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Abstract

Vaccination is thought to be the most effective and versatile component against infectious
diseases. Emerging infectious diseases and limited effectiveness of currently available
influenza vaccine can cause a serious public health threat to people worldwide. Millions of
people are affected in yearly influenza outbreaks and more than 250,000 lives are lost annually.
This study aimed to create a universal influenza vaccine prototype that will be cost effective,
easy to produce, would provide long-term immunity and effectiveness against multiple strains
of influenza and would be highly immunogenic. This kind of vaccine can be possibly formed
by conjugating conserved M2e antigen and Norovirus-like particle (NoV-VLP) using two
peptide tags (Spy-Tag and K-Tag) and Spyligase protein.

The extracellular domain of influenza A virus matrix protein-2 (M2e) was aimed to use as
target antigen. M2e antigen was fused with a peptide tag (K-Tag) for the formation of
isopeptide bond with another peptide tag (Spy-Tag) with the help of Spyligase. Spyligase is
the essential enzyme to form covalent bond between K-Tag-Spy-Tag, that was expressed in
BL21 Star DE3 E. coli strain. After complete purification of Spyligase using immobilized metal
affinity chromatography (IMAC) method, 86 mg/l of Spyligase protein was obtained with
>95% purity. Spy-Tag was genetically fused with Noro VLP so that, VLP could be decorated
and conjugated with K-Tagged antigen. Spy Noro VLP was expressed in Hi-5 insect cells and
purified with tangential flow filtration (TFF), 30 % sucrose cushion pelleting and anion
exchange chromatography. Estimated yield from this purification was 133 mg/l with >95%
purity. WT Noro VLP was purified using the same protocol as Spy Noro VLP and yield was
3.8 mg/l with >95% or >50% purity. Hydrodynamic diameter for Spy Noro VLP was 51 nm
and for >95% pure WT Noro VLP and >50% pure WT Noro VLP were 53 nm and 32 nm
respectively.

Spy-Tagged Noro virus like particle, K-Tagged antigen and Spyligase were mixed together and
incubated at 4°C for 24 hours. SDS-PAGE and western blot analysis showed the isopeptide
bond formation and successful conjugation of two peptide tag.

Keywords: Infectious Disease, Influenza, Vaccine, Norovirus, Virus like particle, isopeptide
bond, Spy-Tag-K-Tag, Spyligase
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1 Introduction

Influenza, structurally simple but highly infectious virus is a threat for the whole world because
of its high morbidity and mortality (Bright et al., 2007; Hong et al., 2019; Rossman, et al.,
2010). Frequent out bursting and infections with a pandemic potential has been imposing
economic burden. By different virus strain of influenza, more than (5-30) % world population
are affecting annually, resulting in millions of hospitalizations and thousands of deaths every
year (Sautto et al., 2018). Until March 2019, in last six months only in USA 26.3 million people
were infected, >289000 people were hospitalized and >31,200 people were dead by influenza
infection (Centre for disease control and prevention, 2019). In the last century it was and at
present time it is a threat for the people of the world. Devastating consequence from Spanish
influenza in 1918 (~50 million deaths), Asian influenza in 1957 (2 million deaths) and Hong
Kong influenza in 1968 (One million deaths) is still a fresh painful memory for the mankind
(World Health Organization, 2009). There have been almost ten pandemics in the last 300 years
that have caused loss of innumerable number of people. From the past experience it could be

guessed that, a mild new pandemic could kill millions of people (Osterholm, 2005).

Vaccination is the most cost-effective method for preventing influenza infection and reducing
mortality (Kang et al., 2012). Influenza vaccine has been available since last 70 years but still
epidemic and pandemic have been occurring by this virus with substantial damages
(Valkenburg et al., 2016). Vaccination against influenza infection is the prophylactic
countermeasure which target to reduce the burden of influenza. However, current influenza
vaccine efficiency is limited due to the antigenic diversity of the virus strains. These vaccines
are only active against selected strains and isolates circulating in the environment (Sautto et
al., 2018). On the other hand, it is very difficult to guess about the next strain because it is
totally uncertain and cannot say anything about the mutation and antigenic shift and drift
(Osterholm, 2005). Prediction inaccuracy of circulating viral stain and new reassortment
possibility are causes of pandemic outbreaks. To solve this problem it requires an anti-influenza

vaccine with an increased protection, high producibility and deployment (Valkenburg et al.,

2016).

