochondrial cell biogenesis by binding to
prohibitin 1 and 2 proteins (Cornillez-Ty et al. 2009). It is also involved in endosome
trafficking. Because of these features, nsp2 is also thought to be a potential
therapeutic target for attenuated vaccines (Yan ef al., 2021). The Nsp3 protein is the
largest protein found in Coronaviruses. The Nsp3 encoded papain-like protease
domain oversees polyprotein processing, which involves chopping polyproteins into
replication complex subunits. Nsp3 also prevents ubiquitination and diminishes the
host immune response by suppressing host transcription factors (Shin et al., 2020).
Nsp4 interacts with the host cell's ER and is involved in DMV formation. Nsp5 is a
3C-like protease and the core protease of SARS-CoV-2. This protein is responsible
for converting polyproteinlab to nsps. Nsp7 and 8 serve as primase to nspl2, an
RNA-dependent RNA polymerase in charge of replication. Nspl4 is a 3' to &'
exoribonuclease triggered by nsplO responsible for proofreading (Gupta et al.,
2020). Coronavirus accessory proteins contribute to escape from the host immune
system by altering cytokine production; they are critical proteins in this regard.
Furthermore, these proteins influence mitochondrial activity and mediate apoptosis

and inflammasome activation (Redondo et al., 2021).
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1.1.3 Symptoms, Diagnosis, and Treatment

After the virus settles in the body, there is an average incubation period of 2-14 days.
Dry cough and low-grade fever are the typical symptoms of COVID-19 infection.
Following the cough and fever symptoms, anosmia and ageusia develop. While most
COVID patients can recover at home within 5-10 days without the need for serious
medical attention, 10% of patients' symptoms persist into the 2" week. The
likelihood of developing a severe illness, needing hospitalization, and requiring
emergency care increase as infection symptoms persist. The most apparent signs of
COVID-19 infection occur in the respiratory system. Sputum, cough, shortness of
breath, difficulty breathing, and fever are the most common symptoms. In addition,
symptoms such as joint pain, headaches, fatigue, vomiting, and diarrhea can also be

seen (Gupta et al. 2020).

Clinical checks, radiographic scanning, and laboratory tests are used to diagnose
cases. Because radiological scan results and emerging symptoms of SARS-CoV-2
infection vary between patients, laboratory tests are the standard test method for
definitive diagnosis. Laboratory tests can be divided into molecular and serological
tests (antibody-dependent and antigen-dependent tests.) Among these tests, the gold
standard, the fastest, and most accurate tests are molecular tests; these are real-time
RT-gPCR (Reverse transcriptase quantitative PCR) and sequencing. Upper or lower
respiratory tract samples such as a nasopharyngeal swab, lavage, sputum, or aspirate
sample are used for RT-PCR. However, blood, stool, and urine samples can be used
for diagnosis when necessary. The World Health Organization recommends
targeting Envelope (E) and RNA-dependent RNA polymerase (RdRp) coding gene
sequences in PCR-based diagnostic tests (WHO, 2020). Other than E and RdRp
sequences, primers targeting N and ORFla/b can also be utilized to identify
infections (Chu et al. 2020). Detection of SARS CoV-2 via next generation
sequencing (NGS) is another molecular diagnosis method. Viral sequencing
provides accurate results and offers the opportunity to watch for mutations and

emerging variants. Besides molecular tests, serological tests can be used to diagnose
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coronaviral infection. However, such tests are not precise at the beginning of the
disease because serological tests are primarily dependent on the detection of antigen-
specific IgG or IgM, and antibodies are produced days after the initiation of infection
(John et al., 2021). Although new diagnosis methods have been found since the
pandemic's beginning, RT-qPCR, and CT visualization of lungs, which are both

effective and precise, are still the most widely used methods.

Throughout the pandemic, several therapeutic procedures have been tested for
COVID-19 patients. Given the structural and genetic characteristics of SARS-CoV-
2, these approaches include protease inhibitors, RNA polymerase inhibitors,
nucleoside analogues, neutralizing monoclonal antibodies, immune modulators,
interferon o and B, endonuclease inhibitors, fusion inhibitors, convalescent plasma
therapy, and immunosuppressive drugs. Various treatments have been tested,

however, in subsequent experiments most of them proved to be ineffective.

One of these therapeutics is the anti-parasitic Ivermectin. The mode of action of
ivermectin, an antimalarial drug, is based on blocking the hosts’ nuclear transport
proteins known as the importin o/B-1, thus, reducing the host's antiviral response
and generating a pro-inflammatory impact (Vora et al. 2020). However, ivermectin,

has not received FDA approval against viral infections.

Another therapeutic used in COVID-19 patients is Remedesivir, an analog of
adenosine that binds to viral RdRp, interfering with its activity and suppressing viral
replication. Remedesevir has been administered previously during SARS and MERS
outbreaks and has received emergency approval by the FDA for use in COVID-19
patients (FDA, 2020).

Chloroquine and hydroxychloroquine, which are used in treating malaria, are among
the therapeutics tested for their effectiveness against COVID-19. Chloroquine
inhibits the cellular ACE2 receptor from becoming glycosylated and might prevent
the virus from attaching to the host. In vitro studies have shown that these two
molecules potentially prevent the movement of SARS-CoV-2 into endolysosomes

from early endosomes, possibly inhibiting viral genome release (Wang et al., 2020).
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However further studies have showed that these molecules do not have a beneficial

effect on COVID-19 patients (Self et al., 2020).

The RNA polymerase inhibitor Favipiravir, previously tested against Ebola and
Influenza, was tested for use against COVID-19 but was found to be ineffective in
clinical studies (Hassanipour et al., 2021). At the beginning of the epidemic, patient
plasma therapy was applied to seriously ill patients. Tocilizumab, a monoclonal
antibody against another therapeutic (IL-6R), has also been used against SARS-
CoV2. The immunosuppressant property of Tocilizumab inhibits the inflammatory
response. In addition to the treatments mentioned here, there are many more

successful and unsuccessful treatment studies.

1.14 Viral Entry and Replication of Virus

The mechanism of attachment and fusion of the virus to the host cell is carried out
by the spike glycoprotein, a structural protein that is a fundamental component of the
viral entry process. When the first interaction between host surface receptor and virus
glycoproteins is established by the S1 (extracellular) part of Spike protein, the
transmembrane portion of Spike, the S2 subunit, mediates the fusion. Virus
glycoproteins interact with the host cell by recognizing the ACE2 receptor on the
surface. Alveolar epithelial cells are the cells that express Angiotensin-converting
enzyme 2 (ACE2) the most in the body. Therefore, the regions where ACE2 is most
concentrated are the lungs, intestines, heart, and kidneys (Zhou, 2020). The RBM
region located inside the receptor binding domain (RBD) of the spike protein binds
the ACE-2 receptor, and extracellular proteases in the host cleave the S protein. The
transmembrane protease serine 2 (TMPRSS2) on the host cell is the main enzyme
that cleaves the Spike into its S1 and S2 subunits. Because there is a furin cut-off
point between the S1/S2 regions, it was initially thought that the furin enzyme also
contributed to this separation; however, unlike other coronaviruses, the furin-

mediated cleavage was not observed in SARS-CoV-2 (Tang et al. 2020). While S1
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remains bound to the Ace-2 receptor, S2 is activated by cleavage, the host-virus
fusion takes place via endocytosis, and the viral genetic material is liberated to the

host cytoplasm (Hoffman et al., 2020).

After the virus has entered the host, the hosts translation mechanism is used to
translate viral proteases and polyproteins ppla/ab via ORF la and ORF 1b (Liu et
al.2020). Polyproteins 1a and 1ab are chopped by 3C-like protease and Papain-like
protease into 16 effector proteins to form a replication complex that creates a full-
length negative strand template(Figure 1.5). It becomes a complex with RNA
polymerase so that both viral structural and accessory proteins are translated. The
newly synthesized proteins and RNA come together to generate new virions, and
these virion buds are transported to the Golgi via the ER, where they accumulate in

the vesicles and are released out of the cell by exocytosis (Guo et al., 2020).
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Figure 1.5 Viral entry to host and replication cycle of SARS-CoV-2.(Uk et al.
2020)

1.1.5 General Host Immune Response

Studies show that the innate immune response has a vital role in the fight against

COVID-19. Innate immune sensing, one of the most crucial components of the
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body's defense against viruses, acts as the first line of protection against viruses.
When the cell is infected with SARS-CoV-2, which has a single-stranded RNA
genome and is recognized by innate immune system members, TLR-expressing
Dendritic cells are the initial cells that recognize the virus. TLR7 and TLRS, are
receptors of the immune system that recognize ssSRNAs, that detect coronaviral RNA
in endosomes. CoV can also be detected by the dSRNA detector TLR3, as viral RNA
acts as dsRNA during RNA replication in endosomes while RIG-1 detects it in the
cytosol (Vabret et al. 2020).

Signals sensed by TLR receptors activate transcriptional factors IRF3/7 and NF-kB,
which facilitate the production of cytokines. The NF-kB pathway induces pro-
inflammatory cytokine production, predominantly IL-6 and TNF-a, while the IRF

pathway triggers anti-viral response via IFN production (Felsenstein et al., 2020).

The transcription of genes that produces pro-inflammatory cytokines like TNF-,
TGF-, IL-1, IL-6, IL-8, IL-12, IL-18 are induced by NF-kB activation. Moreover,
chemokines are secreted, including CCL2, CCL3, CCL5, CXCL8, CXCL9 and
CXCL10. These molecules also induce macrophage activation, resulting in the
release of more pro-inflammatory cytokines. As a result, people with COVID-19
create a barrage of cytokines that can harm organs in a direct, indirect, or synergistic

manner or cause acute respiratory distress syndrome (ARDS) (Li et al., 2022).

The pathogenicity of COVID-19 also causes activation of the NLRP3 inflammasome
and subsequently, the release of IL-1p results in pyroptosis (Azkur et al., 2020).
Envelope protein and nsp3a proteins synthesized from ORF1a play a vital role in the
activation of the NLRP3 inflammasome and cell death (Chen et al., 2019; Torres et
al., 2015). Innate immune response against Coronavirus infections is summarized in

Figure 1.6.
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Figure 1.6 Summary of host response against SARS-2 virus (Strange, 2020)

Besides the innate immune response, T and B cells play critical roles in the immune
response to viral infections. The adaptive response is divided into cell-mediated
immune response driven by T cells and humoral immune response based on B cells
and antibodies. CD8+ T cells are critical for limiting viral transmission through their
cytotoxic role. CD4+ T cells are required for the proliferation of CD8+ T cells and
the formation of CD8+ memory T cells (Hosseini ef al., 2020). Thl-type cytokines
are responsible for killing the pathogens by creating proinflammatory responses.

Interferon-gamma is the main Th1 cytokine and is also related to IgG2a, while Th2-
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type cytokines include ILs, which have more of an anti-inflammatory response

(Berger, 2000; Elgert, 2009).

It has been discovered that the antibody-related response to CoV-2 produces
identifiable IgG and IgM antibodies, similar to previous CoV infections. B cells
respond quickly to the N protein at the initiation of the infection, but antibodies
specific to the S protein can be detected one week after the first symptoms manifest
(Huang et al., 2020; Wu et al., 2004). Despite being smaller than the S protein, the
N protein has high immunogenicity and lacks any glycosylation sites, which causes
the generation of N-specific neutralizing antibodies to occur early in acute infection

(Meyer et al., 2014).

1.2 Vaccine Studies

In response to the COVID-19 pandemic's high transmissibility and rapidly rising
death toll, epidemic control strategies such as shutting down public transportation,
shifting to remote work, and a full curfew were seen as effective measures to combat
the disease's spread. However, such measures have a significant effect on the global
economy and could not be implemented for long. This has highlighted the critical
need for an effective vaccination to preserve public health and mitigate the

pandemic's economic and social consequences (Kudlay, 2022).

