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ABSTRACT

INVESTIGATION OF PRE-CLINICAL AND PHASE II CLINICAL STUDIES OF
VLP-58-1023-AL-K3-PIl VACCINE FOR ALPHA VARIANT

Berfu Saraydar
M.Sc. in Molecular Biology and Genetics
Advisor: Prof. Dr. ihsan Giirsel

August 2022

In the late December of 2019, SARS-CoV-2, a new coronavirus, was discovered in
Wuhan, China and described as the causative agent of Coronavirus Disease 2019
(COVID-19). The disease has spread rapidly across the world due to its high
transmissibility and has been declared a pandemic by the World Health Organization
(WHO). The development of an effective vaccine has become the most significant issue
to constrain the pandemic. Several COVID-19 vaccines have been authorized for human
use and others are in clinical trials. Although SARS-CoV-2 encodes four structural
proteins, which are Spike (S), Nucleocapsid (N), Membrane (M) and Envelope (E), most
of the current vaccines used only Spike as antigen in order to generate antibodies for
preventing the virus entry and replication. However, concerns have raised about Spike-
based vaccines with the emerging of variants as they can moderately escape from
neutralizing antibodies. For these purposes, we developed Virus-like particle (VLP)
vaccine which displays hexaproline prefusion-stabilized spike (S-6p), N, M, E proteins,
and adjuvanted with Alum and K3-CpG ODN. Rather than using wild type, we preferred
to use the sequence of Alpha variant because of its high mortality risk and selection
advantages. At the beginning of the study, we designed three different vaccine
formulations and based on the results of humoral immune response in mice we
determined the optimal formulation and dosage for human use. Our pre-clinical studies
revealed that the best vaccine combination was high dose antigen and low dose
adjuvants. Next, we wondered whether a 3™ dose has an impact on long-lasting
immunity or enhancing immunogenicity in mice so that its applicability to humans could
be determined. It was found that 3™ dose injection increased the antibody levels much
higher than 2" dose administration and prevented humoral immunity from decreasing

after a certain amount of time. Further, both humoral and cellular immunity were studied



with serum and PBMC samples from 117 volunteers who participated in the Phase Il
clinical trial. All IgG ELISA experiments indicated that VLP-58-1023-AL-K3-PIl vaccine
induced great amount of humoral immune responses against S,N proteins and WT,
Alpha, Delta RBDs. In terms of T cell responses, it is known that Alum-induced robust
Th2 response can be redirected to the Th1 axis with the use of CpG ODN. So, we
investigated whether Th1 or Th2 type of cell response was dominant after vaccination.
All cytokine levels specific to SARS-CoV-2 peptides demonstrated that the vaccine
elicited Th1-biased responses. Taken together, this study revealed that VLP-58-1023-
AL-K3-PIl vaccine for Alpha variant successfully elicited both humoral and cellular
immune responses, its effectiveness against other variants was indicated and the
efficiency of vaccine could be increased with the administration of 3" dose, in terms of

ensuring long-lasting immunity.

Keywords: SARS-CoV-2, Virus-like particles, vaccines, CpG ODN, Alum, humoral

immunity, cellular immunity



OZET

VLP-58-1023-AL-K3-PIl ASISININ ALFA VARYANTI ICIN KLINIK ONCESI VE FAZ II
KLINIK CALISMALARININ ARASTIRILMASI

Berfu Saraydar
Molekuler Biyoloji ve Genetik, Yiksek Lisans
Tez Danismani: Prof. Dr. ihsan Giirsel

Adustos 2022

2019 yilinin aralik ayinin sonlarinda, yeni bir koronaviris olan SARS-CoV-2, Cin'in
Wuhan kentinde kesfedildi ve Coronavirus Hastaligi 2019'un (COVID-19) etken maddesi
olarak tanimlandi. Hastalik, bulasicihdinin yliksek olmasi nedeniyle tim diinyaya hizla
yayllmis ve Diinya Saglk Orgitii (DSO) tarafindan pandemi ilan edilmistir. Etkili bir
asinin gelistiriimesi, pandemiyi sinirlamak icin en énemli konu haline geldi. Birkag
COVID-19 asisi insan kullanimi igin yetkilendirilmistir ve digerleri klinik deneyler
asamasindadir. SARS-CoV-2, Spike (S), Nukleokapsid (N), Membran (M) ve Kilif (E)
olmak Uzere dort yapisal proteini kodlasa da mevcut asilarin ¢odu, virls girigini ve
replikasyonunu Onlemek amaciyla antikorlar olusturmak icin antijen olarak yalnizca
Spike’t kullandi. Ancak, ortaya c¢ikan varyantlarin nétralize edici antikorlardan belli
derecede kacabildiklerinden Spike bazli asilar konusunda endiseler artti. Bu amaclar
dogrultusunda, heksaprolin preflizyonla stabilize edilmis Spike (S-6p), N, M, E
sergileyen ve Alum ve K3-CpG ODN ile adjuvanlanmig Virls benzeri pargacik (VLP)
asisi gelistirdik. Yabani tip kullanmak yerine, ylksek 6lim riski ve secim avantajlari
tasidigindan Alfa varyanti dizilimini kullanmay tercih ettik. Calismanin basinda Ug farkl
asl formillasyonu tasarladik ve farelerde himoral bagisiklik yanitin sonuglarina
dayanarak insan kullanimi i¢in optimal formilasyonu ve dozu belirledik. Klinik éncesi
¢alismalarimiz, en iyi asi kombinasyonunun ylksek doz antijen ve diisik doz adjuvanlar
oldugunu ortaya koydu. Daha sonra, insanlara uygulanabilirliginin belirlenebilmesi igin
3. dozun uzun sureli bagisiklik Uzerinde veya farelerde immunojenisiteyi artirmada bir
etkisi olup olmadigini merak ettik. 3. doz enjeksiyonun 2. doz uygulamasindan ¢ok daha
fazla antikor seviyesini arttirdigi ve belli bir slire zaman gectikten sonra hiimoral
bagisikligin azalmasini engelledigi bulundu. Daha sonra, Faz Il klinik calismasina katilan
117 gondlliden alinan serum ve PBMC numuneleri ile hem himoral hem de hiicresel
bagisiklik incelendi. Tim IgG ELISA deneyleri, VLP-58-1023-AL-K3-PIl asisinin S, N

\



proteinlerine ve WT, Alpha, Delta RBD'lere karsi blyuk miktarda himoral bagisiklik
yanitina neden oldugunu gosterdi. T hdcresi yanitlari agisindan, Alum kaynakli gugclu
Th2 yanitinin, CpG ODN kullanimi ile Th1 eksenine yeniden yonlendirilebilecedi
bilinmektedir. Bu nedenle, asilamadan sonra Th1 mi yoksa Th2 tipi hicre yanitinin mi
baskin olup olmadigini arastirdik. SARS-CoV-2 peptitlerine 6zgl tim sitokin seviyeleri,
asinin Th1 yanh tepkileri ortaya cikardigini gésterdi. Butiin sonuglar ele alindiginda, Alfa
varyantl VLP-58-1023-AL-K3-PIl asisinin hem hidmoral hem de hiicresel bagisiklik
yanitlarini basarili bir sekilde ortaya cikardigini, diger varyantlara karsi etkinliginin
belirtildigini ve uzun sureli bagisiklik acisindan 3.doz uygulamasi ile asinin etkinliginin

arttirilabilecegini ortaya koymustur.

Anahtar s6zcikler: SARS-CoV-2, virls benzeri pargaciklar, asilar, CpG ODN, Alum,
hdmoral bagisiklik, hiicresel bagisiklk
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CHAPTER 1

INTRODUCTION

1.1. Immune System

The body has to protect itself against infections by pathogens such as bacteria, viruses,
and fungi. As a result of this, the immune system, which is a sophisticated network of
cells and proteins, defends the body with various and numerous strategies. The
mammalian immune system can be divided into two interrelated systems which are
innate and adaptive. These two immune systems are built on the activities of the immune
cells, also termed leukocytes, and emerge from pluripotent hematopoietic stem cells
(HSCs) in the bone marrow. HSCs produce myeloid and lymphoid lineages. B- and T-
lymphocytes, natural killer cells and innate lymphoid cells (ILCs) rise from the lymphoid
lineage whereas the myeloid lineage encompasses neutrophils, eosinophils, basophils,
monocytes, platelets, erythrocytes, mast cells, macrophages and monocytes. Dendritic

cells (DCs) can both arise from myeloid and lymphoid progenitor cells [1].

Both the innate and adaptive immune systems have developed sensing
mechanisms that allow them to identify and discriminate detrimental pathogens from the
host’'s own cells, as well as beneficial organisms [2]. As the first line of the defense
mechanism, pattern recognition receptors (PRRs) in the innate system identify certain
microbial kinds or patterns which are absent within the host [3]. The adaptive system, on
the other hand, is more effective and specific line of defense against pathogens. The
antigen-specific receptors on T- and B- cells are capable of recognizing and responding
specifically to any pathogens and even their variants. In addition to antibody secretion,
adaptive immune system generates an immunological memory so that it can recognize

and eliminate faster when it encounters the same pathogen at another time [4].



1.1.1. Innate Immune System

The innate immune system recognizes and eliminates pathogens so quickly,
even within minutes. Atomic and chemical barriers such as mucosal and epithelial
surfaces try to prevent the entry of pathogen [5]. Antimicrobial proteins, that are secreted
from epithelial cells and phagocytes, are causing bacteria and fungal cell walls and
membranes to be disrupted. Besides, pathogens are targeted by the complement
system, which is composed of plasma proteins, for both lysis and phagocytosis [6]. If
pathogens pass through the physical and chemical barriers, the immune cells are
activated by PRRs which detect pathogen-associated molecular patterns (PAMPSs) or
danger-associated molecular patterns (DAMPs). After recognition, phagocytic cells like
macrophages and neutrophils can kill pathogens. If innate immunity fails, the adaptive
immune system can be initiated by the production of chemokines, cytokines and

upregulation of co-stimulatory molecules.

1.1.1.1. Pathogen Recognition Receptors (PRR)

In order to recognize pathogens such as bacteria and viruses, the immune
system has receptors called PRRs which are trained to detect PAMPs and DAMPs.
Some PRRs are located on the cell surface where they can identify extracellular
pathogens like bacteria and fungi by macrophages and neutrophils. Other PRRs can be
found in the endosomes where they detect intracellular pathogens like viruses [1]. Also,
they can be situated in the cytosol as well as in the bloodstream and intestinal fluids.
PRRs can be classified into four families: Toll-like receptors (TLRs), C-type lectin
receptors (CLRs), Retinoic acid-inducible gene (RIG)-I-like receptors (RLRs) and NOD-
like receptors (NLRs) [7]. PRRs can be expressed in antigen-presenting cells (APCs)
like macrophages and dendritic cells and also other immune and non-immune cells.
Once they are activated, they trigger an inflammatory response which activate the
induction of type | interferons (IFNs), chemokines, anti-microbial proteins and pro-

inflammatory cytokines [8].



1.1.1.1.1. Toll-Like Receptors (TLRs)

Toll, which is a receptor transmembrane glycoprotein, was first identified in
Drosophila melanogaster as it is responsible for embryonic dorso-ventral polarity
development. Later, 10 human and 12 mice TLRs was discovered that each TLR
recognizes different patterns of pathogens [7]. Some TLRs (TLRs 1, 2, 4, 5, and 6) are
located on the cell surface and other TLRs (TLRs 3, 7, 8, and 9) can be found on the
endosomal membrane [9]. Extracellular domains of TLRs contain different number of
leucine-rich-repeat (LRR) motifs and TIR domain in their cytoplasmic tail. When TLRs
are activated, TIR-domain containing adaptors such as Myd88 and TIRAP are recruited
to the receptor and a signaling cascade become triggered. The signaling events lead to
the activation of activator protein (AP-1) transcription factor, which is significant for the
expression of cytokines, and interferon regulatory factor (IRF), nuclear factor k-light-
chain-enhancer of activated T-cells (NF-kB) which induce proinflammatory cytokines

and type | IFNs [6]. TLR signaling pathway is illustrated in Figure 1.1.1..

TLR1, TLR2, TLR4, TLR5 and TLR6 are known as mammalian cell surface TLRs.
TLR2 heterodimerizes either with TLR1 or TLR6 and they recognize triacylated
lipopeptides of Gram-negative bacteria and diacylated lipopeptides of Gram-positive
bacteria respectively [10]. They are expressed in monocytes, DCs, eosinophils,
basophils, and mast cells. TLR4, which is the receptor for lipopolysaccharide (LPS),
requires an accessory protein MD-2 and found on macrophages, DCs, eosinophils and
mast cells [11]. TLR5 detects flagellin, which is a protein of bacterial flagella, and
expressed on intestinal epithelium, macrophages and DCs [10]. TLR3, TLR7, TLR8 and
TLR9 are known as mammalian endosomal membrane TLRs and recognize nucleic
acids [12]. TLR3 senses double-stranded RNA of viruses and is found in conventional
dendritic cells, macrophages and intestinal epithelial cells [13]. Both TLR7 and TLR9 are
located in plasmacytoid DCs (pDCs), macrophages, eosinophils and B cells whereas
TLRS8 is expressed in macrophages and neutrophils [12]. TLR7 and TLR8 function as
receptors for single-stranded RNA (ssRNA) [14] . Unmethylated CpG in bacterial DNA
is recognized by TLR9 [15]. Detailed explanation of CpG was given in Section 1.5.2 as

it was used as an adjuvant in this study.
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Figure 1.1.1. TLR Signaling pathway [16].

1.1.2. Adaptive Immune Systems

Although the innate immune system has evolved to detect and eliminate
pathogens, pathogens may overwhelm this defense mechanism. The adaptive immune
system has been counter-evolved due to incredibly high diversity of antigen epitopes
and the capacity of pathogens to quickly change their antigenic phenotype. The main
functions of the adaptive immune system include recognizing “non-self’ antigens and
identifying them from “self” antigens, eliminating pathogens and pathogen-infected cells
by providing specific effector pathways and developing an immunological memory [4].
This complex defense mechanism relies on B and T lymphocytes (B and T cells), which
readjust specific DNA sequences in different combinations during development, thus B
and T cell receptors and antibodies can be produced in an almost infinite diversity by the
cells [17].