Most of the currently market available influenza vaccines have been producing targeting the
transmembrane glycoprotein HA and NA (Bright et al., 2007; Hong et al., 2019; Rossman et
al., 2010). Hypervariability of amino acids of these proteins is responsible for outbreaks of

pandemic influenza. Small changes of amino acids due to antigenic shift and drift is enough to
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inactivate the current vaccines and loss of protection (Godbey, 2014; Sautto et al., 2018).To
overcome this limitation, it is highly needed to produce an effective, broadly reactive universal
influenza vaccine which is capable of protecting seasonal as well as newly emerging pre-
pandemic strains. Two possible approaches would be targeting conserved sequence which is
common in seasonal and pandemic virus and another would be eliciting broader immune

response that could confer protection against circulating influenza strains (Sautto et al., 2018).

The extracellular domain of transmembrane influenza protein M2 (M2e¢) is almost completely
conserved among most of the strains of influenza virus and is considered as a strong candidate
for the next universal influenza vaccine. Preclinical studies with M2e protein with VLP or
without carrier have shown excellent immune response against influenza virus stains (Ebrahimi
and Tebianian, 2011). Virus Like particles are the most efficient carrier for virus antigen
because of its highly immunogenic nature. VLPs are similar in structure and morphology
(Bright et al., 2007; Brune et al., 2016) of native virus but produce without viral genome. In
some cases, VLPs have shown eliciting broader immune responses than the whole inactivated
virus or recombinant hemagglutinin.(Bright et al., 2007). In a recent scientific report a
successful production of influenza vaccine has been described by using HA matrix protein

(Hong et al., 2019), here Noro VLP was used as platform for the formation of virus particle.

Noro virus like particles were produced using Hi-5 insect cells and Spyligase protein was
expressed in BL21 Star DE3 E. coli strain. Purification of VLPs was done using tangential flow
filtration (TFF), sucrose cushion pelleting by ultracentrifugation and anion exchange
chromatography. Spyligase purification was done using immobilized metal affinity
chromatography (IMAC). Spy Noro VLP, Spyligase and K-Tagged antigen were mixed to form
the conjugated vaccine particle. Spy-Tagged Noro VLP and K-Tagged M2e antigen formed
covalent bond between peptide tags incorporated by Spyligase. Conjugation of M2e antigen
and Spy Noro VLP was detected with SDS-PAGE and western blot analysis.



2 Review of literature

The research topic of the study was to test a novel method for protein-assembly based vaccine
construction. We aimed to produce a universal vaccine targeting the influenza virus M2e matrix
protein. Influenza has been a continuous threat since last century, but concrete solution has not
been identified yet due to its frequent genetically changing nature. Characteristic features of
influenza and conserved target antigens of influenza are mostly clear to researchers. In this
section of review all general information about influenza, ongoing research activity against
influenza and target antigens will be described. Moreover, peptide tags and their successful

application in vaccine production will be reviewed.
2.1 Influenza

2.1.1 Overview and life cycle

Influenza viruses are commonly flu causing, enveloped, single stranded RNA viruses of the
Orthomyxoviridae family (Nayak et al.,, 2009; Szewczyk et al., 2014). Spherical shaped
influenza viruses are about 100-200 nm in diameter (Szewczyk et al., 2014). There are four
types of influenza viruses, A, B, C, D, which are responsible for different types of seasonal flu
in animals and humans (Centre for disease control and prevention, 2019). Influenza A
circulates in human, dogs, pigs, horses and birds (Garcia-Sastre and Medina, 2011) and show
various symptoms such as fever, cough, sore throat, malaise within very short 1-3 days post
incubation period (Houser and Subbarao, 2015). Virus type A and B together result epidemics
in a rate of 5-10% and 15-30% to children and adults respectively (World Health Organisation,
2018). Another recent WHO report shows that about 1 billion people are infected every year,
3-10 million falls on severe illness and 300 000-500 000 people die annually (Krammer et al.,
2018). Influenza A virus from Zoonotic sources, sometimes causes pandemics, resulting
economic loss with massive mortality. In last century four pandemics occurred due to virus
types A and B (Houser and Subbarao, 2015). In contrast virus types C and D responsible for
respiratory illness, do not harm humans but causes flu to dogs (Centre for disease control and
prevention, 2019).