In 1796, when Edward Jenner performed the emblematic experimental inoculation
of an adolescent with pus obtained from a milkmaid infected with vaccinia virus
which resulted in his immunization against smallpox. Later, Louis Pasteur advanced
the concept of vaccine technology using microbiology studies, and vaccination has
proven to be a cornerstone for human health (Kyridiakis, 2021). The vaccination
strategy that succeeded 200 years ago against the smallpox virus is the number one
strategy to prevent infectious diseases like the COVID-19 pandemic. Since the
discovery of vaccines, vector-based vaccines, whole virus-based vaccines, protein-

or VLP-based subunit vaccines, and RNA- or DNA-based genomic vaccines have
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been developed, and some of them are approved for human use. Even though normal
vaccine development is often a lengthy process that requires extensive effort and
lasts years to complete all clinical phases, there are presently more than 350 vaccine
candidates against COVID in pre-clinical testing and clinical phases based on

various vaccine platforms. (WHO)

The primary purpose of vaccines is to provide protection against a specific pathogen
by inducing antibody and cellular responses. Historically, the majority of authorized
vaccines focused on inducing protective and effective neutralizing antibodies against
the target pathogen, conferring neutralizing immunity in vaccinated people. The
immunological condition in which viral infection is entirely inhibited is known as
neutralizing immunity; neutralizing antibodies can prevent an infectious agent from
infecting a cell. They do this by blocking the receptors on the virus or the cell, for
example, or by neutralizing the agent's biological impact. While T cell-mediated
immunity ensures the destruction of the virus after the infection starts, neutralizing
immunity prevents the host cell from being infected. Balancing immunity is not very
common; this type of immunity is rare in viruses that infect the lower respiratory
tract, such as influenza virus and coronaviruses (Kyriakidis ez al., 2021). In addition,
the antibody response may diminish shortly after vaccination against the
coronavirus. The immune response to human coronaviruses may not be long-lasting,
and recurrent infections may occur with the same virus after some time, as
demonstrated in human challenge tests (Callow et al. 1990). Although B cell-
mediated immunity is an important part of the immune system, a rising body of
evidence shows that T-cell-dependent immunity is crucial and lasts longer (Gallais,
2021; Sekine, 2020). As a result, vaccination techniques that elicit high cellular
responses in addition to humoral protection provide a considerable advantage in the

current epidemic.
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Figure 1.7 Summary of SARS-CoV-2 vaccine platforms (Jighefee, 2021)

As shown in Figure 1.7, different platforms are used for COVID-19 vaccine
development studies. These include traditional approaches such as protein subunit
vaccines, inactivated virus vaccines, live attenuated viruses, and newer platforms
such as adenovector-based vaccines and DNA or RNA-based genetic vaccines.
Since the emergence of the virus, vaccines have been developed on various platforms
and are still being developed. Some of the vaccines from different platforms

designed against Covid-19 are listed in Table 1.1.
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Table 1.1 Summary of convenient vaccine candidates against SARS-CoV-2
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1.2.1 Nucleic Acid-Based Vaccines

The mechanism of genetic vaccines is the introduction of a DNA or mRNA sequence
encoding a particular antigen for the host to synthesize, thus activating the host's
immune system. The antigen is generated by the expression system of the host cells
using the genetic material provided to the host. A high host immunity against the
antigen protein can be developed to prevent and treat illnesses. Production of this
type of vaccine requires stages such as antigen sequence design, optimization, in
vitro transcription, genetic material separation, and integration into a carrier and
protective molecules. Especially in RNA-based vaccines, which are encapsulated
with lipid nanoparticles that protect the RNA strands and enable their fusion into
cells. FDA-approved vaccines from Pfizer BioNTech (BNT162b2) and Moderna
(mRNA-1273) companies against COVID -19 are vaccines containing the full-length
Spike mRNA. ZyCoV-D is the only approved vaccine against Covid that provides
immunization using a needle-free method. Moreover, it is the first plasma DNA
vaccine that contains Spike genetic code developed against COVID-19 (Blakney and
Bekker, 2022). Although its use as a vaccine is new, studies have shown that it
provides a strong immune response. Nucleic acid-based vaccines offer several
benefits over traditional vaccinations, including simplicity of design, rapid
manufacturing, and low production costs. In addition, gene vaccines can stimulate
both cellular and humoral immunity. The main drawback of these vaccinations is

that they must be kept at extremely low temperatures to preserve the genetic material.

Nucleic acid vaccines are promising because they are non-infectious, induce both T
and B cell responses, and are suitable for large-scale production. However, issues
involving the stability and immunogenicity of these vaccines have still not been fully

resolved (Cuiling et al., 2019).
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1.2.2 Viral Vector Vaccines

This type of vaccine is based on combining the genetic material obtained from the
target pathogen with a vector obtained from another virus that is incapable of
replication in the host cell because essential genes do not exist and injecting this viral
vector into the host. As they enable antigens to be expressed in the host cell, non-
infectious or not-replicating recombinant viral vectors employed in vector-based
vaccines induce a cytotoxic T cell response. Neither the viral vector, nor the antigen
containing genetic material in these vaccines are not capable of causing infection.
Also, there is no risk of the virus’ genetic material being integrated into the host's
DNA (CDC, Ura et al.2014). This kind of vaccination does not require the addition
of an adjuvant since the CD8+-mediated response triggers the secretion of IFN and
other cytokines. Adenovirus (AdV) vectors, modified vaccinia Ankara (MVA)
vectors, influenza virus vectors, and adeno-associated viruses are the most used
vectors in this type of vaccine. CanSino (Ad5-nCoV), Johnson & Johnson (JNJ-
78436735/Ad26.COV), and Oxford University/AstraZeneca vaccine (AZD1222) are
vaccines candidates that have been developed with adenoviruses of different
serotypes. These vaccines are generated by combining the genetic information of the
COVID -19 virus's immune-forming antigenic structure (full-length Spike protein)

with adenovirus, whose potency has been decreased (Kyriakidis et al. 2021).

1.2.3 Whole Virus Vaccines

Delivery of the pathogen's attenuated or inactivated form is the foundation of whole
virus vaccines designed to elicit a strong immune response. While inactivated
vaccines contain pathogens inactivated by gamma radiation, chemical treatment, or
heat, live attenuated ones contain weakened, non-replicating forms. In the late
1800s, Louis Pasteur, who laid the foundations of the vaccine concept, first used
attenuated pathogens in his studies. Pasteur investigated how to create vaccines from

weakened organisms and developed 'first generation' vaccinations against chicken
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cholera, anthrax, and rabies (Plotkin et al. 2011). Those types of vaccines include the
entire virus. Therefore, it is possible to develop protection from other viral structures
in addition to the S protein that is the most widely used antigen in COVID
vaccinations, resulting in immunity similar to patients who were infected by COVID-
19. The main benefit of whole viral vaccines is that they induce robust both cellular
and humoral immune responses. The response is long-lasting because they contain
all of the virus' antigens. However, there is also a rare risk of infection due to
problems with inactivation or attenuation processes. Therefore, such vaccines may
not be appropriate for immune-compromised people (Kyriakidis et al., 2021).
Inactivated vaccine technology has been shown to function in humans. However,
these vaccines require specialized laboratory equipment to successfully cultivate the
pathogen, have relatively long manufacturing periods, and will almost certainly
necessitate booster doses (WHO, 2021). Weakened or inactivated viral vaccines like
CoronaVac (Sinovac), Covaxin, and BBIBP-CorV (Sinopharm) have been approved
against COVID-19. The virus is chemically inactivated with beta-propiolactone in
CoronaVac. The Vero cell line was used for inactivation in the Covaxin vaccine, and
both were supplemented with Alum adjuvant to bolster the immune response.
Besides these examples, there are other inactivated vaccines approved by various
authorities, and many vaccine candidate phase studies are ongoing and under

development (WHO, 2022).

1.2.4 Subunit Vaccines

Subunit vaccinations only include the parts, or antigens, that best excite the immune
system rather than the whole virus. Therefore, these vaccines are also called acellular
vaccines. Hepatitis B and acellular pertussis vaccines are the two most well-known
subunit vaccines of numerous examples (GAVI). Protein, polysaccharide, and virus-
like particle vaccines are the three sub-categories of protein subunit vaccines. Since

these types of vaccines contains only certain antigenic parts instead of whole
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pathogens, they do not carry any risk of infection and are very safe. Therefore, they

can be administered to immune-suppressed patients (Clem, 2011).

Recombinantly synthesized antigen molecules (expressed in mammals, insects,
yeasts, or prokaryotic systems) are purified and formulated into vaccines. VLP and
protein subunit vaccines are unlikely to cause adverse effects and are biologically
safe. However, subunit vaccines are not effective enough in inducing a solid CD8+
immunological response, which is crucial for intracellular pathogens because they
contain few unique antigens. Therefore, an adjuvant must be included in the

formulation of such vaccines (Hari et al., 2021).

The Spike protein and its RBD region, which generate both neutralizing antibody
and T cell responses, are the most used antigens in vaccine candidates developed
against SARS-CoV-2 (Grifoni, 2020). The Nuvaxoid vaccine from Novavax is the
first authorized subunit vaccine against COVID-19. SARS-CoV-2 Spike antigens
were inserted into baculoviruses which infect insect cells. These recombinant viruses
infect cells and make them express recombinant Spike protein in moth cells (SF9).
The recombinant protein was formulated with Saponin-derived adjuvant Matrix-M,
and a robust immune response against the SARS-2 virus was shown in phase studies

(GAVI, 2022; Pulendran et al., 2021).

1.3  Adjuvants

Ramon used the term adjuvant, firstly in 1924, to describe chemical or biological
substances that, when combined with a particular antigen, produce a more significant
immunological reaction against that specific antigen. Adjuvants are fundamental
components of vaccines that boost their efficiency, as well as the potency and
longevity of the immune response (Pulendran et al., 2021). Purified subunit or
synthetic vaccines created with recombinant technology or other contemporary
methods are usually not very immunogenic, and these vaccine types require a potent

adjuvant to elicit a strong and long-lasting immune response (Rabinovich et al.,
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1994; Perraut et al., 1993). In 1926, Glenny, in his studies with diphtheria toxoid,
discovered that a more robust immune response was obtained when he mixed alum
salt with diphtheria toxoid. This study is one of the cornerstones of vaccine and
adjuvant technology. Adjuvants trigger humoral and cell-mediated immune response
in various ways. They can target Antigen-presenting cells (APC) and activate them
or stimulate cytokine production. Also, they can slow the release of antigens,

creating long-lasting immunity (Alving et al. 1992).

Since its discovery, the most used adjuvant is alum, which stimulates CD4+ helper
T cells and antibody responses. Alum's adjuvant effects were primarily mediated by
a "depot effect" process involving the gradual release of antigens from the
vaccination site (Glenny et al. 1925). By generating tissue injury that results from
activation of inflammatory DCs, alum can also trigger adaptive immunity (Kool,
2008). Alum mainly triggers the Th2 response; however, for clearance of
intracellular pathogens, especially viral pathogens, Thl mediated response is
essential. For this reason, using a combination of different types of adjuvants
together is the best option for the safety and efficacy of vaccines. As a TLR4 agonist,
MPLA causes the synthesis of chemokines and cytokines that promote inflammation,
which in turn causes the activation and recruitment of immune cells. It also triggers
the synthesis of IL-2 and IFN-y, resulting in a strong Th1 response that is important
for the removal of pathogens (Mascart et al., 2003; Ross et al., 2013).