T cells develop from bone marrow and mature in the thymus. They express T cell
receptor (TCR) in their membrane and recognize antigens by APCs. In order to activate
TCR, major histocompatibility complex (MHC), found on the surface of APCs, requires

forming a complex with antigen so that cytokines can be secreted by T cells for
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controlling the immune response [4]. T cells differentiate into either cytotoxic T cells
(CD8+ cells) or T-helper (Th) cells (CD4+ cells) as a result of antigen-presentation.
Cytotoxic T cells secrete granzymes and perforins in order to kill infected cells by
undergoing apoptosis [5]. T-helper cells contribute to the activation of cytotoxic T cells,
B cells in producing antibody response, macrophages and dendritic cells [18]. A subset
of T-helper cells called regulatory T (Treg) cells prohibit other immune cells by producing

suppressive proteins [19].

B cells both develop from and mature in bone marrow. They express antigen-
binding receptor on their membrane; therefore, they do not need APCs to recognize
antigens [4]. The generation of antigen-specific immunoglobulin (lg) targeted against
pathogens is mediated by B cells. Once they are activated by antigens, B cells, with the
assistance of T cells, can differentiate into IgM-secreting plasma cells. These cells are
short-lived but with class-switch recombination, IgG, IgA and IgE can be produced [20].
Also, B cells can differentiate into memory B cells, thus immune system can react quickly

when it exposes to the same pathogens.

1.1.2.1. CD8+ T cells

Virus-infected or malignantly transformed cells are ingested by phagocytic cells
and their material was breakdown, peptide antigens were presented in both class | and
class Il MHC alleles. CD8+ T cells encounter with these phagocytic cells in the lymph
nodes. CD8+ T cell differentiation begin when they are activated by the interaction of
peptide-MHC class | complexes with TCR [21]. In order to exit the circulation and enter
tissues, CD8+ cells alter their integrin and chemokine receptor expression and search
for host cells expressing the same antigen that triggered CTL activation by the APC [22].
Once they found, TCR of the CTL is triggered again by peptide-MHC class | complex on
the target cells. CD8+ T cells kill infected cells by three different ways: indirect killing,
inducing apoptosis and direct killing. Firstly, they can destroy infected cells by releasing
cytokines such as IFN-y and tumor necrosis factor-a (TNF-a). Inhibition of viral
replication, increase of MHC class | expression, which enhance the stimulation of TCR
by the cells, are provided by IFN-y. TNF-a binds its receptor on the target cell to activate
caspase cascade which causes apoptosis. Also, it synergizes with IFN-y to activate
macrophages. Secondly, when Fas ligand, which is expressed on the surface of CD8+
T cells, binds to Fas on the surface of target cells, this binding leads to apoptosis through
caspase cascade activation [23]. Thirdly, CD8+ T cells contain specialized granules

which consist of effector proteins such as perforins and granzymes. When CTL releases
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these cytotoxic granules, perforin assists the entry of granzyme to the target cell by

forming a pore in the membrane of target cell and granzyme promotes cell-death [24].

1.1.2.2. CD4+ T cells

CD4+ T cells have many roles in the function of the immune system. They assist
B cells in the production of antibodies, improve the response of CD8+ T cells, regulate
the function of macrophages and coordinate immune response against pathogens and
are critical for immunological memory [21]. Unlike CD8+ T cells, CD4+ T cells are
activated by the interaction of antigen and MHC Class Il molecules [26]. When they are
activated, they can differentiate into various subsets of effector T cells: T helper 1 (Th1),
Th2, Th17, Treg and follicular helper T (Tfh) cells. Th1 cells are significant for
inflammation and the activation of macrophage whereas Th2 cells are critical for allergic
responses. Th17 cells has a role in inflammation and Treg cells function in regulating

and suppressing inflammatory responses [21]. Tth cells provides germinal center help.

CD4+ T cell subsets are primarily determined by transcription factors. Type | IFN
and interleukin 12 (IL-12), which express T-bet transcription factor, stimulate Th1
response and produce IFN-y and TNF [26]. Th2 differentiation is significantly determined
by the cytokine IL-4. Th2 express GATAS transcription factor and IL-4, IL-5, and IL-13
are markers for these cells [27]. IL-6 and TGF- 8 promotes Th17 differentiation and they
are defined by the expression of the retinoic acid receptor—related orphan receptor t
(ROR-t) and they produce IL-17A, IL-17F and IL-22 [28]. Treg differentiation is mediated
by IL-2 and TGF- B, they express FOXP3 transcription factor and produce IL-10. Tfh
cells are described by expression of BCL-6 and production of IL-4, IL-21. CD4+ T cell

subsets are illustrated in Figure 1.1.2..
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Figure 1.1.2. T cell subsets of CD4+ T cells [26].

11.2.2.1. Th1 Pathway Cellular Immune Response

In order to fight with intracellular pathogens, Th1 cells activate natural killer cells,
macrophages and also CD8+ T cells. Th1 cells also trigger immunoglobulin class
switching in B cells, resulting in the generation of immunoglobulin G (IgG) antibodies
which facilitate viral and extracellular bacterial clearance [29]. Antigen features, cytokine
microenvironment and co-stimulatory signals that are presented by APCs support Th1
differentiation. IFN-y and IL-12 are the two signature cytokines that promote
differentiation of Th1 cells. Th1 cells mainly produce IL-2, IFN- y and TNF. IL-2 increases
CD8+ T cell proliferation and the development of a cytolytic phenotype. Aside from its
activity as a T cell growth factor, IL-2 was discovered to enhance the formation of CD8+
memory cells following antigen priming, hence contributing to a powerful secondary
immunological response [30]. IFN-y can act as a signal transducer and activate STAT-1
transcription pathway, resulting in the production of T-bet which increases IFN-y
expression and the downregulation of IL-4 expression that enhances Th2 differentiation
[31]. Also, IFN-y has impacts on APCs which activate macrophages to contribute the

production of IL-12. As a result, a positive feedback loop is formed which IL-12 drives



developing Th1 cells to release IFN-y, which in turn promotes APCs to make more IL-
12. IL-12 is a potent heterodimeric cytokine released largely by activated macrophages
in response to infection by viruses and bacteria [28]. The binding of IL-12 to its receptor
triggers the STAT4 signaling pathway, resulting in the generation of IFN-y. The
IL12/STAT4 pathway promotes IL-18R expression. IL12, in conjunction with [L18,
stimulates IFN-y production regardless of TCR activation, hence establishing a

mechanism for improving Th1 response [24].

1.1.2.2.2. Th2 Pathway Humoral Immune Response

Th2 cells, which produce IL-4, IL-5, IL-6, IL-9 and IL-13, are essential for the
immune response to extracellular parasites [32]. When naive T cells are exposed to IL-
4 during T-cell priming, Th2 responses are produced. Once IL-4 binds to its receptor, it
triggers STATG6 transcription pathway, resulting in the production of GATA-3 which
increases IL-4, IL-5, and IL-13 expression [33]. Since eosinophils and their precursors
have substantially greater levels of IL-5R expressed on their surface, IL-5 primarily
targets them, resulting in prevention of apoptosis. IL-6 can stimulate CD4+T cells to
generate IL-4, which may act in an autocrine fashion to enhance Th2 differentiation. Th1
development is inhibited by IL6-induced increase of suppressor of cytokine signaling-1
(SOCS-1) expression, which inhibits STAT1 activation [33]. IL-9 has a role in the
immunopathogenesis of asthma. It stimulates the activity mast cells, B cells, eosinophils,
neutrophils, and airway epithelial cells. IL-13 receptor comprises the IL-4Ra chain, and
it signals through STAT6 [31]. Besides, IL-13 can partially replace IL-4 in enabling
isotype flipping to IgE and IgG1 in B cells.

1.2. COVID-19 Disease

In December 2019, a new coronavirus known as severe acute respiratory
syndrome coronavirus 2 (SARS-CoV-2) was first found in Wuhan, China and triggered
an outbreak of atypical viral pneumonia. This new coronavirus disease, also known as
coronavirus disease 2019 (COVID-19), has spread rapidly over the world due to its high
transmissibility [34]. In March 2020, World Health Organization (WHO) was declared
COVID-19 as a pandemic.

SARS-CoV-2 has a lot in common with SARS-CoV and Middle East respiratory
syndrome-CoV (MERS-CoV), which are its closest homologs. The virus—host contact of
SARS-CoV-2 is identical to that of SARS-CoV, and utilizes the same receptor,
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angiotensin-converting enzyme 2 (ACE2) [35]. The virus transmits from person to person
mostly by respiratory secretions, such as droplets produced by coughing, sneezing or
talking [36]. COVID-19 has a wide spectrum of clinical features, from asymptomatic or
moderate iliness to severely ill individuals in life-threatening situations. Fever, shortness
of breath, dyspnea, cough, and exhaustion are the most common symptoms of the
disease [37].

1.3. Severe Acute Respiratory Syndrome 2 (SARS-CoV-2)

SARS-CoV-2 is a single-stranded positive-sense RNA virus of approximately 30
kB in size, belongs to the Coronaviridae family, in the order of Nidovirales [37]. It has
79% similar genome sequence with SARS-CoV and 50% with MERS-CoV. There are
six open reading frames (ORFs) that are positioned from 5’ to 3’ in the following order:
replicase (ORF1a/ORF1b), spike (S), envelope (E), membrane (M), and nucleocapsid
(N) [34]. SARS-CoV-2 virions are spherical and vary in size from 60 to 140 nanometers
and the S proteins reside on the surface, lipidic envelope contains M and E proteins,
while the genetic material that causes replication is located inside the virion and is

attached together with N protein [35].

The SARS-CoV-2 infection and life cycle begin when then the virus binds
specifically to the cell membrane of the host. The interaction between S protein of the
virus and cell surface receptor ACE2, together with S protein priming by the serine
protease, TMPRSS2, allow viral uptake and fusion at the cellular membrane [38].
Following entrance, genomic RNA is uncoated and released into cytosol and immediate
translation of ORF1a and ORF1b, which are two major open reading frames, starts.
Then, replication transcription complexes (RTC) are formed by this translation and
polyprotein processing. To preserve the nascent genome and newly generated sub-
genomic mRNAs, the replicase complex begins to synthesize viral RNA in a
microenvironment created by intracellular vesicular structures. The production of
accessory proteins for the suppression of antiviral host cell responses is provided by
these sub-genomic mMRNAs. When the nucleocapsid-nascent genomic RNA complex is
produced, translated structural proteins translocate to the endoplasmic reticulum
membrane to be destined to the ER-Golgi intermediate complex (ERGIC) for initializing
virion formation [39]. The newly generated genomic RNA leads to budding into the lumen
of the secretory vesicle compartment [36]. Finally, exocytosis allows virions to be

secreted from the infected cell.



1.3.1. Structural Proteins of SARS-CoV-2

SARS-CoV-2 genome encodes four structural proteins which are Spike,
Nucleocapsid, Membrane and Envelope. All of these proteins are necessary to generate
a structurally complete virus particle and they have different functions. S proteins are
found on the surface of the virus whereas M and E proteins are embedded in the lipid
bilayer of the host membrane which encapsulate the helical nucleocapsid containing
viral RNA [40]. Structure of the SARS-CoV-2 is depicted in Figure 1.3.1..

The 180-200 kDa Spike protein is composed of the extracellular N-terminus, the
transmembrane (TM) domain, and the intracellular C-terminus. It is usually in a
metastable pre-fusion conformation; nevertheless, when the virus contacts with the host
cell, the S protein undergoes substantial structural rearrangement, enabling the virus to
merge with the cell membrane of the host. To avoid being detected by the host immune
system upon entrance, spikes are coated with polysaccharide molecules. SARS-CoV-2
S is comprised of the S1 and S2 subunits, as well as a signal peptide at the N-terminus.
The S1 subunit has an N-terminal domain and a receptor-binding domain (RBD),
whereas the S2 subunit has the fusion peptide (FP), heptapeptide repeat sequence 1
(HR1), HR2, TM domain, and cytoplasm domain [41]. The S protein promotes virus
entrance by attaching the S1 subunit to the host cell receptor, ACE2, via S1 RBD,
whereas the S2 subunit promotes viral-cell fusion between the viral membrane and the
cell membrane [42]. The Nucleocapsid is one of the abundantly expressed protein in
host cells and highly conserved among other types of Coronaviruses. The N-terminal
domain (NTD) and C-terminal domain (CTD) of the N protein bind to the virus RNA and
assist ribonucleocapsid (RNP) packaging which is significant for virion formation.
Moreover, N protein has diverse significant activities in host cellular machinery such as
inhibition of interferon, apoptosis and RNA interference, hence plays a regulatory
function in viral life cycles [43]. The Membrane proteins are abundantly expressed in
the viral membrane, and interact with other viral components including S, N and viral
RNA. The M protein assists to stabilize N proteins which facilitates viral assembly,
interacts with E protein for virion release [44]. Also, it mediates inflammatory responses
in hosts by forming ribonucleoproteins [45]. The Envelope protein is a small integral
membrane protein comprised of NTD, hydrophobic domain, and a C terminal chain. The
majority of the protein is found at the intracellular trafficking site, where it helps viral

budding and also viral assembly by forming viroporins and budding [46].
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Figure 1.3.1. Structure of the SARS-CoV-2 [40].

1.3.2. SARS-CoV-2 Variants

New variants that are either more or less infectious than the original form
emerged due to rapid transmission and circulation of SARS-CoV-2 across the world. The
Center for Disease Control (CDC) classifies SARS-CoV-2 variations into three groups:
variants of interest (VOI), variants of concern (VOC), or variants of high consequence
(VOHC), based on their risk of developing severe disease with significant death, high
infectivity rate, or diminished SARS-CoV-2 antibodies response derived from past
infection or immunization [47]. To date, there are five variants which are classified as
variants of concern: B.1.1.7 (UK, Alpha variant), B.1.351 (South Africa, Beta variant),
P.1 (Brazil, Gamma variant), B.1.617.2 (India, Delta), and B.1.1.529 (Omicron variant).