In composition, influenza viruses are single stranded negative sense RNA virus that have three
distinct structural properties. Firstly, hemagglutinin (HA), neuraminidase (NA) and Matrix
protein-2 (M2), comprising of virus envelop. Secondly, intermediate matrix protein layer (M1).
Thirdly, viral core capsid, comprising of viral ribonucleic protein (VRNP) and viral ribonucleic

acid (v RNA) (Nayak et al., 2009).



Additionally, influenza viruses contain eight segmented single stranded negative sense VRNA
(except seven in Influenza D), that encode 11-12 (Garcia-Sastre and Medina, 2011) or 11-17 (
Levene and Gaglia, 2018) different viral proteins engaging throughout their life cycle. Among
these proteins, N40 is one of the newly discovered proteins transcribed from the PB1 gene
segment. An arising new virus particle may happen by simultaneous infection to a cell by two
different strain of influenza. Pandemic causing new viruses are thought to evolve by this
mechanism in the last 100 years e.g. H5SN1 (Garcia-Sastre and Medina, 2011). Nucleic acid
sequence of M segment encodes transmembrane protein, M2 ion channel and matrix protein
M1 surrounded by phospholipid. Both nuclear export protein NS2 and non-structural protein
NSI are transcribed from the NS segments (Figure 1). Moreover, all protein components of
RNA dependent RNA polymerase protein (PB1, PB2 and PA), are expressed from their
respective segments. Whereas, N40, PB1-F1 and PB1-F2 are newly discovered proteins that
transcribe from PB1 segment. Additionally, Hemagglutinin (HA), neuraminidase (NA) and
viral nuclear RNA emerge from their respective genome segments (Garcia-Sastre and Medina,
2011). Two very important aspects of influenza genomes are their ability for rapidly change
and to produce multiple proteins that help these viruses to infect quite a broad host group,
which may go on to cause epidemics and pandemics with the same virus (Levene and Gaglia,
2018).

Moreover, there are 16 subtypes of influenza HA protein, which can be divided into five groups
and two clades. This large variability is one of the biggest hurdles for researchers to make
disincentives against influenza (Russell et al., 2008). Scientist are researching against these
viruses and different virus strains since last three decades. However, because of the newly
emerged strain, influenza is still a major threat around the world for many nations. For example,
H5NT1 is one of the influenza A virus strain that caused an outbreak in 1997. It was first found
in birds, but within short time it circulated into humans and became known as bird flu. Avian
influenza antigenic drift and shift are the main reason for considerable change of HA subtypes
that have been associated with the emergence of pandemic (Garcia-Sastre and Medina, 2011).
Virus stain “2009 HIN1” is an example of antigenic shift and drift and this virus strain can
cause pandemic by replacing the previous HIN1 virus strain (Centre for disease control and

prevention, 2019).
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Figure 1. Overview of Influenza A virus (Replication and Classification). (A) Infectious virus
particle. Eight single stranded negative sense virus genome segments in the virus core. HA,
NA, M2 transmembrane protein in spike like projections. Non-structural protein NS1 and
polymerase complex of RNP. (B) Classification of HA which contains 16 subtypes, two clades
and five groups. (C) Infection to the cells and they first attach by the Hemagglutinin (HA) to
the membrane and low pH of the endosome allow to fuse the membrane of the virus and enter
the nuclear materials. They incorporate to the host genome and replicate their own genome and
transcribe necessary proteins. After having all proteins and nuclear materials they are
transported to the cytoplasm from the nucleus through Golgi apparatus and assemble for
budding. For fully functioning virus packaging, host membrane is used after that, the NA
protein separate the bonds between HA and sialic acid of the host plasma membrane [adapted
from (Garcia-Sastre and Medina, 2011)]