14 Variants

Small replication errors, known as mutations, naturally occur in the genomes of
viruses when they replicate their genomes. Although most mutations hardly affect
the virus's characteristics at all, some of these can alter the characteristics of the virus,
such as its capacity to spread and the severity of the disease. Viruses with varying
characteristics are called variants. Since the onset of the COVID-19 pandemic, the
SARS-CoV-2 genetic variants shown in Figure 1.8 have emerged and spread

worldwide.
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Figure 1. 8 Spike protein amino acid changes in SARS-CoV-2 variants of concern
(Source: American Society for Microbiology)

The first coronavirus variant was discovered in the United Kingdom. B1.1.7, also
known as the alpha variant, presented itself with eight key mutations in the Spike
protein. The substitution of the 501st amino acid from these mutations is thought to
boost the virus's affinity for ACE-2 and, consequently, its contagiousness (Nelson e?
al., 2021). Furthermore, it has been discovered that 69-70 deletions in the NTD
region of the virus improve infectiveness and make the virus more difficult to
recognize with certain antibodies (Kemp et al., 2021). After the Alpha variant, the
Beta-B.1.351 variant with more severe symptoms was detected in South Africa. This
variant was shown to be more resistant to monoclonal antibodies and convalescent
serum neutralization than the Alpha variant. It is thought that the most crucial reason
underlying its resistance to neutralization is the substitution mutation in residue 484
in the RBD (Wang et al.,2021). In April 2021, a new variant surfaced in India, which
spread significantly faster and exhibited probable antibody evasion (Singh et al.
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2021). This variant, called the Delta variant, has substitutions at amino acid positions
452 and 478, unlike previous variants, while points 484 and 501 are the same as the
original Wuhan strain. The L452R mutation suppresses host IFN production and
facilitates escape from HLA-24-mediated cellular immunity and promotes viral
replication by boosting the spikes stability and binding affinity to ACE2 (Motozono,
2021). According to Yadav's (2022) findings, the antibody titer neutralizing Delta

variant was found to be two times lower than Alpha.

The B1.1.529 variant known as Omicron was identified in December 2021, which
contains many more mutations (over 30 on Spike alone) than previous variants (Guo
et al. 2020). The virus's infectivity is higher, and its affinity for existing neutralizing
antibodies is lower due to the N501Y and Q498R mutations, which are thought to
increase affinity for ACE2 receptor, and the H655Y, N679K, and P681H mutations,
which are thought to increase spike cleavage and facilitate virus transmission. As a
result, the variant spreads more quickly (Yin et al., 2022). Due to the large number
of mutations in the Omicron genome, a severe decrease in immune serum
neutralization ability appears to result in a decrease in vaccine efficacy. Still, T-cell-
dependent immunity persists (Dejnirattisai et al., 2022). There is a decrease in the
effectiveness of vaccines containing only S antigen against the omicron variant and
using the same vaccines as a booster will not provide sufficient protection (Bowen
et al., 2022). As a result, approaches such as developing omicron-specific vaccines
or vaccines comprising several antigens, as well as enhancing T-cell-dependent

immunity, should be implemented.

1.5 Present Study

Even though many vaccines have been developed and are still being developed
against SARS-CoV-2, the causative agent of the COVID-19 pandemic, and have had
successful results from efficacy tests under development, new vaccine studies
continue. The need for new vaccines against this disease continues for many reasons,

such as safety issues, boosters, production costs, the sensitivity of mRNA vaccines,
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and their need for cold chain transport. The existence of different subpopulations
around the world and the different health systems of countries results in the need for
different types of vaccines to be produced. Because of these differences, vaccines
need to be evaluated not only in terms of efficacy but also in terms of safety, cost,
accessibility, stability, duration of action, storage requirements, and modification
versus variants (Nohynek et al., 2022). This study is about the assessment of
immunogenicity of vaccine antigens against the novel coronavirus produced using
recombinant DNA technology. In protein-based vaccines, there is no risk of
infection, as no whole virus is given to the body. In addition, there is no risk of
developing myocarditis or pericarditis, which have been reported as the side effects
of mRNA vaccines. For these reasons, protein-based vaccines are safer, especially
for elderly individuals. In addition to being safer, protein-based vaccines are more
convenient in terms of transport and storage conditions. Unlike nucleic acid or
vector-based vaccines, the ability to be stored and transported in refrigerators for a
long time without freezing is one of the most important advantages of protein-based
vaccines. Moreover, using a prokaryotic expression system as a production method

provides excellent convenience in the production phase.

This study was aimed to immunologically evaluate antigens that can be used for
vaccine development studies, which are safe and less reactive, providing a high

immunogenic response against SARS-CoV-2.

Regions with high concentrations of B and T cell epitopes were selected based on
bioinformatic analysis (Grifoni et al., 2020). Among the antigenically potent regions,
the S1 fragment containing RBD was selected for a neutralizing antibody response.
In contrast, the S2 fragment was predicted to be rich in T cell epitopes and was
selected to induce cell-mediated response. Additionally, the N protein was chosen
because it produced the most robust antibody response among SARS-CoV-2
antigens (Jiang et al., 2020). These proteins were obtained by using recombinant

DNA technology and the E. coli expression system and then formulated with AIOH3
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and AIOH3 + MPLA adjuvants. The cellular and humoral responses of immunized

mice were next evaluated.
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CHAPTER 2

MATERIALS AND METHODS

2.1 Bacterial Strains and Plasmids

In cloning studies, Escherichia coli DH5-a cells were employed as the bacterial host
for the pPGEM®-T Easy vector system, while E. coli BL21 (DE3) strain was used for
expression studies with the pET-28a(+) expression vector to express recombinant
antigens. pUNO1-SARS-2-S and pUNO1-SARS-2-N vectors were used in cloning
studies as sources of target antigen gene sequences. In Table 2.1, the bacterial strains
used in this study, their characteristics, and sources are listed, and plasmids are listed
with markers and suppliers in Table 2.2. In Appendix A, the structures of the cloning

and expression vectors are presented.

Table 2.1 E. coli strains that were used and their genotypes

Strain Genotype Obtained from
Escherichia coli DH5a  F-reldAl endAl, supE44(ginV44)  ATCC

thi-1 recA, gyrA96(NalR) nupG

®80dlacZAM15, A (lacZY A-

argF)U169 hsdR17(rK- mK+)

deoR481 purB20 }—
Escherichia coli BL21 ¥ ompT dcm lon gal hsdSs(rg~ Novagen,Merck
(DE3 subtype) mp~) MDE3 [lacl lacUV5- (Germany)
T7p07 indl sam7 nin5)) [malB* k-
12(A%)
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Table 2.2 Cloning and expression vectors

Name Length Marker Manufacturer
pGEM®-T Easy 3.0 kb Amp", lacZ Promega Inc.
pET-28a(+) 5.3 kb Kan® Novagen, Merck
pUNOI1- SARS-CoV- 7.2 kb Bst" Invivogen

2 Spike

pUNOI1 SARS-CoV- 4.4kb Bst" Invivogen

2 Nucleocapsid

2.2 Growth Media

Appendix B is a list of the composition of growth media and their preparation.

2.3 Solutions and Buffers

The descriptions of the buffer and the solutions are given in Appendix C.

24 Enzymes and Chemicals

Appendix D lists enzymes and chemicals utilized in this study as well as their

suppliers.

2.5 Bacterial Strains' Maintenance and Growth Conditions

Two separate strains of E. coli were used for cloning and protein expression, DH5a
and BL21, and they were cultured in Luria agar (LA, Merck, Germany) plates and
Luria Broth (LB, Merck, Germany) medium. The cultures were kept at 4°C on LA

plates and passed to new plates on a monthly basis. The bacteria were cultivated in
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liquid media until the mid-log phase, then combined with 30% glycerol in centrifuge
tubes and divided into PCR tubes and freeze at -80°C for long-term storage. When
antibiotics were required, suitable antibiotics were supplemented to LA and LB
media. According to the resistance gene in the plasmid used, ampicillin or kanamycin
antibiotics were supplemented into media, with final concentrations of 100 g/mL and

30 g/mL, respectively.

2.6  Design of Specific PCR Primers

Sequences of the primers for S1 and S2 gene fragments, as well as the nucleocapsid
gene, were designed based on the sequence at the NCBI GenBank (accession number

NC 045512.2.

Suitable restriction cut sites were added to both forward and reverse primers.
Additionally, stop codons were added to reverse primers during primer design. Nhel
(5'-GCTAGC-3") restriction enzyme sites were introduced to forward primers of all
three genes. Sacl cut sites (5'-GAGCTC-3") were added to the reverse primers of the
genes expressing S2 fragment antigen, and BamHI (5'-GGATCC-3") cut sites were
added to the reverse primers of the S1 gene fragment and nucleocapsid gene (Table

2.3).
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Table 2.3 PCR amplification primers. Restriction cut sites are underlined.

Primer  Target ORF  Sequence Size of PCR
name product
S1-FP 5’-cctctctcagaagcetagetgtacgttgaa-3’

Spike/ S1 819 bp
S1-RP 5’-acggacggatccttaagtagtgtcagca-3’
S2- FP 5’-ttagcgggtacaatcgetageggttggacctttgg-3’

Spike/ S2 489 bp
S2- RP 5’-actgagggaaggagagctcttaatagccctttce-3’
N- FP 5’-ctgagatcaccggctageatgtctgataatgg-3’

Nucleocapsid 1257 bp

N- RP 5’-atgtctggccagggatecttaggectgagtt -3’

2.7  PCR (Polymerase Chain Reaction)

Oligomer Co. (Ankara, Turkey) provided the oligonucleotide primers listed in Table
2.3. The open reading frames of the SI and S2 gene fragments were amplified via
PCR with specialized primers designed with Nhel and BamHI restriction cut sites
for the S1-fragment gene and Nhel and Sacl (underlined) restriction cut sites for the
S2-fragment gene from Full Spike (S) Expression Vector-Cat. Code: pUNOI1-
SARS2-S, Invivogen, and the N gene was amplified from Nucleocapsid Expression
Vector-Cat. Code: pUNO1-SARS2-N- Invivogen using PCR. PCR was carried out
using Phire Green Hot Start II PCR Master Mix (Thermo Scientific, USA).

The PCR mixture contained 25 pL. of 2x Hot start Phire Green master mix, 0.5 ug of
pUNOI1 vector DNA as a template, 2.5 pL of each of the stock forward primer
(10uM) and 2.5 pL stock reverse primer (10 pM), and nuclease-free dH20 to

complete the total volume to 50 pL. Table 2.4 shows the amplification conditions for
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three genes. Amplified products were loaded into 1% agarose gel to check the size

of the amplified fragments.

35CYCLE

Initial denaturation! Denaturation Extension : Final Extension

98°C | 98°C
30s ! 15s :
: S1-FP and RP: 59°C 72°C 1 72°C
S2-FP and RP: 66°C ,
N- FP and RF: 66°C 155 ; 1min
5s : 4°C

Annealling

Figure 2.1 PCR conditions for S1, S2 gene fragments, and N gene.

2.8  Agarose Gel Electrophoresis

The agarose gel described in Appendix C was prepared with 1x TAE buffer. EtBr
(Ethidium bromide) was added with a final concentration of 0.5 g/mL to stain the
DNA, and TAE buffer was utilized as a running buffer in the electrophoresis tank.
The concentrations of agarose gels were organized according to the size of the DNA
run on the gel and gels of 1% concentration were used in this study. Samples were
run at 90 volts for 45-50 minutes. Sample DNA was mixed with 6X loading dye
before loading to help track them on the agarose gel. GeneRuler 1 kb Plus DNA
ladder (Thermo Scientific, USA) was also loaded to the same gel as a reference to

assess the size of the DNA of interest. The DNA bands of interest were seen using
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the Vilber Lourmat Gel Imaging System (Vilber Lourmat, Marne-la-Vallee, France).
The ThermoScientific-GenelJet Gel Extraction Kit was used to extract the desired

gene fragments from the agarose gel after electrophoresis.