The B.1.1.7 variant contains 23 mutations which the most significant mutations,
that alter the biological features of the virus, are D614G, N501Y and P681H in the Spike
protein [48]. These mutations cause an increase in the interaction between ACE2
receptor and RBD, and also 56% more transmissibility because of the enhanced viral
replication and cleavage of Spike protein [49] [50]. The S RBD mutations K417N, E484K,
and N501Y and five N terminal domain mutations are shared by B.1.351 and P.1 variants

[51]. These mutations provide an advantage to escape from neutralization and increase
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transmission rate to the SARS-CoV-2 [52]. Besides, these variants are associated with
decreased vaccine efficiency [53]. B.1.617.2 variant has L452R, T478K mutation at
RBD, D614G mutation at S1 subunit and P681R at Furin cleavage site [54]. With the
emergency of this variant, the hospitalization rates, transmissibility and viral load
increased [55]. Recently, a new variant which is B.1.1.529 was discovered with more
than 30 mutations in S protein, in total 50 mutations [56]. Although the virus improves
its evolutionary advantages in order to boost the ACE2-RBD binding affinity and to avoid
antibody protection, the variant does not affect the severity of the disease and

hospitalization rate [57].

Since the diversity of SARS-CoV-2 variants expands and shifts faster than
epidemiological investigations, the need for vaccines which provide protection against
reinfection among vaccinated people and variant-specific neutralizing activity become

the highest priority.

1.3.3. Immune Responses against SARS-CoV-2

SARS-CoV-2 can be detected by TLR3, TLR7, and TLR8 or cytosolic RNA
sensors, such as the retinoic acid-like receptors, RIG-I and melanoma differentiation-
associated protein 5 (MDA5), which then activate the mitochondrial antiviral signaling
protein (MAVS), resulting in the generation of an antiviral response [58]. TLRs trigger
the NF-xB pathway, as well as a large variety of pro-inflammatory cytokines, which play
a key role in virus-induced inflammation, chemokines and IFNs [59]. A substantial IFN
production is required for the innate immune response to protect the host against the
virus during the early stages of infection. Once IFNs are released, binding of the
interferon receptors (IFNAR1/2) activate JAK1-STAT1/2 dependent transcription of
chemokines and interferon-stimulated genes (ISGs), resulting in systemic immunity and
limiting the virus replication [60]. Moreover, a controlled cytokine release is essential for
infection resolution, but excessive levels of proinflammatory and antiviral mediators such
as IL-6, IL-8, IL-17, TNF-a and IFN-y can result in a cytokine storm, which causes severe
symptoms in SARS-CoV-2 patients [61].

When SARS-CoV-2 reaches the respiratory epithelial cells, T cells recognize viral
peptides via MHC Class | molecules to generate CD8+ T cells which in turn proliferate
and produce virus-specific effector and memory T cells [62]. Infected cells can be lysed
by CD8+ T cells with the help of perforin and granzymes. Antigen-presenting cells,

mostly dendritic cells and macrophages, identify entire virus and viral particles for a short
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period and through the interaction of TCR and MHC Class Il molecules CD4+ T cells
recognize viral peptides and induce T cell differentiation [63]. Additionally, CD4+ T cells
assist the development of B cells, which can recognize S, N, RBD and accessory
proteins of the SARS-CoV-2, into plasma cells (PCs) and enhance the generation of
virus-specific antibodies of the IgM, IgA, and IgG isotypes [64]. Since T cells play role in
the production of neutralizing antibodies, which are thought to be significant adaptive
immunity mediators for viral clearance and infection prevention, levels of neutralizing
antibodies after vaccination are regarded to be the gold standard for determining efficacy

of vaccine [65].

1.4. Current Vaccines against SARS-CoV-2

When the vaccine is injected into the muscle, the protein antigen is picked up by
dendritic cells, which are triggered by the adjuvant through PRRs, and subsequently
transported to the draining lymph node. T cells are activated by the interaction between
TCR and MHC molecules, which present peptides of the vaccine antigen, on dendritic
cells. Then, T cells stimulate B cell growth in the lymph node in conjunction with soluble
antigen signaling through the B cell receptor (BCR). The maturation of the antibody
response improves antibody affinity and induce distinct antibody isotypes occurs as a
result of B cell growth. Within two weeks, serum antibody levels rise rapidly due to the
development of plasma cells that generate antibodies specific for the vaccine protein
[66]. Memory B cells, CD8+ effector and memory T cells are also generated. The process

of a vaccination eliciting an immunological response is depicted in Figure 1.4.1..
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Figure 1.4.1. The process of a vaccination eliciting an immunological response
[66].

COVID-19 vaccines have been trying to be developed by researchers all over
the world since the pandemic began. According to WHO, there are currently 149
vaccines are in clinical development and 195 vaccines are in pre-clinical development
(Figure 1.4.2) [67]. During the COVID-19 pandemic, several vaccine candidates have
been developed utilizing various platforms. These candidates are divided into different
platforms, which include traditional techniques like inactivated or live attenuated viruses,
protein subunits, virus-like particles and next-generation technologies like viral vectors
and nucleic acid-based antigens like DNA and mRNA [68]. CoronaVac (Sinovac Biotech,
China) is an inactivated vaccine adjuvanted with Alum that is made by generating the
SARS-CoV-2 virus, which S protein is expressed on the surface of the vector, in cell
culture and then chemically inactivating it [69]. Novavax (NVX-CoV2373, US) is an
example of protein subunit vaccine which generated from full-length Spike protein, that
has been stabilized in a prefusion conformation, and adjuvanted with Matrix-M [70].
There are four replication-incompetent vector vaccine candidates against SARS-CoV-2:
Ad5-nCQOV (CanSino Biologics, China), Sputnik V (Gamaleya, Russia), Ad26.COV2.S
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(Janssen/Johnson & Johnson, The Netherlands, US), ChAdOx1 nCoV-19 (University
Oxford/Astra Zeneca, UK). These candidate vaccines express Spike protein and use
non-replicating Ad5 vector, recombinant serotype 26 and serotype 5 adenoviral vectors,
non-replicating Ad5 vector and chimpanzee adenovirus vaccine vector respectively [71]
[72]. BNT162b1/BNT162b2 (BioNTech/Pfizer, Germany/US) and mRNA-1273
(Moderna, US) use mRNA technology for developing the SARS-CoV-2 vaccine.
BNT162b1 encodes RBD of the Spike protein whereas BNT162b2 and mRNA-1273
codes for prefusion stabilized Spike protein and all of them are formulated with lipid
nanoparticles [73] [74]. Clinical trials of these mRNA vaccines demonstrate that they
have higher efficacy, 95% and 94.50% respectively, among 149 candidate vaccines who

are in clinical trials [75].

) 50 100 150 200 250 300 350 400
Vaccines in pre-clinical development W Vaccines in clinical develop ment
Platform Candidate vaccines (no. and %

PS Protein subunit 48 32%
VWnr Viral Vector (non-replicating) 21 14%
DNA DNA 16 1%

v Inactivated Virus 21 14%
RNA RNA 27 18%
VWr Viral Vector (replicating) 4 3%
vLP Virus Like Particle 6 4%

VVr + APC VVr + Antigen Presenting Cell 2 1%
LAV Live Attenuated Virus 2 1%
VWnr + APC WVnr + Antigen Presenting Cell 1 1%
BacAg-SpV Bacterial antigen-spore expression vector 1 1%

Figure 1.4.2. COVID-19 tracker data summary [67].

1.4.1. Virus-Like Particles (VLPs) and VLP vaccines

Virus-like particles (VLPs) are virus-derived nanostructures composed of one or
more proteins that can assemble themselves, resemble the shape and size of a virus
particle. Since VLPs do not contain the genetic material of the virus, they cannot infect
the host cell [76]. Besides, their size varies, mostly ranging from 20 to 200 nm which is
ideal for draining themselves into lymphatic nodes and uptaking by APCs. VLPs are

divided into two categories: enveloped and non-enveloped. Non-enveloped VLPs do not
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have lipid envelope and are generally composed of single or several self-assembled
pathogen or viral protein structures constituents [77]. On the other hand, enveloped
VLPs are made up of an envelope, which is derived from the host cell, and viral proteins
on the outside surface. Also are more adaptable since they address antigenic epitopes
from the same or different viruses [78]. VLPs can significantly trigger humoral and
cellular immunity. DCs are activated in the first stage by binding VLPs to PRRs. After
that, VLPs are internalized in the cytoplasm of DCs and introduced to cytotoxic T cells
and helper T cells via MHC class | and class |l molecules, respectively [79]. Also, they
can stimulate the proliferation of CD4+ and CD8+ cells as well as B cells, which regulate

the antibody response (Figure 1.4.3.)

In principle, there are three phases to produce of VLP-based vaccines: First, the
interested viral structural genes are cloned and viral proteins, that has the ability to self-
assemble, expressed in an appropriate expression platform such as HEK293T cell line
[80]. Then, harvested and lysed cells were clarified to eliminate cell debris and
aggregates [81]. Additional purification processes such as ion-exchange
chromatography and ultracentrifugation are required to acquire intact and pure VLPs
[82]. After removing any remaining host cell proteins and nucleic acids, product is filtered
and formulated for developing an effective candidate vaccine [80]. Previously, VLP
technology was used to target several viruses such as human immunodeficiency virus
(HIV), Hepatitis E virus (HEV), Hepatitis B virus (HBV) and Hepatitis C virus (HCV) [83].
During the SARS-CoV-2 outbreak, VLP is one of the platforms for developing a
candidate vaccine. To date, there are six vaccines which are in clinical development.
Among them, CoVLP (Medicago Inc.), which is a plant-based VLP vaccine and consists
of the full-length S glycoprotein of SARS-CoV-2, is under phase lll clinical trials [84].
Another candidate VLP vaccine was developed by Middle East Technical
University/Bilkent University which consist of all four proteins of SARS-CoV-2 and

completed Phase Il clinical trial [85].
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Figure 1.4.3. Induction of Humoral and Cellular Imnmune Responses by VLPs [77].

1.5. ADJUVANTS

Adjuvants are components which able to boost and/or alter antigen-specific
immune responses in the context of vaccines [86]. Adjuvants may exploit the activation
of the innate immune system to improve or regulate antigen-specific immunity. They
increase local proinflammatory cytokine production through stromal cells, activate local
mast cells, and induce localized apoptosis which all lead to increased antigen-specific
adaptive immune responses as a result of activation and improved trafficking of APCs
and lymphocytes to the draining lymph node [87]. The physical and chemical natures of
the vaccine antigen, intended immune response, the age of the target group,
and vaccine administration route can all influence adjuvant and formulation decision
[88]. Adjuvants with specific characteristics may be required depending on the intended
properties of vaccine. There are several different types of adjuvants being used in
vaccines, which are categorized based on their composition and how they interact with
the immune system, include: Alum, liposomes, virosomes, emulsions, cytokines, Toll-
receptor agonists and immune-stimulating complexes (ISCOMs) [89]. Since the vaccine
candidate in this study was adjuvanted with Alum and CpG, which is a Toll-receptor

agonist, we will focus on these two adjuvants.
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1.5.1. Alum

Aluminum salts, which are made up of crystalline nanoparticles that aggregate
to produce a heterogeneous distribution of particles measuring several microns, have
been used as adjuvants in human vaccinations for decades [88]. They have a high
charge and are good at adsorbing antigens and immunomodulatory chemicals. Alum
serves as an antigen depot, antigens in vaccines bind to Alum and elute from it after
being injected into the host [90]. It works as a mild irritant, inducing leukocytes
recruitment to the injection site, which is required for the formation of an immunological
response [91]. Antigen adsorption on to Alum enhances immunogenicity and antibody
response. Th-2 type responses including IL-4, IL-5, IL-6, and IgG1 secretion are induced
by Alum [92]. Besides, it may contribute to the stimulation of proinflammatory cytokines
by generating inflammasome and targeting NOD-like receptor protein 3 (NLRP3) in
macrophages and DCs [93]. Antibody responses were mediated by a mechanism
independent of TLR signaling [94]. Alum can also boost adaptive immunity by generating
tissue damage that activates inflammatory DCs through uric acid [95]. Alum injection
attracts neutrophils which generate chromatin-based neutrophil extracellular traps
(NETs) [96]. It causes apoptosis, which releases DNA and activates STING—IRF3, which
is required for IgE antibody and Th2 cell responses [97].

1.5.2. CpG ODN

TLR9, which is expressed by B Ilymphocytes, DCs, and macrophages,
recognizes unmethylated CpG in bacterial DNA [62]. Synthetic oligodeoxynucleotides
(ODNs) with unmethylated CpG patterns mimic bacterial DNA's capacity to trigger the
innate immune system via TLR9 [63]. There are four types of synthetic CpG ODN, each
with its own structural and biological features. K-type ODNs induce pDCs differentiation
and TNF-a production, as well as B cell proliferation and IgM secretion [98]. D-type
ODNs stimulate the maturation of pDCs and the secretion of IFN-a but have no impact
on B cells [99]. C-type ODNs induce B cell for IL-6 secretion and pDCs for IFN-a
production [100]. When compared to C-type ODNs, P-type ODNs activate B cells and
pDCs and produce much more IFN-production [101]. In this study K-type CpG ODN was

used because of its scalability and efficacy for immunological activation.

Mature B cells enter the G1 phase of the cell cycle after the activation of TLR9
by K-type CpG ODN which leads to IgG2a class-switching, secretion of proinflammatory
cytokines and production of antibodies independently of T cells [102]. Besides, B cells

are stimulated by CpG activation to express more Fc receptors and co-stimulatory
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molecules such as class [ MHC, CD80, and CD86 [98]. CpG ODN can boost naive B-
cell survival by triggering IgM production [103]. Furthermore, K-type CpG ODN promotes
pDCs to express more MHC class Il, ICAM-1, CD40, CD54, CD80, and CD86 on their
surfaces and also trigger the production of numerous cytokines and chemokines such
as TNF-a, IL-6, IL-8, IP-10 [102]. TLR9 is expressed on DCs and Langerhans cells
originating from the bone marrow, and it is triggered by K-type CpG ODN to produce IL-
12 and IL-6 [104]. As a result, in the secondary lymphoid organs, K-type CpG establish
a Th1-biased immunological environment that boost cross-priming of cytotoxic T cells,

promotes NK cell activation, and enhances Ab responses [105] [106].

1.6. Clinical Phase Trials

Vaccine development takes 10-15 years, and the process starts with years of
experimental work on vaccine formulation and assessment in animal models. This is
followed by the design of the vaccine production, toxicological studies which takes 2-4
years [107]. After applying for an investigational new drug (IND), clinical trials consisting
of 4 phases begin. These phases are used to determine a drug's safety and maximum
tolerated dosage (MTD), as well as human pharmacokinetics and pharmacodynamics,
and also drug—drug interactions [108]. After successfully completed each phase, a
biologics license application (BLA) is summitted which is reviewed by the regulatory

agencies and finally large-scale production starts.

Clinical trials are a type of study that analyzes the effects of novel tests and
treatments on human health outcomes. Besides, these ftrials involve volunteers to
evaluate medical interventions such as drugs, vaccines, and other biological products,
surgical processes and behavioral therapies [109]. Additionally, clinical trials are often
carried out in stages that build on one other [110]. Each step is intended to provide

answers to specific questions.

Human tests of a vaccine candidate's acceptable safety and reactogenicity are
carried out in 'Phase I' clinical trials [111]. As the primary outcome in this phase, safety
and tolerability are assessed at both the local and systemic levels. The study is
conducted to determine the maximum dose of a new medication that may be safely
administered without generating serious adverse effects, therefore, dose-ranging (low
dose, high dose) experiments are carried out [112]. These studies are frequently
designed as single-center, randomized, double-blind, placebo-controlled investigations
[113]. Because the ftrials only involve a limited number of individuals (20-80), the

statistical analysis is mostly descriptive and exploratory.
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A vaccine candidate is then progressed into phase Il clinical trials if the findings
are promising, and the candidate is found to be safe. The purpose of this phase is to
indicate the immunogenicity of the relevant active component(s) and the safety profile of
a candidate vaccine in the target population, as well as to determine the best dosage
and starting schedule [113] [114]. The dose and number of doses, the time between
doses, and the administration route are all determinants of therapeutically relevant
vaccination regimens [108]. Statistical studies are carried out, and the proportion of
responders should be specified and characterized using predetermined immune

response criteria such as antibodies and/or cell-mediated immunity.

The effectiveness and safety of formulation(s) of the immunologically active
component(s) must be examined in the large-scale target population in a Phase 1l study,
which is designed to produce a critical conclusion required for marketing authorization
[115]. Phase Il clinical trials enroll 300 to 3000 volunteers and efficacy trials are
randomized, double-blind and placebo-controlled [116]. The clinical result is highly
suggested as a criterion for evaluating effectiveness. As a result, serological data is often
gathered at predetermined intervals from at least a portion of the vaccinated population.
Phase IV studies are conducted after a country's permission, and more testing in a large

population over a longer period of time is required.

The SARS-CoV-2 pandemic needed immediate action and vaccine development
in an extraordinary period. Because of the unprecedented speed, governments have
had to create a new approval procedure in order to assure the safety, efficacy, and
controlled quality of new vaccines [117]. Preclinical data from vaccine candidates for
SARS-CoV and MERS-CoV allowed the first phase of investigational vaccine design to
be abandoned entirely, saving a significant amount of time. Clinical stages overlapped
and trial commencement were staggered in the studies, with initial phase I/l trials
followed by quick transition to phase lll trials after intermediate review of phase /Il results
[107]. Several vaccine manufacturers have already begun production of vaccines
despite the lack of findings from phase Il studies. The whole process decreased 15
years to 1.5 years. The comparison of vaccine development process for traditional and

SARS-CoV-2 vaccine development is illustrated in Figure 1.6.1..
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Figure 1.6.1. Vaccine development processes, both traditional and accelerated
[107].

1.7. Aim and Outline of the Study

In order to control the COVID-19 pandemic, effective vaccines need to be
developed quickly. Several highly efficient SARS-CoV-2 vaccines have been authorized
for human use, and others are presently being tested in clinical trials. A candidate VLP
vaccine was development by our (Prof. Dr. ihsan Giirsel, Bilkent University) and Prof.
Dr. Mayda Gursel’'s group (Middle East Technical University). VLPs were produced to
express the structural proteins N, M, and E and hexaproline prefusion-stabilized Spike
(S-6p) of SARS-CoV-2, and were adsorbed with Alum and mixed with a K3 CpG ODN
as vaccine adjuvants to increase immunogenicity and promote both humoral and cellular
immunity [85]. Since the SARS-CoV-2 mutates and generates new variants naturally,
the efficacy of vaccines decreases. The first aim of this study is to determine the optimal
formulation of the vaccine which induces the most effective immune responses by
injecting 2 doses of the vaccine for Alpha variant to mice. Since volunteers in Phase |l
clinical trial received 2 doses of VLP-58-1023-AL-K3-PIl vaccine for Alpha variant, the
second aim is to investigate how a third dose affect the production of antibodies in mice
so that it can be applied to human as well. The third aim of this study is to characterize
both cellular and humoral immune responses of 117 volunteers who received 2
subcutaneous (s.c) doses of VLP-58-1023-AL-K3-PIl vaccine for Alpha variant in Phase
[l clinical trial.
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For the purposes summarized above, to determine immune responses in mice
subcutaneously injected with three different formulations of vaccines, we measured IgG
antibody levels produced against Spike and Nucleocapsid proteins of SARS-CoV-2.
Additionally, we analyzed the production of IgG antibodies against WT, Alpha and Delta

RBD to confirm if vaccine is still efficient on different variants.

Although the protection of 2 dose vaccines has been proven, the efficacy of the
vaccines has tendency to decrease after 2 months. Therefore, The U.S Food and Drug
Administration (FDA) has recently approved COVID-19 vaccination boosters and
additional vaccine doses. We injected an additional booster dose to mice with 2 doses
of VLP-Alpha vaccine and examine the positive effects of the 3™ dose on humoral

immune response.

It has been revealed that in addition to humoral immune response, cellular immunity
has a great significance in protection against COVID-19. For this reason, in the phase 2
study, we tried to understand whether Th1 or Th2 cellular response was dominant in
volunteers who were administered 2 doses of VLP-Alpha vaccine by analyzing the

cytokines production.
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MATERIALS AND METHODS

1.1. Materials

1.1.1. Cell Culture Media and Buffers

RPMI 1640 with L-Glutamine and Phenol Red (#01-100-1A), high glucose DMEM with
L-Glutamine and Phenol Red (#01-052-1A), FBS (#04-127-1A), Sodium Pyruvate
(100mM, # 03-042-1B), Penicillin-Streptomycin (# 03-031-1B), DPBS (#02-023-1A),
HEPES buffer (1M, #03- 025-1B), Ultrapure Cell Culture Water (#01-869-1A), MEM Non-
Essential Amino Acids Solution (#01-340-1B) were purchased from Biological Industries
(USA). Lymphocyte Separation Medium (density 1.077 g/ml, #LSM-A) for PBMCs
isolation was obtained from Capricorn (Germany). Dimethyl sulfoxide (DMSO,
#A3672,0250) was from AppliChem (Germany).

The recipes of homemade buffers and reagents were given in APPENDIX B.

11.2. Kits, Antibodies and Reagents

Table 1.1.1. Human and mouse-specific ELISA antibodies, reagents and kits
used throughout the study.

Product Brand #Catalogue Working

Number concentration
Homemade recombinant | Bilkent - 6 ug/ml for human
Spike University 4 pg/ml for mice
Homemade recombinant | Bilkent - 4 pg/ml for human
Nucleocapsid University 1 ug/ml for mice
Homemade recombinant | Bilkent - 4 pg/ml for both
RBD University human and mice
Convalescent sera Marmara - -

University

RBD Domain Proteogenix PX-COV- P046- | 1 upg/ml for both

100 human and mice
SARS-CoV-2 RBD of | Proteogenix PX-COV- P052- | 1 ug/ml for both
Spike protein, N501Y — B 100 human and mice
1.1.7 lineage — UK Alpha
Variant
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immunoglobulin

SARS-CoV-2 RBD of | Proteogenix PX-COV- P061- | 1 upg/ml for both

Spike protein, L452R, 100 human and mice

T478K —lineage B.1.617.2

— Indian Delta Variant

Goat Anti Human IgG-AP | Southern 2040-04 1:1000
Biotech

Goat Anti Mouse IgG-AP | Southern 1030-04 1:1000
Biotech

PNPP Tablets Thermo 34047 1 tablet/plate
Scientific

Substrate Buffer 5X Thermo 34064 1 ml/plate
Scientific

CORONAHUNTER ELISA | Matriks Biotek | COR-QNS-IGG- | N/A*

Kit STRIM

SARS-CoV-2 IgG Il Quant | Abbott 6S60-32 N/A

LEGENDplexTM HU Th | Biolegend 741028 N/A

Cytokine Panel (12-plex)

w/ VbP

SARS-CoV-2 SNMO | Mabtech 3622-1 N/A

defined peptide pool

Anti-SARS-CoV-2 NIBSC 20/B770 N/A

Verification  Panel  for

Serology Assays

First WHO International | NIBSC 20/268 N/A

Reference Panel for anti-

SARS-CoV-2

*N/A: not-applicable
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1.2. Methods

1.21. Animal Experiments

BALB/c mice were maintained in the Department of Molecular Biology and Genetics'
Animal Facility at Bilkent University. Mice were subjected to 12-hour light/dark cycles at
a temperature of 22°C with unlimited food and drink. The Bilkent University Animal Ethics

Committee authorized all experimental protocols.

1.2.1.1. Immunization

Animal studies were conducted with prior approval of the animal ethics committee of
Bilkent University. Three different formulations of VLP vaccine for Alpha variant were
designed. For the first group, VLP (2.5 pg/mice) were formulated with Alum (120
pg/mice) and K3-CpG ODN (60 ug/mice). For the second group, 5 ug VLP was absorbed
onto 120 ug Alum and adjuvanted with 60 ug K3-CpG ODN. Third group were injected
with 5 ug VLP vaccine containing 60 ug Alum and 30 ug K3-CpG ODN. Groups of female
mice (BALB/c, 6-8 weeks old) were subcutaneously (s.c.) injected with 100 pl VLP
vaccine 2 weeks apart (on 0 and 14 days). Before the day of booster and 2 weeks post-

booster injection, mice were bled, and sera were stored at —20°C until further use.

1.2.2. Clinical Trial

Phase 2 study of VLP-58-1023-AL-K3-PIl vaccine were conducted with prior approval of
the ethics committee of Dr. Abdurrahman Yurtaslan Ankara Oncology Training and
Research Hospital (Approval no: NCT04962893).

1.2.2.1. Cohort

Volunteers aged between 18-59 years with no history of COVID-19, with negative PCR
and SARS-CoV-2 IgG/IgM antibody test and with no chronic diseases were enrolled at
three centers which are Dr. Abdurrahman Yurtaslan Ankara Oncology Training and
Research Hospital, Clinical Research Center, Kocaeli University Infectious Diseases
Clinic and Health Sciences University Yedikule Chest Diseases and Thoracic Surgery
Training and Research Hospital in TURKEY. 117 participants received VLP vaccine for
Alpha variant subcutaneously on days 0 and 21. 40 ug VLP-Alpha absorbed onto 600
Mg Alum and adjuvanted with 300 ug CpG ODN-K3 and participants received 1 ml dose
for each injection. In order to check cellular and humoral response of participants at day

0, 21, 35, 49 and 90 after first injection, their bloods were collected.
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1.2.2.2. Serum Isolation

Collected SST blood tubes (BD Biosciences, USA) were centrifuged at 2500 g for 10
min. Isolated serum samples were aliquoted as 500 pl x 5 vials and stored at -80°C for

further experiments.
1.2.3. Cell Culture

1.2.3.1. Peripheral Blood Mononuclear Cells (PBMCs) Isolation from Whole Blood

8 ml peripheral blood from (VLP-58-1023-AL-K3-Pll vaccine Phase Il clinical trial)
volunteers were collected into K2-EDTA (BD Biosciences, USA). Collected bloods were
diluted 1:1 ratio with 1X DPBS which was lowered to room temperature (RT). Diluted
blood samples were layered onto the room temperature lymphocyte separation medium
(Capricorn Scientific, Germany) at 3:2 ratio. After layering, samples were centrifuged for
30 minutes at 540 g and 21°C. In order not to disrupt formed cell layers, rate of
deacceleration was set to zero. After centrifugation, four distinct layers which are
plasma, PBMCs, granulocytes and red blood cells can be observed respectively.
PBMCs, which can be seen as a cloudy layer, were collected with sterile Pasteur pipette
into 50 ml falcon. Collected PBMCs were washed twice with 2% FBS containing RPMI-
1640 medium and were centrifuged for 10 minutes at 540 g. Then, cell pellets were
resuspended in 500 pl of Fetal Bovine Serum (Biological Industries, USA) to count the

cells in Flow Cytometry which was explained in Section 1.2.3.2..

1.2.3.2. Cell counting

10 ul of isolated PBMCs, which were suspended in 500 ul Fetal Bovine Serum, was
diluted in 990 pl 2% FBS containing RPMI-1640 media. A sample of 50 ul of the
suspension was taken and analyzed using Novocyte 3000 flow cytometer. The number
of the living cells were measured by positioning events to FSC and SSC. Gating was
used to remove detritus and apoptotic cells. The total PBMCs count in 1 ml suspension
was calculated by multiplying the dilution factor, which was 2000 for that experiment, by

the number of counted events.

1.2.4. Recombinant Production

His-tagged pVitro2-S and pVitro1-N plasmids were transfected into the HEK293 cell line.
Cells were incubated for 96-120 hours after being transfected with PElpro. Then, cell
supernatant was collected and centrifuged for 10 minutes at 500 g to eliminate dead
cells before purifying full-length thermostable (6p) trimeric Spike and his-tagged
recombinant Nucleocapsid of SARS-CoV-2. The harvest was filtered by Filtropur S 0.2
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um filtration unit (Sarstedt, Germany). AKTA go fast protein liquid chromatography
system (Cytiva, U.S.A.), which is an affinity chromatography, was used to purify the his-
tagged proteins. Briefly, equilibrated His-Trap excel 1 mL pre-packed IMAC column
(Cytiva, U.S.A.) was used, and samples are applied. After washing step, his-tagged
proteins were eluted with imidazole buffer. Desalting step was then conducted using
HiPrep™ 26/10 Desalting column (Cytiva, U.S.A.) to remove the imidazole from the
recombinant proteins’ buffer. D-PBS (Biological Industries, U.S.A.) was used to
exchange the buffer. After concentrating the recombinant proteins with Vivaspin 20
Ultrafiltration unit (Sartorius, Germany), the concentration of recombinant nucleocapsid
and full-length thermostable (6p) trimeric Spike proteins of SARS-CoV-2 were quantified
via Nanodrop One (Thermo-Fischer, U.S.A.) and BCA assay. Also, SDS-PAGE Western
Blotting and Silver Staining were performed for confirmation. Spike and Nucleocapsid
recombinant proteins production and characterization were explained in detail in
ipekoglu, E. M. (2022) [118].