29 Ligation Reactions

After gel extraction, A addition was performed at 72°C for 30 minutes for A-T
ligation. The reaction mixture is shown in Table 2.4. Then, as described in the user
manual provided by the supplier, the PCR products were then inserted into the
pGEM®-T Easy (Promega) cloning vector via TA-cloning and transformed to E. coli
DH5a (Table 2.6). Table 2.7 shows the reaction mixture components for ligation

into the pET-28a (+) vector. Both reaction mixtures were incubated at 4°C overnight

for ligation to occur.

Table 2.4 A addition reaction mixture

Ingredient Amount

10X Ligase Buffer 2ulL

dATP 0.4 uL

MgCl, 1.2 uL

Taq DNA Polymerase 1 puL

Insert DNA 15 uL

H>O Complete to a total volume of 20 uL

Table 2.5 pGEM-T Easy Vector ligation reaction mixture

Ingredient Amount
2X Ligation Buffer SuL

50 ng pGEM-T Easy Vector 1 uL
DNA Ligase(T4) 1 puL
Insert DNA 50 ng
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dH20 Complete to a total volume of 10 pL

Table 2.6 pET-28a (+) Vector ligation reaction mixture.

Ingredient Amount

10X Ligation Buffer 1 puL

pET-28a (+)Vector 100 ng

T4 DNA Ligase 1 puL

Insert DNA 500 ng

dH20 Complete to a total volume of 10 pL

2.10 Preparation of Competent E. coli cells

With minor modifications, the competent cells of both E. coli DH5a and BL21 (DE3)
strains were prepared using the method described by Hanahan (1985). 50 to 100 mL
of LB broth was inoculated with a single colony taken from an LB agar plate and
incubated at 37°C at 200 rpm overnight. This was then used as a seed culture for the
next step. A new flask containing 250 mL of LB broth was inoculated with a 3 mL
seed culture such that the initial ODesoo was between 0.03-0.05. The culture was
incubated at 37°C at 200 rpm until the cells enter the log phase, which was
determined by OD measurement. When the ODsoo reached the range between 0.4-
0.6, the culture was cooled by putting the flask on ice, and the cells were centrifuged
at 3500 rpm for 5-10 minutes at 4°C. The cell pellet was then resuspended in 25 mL
of cold-sterile CaCl,-Buffer 1 (Appendix C) and chilled on ice for 10 minutes. The
cells were then centrifuged at 3,500 rpm for 5-10 minutes at 4°C and the cell pellet
was gently dissolved in 5 mL cold-sterile CaCl>-Buffer 2. (Appendix C). Finally, the
cells were divided into 350 pL aliquots and stored at -80°C.
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2.11 Transformation of Bacteria

Competent E. coli cells were taken from -80°C and put on ice for 5-10 minutes until
they thawed before being used for transformation. In a separate microcentrifuge tube,
10 pL of ligation products were combined with 70 uL of DH5a competent cells. For
transformation of BL21 strain, 75 uL. of BL21 competent cells and 3 pL of ligation
products were combined in a microcentrifuge tube and gently mixed. For 20 minutes,
the mixture was chilled on ice. The cells were exposed to heat shock for 50 seconds
at precisely 42°C using a water bath, then placed on ice immediately after the heat
shock treatment. 920 uL of LB was then added to the cells, which were then
incubated at 37 °C at 100rpm for 80 minutes. The cells were then centrifuged at
1000g for 10 minutes, 900 pL of the supernatant was removed, and the cells were
resuspended in 100 pL culture medium. Finally, 100 pL of transformed cells were
inoculated onto LA plates containing the appropriate antibiotic. Blue-white colony
selection was used to select the recombinant colonies LA plates for blue-white
colony selection were prepared using 80 mg/mL X-gal and 0.5 mM IPTG in addition
to 100 mg/mL ampicillin.

2.12 Plasmid DNA Purification

Recombinant pPGEM-T Easy and pET-28a (+) plasmids were isolated from 4 mL of
the cultures grown overnight using the GeneJET Plasmid Miniprep Kit (Thermo
Scientific, USA) as directed by the manufacturers’ recommendations, and the
concentrations of the purified plasmids were measured using a NanoDrop device.
The isolated plasmids were loaded onto an agarose gel along with a DNA ladder to

confirm their size, and isolated plasmids were frozen at -20°C for storage.
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2.13 Restriction Enzyme Digestion

The genes encoding the S1 gene fragment and nucleocapsid were cut using NEB
restriction enzymes; BamHI and Nhel with a suitable buffer (17 pL plasmid DNA +
2 uL cut smart buffer + 0.5 pL BamHI and 0.5 pL Nhel). The S2 gene fragment was
cut with Sacl and Nhel with a suitable buffer (17 uL plasmid DNA + 2 uL cut smart
buffer + 0.5 uL Sacl and 0.5 uL Nhel). These mixtures were incubated at 37°C for
45 min. After the restriction digestion, the plasmids were loaded onto agarose gel by
adding NEB Gel Loading Dye, Purple (6X). After running for 1 hour at 60 V, the
separated bands were extracted from the gel with Gel Extraction Miniprep Kit-

GenelJET (Thermo Scientific, USA) according to the manufacturer’s directions.

2.14 Recombinant Protein Overexpression and Extraction

Cells of recombinant E. coli BL21 (DE3) bearing S1, S2 gene fragments, and N gene
under the control of the T7 promoter in pET28a(+) vector from a single colony were
inoculated into 50 mL of LB (Merck, Germany) containing 30 pg/mL kanamycin.
These cells were grown at 37°C at 200-rpm for 16-18 hours. At the ratio of one in a
hundred (2.5 mL), a seed culture was added into 250 mL of LB supplemented with
kanamycin and cultured at 37°C at 200 rpm until the O.D.s00 reached 0.5-0.6, after
which overexpression was initiated by supplementing the culture with IPTG at a final
concentration of ImM. An identical flask was cultured without IPTG to serve as a
negative control. The culture was incubated at 200 rpm at 37°C for 5 hours to
overexpress the recombinant protein. In order to obtain cell lysate for recombinant
protein purification, 250 mL culture was divided into 50 mL Falcon tubes and the
cells were harvested by centrifugation at 6000 g for 15 minutes at 4 °C and the
removal of the supernatant. 5 mL Equilibration buffer (Appendix C) was added to
the pellets and used to resuspend the cells. Following three cycles of freezing and
thawing, the cells were resuspended and mechanically lysed on ice using a CP70T

Ultrasonic Processor (Cole-Parmer, Vernon Hills, IL) 6 times for 10 seconds at 60%
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amplitude. After the sonication process, the extract was centrifuged at 4 °C at 15.000
g for 20 min to discard cellular debris. The optical densities of the supernatants were
measured at 280nm. To check for overexpression, the cell lysates containing

recombinant proteins were run on SDS gels.

2.15 Recombinant Protein Purification

His60 Ni Gravity Columns (Takara, USA) with immobilized nickel ions were used
to purify His-tagged recombinant proteins. The column was equilibrated using 5 mL
equilibration buffer, then the filtered cell lysate was added onto the column and
incubated by slowly inverting the column for 1 hour to allow the target proteins’
polyhistidine tail to bind the nickel ions in the column. Then the column was washed
using 20 mL wash buffer to allow untagged proteins flow through. Then, the his-
tagged recombinant proteins were eluted from the column by adding an elution
solution containing imidazole (Appendix C). The eluted proteins' optical densities
were measured at 280nm. SDS-PAGE gel electrophoresis was performed to
determine the protein purity, and the purified proteins were stored at -20°C for future

analysis and vaccine formulations.

2.16 Determination of Protein Concentration

The optimized Bradford assay and OD280 measurements were used to determine the
concentrations of the isolated recombinant protein samples. Bradford's approach
relies on variations in absorbance generated by a dye that binds to protein. The cell
lysate was combined with Bradford reagent, which included 250 mg of Coomassie
Brillant Blue G-250, 125 mL of 96 percent ethanol, and 250 mL of 85 percent ortho-
phosphoric acid, which was diluted 1:5 with dH>0. A calibration curve was
constructed for calculating the protein concentrations using OD595 measurements

of prepared BSA standards (Figure 2.2).
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Figure 2.2 Protein concentration calibration curve.

2.17 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis and
Staining of Gels

All SDS-PAGE protocols were performed via a Bio-Rad Cell system (Bio-Rad,
USA) with a 4.5% stacking gel and a 15% separation gel. The recipe for the gel is
presented in Table 2.8. 6x sample loading buffer was added to track the samples on
the gel (Appendix C). The samples were run under a 15mA current for 2 hours using
a Mini-Protean electrophoresis device to separate the proteins. Following SDS-
PAGE, the gel was stained with Coomassie Blue R-250 for 30 minutes. To remove
the background staining, the stained gel was treated in a destaining solution

(Appendix C).

Table 2.7 Polyacrylamide gel recipe for SDS-PAGE
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Stacking Gel (4.5%) Separating Gel (15%)

Acrylamide/bis 30% 2.68 mL 10 mL
dH.0 12.0 mL 4.6mL
Tris-HCI (1.5M)-pH 8.8 - SmL
Tris-HCI (0.5M)-pH 6.8 5mL -

SDS 10% 200 pL 200 uL

APS 10% 200 pL 200 pL
TEMED 20 ulL 20 uL

Total volume 20 mL 20 mL

2.18 Western Blotting

Western blot analyses are based on Towbin's optimized method described in 1979.
After performing SDS-PAGE, nitrocellulose membranes and 12 pieces of 3MM
Whatman paper were cut into the same size with the polyacrylamide gel and soaked
into transfer buffer (Appendix C). Whatman papers, membrane, polyacrylamide gel,
and more Whatman papers were placed onto the Trans-Blot Turbo blotting system
(Bio-Rad) in an order given in Figure 2.3. The proteins were then transferred from
the gel to the membrane using a 1.5mA/cm? current for 8 minutes. Following the
transfer, the membrane was incubated in a blocking buffer (TBS buffer
supplemented with 10% skim milk), at 4°C overnight. Then, the membrane was
washed with 1x TBS supplemented with a mild detergent (Tween-20) for 10 min and
shaken gently at 25°C. The membrane was then incubated with 5% skim milk in 1x
TBS buffer containing the 1/300 diluted immunized mice serum and shaken at room
temperature for 2 hours. The membrane was then washed for 10 minutes before being
incubated for 1 hour at 25°C with alkaline phosphatase-conjugated anti-mouse IgG
antibody diluted in 5% skim milk added to TBS. The membrane was washed once
more and the substrate was prepared according to Bio-Rad’s instructions before
usage (AP Conjugate Substrate Kit, Bio-Rad, USA). The membrane was incubated

in the substrate until color development could be observed.
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Figure 2.3 The sandwich setup diagram of Western blot transfer

2.19 Immunization Experiments

The Ethical Committee on Animal Experiments at KOBAY Experimental Animals
Laboratory Co., Ankara approved the use of animals in our study (2020).
Mice experiments were accordingly performed at their facilities with 18-20 g female
BALB/c mice. Mice were injected with recombinant proteins adjuvanted with
AIOH3 or AIOH3 + MPLAPHAD® formulation. Each injection was administered
at 15 days intervals. To acquire sera, blood samples were drawn from the mice 14
days after the second injection. The blood samples were centrifuged at 5000 rpm for
20 minutes after being incubated at room temperature for 1 hour, and sera was

collected from the upper portion of the tube and stored at -20°C.
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2.20 Spleen Cell Culture and Detection of Antigen-Specific T-cell response
(IFN-gamma)

The spleens of mice from the control and immunized groups were extracted
aseptically and suspended in 5 mL of RPMI 1640 media supplemented with 10%
FBS, 3% NEA, and 1% penicillin/ streptomycin (Biochrom, Cambourne, UK). The
spleens were homogenized using a cell strainer, and the cells were counted using a
hemocytometer. 1x10° cells were placed in each well in a 96-well plate, and RPMI
was used to fill the remaining 250 pL of the medium. The plate was incubated for 1
hour at 37°C in a CO: (5%) incubator before adding 30ug/mL of recombinant
proteins S1, S2 or N, and concanavalin A (1mg/mL; Sigma). The latter was used as
a control to stimulate cytokine production. To measure IFN-secretion, the culture

supernatant was withdrawn after 72 hours.