1.2.5. Quantitative Analyses
1.2.5.1. 1gG Enzyme-Linked Immunosorbent Assay (ELISA)

1.2.51.1. Mouse ELISA

2HB Maxi binding immunoplates (SPL Life Sciences, South Korea) were coated with 50
pl/well homemade recombinant Spike (4 ug/ml), homemade recombinant Nucleocapsid
(1 pg/ml), in-house WT RBD (4 pg/ml), commercial UK Alpha variant RBD (1 pg/ml) and
commercial Delta variant RBD (1 pg/ml) in 1X PBS (non-commercial, see Appendix B)
at 4°C for overnight. Next day, plates were blocked with 200 pl/well Blocking buffer (see
Appendix) for 5 hours at RT. Plates were washed 4 times with Wash buffer and finally
were rinsed 2 times with ddH20. 50x diluted mice sera were 5-fold serially diluted with
Blocking buffer into wells. After coating the plates with sera as 50 ul/well and incubating
at 4°C overnight, plates were washed as in described previously. Then ALP conjugated
anti-mouse 1gG antibody (Southern Biotech, USA) were plated as 50 pl/well at a 1:100
dilution and incubated for 2 hours at RT. After washing the plates, p-nitrophenyl
phosphate (PNPP, Thermo, USA) substrates were added as 50 pl/well and development
of plates were observed. Optical density values were measured at 405 nm by using
ELISA plate reader (Molecular Devices, USA).
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1.2.5.1.2. Human ELISA

2HB Maxi binding immunoplates (SPL Life Sciences, South Korea) were coated with 50
pli/well homemade recombinant Spike (6 ug/ml), homemade recombinant Nucleocapsid
(4 pg/ml), commercial RBD (1 ug/ml), commercial UK Alpha variant RBD (1 ug/ml) and
commercial Indian Delta variant RBD (1 ug/ml) in 1X PBS (non-commercial, see
Appendix) at 4°C for overnight. Next day, plates were blocked with 200 pul/well Blocking
buffer (see Appendix) for 3 hours at RT. Plates were washed 4 times with Wash buffer
and finally were rinsed 2 times with ddH20. For recombinant Spike and Nucleocapsid
1:100 diluted volunteers’ sera were 3 times 6-fold diluted and for commercial RBDs
1:100 diluted volunteers’ sera were 4 times 4-fold diluted with Blocking buffer.
Additionally, 35 samples convalescent sera, Anti-SARS-CoV-2 verification panel and
First WHO International Reference Panel for anti-SARS-CoV-2 immunoglobulin were
used as controls. After coating the plates with sera as 50 pl/well and incubating at 4°C
overnight, plates were washed as in described previously. Then, ALP conjugated goat
anti-human IgG antibody (Southern Biotech, USA) were plated as 50 pl/well at a 1:100
dilution and incubated for 2 hours at RT. After washing the plates, PNPP (Thermo, USA)
substrates were added as 50 ul/well and development of plates were observed. Optical
density values were measured at 405 nm by using ELISA plate reader (Molecular
Devices, USA).

1.2.5.2. CORONAHUNTERTM Anti-SARS-Cov-2 SPIKE IgG ELISA

In order to quantify Spike Trimer antibodies from serum samples, CORONAHUNTERTM
Anti-SARS-Cov-2 SPIKE IgG ELISA was used. Isolated serum samples of Phase 2
volunteers from Day 0, 21, 35, 49, 90, convalescent plasma samples, NIBSC standards
and samples were studied. Before performing the kit, according to manufacturer's
instructions, serum samples were diluted 1:100 with Assay buffer. Then, 100 yl Assay
buffer was plated into each well and 20 ul of standards, low level control, high level
control and serum samples were pipetted. After incubating the plates for 1 hour at RT,
plates were washed 3 times with Wash buffer. 100 ul of conjugate was pipetted and
incubated for 30 minutes at RT. Plates were washed again, 100 ul Substrate was added
and incubated for 20 minutes in dark at RT. As blue color develops, 100 ul Stop solution
was added to stop the reaction. Optical density was recorded at 450 nm with ELISA
Plate Reader (Molecular Devices, USA).
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1.2.5.3. Cytometric bead array for measurement of CD4+ helper T responses

Since Th cytokine expression measurement is significant for understanding the
regulation of immune response, LEGENDplex™ HU Th Cytokine Panel (12-plex) w/ VbP
kit (Biolegend, U.S.A.) was used for this purpose. The kit allows us to quantify 12
different cytokines which are IL-2, 4, 5, 6, 9, 10, 13, 17A, 17F, 22, IFN-y and TNF-a.
Before performing the kit, collected PBMCs from the volunteers at day 35 after first
injection were thawed. PBMCs were rested in 2 ml %20 FBS containing RPMI-1640 for
1 hour in CO2 incubator at 37°C. After counting cells by using NovoCyte 3000 flow
cytometer (ACEA Biosciences, USA) as described in section 2.2.3.2, 100 ul SARS-CoV-
2 SNMO defined peptide pool (2 ug/ml) (Mabtech, Sweden) was layered to 96 well V-
bottom plate, 100 uyl (750.000 cells/well) rested cells were added and incubated for 48
hours at 37°C. Then, supernatant was collected, centrifuged for 5 min at 300 g and kit
was performed according to the manufacturer’s instructions. Firstly, standards, beads,
wash buffer and reagents were prepared. 25 pl of samples, standards were placed into
V-bottom plate and 25 ul mixed beads were added. After sealing the plate with aluminum
foil, the plate was incubated for 2 hours at room temperature on a shaker. The plate was
centrifuged for 5 minutes at 250 g and the supernatant was discarded immediately. The
plate was washed twice with 200 yl of Wash buffer and centrifuged again. 25 ul of
Detection antibody was added, the plate was sealed and incubated for 1 hour as
described before. PE-conjugated streptavidin (SA-PE) was added as 25 ul and the plate
was incubated for 30 minutes. After washing step, the plate was centrifuged for 5 minutes
at 250 g. Finally, resuspension of beads was done by 150 ul Wash buffer and samples
were read by using Novocyte 3000 flow cytometer (ACEA Biosciences, USA). Data
analysis was accomplished with LEGENDplex™ Data Analysis Software (Biolegend,
US.A).
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1.2.5.4. SARS-CoV-2 IgG Il Quant Assay (Abbott)

In order to both qualify and quantify SARS-CoV-2 IgG antibodies in volunteers’ serums,
Abbott Architect system (USA), which is a chemiluminescent microparticle immunoassay
(CMIA), was used. Serums of day 0, 21,35 ,49 and 90 after the first injection of vaccine
collected from volunteers were studied. The process was carried out according to
manufacturer’s protocol thanks to a cooperation with Deren Laboratory (Ankara, Turkey).
Paramagnetic microparticles were S1 subunit of RBD SARS-CoV-2 coated, and samples
and assay diluents were added onto it and incubated. After washing the mixture, anti-
human IgG acridinium-labeled conjugate was added and incubated again. Pre-Trigger
and Trigger solutions were applied after washing step. The chemiluminescent reaction
that results is quantified as a relative light unit (RLU). The number of SARS-CoV-2 IgG
antibodies in the samples and the RLU measured by the system optics have a direct
connection. Positive values were decided using a cut off of 50.0 AU/ml which indicates

recordings higher than 50.0 AU/ml considered positive in production of antibody.

1.2.6. Statistical Analyses

One-way ANOVA with Dunnett's multiple comparison test was used to compare various
treatment groups to a control group. GraphPad Prism 7 (GraphPad Software Inc., San

Diego, USA) was used to conduct all statistical analyses and plots.
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CHAPTER 2

RESULTS

2.1. Pre-Clinical Studies

Pre-clinical studies encompass all parts of testing such as characterization of
products, immunogenicity studies, and safety testing in animals undertaken prior to
clinical testing of the product in humans. These studies are significant in order to find the
optimal dose to produce an immune response in appropriate animal models which can
offer useful information about the immunological response that can be expected in
humans, and to evaluate whether the candidate vaccine will be efficient and favorable
to both the human study participant and the general population. Therefore, we designed
three different formulations of our vaccine which the amount of VLP as well as adjuvants
(Alum and K3-CpG-ODN) varies (See Table 2.1.1). The experimental design was done
with 7 female Balb/c mice in a cage for each group, and prepared vaccines were injected
subcutaneously at 14-day intervals. An additional third dose was given subcutaneously
2 months after the second dose. A placebo group which does not receive any injection
was used as a negative control. Tail bleeding was performed after 2 weeks of 1%
injection, 2 weeks of 2" injection, 2 months of 2" injection and 2 weeks of 3" injection
in order to evaluate humoral immune responses. Antibody levels were measured against
S, N proteins and WT, Alpha, Delta RBD variants by ELISA.

Table 2.1.1. Three different vaccine formulations that are used in animal
experiments.

Group Name Vaccine Formulation
A 2.5 ug VLP + 120 pg Alum + 60 ug K3-CpG ODN
B 5 ug VLP + 120 ug Alum + 60 pg K3-CpG ODN
C 5 ug VLP + 60 pg Alum + 30 pug K3-CpG ODN
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An increase in the level of IgG antibodies against S protein was observed in sera
taken from group A mice 2 weeks after the second dose. Also, the antibody level in the
sera taken 2 months after the second injection decreased to the same level as the sera
taken 2 weeks after the first injection. However, contrary to what we expected, second
boosting did not cause any positive increase. In group B, the IgG antibody levels has
continued to increase steadily after each vaccination. Compared to other groups, in
group C mice, much higher humoral antibody responses were observed. Although there
was a slight immune response decrease 2 months after 2" injection in other groups, the
antibody levels remained constant, and an even increase was observed with the 3"“dose
in group C (Figure 2.1.1).
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Figure 2.1.1. Evaluation of IgG antibody levels of mice against in-house trimeric S
protein. ELISA plates were coated with in-house trimeric S protein and IgG antibody
production of mice (N=7/group) sera from 2 weeks after 1% dose, 2 weeks after 2" dose,
2 months after 2" dose and 2 weeks after 3™ dose were measured. Placebo group were
used as a negative control. Kruskal-Wallis test and Dunn’s multiple comparison
correction were performed. (ns:non-significant, *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001.) (A: 2.5:120:60, VLP:Alum:CpG, B: 5:120:60, C: 5:60:30)
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As it was mentioned in Section 1.2.4, Nucleocapsid recombinant protein was
produced in our laboratory. We used two different batches that one of them was used in
the sera from 2 weeks after 1% dose, and the other one was used in other serum
samples. Since the affinity binding of the recombinant protein from the last batch was
higher than the first one, which increase the detection rate, higher levels of IgG antibody
against N protein were detected (Figure 2.1.2). It can be seen that one dose vaccine
provides IgG antibody production for all groups and those immune responses increased
after the 2" dose. Although there was no decrease after 2 months of 2" vaccination,
third dose maintained the antibody levels high.
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Figure 2.1.2. Evaluation of IgG antibody levels of mice against in-house N protein.
ELISA plates were coated with in-house N protein and IgG antibody production of mice
(N=7/group) sera from 2 weeks after 15! dose, 2 weeks after 2" dose, 2 months after 2™
dose and 2 weeks after 3" dose were measured. Placebo group were used as a negative
control. Kruskal-Wallis test and Dunn’s multiple comparison correction were performed.
(ns:non-significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.) (A: 2.5:120:60,
VLP:Alum:CpG, B: 5:120:60, C: 5:60:30)
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Although the SARS-CoV-2 mutates in the course of time and new variants were
developed, we would like to evaluate whether our candidate vaccine can provide the
production of IgG antibodies against the original (WT) RBD protein. According to the
results, 2" dose was effective to generate humoral immune responses for all groups.
The antibody levels that had dropped in the 2 months after 2" dose became high again
after injecting the 3™ dose. When a general comparison is made between the groups, it
was observed that the antibody titer levels of the mice in group C were higher than the

mice in the other two groups (Figure 2.1.3).
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Figure 2.1.3. Evaluation of IgG antibody levels of mice against in-house WT RBD
protein. ELISA plates were coated with in-house WT RBD protein and IgG antibody
production of mice (N=7/group) sera from 2 weeks after 15! dose, 2 weeks after 2" dose,
2 months after 2" dose and 2 weeks after 3™ dose were measured. Placebo group were
used as a negative control. Kruskal-Wallis test and Dunn’s multiple comparison
correction were performed. (ns:non-significant, *p<0.05, **p<0.01, ***p<0.001,
****p<0.0001.) (A: 2.5:120:60, VLP:Alum:CpG, B: 5:120:60, C: 5:60:30)
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Humoral immune responses against Alpha RBD protein demonstrated that there
was no antibody production occurred after the 1% dose in all groups, but a gradual
increase was observed after the 2" dose. Although the third vaccination did not make a
noticeable difference in groups A and B when compared to the serum levels taken in the
second month after 2" dose, it positively affected the antibody levels of mice in group C
(Figure 2.1.4). Overall, it can be said that high dose VLP and low dose adjuvants

combination ensures the maximum humoral immune responses.

A B C
%k %k
% %k % %k
%k % %k % % %k
ns
ns % —|
| | %k %k
% %k %
I | I 1 ns ns
ns ns ns ns —r—
108+ [ 1 1 108 I 1T I ns ns ns ns
ns ns ns ns ns ns ns ns 106+ |—|
Q (O] | 1 a3
o 1064 O 106- % .
[ ]
5 . = : < 104 sl
a 104 _E_ o a 104- .o °® .o 2 ooy ©°
E H e E o —et - o °
E 102 oo = 102 e CE 102 o,
c - oo o c - o0 o =
® RO E o g T o
L]
100 T T T T T 100 T T T T T 100 T T T T T
) @ @ ® @ @ & ® ° °
RN C T R FC A N £ boee e
N & & Q@ Q\0 & & Q@ NI S AP
e\ A & ‘IL(\ "‘) N "1.(\ "po "5 R "\r’ A N ‘ﬂ}
) ) ) TN
o )
3 &é& & @“é* S&S &é‘- &S &
VY o9 q‘é‘ v v & v At o W(“ v

Figure 2.1.4. Evaluation of IgG antibody levels of mice against commercial Alpha
RBD protein. ELISA plates were coated with commercial Alpha RBD protein and IgG
antibody production of mice (N=7/group) sera from 2 weeks after 15 dose, 2 weeks after
2" dose, 2 months after 2" dose and 2 weeks after 3™ dose were measured. Placebo
group were used as a negative control. Kruskal-Wallis test and Dunn’s multiple
comparison correction were performed. (ns:non-significant, *p<0.05, **p<0.01,
***p<0.001, ****p<0.0001.) (A: 2.5:120:60, VLP:Alum:CpG, B: 5:120:60, C: 5:60:30)
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Interestingly, there was no antibody production against Delta RBD protein after
two vaccinations in group A. Although IgG levels were detected after the 2" dose, the
responses of group B were lower compared to group C. Additionally, there was no
decrease observed after 2 months of 2" dose. As with the two dose vaccination results,
the third vaccination was not sufficient for group A to generate a high immune response.
The third dose positively affected the IgG antibody production in groups B and C. Taken
together, these results suggest that similar to other RBD variants (WT and Alpha), mice

in group C were able to produce higher levels of antibodies (Figure 2.1.5).
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Figure 2.1.5. Evaluation of IgG antibody levels of mice against commercial Delta
RBD protein. ELISA plates were coated with commercial Delta RBD protein and IgG
antibody production of mice (N=7/group) sera from 2 weeks after 15! dose, 2 weeks after
2" dose, 2 months after 2" dose and 2 weeks after 3™ dose were measured. Placebo
group were used as a negative control. Kruskal-Wallis test and Dunn’s multiple
comparison correction were performed. (ns:non-significant, *p<0.05, **p=<0.01,
***p<0.001, ****p<0.0001.) (A: 2.5:120:60, VLP:Alum:CpG, B: 5:120:60, C: 5:60:30)

36



2.2. Clinical Studies

There are several research groups have used the VLP technology for developing
SARS-CoV-2 vaccine. They mainly used full-length Spike or its RBD for antigenic
component, and showed a high immunogenicity, production of neutralizing antibodies
and cellular responses in clinical trials [119]. However, none of them tried using all
structural four proteins, which are S,N,M and E, of SARS-CoV-2 as antigenic
components. Therefore, our aim was to acquire higher long-term antibody production

and cellular response by using all structural proteins and proper adjuvants.

In December 2020, a new SARS-CoV-2 variant was confirmed in United Kingdom
and listed as “Alpha” in the category of VOC. Since it was linked to a higher infection
rate and reduced neutralizing antibodies than other variants, in Phase 2 clinical study of
VLP-58-1023-AL-K3-PIl, we decided to produce an effective vaccine especially for Alpha
(UK) variant. 117 participants received VLP vaccine (40 ug VLP-UK + 600 ug Alum +
300 ug CpG ODN-K3) subcutaneously on day 0 and 21. In order to check humoral and
cellular responses of participants at day 0, 21, 35, 49 and 90 after first injection, their
bloods were collected. Unfortunately, during Phase 2 clinical study, several participants
had COVID-19. Table 2.2.1 shows which participants had COVD-19 on which day. The

infected participants were asymptomatic or had mild symptoms.

Table 2.2.1. Participants who had COVID-19 after a certain period of time.

Participant Number Days after first injection
1010084 29
1010094 43
1010129 81
1010138 89
1010142 29
1010143 69
1010227 89
1010275 58
1030054 93
1030065 62
1030069 81
1030084 32
1030096 97
1030104 68
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2.21. Determination of Humoral Immune Responses of Phase Il Clinical Trial
Volunteers Vaccinated with VLP-58-1023-AL-K3-Pll SARS-COV-2 for Alpha

Variant

To determine humoral immune responses of vaccinated volunteers, we measured
IgG antibody levels against S,N proteins, and also three different RBD variants (WT,
Alpha, Delta) at specific time intervals by ELISA technique. In order to make a
comparison, we used 35 convalescent sera received from Marmara University, 37
NIBSC plasma samples including 23 positive and 14 negative, and 5 NIBSC standards
which are negative (20/142), low (20/140), mid (20/148), low anti-S/high anti-N (20/144),
high (20/150).

In Figure 2.2.1., it is shown that there was a slight increase in IgG antibody levels
produced against S protein after 15! injection of 115 participants. After the 2" vaccination,
antibody responses elevated gradually until 90" day. Although IgG levels of positive
NIBSC plasma samples are higher than serum samples taken from participants on
certain days, it can be clearly seen that there was no significance when convalescent
samples and NIBSC standards are compared with participant serum taken from day 49
and 90. This graph demonstrates that 2 doses of VLP-Alpha vaccine have successfully
enabled the production of IgG antibody against Spike protein of SARS-CoV-2. The OD
graphs of each participant for each day are shown in APPENDIX A. There were few
people got COVID-19 during the clinical trial, and we excluded those volunteers from the
measurement of antibody responses against Spike in Figure A6 so that we could
understand whether these COVID-19 positive volunteers affected the efficiency of our
vaccine. Unsurprisingly, there was no change in the efficacy of the vaccine or IgG

antibody levels.

According to researches, SARS-CoV-2 N protein plays significant role in
triggering T cell proliferation and cytotoxic activity [120]. Therefore, we wanted to check
whether our candidate vaccine can successfully produce IgG antibody in vaccinated
participants. As shown in Figure 2.2.2., the antibody levels started to increase after 2"
injection, but the majority of participants remained below the convalescent samples and
NIBSC standards. When pre-vaccination IgG antibody levels against N protein
compared with 90 days post-vaccination, a large amount of antibody production was

observed.
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Figure 2.2.1. Measurement of anti-Spike IgG responses of vaccinated volunteers

and comparison with convalescent sera. ELISA plates were coated with in-house

trimeric S protein and IgG antibody production of serum samples of volunteers from

Day:0, 21, 35, 49 and 90 and convalescent sera (N=35) along with NIBSC samples
(N=37) and NIBSC standards (N=5) were measured. Kruskal-Wallis test and Dunn’s

multiple comparison correction were performed. (ns:non-significant, *p<0.05, **p<0.01,

***p<0.001, ***p<0.0001.)
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Figure 2.2.2. Measurement of anti-Nucleocapsid IgG responses of vaccinated

volunteers and comparison with convalescent sera. ELISA plates were coated with

in-house Nucleocapsid protein and IgG antibody production of serums samples of
volunteers from Day:0, 21, 35, 49 and 90 and convalescent sera (N=35) along with
NIBSC samples (N=37) and NIBSC standards (N=5) were measured. Kruskal-Wallis test
and Dunn’s multiple comparison correction were performed. (ns:non-significant,
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.)
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With the emerging variants, concerns began to arise about whether the
effectiveness of vaccines is decreasing. Therefore, we measured the IgG antibody levels
against WT, Alpha and Delta variants in order to observe how the vaccine we made

using the sequences of Alpha variant had a protective effect against other variants.

In Figure 2.2.3., from the 35" to the 90" day, the humoral immune responses
gradually increased. While the serums of the volunteers remained above the negative
standards, they were below the positive standards. Furthermore, it is understood that
there was no significant difference between convalescents and volunteers’ serums. The
results were above the five NIBSC samples used. As expected, IgG levels produced
against Alpha (UK) RBD are higher compared to the Wuhan (WT). When the antibody
levels on the 49" and 90" days were examined, it can be seen that there was no
significance with the convalescents used as controls and was higher than the NIBSC
standards (Figure 2.2.4). ELISA results show that the developed vaccine was also
effective against the Delta variant. As with the Alpha RBD results, antibody levels on the
49" and 90" day demonstrate that no significancy was observed with the convalescents.
In addition, the IgG levels of the participants were also above the NIBSC standards
(Figure 2.2.5).

Taken together, these results suggest that VLP-58-1023-AL-K3-PIl vaccine was
successfully elicited anti-WT, Alpha, Delta RBD IgG 2 weeks after 2" dose, especially
in 49" and 90" days humoral immunity was much higher. These data also provide

positive impacts of the effectiveness of the vaccine against variants that may occur later.
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Figure 2.2.3. Measurement of anti-RBD (WT) IgG responses of vaccinated
volunteers and comparison with convalescent sera. ELISA plates were coated with
commercial WT RBD and IgG antibody production of serums samples of volunteers
Day:0, 21, 35, 49 and 90 and convalescent sera (N=35) along with NIBSC samples
(N=37) and NIBSC standards (N=5) were measured. Kruskal-Wallis test and Dunn’s
multiple comparison correction were performed. (ns:non-significant, *p<0.05, **p<0.01,
***p<0.001, ****p=<0.0001.)
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Figure 2.2.4. Measurement of anti-RBD (Alpha) IgG responses of vaccinated
volunteers and comparison with convalescent sera. ELISA plates were coated with
commercial UK RBD and IgG antibody production of serums samples of volunteers
Day:0, 21, 35, 49 and 90 and convalescent sera (N=35) along with NIBSC samples
(N=37) and NIBSC standards (N=5) were measured. Kruskal-Wallis test and Dunn’s
multiple comparison correction were performed. (ns:non-significant, *p<0.05, **p<0.01,
***p<0.001, ****p=<0.0001.)
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Figure 2.2.5. Measurement of anti-RBD (Delta) IgG responses of vaccinated
volunteers and comparison with convalescent sera. ELISA plates were coated with
commercial Delta RBD and IgG antibody production of serums samples of volunteers
from Day:0, 21, 35, 49 and 90 and convalescent sera (N=35) along with NIBSC samples
(N=37) and NIBSC standards (N=5) were measured. Kruskal-Wallis test and Dunn’s

multiple comparison correction were performed. (ns:non-significant, *p<0.05, **p<0.01,

***p<0.001, ***p<0.0001.)
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In order to confirm the reliability of our results, we wanted to support it with a
purchased kit and a neutralizing antibody kit made in an accredited laboratory (Deren
Laboratory, Ankara, Turkey). We used the CoronaHunter kit to determine the IgG
antibody levels against the Trimeric S protein. The results show that after the second
vaccination there was a significant humoral immune responses formation (Figure 2.2.6).
Additionally, these responses persisted at a high level until the 90" day. When
comparing with convalescent sera, no significant difference was observed. All samples

after the 21! day were above the NIBSC negative samples, and 5 NIBSC standards.

The results of neutralizing antibodies performed with the Abbott show that high
levels of antibody responses were observed in all samples, with the exception of serum
samples taken 21 days after the 1% dose (Figure 2.2.7). Also, the responses were above
the threshold, which was 50 according to the manufacturer's protocol, and they
continued to increase slightly until the 90" day. There was no significant difference in
neutralizing antibody levels on the 49" and 90" day compared to convalescent

samples.

It has been understood that the results acquired from the kits are compatible with
our other ELISA results. Although some humoral immune responses were below what
we were expected, after the 2" dose, IgG antibody production against Spike,
Nucleocapsid and WT, Alpha, Delta RBD proteins was successfully achieved in most of

our participants.
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Figure 2.2.6. Determination of anti-Spike IgG antibody responses by using

CoronaHunter kit. Serums taken from participants on certain days (0,21,35,49,90),

convalescent sera, NIBSC standards and samples were studied. Kit was carried out

according to manufacturer's instructions. Kruskal-Wallis test and Dunn’s multiple
comparison correction were performed.
***p<0.001, ****p<0.0001.)
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Figure 2.2.7. Determination of neutralizing antibody levels of vaccinated
volunteers and comparison with convalescent sera by Abbott. Serums samples of

participants from Day:0, 21, 35, 49, 90 and convalescent sera were studied. The assay
was conducted in Deren Laboratory. Kruskal-Wallis test and Dunn’s multiple comparison
***p<0.001,




2.2.2. Determination of Cellular Inmune Responses of Phase Il Clinical Trial
Volunteers Vaccinated with VLP-58-1023-AL-K3-Pll SARS-COV-2 for Alpha

Variant

In addition to humoral immune responses, cellular immune responses have
significant role in protection against SARS-CoV-2. T cell responses specific to SARS-
CoV-2 are required for clearance of virus, might inhibit infection without seroconversion,
contribute strong memory, and facilitate SARS-CoV-2 variant detection [121]. Besides,
they may also be triggered after vaccination, which they can prevent serious illness and
mortality. Therefore, it is critical to obtain high T cell responses from our vaccinated
volunteers. Here, our aim was to analyze cytokine levels and show that VLP-58-1023-

AL-K3-PIl vaccine trigger Th1-biased T cell responses.

Th1 responses are mainly comprised of IFN-y, IL-2 and TNF-a cytokines. As
seen in Figure 2.2.8, there was a significant increase in the production of these three
cytokines. Especially, PBMCs taken from volunteers showed a 11.1-fold increase in IFN-
v levels. Also, IL-2 and TNF-a cytokines levels increased 7.6-fold and 2.6-fold
respectively. This result indicates that vaccinated volunteers successfully triggered a

strong Th1 responses after stimulation with S,N,M,0O peptide pool.

Since Th2 cells are produced by IL-4, IL-5, IL-9 and IL-13, we measured those
cytokines levels after peptide stimulation. Our vaccine elicited more IL-13 cytokine
production, 7.5-fold, compared to other three cytokines. Figure 2.2.9 indicates that IL-4,
IL-5 and IL-9 increased 1.2-fold, 4-fold and 2.9-fold respectively. In general, Th2 immune

response was generated in our vaccinated volunteers but it is not high as Th1 response.