Thermo Scientific's (Rockford, USA) Mouse IFN- Minikit was used to measure IFN
secretion levels according to the manufacturer's recommendations. A Corning™
Costar™ 9018 ELISA 96 well plate was coated using Coating Buffer and 100
puL/well of capture antibody per well (diluted 1:1000). The plate was incubated
overnight at 4°C overnight with the lid on. Afterward, the wells were aspirated and
washed three times using 250 pL wash buffer. 200 pL/well ELISA/ELISPOT
Diluent was used to block wells. It was incubated at room temperature for one hour.
The wells were rinsed and 100 pL/well of samples were added that were prepared in
dilutions of 1:4, 1:8, 1:16, and 1:32. They were then incubated overnight at 4°C. The
plate was then aspirated and washed three times, and 100 pL/well-diluted Detection
Antibody (1:1000 dilution) was added to all wells. Then the plate was incubated for
1 hour at 37°C. The plate was then washed three times. 100 pL diluted Streptavidin-
HRP (1:1000 diluted in blocking buffer) was added to all wells and the plate
incubated for 30 minutes at 37°C. The plate was then aspirated and washed three
times. Then, 100 uL 1X colorimetric substrate tetramethylbenzidine TMB Solution

was added to each well and the plate was incubated for 15 minutes at 37°C. After
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100 pL of Stop Solution 1N acid solution was added to each well, and absorbance at

450 nm was measured.

2.21 Measurement of Antibody Titers with Enzyme-linked Immunosorbent
Assay (ELISA)

Using sera from the immunized and control groups, IgG and IgG2a responses were
quantitated by ELISA. Wells were coated using 2 pg purified recombinant S1, S2
fragment, and N proteins dissolved in 100 uL carbonate buffer and then incubated at
4°C overnight. Afterward, a 96-well ELISA plate was aspirated and washed three
times. 100 uL of the blocking solution described in Appendix C was added to each
well and the plate was placed in an incubator for 1 hour at 37°C. Murine sera diluted
with blocking solution in ratios of 1:100, 1:200, and 1:400 were used as primary
antibodies, and after the addition of murine sera, the plate was incubated at 37°C for
1 hour. The plate was then aspirated and washed three times. The secondary antibody
used was rat anti-mouse IgG2a alkaline phosphatase-conjugated (Southern Biotech,
UK) and rabbit anti-mouse IgG alkaline phosphatase-conjugated (whole molecule)
(Sigma-Aldrich) and was diluted in blocking solution at a ratio of 1:3000. The
volume recommended by the manufacturer of the secondary antibody was added to
each well. The plate was incubated at 37°C for 1 hour. The plate was then aspirated
and washed three times. PNPP tablets (Thermo Scientific, USA) were used as an
alkaline phosphatase substrate for the colorimetric detection of antibodies. Substrate
tablets were dissolved in a suitable diluted buffer as described in the user manual,
and the substrate solution was added to each well before they were incubated at 37°C
in the dark for 15 minutes. Then, using Thermo Scientific Multiskan TM FC

Microplate Photometer, OD4os nm Was measured.
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2.22  SARS-CoV-2 Neutralization Assay

2.22.1 Microneutralization Assay

Detection of SARS-CoV-2 neutralizing activity was carried out in a BSL3 facility at
Ankara University Faculty of Veterinary Medicine using live virus-based
microneutralization (MN), using the method described by Hanifehnezhad (2020).
Murine serum samples were diluted at 1:5 in High Glucose DMEM medium (Gibco
GmBH, Germany). Then, an equal volume of SARS-CoV-2
(100TCID50=105.2/mL) was mixed with serum samples and incubated at 37°C for
1 hour for neutralization. Then, Vero E6 cells were cultured in 24-well plates, and
solutions containing SARS-CoV-2 and serum were injected into the wells. The
negative control contained only DMEM culture media. The ability of each serum
dilution to neutralize SARS-CoV-2 CPE (NT100) 100% of the time was tested four

days after infection.

2.22.2 RBD-ACE-2 Binding Assay

A 96-well ELISA plate was coated with 4 pg of RBD-containing protein dissolved
in PBS. The plate was kept at 4°C overnight. After the plate was thoroughly washed
and dried, 2% BSA solution was added, and the plate was incubated at room
temperature for 2 hours and shaken gently. Afterwards, sera diluted between 100-
fold and 1600-fold using PBS were added and the plate was incubated for 1 hour
while being shaken gently. 25 ng of biotinylated ACE-2 (BPS Biosciences, USA)
was added to each well and the plate was incubated for another 30 minutes. After the
plate was washed thoroughly, HRP-conjugated streptavidin (BPS Biosciences, USA)
solution was added to each well, the plate was incubated for 1 hour and the plate was
rewashed. Finally, TMB substrate was added for colorimetric detection, and was left
in the dark for 10 minutes. Afterward, 1 N HCL was added to each well and the plate

was scanned at 450nm.
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2.23  Statistical Analyses

GraphPad Prism (GraphPad Software, USA) version 9.3 for MacOS was used to
analyze the ELISA results for antibody titers using one-way ANOVA followed
by Dunnett’s multiple comparison test. Significance levels (p-value) were

considered 0.05 for all studies.
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CHAPTER 3

RESULTS AND DISCUSSION

3.1 Selection of the Most Appropriate Imnmunogens

Neutralizing antibodies protect the host by blocking the attachment mechanism of
pathogens to the host cell. These antibodies can inhibit viruses before they bind their
target surface receptors. Coronaviruses connect to human alveolar cells through the
Spike glycoprotein on their viral surface (Park et al., 2021). The Spike protein has
been the main target in developing vaccines against SARS-CoV-2. In our study, the
selected regions of the spike protein used to construct S fragment proteins were based
on previous bioinformatic epitope analyses (Grifoni et al., 2020; Crooke et al.,
2020), and accordingly, the regions comprising both T and B cell epitopes were
chosen for molecular cloning. While the RBD in the S1 fragment is critical for
neutralizing antibody responses, the S2 fragment with T-cell epitopes was selected

to produce both a prolonged T-cell and a cytotoxic viral clearance response.

It was discovered that the antibody response elicited by the nucleocapsid protein may
be more potent than that evoked by the Spike protein (Jiang et al., 2020).
Furthermore, N protein has been shown to boost [IFN-gamma production (Lee ef al.,
2021). Additionally, because the nucleocapsid protein is the most conserved one
among coronaviruses, it was expected to have a low mutation rate as compared to
the other structural proteins in newly developed variants. All these characteristics

suggested that the nucleocapsid protein can constitute an excellent vaccine antigen.
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3.2 Cloning of S1 and S2 Gene Fragments from Full Spike (S) Expression
Vector pUNO1-SARS2-S, and Nucleocapsid Gene from Nucleocapsid
Expression Vector pUNO1-SARS2-N

3.21 Amplification of S1 and S2 Gene Fragments and Nucleocapsid Gene
and Cloning into pGEM-T Easy Vector

S1 and S2 gene fragments were amplified by PCR by adding start-stop codons and
restriction enzyme cut sites, Nhel and BamHI restriction sites for the 819bp long S1,
and Nhel and Sacl restriction sites for the 489bp long S2 fragment from the pUNO1-
SARS2-S purchased from InvivoGen (USA). The regions of the S1 and S2 fragments
were determined by selecting the regions of the Spike gene that contain B-cell and
T-cell epitopes respectively. The N gene was amplified using the Nucleocapsid
Expression Vector pUNO1-SARS2-N also purchased from InvivoGen via PCR with
N-FP and N-RP primers that contain Nhel and BamHI restriction sites and the stop
codon. N gene is 1257bp long and consists of 419 amino acids. (Figures 3.1, 3.2, and
3.3)

819bp

Figure 3.1 The S1gene fragment amplification product. Lane 1: No template
control, Lane 2: 819 bp long S1 gene fragment, M: GeneRuler™ DNA marker.
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500bp

Figure 3.2 The S2 gene fragment amplification product. Lane 1: Amplification of
489 bp long S2 gene fragment, M: GeneRuler™ DNA marker.

Figure 3.3 N gene amplification product. Lane 1: No template control, Lane 2:
Amplification of 1257 bp long N gene, M: GeneRuler™ DNA marker.

Following the PCR amplification, the PCR clean-up protocol was performed using
the GeneJet PCR Clean-up kit. The human codon-optimized S1 and S2 gene
fragments and nucleocapsid expressing gene were subcloned into the pGEM-T Easy

vector.
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Chemically competent E. coli DH5 cells were transformed with recombinant
plasmids and were inoculated onto LA plates supplemented with ampicillin, IPTG,
and X-gal to identify recombinant colonies. White colonies were selected, and
plasmids were isolated from transformant colonies. Restriction enzyme digestion
was performed to confirm that the insert was present. BamHI and Nhel restriction
enzymes were used to digest plasmids containing the S1 and N genes, while Nhel

and Sacl enzymes were used for the S2 gene (Figures 3.4, 3.5, and 3.6).

1500bp

Figure 3.4 Validation of S1 gene fragment cloned in pPGEM-T Easy vector. Lane 1:
BamHI digested pPGEM-T-S1, Lane 2: BamHI-Nhel double digested pPGEM-T-S1.
M: GeneRulerTM DNA marker.
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500bp

Figure 3.5 Validation of cloning of S2 gene fragment into pGEM-T Easy vector.
Lane 1: BamHI digested pGEM-T-S2, Lane 2: BamHI-Sacl double digested pGEM-
T-S2. M: GeneRulerTM DNA marker.

1500bp » 1257bp

Figure 3.6 Validation of cloning of N gene in pGEM-T Easy vector. Lane 1: BamHI-
Nhel double digested pPGEM-T-N. M: GeneRuler™ DNA marker.
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The nucleotide sequences for the three genes are shown in Figures 3.7, 3.8, and 3.9
in the appropriate FASTA format. pUNO-S and pUNO-N vectors reference
sequences NC 045512.2 and NC _045512.2 ,respectively, are based on the Wuhan-

Hu-1 isolate.

TGCACCCTCAAGAGCTTTACCGTTGAGAAGGGGATTTACCAAACCAGTAATTTCCGGGTCCAACCCACCGAAAGCATTGTGCGGTTCCCAAATATCACCAATCTG
TGTCCCTTTGGCGAAGTGTTCAATGCTACAAGGTTTGCTTCTGTGTACGCATGGAATAGGAAACGCATCTCCAATTGTGTCGCTGATTACTCCGTGCTGTACAATT
CCGCCTCTTTCTCAACCTTCAAGTGTTATGGCGTTTCACCTACCAAACTTAACGACCTGTGCTTCACTAATGTGTATGCCGACTCTTTTGTGATACGAGGCGATGA
AGTGAGACAGATTGCACCAGGGCAGACCGGCAAAATTGCCGACTACAACTACAAGCTTCCAGATGACTTTACCGGATGTGTTATTGCATGGAACTCAAACAATC
TGGATTCCAAGGTGGGTGGCAACTATAACTACCTGTATAGACTGTTCAGGAAATCCAACCTGAAACCATTCGAGCGAGATATAAGCACAGAAATCTACCAGGCT
GGAAGTACGCCCTGCAACGGCGTGGAAGGGTTCAACTGCTACTTCCCATTGCAGAGTTACGGATTCCAGCCTACAAACGGGGTGGGTTACCAACCCTATCGTGTC
GTAGTCCTGAGTTTTGAGCTCCTCCATGCCCCAGCCACAGTCTGTGGCCCCAAGAAAAGCACCAATCTGGTGAAGAACAAATGCGTGAACTTTAACTTTAACGGA
CTCACAGGAACCGGCGTATTGACGGAGAGTAACAAGAAGTTCCTGCCATTCCAGCAGTTCGGTCGCGATATTGCCGACACTACC

Figure 3.7 Nucleotide sequence of S1 fragment amplicon.

GGGTGGACATTCGGAGCTGGCGCTGCCCTTCAGATTCCTTTTGCTATGCAGATGGCCTACCGCTTTAACGGCATCGGTGTGACACAAAACGTTCTGTATGAAAACC
AGAAACTCATCGCCAACCAGTTCAACAGTGCTATCGGTAAGATACAGGATAGCCTGTCATCCACTGCCAGCGCATTGGGAAAGTTGCAGGATGTAGTGAACCAG
AATGCCCAGGCACTTAACACCCTGGTGAAACAGCTCTCTTCAAATTTTGGTGCCATTTCTAGCGTGCTGAATGACATACTGAGCCGGTTGGACAAGGTGGAGGCT
GAAGTGCAGATTGATAGGCTGATAACTGGGCGCCTTCAGTCTCTTCAGACCTATGTGACCCAGCAGCTCATCCGCGCTGCTGAAATTCGCGCATCCGCTAACCTG
GCAGCAACCAAAATGTCCGAGTGTGTGCTGGGTCAGTCTAAGAGAGTGGACTTTTGCGGGAAGGGGTAT

Figure 3.8 Nucleotide sequence of S2 fragment amplicon.

ATGTCTGATAATGGACCCCAAAATCAGCGAAATGCACCCCGCATTACGTTTGGTGGACCCTCAGATTCAACTGGCAGTAACCAGAATGGAGAACGCAGTGGGGC
GCGATCAAAACAACGTCGGCCCCAAGGTTTACCCAATAATACTGCGTCTTGGTTCACCGCTCTCACTCAACATGGCAAGGAAGACCTTAAATTCCCTCGAGGACA
AGGCGTTCCAATTAACACCAATAGCAGTCCAGATGACCAAATTGGCTACTACCGAAGAGCTACCAGACGAATTCGTGGTGGTGACGGTAAAATGAAAGATCTCA
GTCCAAGATGGTATTTCTACTACCTAGGAACTGGGCCAGAAGCTGGACTTCCCTATGGTGCTAACAAAGACGGCATCATATGGGTTGCAACTGAGGGAGCCTTGA
ATACACCAAAAGATCACATTGGCACCCGCAATCCTGCTAACAATGCTGCAATCGTGCTACAACTTCCTCAAGGAACAACATTGCCAAAAGGCTTCTACGCAGAAG
GGAGCAGAGGCGGCAGTCAAGCCTCTTCTCGTTCCTCATCACGTAGTCGCAACAGTTCAAGAAATTCAACTCCAGGCAGCAGTAGGGGAACTTCTCCTGCTAGAA
TGGCTGGCAATGGCGGTGATGCTGCTCTTGCTTTGCTGCTGCTTGACAGATTGAACCAGCTTGAGAGCAAAATGTCTGGTAAAGGCCAACAACAACAAGGCCAAA
CTGTCACTAAGAAATCTGCTGCTGAGGCTTCTAAGAAGCCTCGGCAAAAACGTACTGCCACTAAAGCATACAATGTAACACAAGCTTTCGGCAGACGTGGTCCAG
AACAAACCCAAGGAAATTTTGGGGACCAGGAACTAATCAGACAAGGAACTGATTACAAACATTGGCCGCAAATTGCACAATTTGCCCCCAGCGCTTCAGCGTTCT
TCGGAATGTCGCGCATTGGCATGGAAGTCACACCTTCGGGAACGTGGTTGACCTACACAGGTGCCATCAAATTGGATGACAAAGATCCAAATTTCAAAGATCAAG
TCATTTTGCTGAATAAGCATATTGACGCATACAAAACATTCCCACCAACAGAGCCTAAAAAGGACAAAAAGAAGAAGGCTGATGAAACTCAAGCCTTACCGCAG
AGACAGAAGAAACAGCAAACTGTGACTCTTCTTCCTGCTGCAGATTTGGATGATTTCTCCAAACAATTGCAACAATCCATGAGCAGTGCTGACTCAACTCAGGCC

Figure 3.9 Nucleotide sequence of N gene amplicon.

Computer-based analysis was used to determine the molecular weights and pl values
of proteins (Table 3.1). Protein purification heavily depends on pl values. Because
proteins become neutral and tend clustering at or near to their own pl point, identical

pl and pH values should be avoided in buffers used for purification.
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Table 3.1 Computer-aided analyses of S1, S2 gene fragments and nucleocapsid

genes and the respective proteins

Gene  Nucleotide pl Amino Molecular  Net G-C
(bp) acids weight charge at content

(kDa) pH 7.0 (%)

S1 819 8.59 273 33 kDa 7.4 35.5

S2 489 7.58 163 17.6kDa 3.9 37.6

N 1257 10.58 419 46 kDa 244 47.3

3.2.2 Subcloning of RBD-containing S1 Gene Fragment, S2 Gene
Fragment, and Nucleocapsid Gene into pET-28 a (+) Expression

Vector

Human codon-optimized S1 and S2 gene fragments and Nucleocapsid (N)
expressing genes were subcloned from the pGEM-T Easy vector to pET28a(+)
expression vector at the BamHI and Nhel restriction sites for S1 gene fragment and
nucleocapsid gene, and at the Sacl and Nhel restriction sites for S2 gene fragment.
The T7 promoter directs gene expression in the pET-28a(+) expression vector, which
has His-tag sequences at both the C and N termini. S fragments and N gene were cut
from the pGEM-T vector using appropriate enzymes, and the genes were isolated
from agarose gel separate from the vector. At the same time, the expression vector
pET-28a was cut with the same enzymes. S fragments and N gene were then ligated
to pET-28a(+). E. coli Dh5a cells were transformed using pET-28a(+) carrying the
insert. Cells were inoculated on LB agar plates containing kanamycin, and thus
recombinant vectors containing the genes of interest were obtained. Plasmids from
recombinant colonies were isolated to transform E. coli BL21 cells, and the plasmids
were isolated and digested using appropriate restriction enzymes again to confirm

cloning. BamHI and Nhel enzymes were utilized for restriction enzyme digestion to
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verify the S1 and N genes, and Nhel and Sacl enzymes were used for the S2 gene

(Figures 3.9, 3.10, and 3.11).

1500bp

Figure 3.10 Verification of cloning of S1 gene fragment into pET28a(+). Lane 1:
BamHI digested pET28a(+)-S1, Lane 2: BamHI-Nhel double digested pET28a(+)-
S1. M: GeneRuler™ DNA marker.
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500bp 489bp

Figure 3.11 Verification of cloning of S2 gene fragment into pET28a(+). Lane 1:
Sacl-Nhel double digested pET28a(+)-S2. Lane 2: Sacl digested pET28a(+)-S2.
M: GeneRuler™ DNA marker.
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<«— 1257bp

Figure 3.12 Verification of cloning of Nucleocapsid gene into pET28a(+). Lane 1:
BamHI digested pET28a(+)-N, Lane 2: BamHI-Nhel double digested pET28a(+)-N.
M: GeneRuler™ DNA marker.

33 Expression of Recombinant S1, S2 Fragment Proteins and Nucleocapsid

Proteins in E. coli BL21 (DE3)

Prokaryotic expression systems, particularly E. coli, among expression hosts like
mammal, yeast, insect, or plant, was chosen because it is suitable for mass production
and is available with a variety of molecular manipulation techniques; also it provides
fast breeding, low-cost, high expression, easy purification of product and a broad
variety of applications(Sun et al., 2021). However, E. coli has a limited capacity for
post-translational changes because of its straightforward cellular anatomy. Complex
protein products could have poor biological activity. In addition, improper protein
folding can result in insoluble aggregates that are difficult to purify, from forming in

the cytoplasm(Perdew et al. 2008, Lodish et al., 2008).
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The lacUV5 promoter of the pET28a vector, which directs transcription of T7 RNA
polymerase expressed in E. coli BL21 cells, can be induced using IPTG.
Overexpression of cloned genes and gene fragments is dependent on IPTG induction.
Therefore, pET28a recombinant vector carrying target genes was purified and

transformed into E. coli BL21 cells that were next induced for overexpression.

For each sample, two LB media were inoculated with E. coli BL21 (DE3) cells
containing recombinant pET-28a(+) plasmids. One culture was treated with IPTG to
induce the production of recombinant His-tagged S1 fragment protein (33 kDa), S2
fragment protein (17.6 kDa), and Nucleocapsid protein (46 kDa), while the other

served as an uninduced control (Figures 3.13, 3.14 and 3.15).

To assess whether the genes were overexpressed, SDS-PAGE was carried out on the
cell lysates and compared to the control lysate. In the polyacrylamide gels, the

overexpressed protein appeared as a thick band after staining with Coomassie blue.

M 1

70kDa ——»
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Figure 3.13 SDS-PAGE detection of the expressed recombinant S1 fragment protein.

M: Marker (PagerulerTrn marker, #26619), Lane 1: Control, Lane 2: overexpressed

S1 fragment protein



The Coronavirus spike protein is rich in aromatic amino acids. Therefore, its
solubility in water is relatively poor. Overexpressed proteins may cluster into protein
aggregates known as "inclusion bodies" in prokaryotic systems. A denaturating
substance should be used to help dissolve these protein aggregates. Urea is an
excellent denaturant and disrupts secondary structures inside and between proteins
by interfering with hydrogen and disulfide bonds. In this study, 8M urea was used to
extract S1 and S2 fragments, while 2M urea was utilized for extraction of N as it did

not form inclusion bodies that extensively.

M 1 2 3 M
- "

70 kDa

17.6 kDa
15 kDa

Figure 3.14 SDS-PAGE analysis of recombinant S2 fragment protein expression. M:

Marker (PagerulerTm marker, #26619), Lane 1: Control, Lane 2,3: Expressed S2
fragment protein (IPTG- induced sample).
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Figure 3.15 SDS-PAGE detection of the expressed recombinant S1 fragment

Nucleocapsid protein. M: Marker (PagerulerTmmarker, #26614), Lane 1: Control,
Lane 2,3: Expressed Nucleocapsid protein (IPTG- induced sample).

The size of the overexpressed proteins appeared a bit higher than expected on the
SDS-PAGE gels due to the addition of His-tag which adds an extra molecular weight
of approximately 2.5 kDa.