We wondered whether other Th subsets were triggered after immunization. For
instance Th17 cells have indirect role in inducing neutrophils and macrophages. As
shown in Figure 2.2.10., the detection of Th17 responses and IL-17A, IL-17F and IL-22
were studied for that purpose. It is illustrated that the increases in IL-17A and IL-27F
were almost the same, 1.8-fold and 2.1-fold respectively. IL-22 showed a 3.8-fold
increase after the stimulation of PBMCs taken from volunteers with S,N,M,O peptide

pool.
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IFN-y IL-2 TNF-a
A:1 A:2 B:1 B:2 C:1 C:2

Number of values 107 107 107 107 107 107
Geometric mean 1675 | 150.2 | 65.61 H 8.634 | 137.7 | 52.22
Geometric SD factor 14.43 | 9.516 | 4.008 | 3.177 | 5.433 | 6.428

Lower 95% CI of geo. mean | 1004 | 97.53 | 50.28 | 6.918 | 99.56 | 36.55
Upper 95% Cl of geo. mean | 2794 | 231.3 | 85.61 | 10.77 | 190.5 | 74.59

Figure 2.2.8. CBA measurement of Th1 responses of volunteers before and after
peptide stimulation. PBMCs from the volunteers at day 35, that were stimulated with

SARS-CoV-2 SNMO defined peptide pool, were labeled as “Peptide” and non-stimulated
PBMCs were labeled as “No Peptide”. IFN-y, IL-2 and TNF-a cytokine production were
studied and categorized as Th1 response. The rate of increase in the level of each

cytokine after peptide stimulation is shown by the number of "X"-fold.
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Figure 2.2.9. CBA measurement of Th2 responses of volunteers before and after
peptide stimulation. PBMCs from the volunteers at day 35, that were stimulated with

SARS-CoV-2 SNMO defined peptide pool, were labeled as “Peptide” and non-stimulated
PBMCs were labeled as “No Peptide”. IL-4, IL-5, IL-9 and IL-13 cytokine production were

studied and categorized as Th2 response. The rate of increase in the level of each

cytokine after peptide stimulation is shown by the number of "X"-fold.
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Figure 2.2.10. CBA measurement of Th17 responses of volunteers before and after
peptide stimulation. PBMCs from the volunteers at day 35, that were stimulated with

SARS-CoV-2 SNMO defined peptide pool, were labeled as “Peptide” and non-stimulated
PBMCs were labeled as “No Peptide”. IL-17A, IL-17F and IL-22 cytokine production were
studied and categorized as Th17 response. The rate of increase in the level of each

cytokine after peptide stimulation is shown by the number of "X"-fold.

51



Tregs inhibit a wide range of immune cells, such as CD4+ and CD8+ T cells,

DCs, B cells, macrophages, and NK cells and IL-10 plays a significant role in mediating

this function [24]. When IL-10 production measured, it was seen that there was almost

no induction after peptide stimulation (Figure 2.2.11).
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Figure 2.2.11. CBA measurement of Treg responses of volunteers before and after
peptide stimulation. PBMCs from the volunteers at day 35, that were stimulated with

SARS-CoV-2 SNMO defined peptide pool, were labeled as “Peptide” and non-stimulated
PBMCs were labeled as “No Peptide”. IL-10 cytokine production was studied and

categorized as Treg response. The rate of increase in the level of cytokine after peptide

stimulation is shown by the number of "X"-fold.
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Our goal was to obtain Th1-biased response instead of Th2 hence it is critical to
measure the level of IL-6 cytokine since it inhibits Th1 polarization via stimulating CD4+
cells to produce IL-4 or negatively affects the production of IFN-y which in turn trigger
Th2 response. After peptide stimulation, there was no change in the IL-6 cytokine level

as depicted in Figure 2.2.12.
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Figure 2.2.12. CBA measurement of IL-6 responses of volunteers before and after
peptide stimulation. PBMCs from the volunteers at day 35, that were stimulated with

SARS-CoV-2 SNMO defined peptide pool, were labeled as “Peptide” and non-stimulated
PBMCs were labeled as “No Peptide”. IL-6 cytokine production was studied and the rate
of increase in the level of cytokine after peptide stimulation is shown by the number of

"X"-fold.
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Figure 2.2.13. A pie chart distribution of the secreted effector T cell cytokines.
Cytokines responses were classified into T cell subsets and the size of the slices

indicates the percentage of secreted cytokines. Th1, Th17, Th2, Treg, and IL-6

responses were shown in red, blue, green, yellow and orange, respectively.

In the pie chart above, the percentages of produced T cell cytokines were shown,
and each color indicates different T helper cell subsets, which are Th1, Th2, Th17, Treg,
and IL-6. It is illustrated that 33.55% of the total T cell cytokines were Th1 responses.
Th2 responses were the second highest proportion with 21.06%. Besides, 19.66% of T
helper cell cytokines were produced by Th17 cells. Also, IL-6 secretion accounted for
17.71% while Treg was only 8.02% of the total T cell responses. Overall, Th1-biased
cellular immune responses were generated after two doses of VLP-58-1023-AL-K3-PlII
SARS-COV-2 vaccine. Additionally, other T cell subsets were also induced in a certain
amount and these balanced responses were critical for eliciting strong humoral immunity

and viral clearance.
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CHAPTER 3

DISCUSSION

SARS-CoV-2 is a new beta-coronavirus that first appeared in Wuhan, China in
December 2019 and is the cause of the coronavirus disease 2019 (COVID-19) pandemic
[122]. WHO has reported more than 500 milion confirmed cases and over 6 million
deaths globally [123]. There is an immediate need of efficient vaccines and therapeutics
to control the pandemic and return to normal life. Although SARS-CoV-2 encodes four
structural proteins, S, N, M, E, most of the vaccine candidates targeted S glycoprotein
due to its significant functions in viral entry and ability to neutralize the virus [124]. There
are several vaccines that have been developed for COVID-19. The most known vaccines
are Pfizer/BioNtech/BNT162b2, mRNA-1273/Moderna, Oxford/AstraZeneca/ AZD1222,
Janssen/Ad26.COV2.S and Sinovac/CoronaVac. BNT162b2 and mRNA-1273 are
mRNA-based vaccines which uses full-length Spike and prefusion stabilized full-length
Spike of SARS-CoV-2 respectively [125]. AZD1222 and Ad26.COV2.S are viral vector
vaccines which works against full-length Spike glycoprotein [126]. CoronaVac uses the

technology of inactive virus and they encapsulated Spike protein [72].

SARS-CoV-2 encodes four structural proteins; S, N, M, and E but only S protein
was attracted attention as a target antigen by the vaccine research groups because of
its function and properties. However, other three proteins have also crucial roles in the
generation of immune responses. For instance, N protein is involved in both viral
replication and assembly, but also elicits a greater immunological response as it is less
susceptible to mutations [43]. Besides, E protein not only contributes to viral assembly,
budding, and virulence, but it also activates the NLRP3 inflammasome in the host [46].
Additionally, M protein is significant for assembling of virus, trafficking of virus proteins
and releasing the virus particles but also it acts as a interferon antagonist like N protein
[127]. So, all four proteins are promising target for COVID-19 vaccine. Since Spike
protein is not stable and difficult to produce recombinantly in mammalian cells, we
prefered to use Hexaproline prefusion-stabilized spike (S-6p). HexaPro is a stable S with
six proline substitutions, as well as furin cleavage site mutations and a C-terminal
trimerization motif [128]. This form is more stable, has greater expression, enhanced

solubility and higher immunogenity compare to S-2P [129].
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B.1.1.7 (Alpha, UK) variant was first identified in December 2020 and it became
highly frequent, with prevalence rates exceeding 80%, hence, indicating a significant
selection advantage over the original strain, which was the most widespread variant at
the time. In addition to high transmissibility rate, Alpha variant has been linked to a 35%
greater risk of mortality when compared to pre-existing lineages, highlighting the severity
of the disease induced by this variant [130]. Besides, it possesses 23 mutations, three
of which are significant because they alter the virus's biological features. Therefore, we
used B.1.1.7 variant of SARS-CoV-2 instead of wild-type for the design of our vaccine.
It would be more advantageous to use Alpha variant, predicting that similar mutations
might occur in other variants that may arise, so that the vaccine will be effective for any

circumstances.

We decided to develop a candidate COVID-19 vaccine by using the virus-like
particle (VLP) technology for several reasons. In addition to its safety as it does not
contain any genetic materials, VLPs are considerably more immunogenic than
conventional subunit vaccines because they display repeating antigenic epitopes on
their surface, which the immune system can identify [77]. Besides, VLP platform can
address variety of issues that are commonly found in traditional vaccines such as
reversion to lethal form because of the infectious nature of live attenuated vaccines,
mutation risks, diminished immunogenicity of inactivated vaccines, toxicity, low yield,
and long formulation time [131]. Since VLP’s manufacturing process is fast, a novel VLP
vaccine against a particular strain may be generated in 12—14 weeks once the strain has
been sequenced, whereas preparation of traditional vaccines take 24-32 weeks.
Furthermore, we formulated our VLP vaccine with K3 CpG ODN and Alum which are

explained in detail below.

When foreign pathogens attack the human body, the immune system triggers a
series of immunological responses in order to eliminate the pathogens. Antibodies
against SARS-CoV-2 can neutralize the virus or support cytotoxic T cells in the
elimination of virus-infected cells, allowing disease progression to be controlled [132]. In
this case, antibodies targeted towards primarily the Spike and Nucleocapsid proteins,
which neutralize infected-cells and tissues expressing ACE2, induce humoral immune
responses against SARS-CoV-2 [133]. Additionally, the S1 subunit of the Spike has a
RBD that intervene viral binding to ACE2 receptors on susceptible cells and it is the key
target for neutralizing antibodies against SARS-CoV-2. Thus, antibody titer is a useful

way to detect the protective efficiency of antibodies for the virus.
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For the pre-clinical studies, three different vaccine formulations were designed,
which the amount of VLP and adjuvants varies, so that the optimal formulation can be
found. High dose antigen and low dose adjuvants were expected to be the most effective
in terms of inducing humoral immune responses. Since the amount of antigen in the
formulation of Group C is higher compared to other groups, the amount of leukoyctes
recruited by Alum to the injection site are also higher and combination with CpG enhance
immunogenity. Results presented in Figure 2.1.1 and Figure 2.1.2 suggest that Group C
elicited robust IgG responses against spike and nucleocapsid proteins after 2 doses of
vaccine as we expected. When the samples taken after the first and second dose were
compared, there was a 2-fold increase. It can be understood that after the first dose, a
trigger was generated in the immune system, and a high level of immunogenicity was
obtained after the second dose. Moreover, one of the purposes of using VLP technology
containing four structural proteins was to acquire long-lasting immunity. IgG responses
against spike proteins demonstrates that there was no decrease in the antibody levels
two months after the second dose, as in the other groups. In other words, maintaining
the IgG antibody levels after several months of second injection shows long-lasting
immunity. Furthermore, nucleocapsid results were almost similar for every group. The
reason for this was that the purity and the affinity binding of the produced nucleocapsid

recombinant protein batch were so high, so the detection rate was also very high.

As in the animal studies, antibody responses against spike and nucleocapsid
were examined for clinical phase Il study. Similarly, as shown in the Figure 2.2.1 a small
amount of response was observed after the first dose, while an effective humoral
immunity was obtained after the second dose and this was maintained until the 90th day.
Interestingly, anti-N responses after the first dose decreased below the levels of pre-
vaccination. This can be because of the any mistakes during performing ELISA
experiment such as the concentration of recombinant used for coating, background
development and failure of detection of IgG antibody. Moreover, the antibody levels
against spike were almost at the same levels with convalescent sera and NIBSC
standards but IgG responses to nucleocapsid could not reach their levels. It can be said
that VLP-58-1023-AL-K3-PIl vaccine elicited higher 1gG production against spike than

nucleocapsid.
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SARS-CoV-2 undergoes mutational alterations throughout time. The spread of
the pandemic causes enormous viral replication, raising the possibilities of adaptive
mutations, which might lead to selection benefits. Therefore, it is significant that vaccines
should provide wide immunity against SARS-CoV-2 variants. In that time, after the
emergence of Alpha variant, Delta variant became the new concern because of the
ability of rapid spread across the world. Delta has P681R mutation but has no additional
mutations in common with Alpha's background lineages. So, it is an exception in that
Delta lacks N501Y mutation and the deletion in NSP6, has a slower rate of evolution
than the other VOCs, and carries less non-synonymous mutations in its Spike protein
but more mutations in other regions of the genome [134]. Although our vaccine was
designed for the Alpha variant, its effectiveness against WT and Delta variant can
provide insight whether VLP-58-1023-AL-K3-PII will be effective and protective against
future variants. Also, it is known that Alpha and Delta variant do not share common
mutations except P681R but Beta, Gamma and Omicron variants carry several common
mutations with Alpha such as they have N501Y mutation in spike and deletion in NSP6.
We hypothesize that if our vaccine will be effective for WT and Delta that do not share
common mutations, it can be efficient for other variants that has or has not similar
mutations. Therefore, it is significant to measure the humoral immune responses against
WT, UK and Delta RBD.

Pre-clinical studies indicate that the antibody responses of half of the mice in
group A and B were below the placebo group after the first injection, and the other half
reached the same level as placebo for WT, Delta and Alpha. However, I1gG levels of the
mice in Group C increased slightly above the placebo, except for Alpha which can be
due to an injectional mistake, indicating that the immune system had been activated.
Moreover, Group C had the highest IgG responses after the second injection for all three
RBDs compared to other groups which indicates that the vaccine formulation used in
group C was optimal and effective against WT, Alpha and Delta RBD. It can be
concluded that as with the spike and nucleocapsid results, an effective vaccine has been

developed by using high antigen and low adjuvants dose, as we predicted.
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In Phase Il clinical trials, it was shown that neutralizing antibody levels of the
volunteers for WT, Alpha and Delta variants increased over time. The responses
reached a level comparable to convalescent and NIBSC standards which means the
vaccine succesfully neutralize the virus. Besides, Hirabara et al. indicates that a
decrease in neutralizing antibody activity of vaccines were detected even 14 days after
the second dose [50]. However, this is not the case for us, in contrary, neutralizing
antibody responses consistently increased untill 90 days after first dose. Therefore, it
can be assumed that VLP-58-1023-AL-K3-PIl vaccine is capable of neutralizing the virus

and effective against future variants.