34 Purification of Poly-His-Tagged Recombinant S1, S2 Fragment
Proteins, and Nucleocapsid Proteins via Affinity Column

Chromatography

His-tagged overexpressed proteins were next isolated using Takara Ni60 columns
(USA) that contain Ni-IDA resin, utilizing the binding of the columns’ immobilized
nickel ions to histidine tags for purification of His-tagged proteins. The SDS-PAGE
images of the purified proteins are given in Figure 3.16, 3.17 and 3.18. Because of

its small size, hydrophilic nature, insignificant effect on protein folding and
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biological activity, and minimal immunogenicity, the PolyHis tag is very suitable for
the purification of recombinant antigens (Costa et al. 2018). Because of these
features, it does not interfere with the immune response caused by the protein of
interest. Therefore, this tag was not separated from purified proteins, and if an effect
on immunogenicity was seen, it could have been cut off from the TEV cleavage site.
After purification, the proteins were filter-sterilized, and those with low

concentrations were concentrated using concentrators and stored at -20°C.

33 kDa

Figure 3.16 SDS-PAGE detection of purified recombinant S1 fragment protein. M:
Marker (PagerulerTmmarker, #26630), Lane 1: Purified S1 fragment protein first

eluate, Lane 2: Purified S1 fragment protein second eluate, Lane 3: Purified S1

fragment protein third eluate.
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25 kDa

‘_
15 kDa 17.6 kDa

Figure 3.17 SDS-PAGE detection of purified recombinant S2 fragment protein. M:
Marker (Pageruler "marker, #26630), Lane 1: Purified S2 fragment protein first

eluate, Lane 2: Purified S2 fragment protein second eluate.

70 kDa

25 kDa

Figure 3. 18 SDS-PAGE detection of purified recombinant N protein. M: Marker

(PagerulerTmmarker, #26630), Lane 1: Purified N protein first eluate, Lane 2:

Purified N second eluate.
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35 Western Blot Analyses of Recombinant S1, S2 Fragment Proteins, and

Nucleocapsid Proteins

Western blot experiments were performed as previously described using sera

collected from mice.

46 kDa

M
c—
i

33 kDa
17.6 kDa

Figure 3.19 Western blot analysis using the serum against Spike protein fragments
and Nucleocapsid protein. Lane 1: S1 fragment protein elute, Lane 2: S2 fragment

protein elute, Lane 3: Nucleocapsid protein eluate. M: Marker (PagerulerTmmarker,

#26630),

The antibodies produced in the immunized mice, as shown in Fig 3.19, interacted
strongly with S1 fragment protein (33 kDa), S2 fragment protein (17,6 kDa), and
Nucleocapsid protein (46 kDa), as predicted.
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25 kDa

Figure 3.20 SARS-CoV-2 Spike S1 fragment protein (pS1: 33 kDa) WB analysis

with A, M: Marker (Pageruler "marker, #26630),), Lanel-2:SARS-Cov-2
Coronavirus Spike Monoclonal Antibody (Invivogen, Anti-Spike-RBD-mlgG2a-
CR2022) and B, M: Marker (Pageruler™ marker, #26630),), Lanel: Immunized

mice serum.

70 kDa

Figure 3.21 SARS-CoV-2 Nucleocapsid protein (pN: 46 kDa) WB analysis with A,

M: Marker (PagerulerTmmarker, #26630),), Lanel: SARS-Cov-2 Coronavirus
Nucleocapsid Monoclonal Antibody (Invitrogen-ThermoFisherScientific-MAS-
29981) and B, M: Marker (Pageruler™ marker, #26630),), Lanel: Immunized mice

serum.
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Western blot analyses were performed in parallel by using monoclonal antibodies
(mIgG2a- CR2022 for S1 and mIgG1- MAS5-29981 for N) and immunized mouse
sera to demonstrate that the antibody response of mice immunized for the S1 protein
fragment and nucleocapsid protein was specific. The results of these analyses shown
in Figures 3.20 and 3.21 were nearly the same, as expected for both monoclonal and

serum antibodies.

3.6 Immune Responses Against Recombinant S1, S2 Fragment Proteins, and

Nucleocapsid Protein

In this study, ELISA tests were performed to measure specific serum antibody levels
(total IgG) produced against recombinant antigens. In addition, ELISA tests
measuring the level of IgG2a developed against SARS-CoV-2 antigens were
performed to evaluate Th1l and Th2 responses. Because serum IgG2a levels indicate
Thl response and correlate with IFN levels, total IgG and IgG2a levels were also
measured to determine the response type that occurred. Mouse serum samples
immunized with recombinant S1, S2 fragment proteins, and Nucleocapsid protein
were compared with a control group immunized with only adjuvant alone to measure
the antibody levels. Serum levels of total IgG and IgG2a are shown in Figures 3.22
and 3.23. As expected, immunized mice showed an increase in total IgG levels
compared to the control group against all three antigens. In contrast, the rise in IgG2a
levels, related to the Thl immune response, was significantly higher in the
formulation containing MPLA adjuvant, which is a TLR4 antagonist, than in the

formulation containing only Alum (Figure 3.23).
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Figure 3.22 Level of total Immunoglobulin G in 1:100 diluted immunized mice sera
that were immunized against recombinant S1 fragment protein (A), S2 fragment
protein (B), and Nucleocapsid protein (C). A statistically significant (p<0.001)

increase compared to control is shown with three asterisks.
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Figure 3.23 Level of Immunoglobulin G2a in 1:100 diluted immunized mice sera
that were immunized against recombinant S1 fragment protein (A), S2 fragment
protein (B), and Nucleocapsid protein (C). A statistically significant (p<0.001)

increase compared to control is shown with three asterisks.

Significantly higher antibody levels of the immunized mice compared to the control

groups supported the immunoreactivity of the tested antigens.

Despite the significant innovations in vaccine and drug studies since the beginning
of the COVID-19 pandemic, the need to find safer and more effective vaccines and
treatments continue. The fact that vaccines approved for immediate use by the FDA
during the pandemic cause serious side effects and that the virus constantly mutates

and evades immunity provided by vaccines reveals the need for newer, safer, and
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more adaptable vaccines (Albert, 2021). This study aims to evaluate protein and
protein fragments with high antigenicity for protein-based vaccines, which is one of

the most reliable and safe methods among vaccine platforms against SARS-CoV-2.
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Figure 3. 24 Neutralization antibody levels of immunized mice sera against RBD.

As a result of epitope analysis, regions with the highest antigenic properties were
selected as fragment proteins. The S1 fragment, one of the gene fragments chosen
for this study, contains the RBD region which enables the binding sites of SARS-
CoV-2 to the ACE-2 receptor. Therefore, it induces a neutralizing antibody response
against the virus. To measure this neutralization capacity, Plaque Reduction
Neutralization Test (PRNT) was performed at Ankara University, Faculty of
Veterinary Medicine. According to the results of this test, the serum sample diluted
1:5 provided 100% neutralization. Also, a surrogate virus neutralization assay was
performed using recombinant antigens to measure the strength of the immunization
and the neutralizing antibody titer. According to this test, the cut-off value is

universally determined as 20%, Alum only formulation > 1: 800 titers, and Alum +
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MPLA formulation gave positive results even at 1:1600 titers(Figure 3.24). In
conclusion, these proteins have been shown to be highly protective, and the
neutralizing antibodies produced against the combined vaccine candidate are quite

potent.

3.7  Determination of IFN- y Response of Immunized Mice

The Th2 type cellular response is related to IgG1 and IL-4, -5 and -10, whereas the
Thl type cellular response is related to IFN-y mediated activation of macrophages
and IgG2a production. The Thl-type response is essential for the efficient removal
of the virus since SARS-CoV-2 causes an intracellular infection. Thl-type cells
activate neutrophils and macrophages via IFN-y to generate an immune response
against intracellular pathogens (Sugai et al., 2005; Fedel ef al., 2015). The first line
of defense of the human body against viral pathogens is the interferon response.
IFNs prevent virus replication by stimulating the production of hundreds of IFN-
stimulated genes, some of which have antiviral properties. In this regard, IFN-y
levels were observed to assess the strength of the Type-1 T helper cell response. IFNs
are pro-inflammatory cytokines and are crucial for both innate and adaptive
immunity. The primary IFN secreting cells are natural killer (NK) and activated T
cells. IFN-y is responsible for many different functions including the activation of
macrophages, mediation of immunity against bacteria and viruses, improving
antigen presentation, orchestrating innate immune system activation, controlling the
Th1/Th2 ratio, and regulating cellular proliferation and apoptosis (Boehm et al.,
1996, Billiau et al.,1997). Additionally, by switching antibody classes to IgG2a,
IFN-y activates complement-fixation through antibodies which results in the

opsonization and clearance of pathogens (Finkelman et al., 1988; Schoenborn and

Wilson, 2007).

Cell cultures were initiated from spleens taken from immunized mice 15 days after

the second dose. These cells were induced with recombinant antigens to measure
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IFN-y levels to determine the Th1-type response. PBS was used as a negative control,

and Concanavalin A (ConA) was used as a positive control.
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Figure 3.25 Production of IFN-y by spleen cells of immunized mice. S1 fragment
protein (A), S2 fragment protein (B), and Nucleocapsid protein (C). PBS as negative
and ConA as positive controls. A statistically significant (p<0.001) increase

compared to control is shown with three asterisks.
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The cytokine ELISA showed an increase in IFN-y level compared to the negative
control group(Figure 3.25), as expected from the results of previous IgG2a studies
(Figure 3.23). Especially in cells induced by S2 fragment and N protein which
contain many T cell epitopes (Grifoni, 2020), the IFN-y level was significantly
increased. In addition, since the TLR antagonist MPLA induced IFN-y production
through Thl cell activation, it was observed that the IFN-y increase in the groups
injected with formulations containing MPLA was higher for all antigens. An elevated
antibody titer is not enough for the clearance of the pathogen alone. However, an
increase in IFN-y levels indicates a cell-mediated immune response and contributes
to the inactivation of the pathogen with a high antibody level. Overall, these results
proved that both S1+S2+N+Alum and S1+S2+N+Alum+MPLA formulations could
trigger Th1 type response.

This data proves that the immunity induced by the formulation prepared with these
three antigens is composed of both antibody and cell-mediated origin and how potent

the antigens are as vaccine candidates.

The COVID-19 pandemic continues, with new variants still emerging. Despite the
existence of vaccines that are rapidly developed and approved for immediate use, the
need for vaccines with more prolonged protective effects, fewer side effects, and
more adaptability against new variants continues. However, our formulation model
can be quickly adapted to include important variant proteins. We sought to create
formulations that contained Omicron RBD fragments in our ongoing work in this
approach. The immunization trial for Omicron RBD, which was obtained using the

same technique, is currently in progress.

To eliminate the novel virus, a "multi-antigen" approach could be helpful. This
approach is based on simultaneously targeting the B and T-cell epitopes of the virus,
thereby eliciting a balanced B- and T-cell response, and effectively eliminating the
virus without inducing tissue damage. In this study, a Spike fragment containing

RBD was selected to generate neutralizing antibody response, and Nucleocapsid
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protein was selected for a strong antibody response. In addition, the S2 fragment was
chosen alongside Nucleocapsid to induce T cell-mediated cytotoxic response and

provide long-term immunity by producing T memory cells.

Alum derivatives are generally preferred as adjuvants. Alum contributes to the Th2-
type response, but the Th2 response shows weak antiviral properties. The Thl-type
response is needed for the stimulation of neutrophils and macrophages for virus
elimination. Therefore, MPLA, a potent antigen that triggers a TH1 response by
stimulating IFN-y is thus a suitable adjuvant for the vaccine to induce a cytotoxic

response against coronavirus.
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CHAPTER 4

CONCLUSION

In this study, the immunogenicity of 2 recombinant Spike protein fragments
and the whole nucleocapsid protein of SARS-CoV-2 as vaccine antigens
were assessed by measuring the antigen-specific antibody levels and

interferon levels.

Immunoglobulin G titers against virus antigens were measured with sera
from mice immunized with S1-S2-N-Alum and S1-S2-N-Alum+MPLA.
Both groups showed a considerable rise in specific IgG titers (p<0.01) against
recombinant S1 and S2 fragment proteins and Nucleocapsid protein. An
increased total antibody level indicated a robust humoral response was

developed.

The IgG2a response is an indicator of the cellular response that plays an
essential role in the elimination of the pathogen. A significant increase in
antigen-specific [gG2a titers was observed in immunized groups compared
to the control group using ELISA. However, this increase in S1, S2, and N
antigen-specific 1gG2a levels was 6.7, 3.1, and 2.5-fold higher in the
Alum+MPLA combination adjuvant immunized group than in the Alum-only
group, respectively. Even though the S1 fragment protein contains the RBD
and triggers the neutralizing antibody response, it is thought to be weak in
inducing a robust cellular response and elicits an inadequate IgG2a response
in the Alum-only formulation, fortunately there was 6.7-fold increase in
antigen-specific IgG2a levels observed in the formulation supplemented with

MPLA.
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Although vaccines trigger the production of many antibodies against the
SARS-2 virus, very few of these antibodies can prevent the virus from
binding to the cell surface. Therefore, these antibodies, called neutralizing
antibodies, are critical in the defense of host cells against the virus.
Neutralizing antibodies are directly connected to the protection granted by
the vaccine and the length of this protection. This study examined the effect
of S1 fragment protein containing the RBD region on neutralizing antibody
production. Neutralization studies were carried out with two different
methods. The first method used was the plaque reduction neutralization test
(PRNT), which is the gold standard in terms of neutralization studies. It was
observed that immunized mouse sera diluted 1:5 neutralized all viruses. The
other method used was that ACE-2 receptor binding tests using the S1
fragment protein. This method was used to determine the titers of antibodies
that specifically neutralize the RBD region. While 1:5 diluted sera
neutralized all the viruses cultured in the plate in PRNT, ACE-2-RBD
binding assay revealed that even a titer of 1:1600 had a neutralization rate

higher than the cut-off value of 20%.

As aresult of cytokine ELISA tests performed to detect IFN-y levels, used as
an indicator of Th-1 induced immunity, an increase in interferon levels was
observed in both formulations compared to the control group. The titers of
IFN-y were induced against three antigens, and it was observed that the titer
of IFN-y produced in N protein-induced spleen cells was higher than those
induced by S1 or S2. These results demonstrated the potent T cell stimulating
characteristics of the Nucleocapsid protein. The increase in IFN-y proves the
strong cellular response against recombinant antigens, and in addition to the
antibody response, these results indicate that S1 and S2 fragment proteins

and N protein are suitable vaccine antigen candidates as for combating the

COVID-19 pandemic.
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e In line with the results obtained in this study, it was observed that when S1,
S2 fragments, and N protein are used together, they elicit powerful B and T

cell responses.
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APPENDICES

A. STRUCTURES OF PLASMID VECTORS AND SIZE MARKERS

SV40 enh
pMB1 ori hEF1-HTLV prom

hCMV prom

SARS-CoV-2 Spike A19
EM7

pUNO1-Spike
(7185 bp)

Nhel (4567)

Furin cleavage site (2853)

Figure A.1 pUNO1-Spike Expression Vector (Invivogen)
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hEF1-HTLV prom

SARS CoV-2 N

PMB1 ori

pUNO1-SARS2-N
(4441 bp)

hBGlo pAn

Figure A.2 pUNOI1-Nucleocapsid Expression Vector (Invivogen)
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T sps

Figure A.3 pGEM®-T Easy Cloning Vector (Promega #A1360)
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XhoI(159)
NotI(167)
HindIlI (174)
Sacl(191)
EcoRI(193)
BamHI (199)

His tag
T7 terminator
Ndel(239)

Xbal(336)Neol(297)
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Kan T7 promoter

pET28-a(+)

5363 bp

Figure A.4 pET-28a(+) Expression Vector (Novagen #69864-3)
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Figure A.5 PageRuler™ Plus Prestained Protein Ladder (Thermo Scientific
#26619) (A) and PageRuler™ Unstained Protein Ladder (Thermo Scientific
#26614) (B).
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GeneRuler™ 1 kb Plus DNA Ladder
0'GeneRuler™ 1 kb Plus DNA Ladder,
ready-lo-use
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Figure A.6 1 kb plus DNA Ladder (GeneRuler # SM1333)
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B1. Luria Broth:

Tryptone
Yeast Extract
NaCl

Distilled water

Final pH is 7.0; sterilized at 1210C for 15 minutes.

B2. Luria Agar:

Tryptone
Yeast Extract
NaCl

Agar

Distilled water

Final pH is 7.0; sterilized at 1210C for 15 minutes.
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B. COMPOSITION AND PREPARATION OF CULTURE MEDIA

10g

5g

10g

up to 1000 mL

10g

5g

10g

15g

up to 1000 mL



C. SOLUTIONS AND BUFFERS

C1. Agarose Gel Electrophoresis

C1.1. TAE Buffer (50X)

o Tris-base 242 g

e Glacial acetic acid 57.1 mL

e EDTA (0.5 M, pH 8.0) 100mL

e Distilled water up to 1000 mL

C1.2. Loading Buffer (10X)

e Bromophenol blue (w/v) 0.25%
e Xylene cyanol FF (w/v) 0.25%
e Sucrose (W/v) 40%

C2. SDS-Polyacrylamide Gel Electrophoresis (PAGE)

C2.1. Acrylamide/Bis

e Acrylamide 146 g
e N.N’-Methylene-bis acrylamide 4g
e Distilled water up to 500 mL

C2.2. Tris HCI (1.5 M)

e Tris-base 5445 ¢
o Distilled water 150 mL

pH is adjusted to 8.8 with HCI, distilled water to 300 mL, and stored at 4°C.
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C2.3. Tris HCI (0.5 M)

o Tris-base 6g
o Distilled water 50 mL

pH is adjusted to 6.8 with HCI, distilled water to 100 ml, and stored at 4°C.

C2.4. Running Buffer (10X)

e Tris-base 30g

e Glycine 144 g

e SDS 10g

o Distilled water up to 1000 mL

C2.5. Sample Loading Buffer (6X)

e Tris-HCI (1 M, pH 6.8) 3.5mL

e Glycerol 3.6 mL

e« SDS 1.03 g

e [B-mercaptoethanol 0.5 mL

e Bromophenol blue 0.0013 g

o Distilled water up to 10 mL

C2.6. Fixation Solution

o FEthanol 40%
e (@lacial acetic acid 10%
o Distilled water 50%
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C2.7. Coomassie Blue R-250 Stain

e Coomassie Blue R-250
e Methanol
e (@lacial acetic acid

o Distilled water

C2.8. Destaining Solution

e Methanol
e (@lacial acetic acid

o Distilled water

C3. Western Blot

C3.1. Transfer Buffer (1X)

e Methanol
e Tris-base
e Glycine

e SDS

o Distilled water

C3.2. Tris-buffered Saline, TBS (1

o Tris-base
e NaCl

o Distilled water

X)

106

025¢g
125 mL
25 mL
100 mL

100 mL
100 mL
800 mL

200 mL
363¢g

144 ¢

037¢g

up to 1000 mL

242 ¢
292 ¢
up to 1000 mL



C4. Protein Purification

C4.1. LEW (Lysis- Wash) Buffer (pH 8.0)

e Urea &M
e NaCl 300 mM
° NaH2P04 50 mM

C4.2. LEW (Elution) Buffer (pH 8.0)

o Urea &M

e NaCl 300 mM
e NaH>POq4 50 mM
e Imidazole 250 mM

CS. E. coli Competent Cell Preparation

C5.1.Buffer 1

e RuCl 100 mM
o Kac 30 mM
e CaCh 10 mM
e Glycerol 15%

pH is adjusted to 5.8 with dilute acetic acid, and the filter is sterilized.
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C5.2. Buffer 11

e CaCh 75 mM
e RuCl 10 mM
e MOPS 10 mM
e Glycerol 15%

pH is adjusted to 6.5 with 0.2 M KOH, and the filter is sterilized.

Cé6. IPTG (Isopropyl-p-D-thiogalactoside) for Colony Selection

e IPTG 100 mg

o Distilled water 1 ml

The solution was filter sterilized and stored at —20°C.

C7. X-Gal (5-bromo-4-chloro-3-indolyl-B-D-galactoside)

o X-Gal 20 mg

e Dimethylformamide 1 mL

The solution was stored at -20°C, protected from light.

C8. Plasmid Isolation

C8.1. STE Buffer

e Sucrose (W/v) 10.3%
e Tris-HCI (pH 8.0) 25 mM
e EDTA (pH 8.0) 25 mM
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C8.2. Lysis Buffer

e NaOH
e SDS (w/v)

C9. ELISA for Detection of Antibody Titers

C9.1. Carbonate/Bicarbonate Buffer (0.05 M)

e NaCOs
e NaHCO;

o Distilled water

pH is adjusted to 9.6 and stored at 4°C.

C9.2. Washing Solution (1X PBS - 0.1% Tween-20)

e NaCl

e KCI

e Na2HPO4
e KH2PO4

e Tween-20

o Distilled water

pH is adjusted to 7.2 and stored at 4°C.

C9.3. Blocking Solution

e 2% (w/v) BSA in 1X PBS - 0.1% Tween-20.
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03 M
2%

1.59¢
3.88¢g
up to 1000 mL

8g
02¢g
144 ¢
024 ¢
1 ml

up to 1000 mL



D. SUPPLIERS OF CHEMICALS, ENZYMES, AND KITS

D1. Chemicals

Acrylamide

Agar-agar

Agarose

Ammonium persulfate
Ampicillin
Anti-mouse IgG
Bovine serum albiimin
Bromophenol blue
CaClL.2H>0O
Coomassie Blue G-250
Coomassie Blue R-250
Dimethylformamide
dNTPs

DTT

EDTA

Ethanol

Ethidium Bromide
Fetal bovine serum
Formaldehyde

Glacial acetic acid
Glycerol

Glycine

H2SO4

HCl

IPTG

Isopropanol
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Suppliers

Sigma
Sigma
Sigma
BioRad
Sigma
Sigma
Sigma
Merck
Merck
Sigma
Sigma
Merck
ThermoScientific
Sigma
Sigma
Merck
Sigma
Biochrom
Merck
Merck
Merck
Merck
Merck
Merck
Cayman

Merck



Kanamycin

KCl

KH2PO4

Luria Broth

Methanol

MnCl

N,N-Methylene-bis acrylamide
Na2CO3

Na2HPO4

NaCl

NaHCO;

NaOH

Non-essential aminoacids
Penicillin/streptomycin
Phenol/chloroform/isoamylalcohol
Phosphoric acid
Potassium acetate

SDS

Skim milk
Streptavin-HRP

TEMED

TMB

Tris-base

Tris-HCl

Tween-20

Urea

X-gal

2-mecaptoethanol
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Sigma
Merck
Merck
Merck
Merck
Merck
Merck
Merck
Merck
Merck
Merck
Merck
Biochrom
Biochrom
Merck
Merck
Merck
Merck
Merck
BPS
BioRad
ThermoScientific
Merck
Merck
Merck
Merck
Merck
Merck



D2. Enzymes

BamHI

Sacl

Nhel

T4 DNA ligase

Taq DNA polymerase

D3. Kits

AP Conjugate Substrate Kit
Gel Extraction Kit

pGEM-T Easy Vector System
Plasmid Midi Kit

Ni60 columns

112

NEB
NEB
NEB
ThermoScientific

ThermoScientific

Biorad
ThermoScientific
Promega
ThermoScientific

Takara
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