Humoral immune responses were measured by ELISA technique that in-house
or commercial recombinant proteins were used for coating the plates. However, we also
wanted to detect anti-S IgG levels by a purchased kit in order to verify our results and
quantify the antibody levels in terms of ng/ul. For these reasons, we chose to use
CoronaHunter anti-spike Trimer IgG kit which allows us to measure the absolute values
of 1gG against full-length spike protein. Besides, they used NIBSC 20/B770 panel
samples from WHO to determine a cut off as we did. Since the kit is manufactured in
Turkey, it can be delivered within 10 days after ordering which provides an advantage in
terms of completing clinical trial analysis in a short time. In-house anti-S IgG ELISA
results were very similar and consistent with the study performed with the CoronaHunter
kit. While a low response was seen in both methods after the first dose, there was a
constantly increasing response after the second dose. Moreover, there is only one small
difference between two experiments that 49th and 90th days samples were higher than
the convalescent and standards levels in the in-house ELISA but according to
CoronaHunter, samples reached at a close level with controls. It can be deduced that
the results of two different experiments were compatible with each other and it was
understood that VLP-58-1023-AL-K3-PIlI vaccine elicited huge extent of humoral

immune responses against spike.

SARS-CoV-2 IgG Il Quant (Abbott) assay was used for detecting anti-RBD 1gG
responses, neutralizing antibodies, and performed in an accredited laboratory (Deren
Laboratory, Ankara). According to manufacturer’s protocol, its cut off was 50 AU/ml and
results below that value were considered as negative. Although some volunteers could
not exceed the threshold value, majority of them succesfully produced neutralizing
antibodies against the virus. Also antibody levels continued to increase, instead of

decrease, over time which underpin the long-lasting immune effect of the vaccine.
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Besides, the authenticity of the results were supported by convalescent samples and

were compatible with commercial RBD ELISA experiments.

In summary, humoral immune response results obtained in animal studies
showed that the formulation used in group C was the optimal and most effective vaccine
formulation. Therefore, it was reasonable to increase the dosage 8-10 times in order to
be administered in humans. In general, both anti-spike and anti-nucleocapsid IgG and
neutralizing antibody responses for WT, Alpha and Delta were successfully produced in
both mice and humans. Besides, the continued increase in humoral immune responses
90 days after the first injectiction indicates long-lasting efficacy of the vaccine. Finally,
developing immunity not only against the wild-type strain, but also against other variants,
elucidates that VLP-58-1023-AL-K3-PIl vaccine may also be effective against other

variants that may emerge in the future.

Existing vaccines for COVID-19 are administered as two doses, but the need for
a third dose arose as the protection of the vaccines decreased over time. For instance,
there was a study which efficiency of third dose BNT162b2 was investigated and
indicated that the third dose showed greater than 95% relative vaccine efficacy over any
residual protection from the two-dose series [135]. Additionally, an effective third dose
has significant possible benefits in addition to decreasing the disease, such as avoiding
COVID-19 complications following the progress of infections, enhancing the efficacy
against the Omicron variant and it might decrease the transmission to unvaccinated
people [136] [137] [138]. For this purpose, two months after the 2nd dose, the mice were
injected with the 3rd dose. It can be clear that without the third dose, all antibody
responses were started to decrease after a certain period of time. The highest humoral

immune responses were obtained with the administration of the third dose.

In addition to humoral immunity, cellular immune response has an essential role
in long-term immunological protection against COVID-19 disease which provide a recall
for following infection and vaccination. Although high titer neutralizing antibodies develop
an immunity and protect from SARS-CoV-2, T cells can decrease the severity of the
disease, shorten the infection duration and enhance recovery. Besides, Th1/Th2
balance is critical in terms of generating various pathologies and development of SARS-
CoV-2 infection. For instance, overproduction of cytokines lead to cytokine storm which
generate Th2 response with a poor diagnosis. Also, Th2-biased responses can cause
vaccine-associated enhanced disease (VAED) such as eosinophil infiltration. According

to Martonik et al., uncontrolled IL-17 and IL-23 cytokine production, which are associated
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with Th17 response, contribute to cytokine released syndrome (CRS) [139]. It is known
that at the optimum levels, increased cytokine expression prevents the host from SARS-
CoV-2 and substantially regulates viral replication which can be achieved with an
efficient Th1 immune response. The study of BNT162b1, mMRNA-1273, GX-19, S-Trimer
and many other SARS-CoV-2 vaccines demonstrates Th1-biased responses and low or
undetectable Th2 responses [140]. So, both Th1-biased responses and neutralizing
antibodies are required to obtain an effective COVID-19 vaccine and also these two
requirements would diminish the risk of VAED or antibody-dependent amplification of

replication [141].

Although many of the candidate vaccines used Spike as the main antigen, we
targeted all four SARS-CoV-2 antigens (S, N, M, E) in our vaccine. The COVID-19
vaccine containing only Spike induce CD4+ T cell responses that are similar to those
seen in natural COVID-19 disease, however, other structural SARS-CoV-2 proteins such
as N and M would more closely resemble the natural SARS-CoV-2-specific CD4+ T cell
response seen in mild to severe COVID-19 infection because they are not subjected to
the same selection pressure as the Spike RBD, they are less susceptible to mutation
[142] [143]. Besides, it has been revealed that the Spike protein was not dominant in
targeting CD8+ T cell responses, but significant reactivity and equally strong recognition
was reported for M and N proteins. Grifoni et al. demonstrates that potential COVID-19
vaccines attempting to generate CD8+ T cell responses against the spike protein will
induce a relatively restricted CD8+ T cell response in comparison to the natural CD8+ T
cell response seen in mild to severe COVID-19 disease [143]. Therefore, these two
structural SARS-CoV-2 proteins can be used to induce greater CD8+ T cell responses.
Thus, we wanted to take advantage of not only Spike but also Nucleocapsid, Membrane
and Envelope proteins in VLP-58-1023-AL-K3-PIl vaccine and much higher and long-

lasting T cell responses were expected.

Two adjuvants, Alum and CpG were used in VLP-58-1023-AL-K3-PII vaccine,
and they have different effects on cellular immune responses. Alum has been
demonstrated to primarily serve as a transport method for antigen, trapping it at the
injection site by creating macromolecular aggregates, allowing for gradual release and
absorption by APCs [144]. Also, it is known that Alum trigger NLRP3 pathway which in
turn stimulate Th2 immune responses. For COVID-19 vaccine, combination of Alum and
PRR-based adjuvant were used to improve the immunogenicity, eliciting balanced
Th1/Th2 responses and long-lasting immunity. To address this, we combined Alum with

K3-CpG ODN which is an effective adjuvant for generating Th1 responses, stimulating
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the production of cytotoxic T lymphocytes and IFN-y [145]. However, the dosage of both
Alum and CpG must be carefully determined since Alum can absorb the ability of CpG
to induce Th1 responses. So, we expected to generate Th1-biased immune response

and reduce the risk of Th2 and Th17-induced immunopathology.

In this thesis, we used a Th human cytokine panel which allowed us to study IL-
2,4,5,6,9, 10, 13, 17A, 17F, 22, IFN-y and TNF-a. PMBCs were stimulated with the
SARS-CoV-2 SNMO peptide pool which consists peptides from S,N,M, ORF-3a and
ORF-7a proteins so that T cell responses specific to SARS-CoV-2 were determined. The
results were categorized according to T cell subsets (Th1, Th2, Th17, Treg, IL-6) and
depicted in Figure 2.2.8, Figure 2.2.9, Figure 2.2.10, Figure 2.2.11 and Figure 2.2.12.
Since IFN-y is a key cytokine for triggering intracellular antiviral pathways and most
effective activator of macrophages, it is significant to get a robust release of IFN-y.
Additionally, IL-4 is known to be the driving force for Th2 differentiation, hence, low or
undetectable level of IL-4 is critical to obtain Th1-biased response. Therefore,
expression of these two cytokines, IFN-y and IL-4, were expected to be upregulated and
downregulated in our vaccinated volunteers respectively. In addition to Th1 and Th2

responses, Th17, Treg and IL-6 responses were studied.

The results show strong release of IFN- y (11.1-fold), IL-2 (7.6-fold) and low
expression of TNF-a (2.6-fold) after peptide stimulation. On the other hand, low detection
of IL-4, IL-5 and IL-9 was observed which indicates the generation of Th1-biased
response after vaccination. Besides, although excess IL-13 damage to airway
homeostasis, in the appropriate milieu, IL-13 expression help efficient differentiation of
antibody [146]. So, 7.5-fold increase of IL-13 is not harmful, instead it shows a successful
recruitment of distinct immune cells such as neutrophils and macrophages.
Furthermore, Th17 cells have a significant role in COVID-19 pathogenesis which inhibit
Th1 differentiation, trigger Th2 responses and lead to immune-driven lung injury [139].
Unsurprisingly, very low levels of IL-17A, IL-17F, IL-22 were detected as we expected.
Moreover, IL-6 was higher than other cytokines before peptide stimulation and this can
be explained with its critical role in connecting innate and acquired immune responses
which induces naive CD4+ T cells differentiation [147]. Also, IL-6 expression was
observed to be undetectable after peptide stimulation as it was expected because it
suppresses IFN-y gene expression directly and it should be suppressed in order to
prevent a cytokine storm [148]. However, there was a certain amount of IL-6 expression
before peptide stimulation. The reason for this is that PBMCs were freezed, thawed,
incubated and during that time other immune cells such as macrophages and DCs could

lead to the secretion of IL-6, hence, this background was not a T-cell dependent
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expression. IL-10 is another cytokine that was expected to be undetectable since it
reduces the innate inflammatory response to viral particles by preventing the formation
of IL-17-producing cells that harm the tissue. Overall, based on the analysis, VLP-58-
1023-AL-K3-PIl induced Th1-biased response, low Th2 and Th17 response,

undetectable Treg and IL-6 as we expected.

In this study, total IgG antibody responses against S,N proteins and
WT,Alpha,Delta RBDs were demonstrated. It is known that when antigen and antibody
complexed, Fc domain of the antibody facilitates the effector fuction via the FcR
engagement which promotes phagocytosis functions of monocytes, NK cells and
neutrophils [149]. Therefore, antibody-dependent functional activities such as antibody-
dependent monocyte phagocytosis (ADMP), antibody-dependent neutrophil
phagocytosis (ADNP), antibody-dependent NK cell activation (ADNKA), and antibody-
dependent complement deposition (ADCD) can be measured as future experimental
plans. Furthermore, the last reported VOC is Omicron variant, thus, the efficiency of
vaccine against Omicron can be detected by neutralizing antibody measurement. Also,
the measurement of memory B cells and CD8+ T cells levels of vaccinated volunteers
can be studied in order to provide information regarding to long-term protection from
SARS-CoV-2. We demonstrated the positive effects of 3™ dose on mice for the long-
lasting immunity of the vaccine. The effects of the third dose can be compared with the
second dose results if administration to humans allowed. Moreover, VLP technology that
we used for the development of the VLP-58-1023-AL-K3-PIl vaccine can be easily
adapted to other diseases such as influenza, hepatitis and can help preventing future

pandemics.

Taken together, this study revealed that VLP-58-1023-AL-K3-Pll vaccine elicited
robust humoral and cellular immune responses, there were no reported side effects, its
efficiency against variants was demonstrated. We proposed that third dose can be

administred to humans for long-lasting immunity.
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Figure A1. Anti-Spike IgG Titer demonstrations of Phase Il clinical trial volunteers.
Serum samples taken from volunteers were diluted 1:100, 1:600 and 1:3600-fold. Area
under the curve calculations were used to determine titers of OD405 versus log10

reciprocal serial dilutions graphs.
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Figure A2. Anti-N IgG Titer demonstrations of Phase Il clinical trial volunteers.
Serum samples taken from volunteers were diluted 1:100, 1:600 and 1:3600-fold. Area
under the curve calculations were used to determine titers of OD405 versus log10

reciprocal serial dilutions graphs.
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Figure A3. Anti-WT RBD IgG Titer demonstrations of Phase Il clinical trial
volunteers. Serum samples taken from volunteers were diluted 1:100, 1:400, 1:1600
and 1:6400-fold. Area under the curve calculations were used to determine titers of

0ODA405 versus log10 reciprocal serial dilutions graphs.
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Figure A4. Anti-Alpha RBD IgG Titer demonstrations of Phase Il clinical trial
volunteers. Serum samples taken from volunteers were diluted 1:100, 1:400, 1:1600
and 1:6400-fold. Area under the curve calculations were used to determine titers of

0ODA405 versus log10 reciprocal serial dilutions graphs.
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Figure A5. Anti-Delta RBD IgG Titer demonstrations of Phase Il clinical trial
volunteers. Serum samples taken from volunteers were diluted 1:100, 1:400, 1:1600
and 1:6400-fold. Area under the curve calculations were used to determine titers of

0ODA405 versus log10 reciprocal serial dilutions graphs.
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Figure A6. Measurement of Anti-Trimeric S IgG responses without volunteers who
were positive for COVID-19. Volunteers who were COVID-19 at a given time during the
study were excluded. (ns:non-significant, *p<0.05, **p<0.01, ***p<0.001, ****p<0.0001.)
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Figure A7. 12 cytokines production in response to SARS-CoV-2 peptide
stimulation of Phase Il clinical trial volunteers. Each dot represents a cytokine and
dot plot overlays indicates whether volunteer produced this cytokine after SNMO peptide
pool stimulation. No peptide was shown as black color and peptide stimulated cells were
labeled as red color.
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APPENDIX B

Recipes of Cell Culture Media and Buffers

1. 10X Phosphate Buffered Saline (PBS):
* 80 g NaCl

-2 g KCl

* 8.01 g Na>HPO4.2H-0

2 g KH>PO.,

*1LdH20

pH is set to 6.8 and the buffer is autoclaved before use.
2. 1XPBS:

+ 100 ml 10X PBS

* 900 ml dH20

pH is setto 7.4.

3. ELISA Blocking Buffer:

* 500 ml 1X PBS

* 25 g bovine serum albumin (BSA)
* 250 ul Tween-20

4. ELISA Washing Buffer:

* 500 ml 10X PBS

* 2.5 ml Tween-20

*4.5L dH20

5. Wash Buffer (ELISA)

* 4.5 It distilled H20

*0.51t 10X PBS

* 2.5 ml Tween20
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6. RPMI-1640 Media

For %2:

* 500 ml RPMI-1640 Media
*10.64 ml FBS

+ 5.32 ml HEPES

* 5.32 ml Penicillin/Streptomycin
7. RPMI-1640 Media

For %10:

* 500 ml RPMI-1640 Media

« 58 ml FBS

« 5.8 ml HEPES

* 5.8 ml Penicillin/Streptomycin
* 5.8 ml Non-essential Amino acid

* 5.8 ml Sodium-Pyruvate
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