2.1.2 Attachment and entry
Cell membranes are the complex entity of proteins and lipids, that have indispensable functions

in cellular mechanism. These protective liquid-liquid bilayers perform all sorts of



communications with other neighboring cells of tissue, growth factors and hormones ( Meder
et al., 2006). In addition, they also hinder attack of the pathogen and resist their easy entry into
cell. Lipid rafts are assemblies of lipid, sphingolipid and protein, frequently found in the cell
membrane, having a coalesce characteristic, important in cell signaling and membrane
trafficking (Chan et al.,, 2013). Production of virus progeny not only depends on virus
machinery but also requires host cellular mechanisms (Chan et al., 2013). Influenza virus
production and replication can be divided into sequential events. They are adsorption of virus
to cell receptors, entry and uncoating of nuclear materials, replication, synthesis of virus
protein, post-translational modification of VRNA protein, assembly and budding of virus
(Szewczyk et al., 2014). In the beginning, capsid protein Hemagglutinin (HA) attach to host
cell receptor, containing terminal a-2,3 or a-2,6 sialic acid. These sialic acid glycoside bonds
differ between human and birds. In case of human, sialic acid carrying a-2,3 glycoside bonds
most frequently in trachea whereas, most birds gut has sialic acid with a-2,6 bonds (Garcia-
Sastre and Medina, 2011). Sialic acid with a-2,3; is a very easy target of influenza virus which
also found in some other organ such as eye, of human (Kumlin et al., 2008).

Having attached to cell receptor, virus enters to cell by clathrin-mediated endocytosis. To
cleave hemagglutinin by cellular protease, it is important to expose HA protein. Low pH of
endosome helps to relax HA, allowing protease to break bonds between receptors and HA
protein (Englander and Mayne, 2014). Acidification of endosome also have another function.
It opens M2 ion channel and exchange environmental condition and lower the pH of virus
capsid. Low pH helps to uncoated host cell and entry of genetic materials to cells (Gannagé et
al., 2009). After that, Hemagglutinin is cleaved into HA1 and HA2 that allow peptide
conjugation with N-terminal of HA2 and fuse to endosomal membrane (Momose et al., 2002).
For replication of the genome and virus protein production, it is necessary to transport RNA
into nucleus. Virus RNA surrounded by Nuclear protein (NP) and Nuclear localization signal
(NSL) protein finds NP, helps by transport it to cell nucleus (Szewczyk et al., 2014). After
entry to nucleus, RNA-dependent RNA polymerase transcribes negative sense RNA into
positive sense RNA. During virus replication three types of RNA can be found: negative sense
VRNA, positive sense VRNA and small viral RNA which are thought to be generated by
transcription until cell bursts (Garcia-Sastre and Medina, 2011). Replication of RNA and
protein is simultaneously happened in nucleus and cytoplasm, including other cellular
mechanisms such as splicing, capping and transporting to cytoplasm. Virus RNA-dependent

RNA polymerase interacts cellular polymerase II that help in cap release from newly produced



mRNA. In addition, M2 and NS2 virus protein helps to transport VRNA proteins to cytoplasm
for modification, assembly and budding (Van de Sandt et al., 2012).

2.1.3 Virus assembly and release

Prior to virus assembly some post translational modifications of viral proteins are necessary.
Among them hemagglutinin and neuraminidase are transported to golgi apparatus for
modification and completed by folding in endoplasmic reticulum. After that, hemagglutinin,
neuraminidase, M2 proteins arrive to the plasma membrane. Lipid rafts of the cell membrane
1s promising site for virus assembly. During their transportation, all eight segments form a
complex to membrane for assembly. RNA formation and coating is still a mystery, but it is
thought that, there is packaging signal in both sides of the genome (Van de Sandt et al., 2012).
M1 protein also plays a very important role of virus assembly, moreover Rabl1 protein is
associated with the complex formation and assembly (Chou et al., 2013). Complete virus
particle is attached with sialic acid with Hemagglutinin prior to their cutting off by
neuraminidase. Even though, hemagglutinin, neuraminidase and matrix protein 2 (M2) have
affinity to sialic acid of membrane, only hemagglutinin binds there. Balance between sialic
acid and hemagglutinin bond is very important to produce enough virus progeny (Szewczyk et

al., 2014).
2.2 Matrix protein-2 as antigen

Frequent outburst, seasonal epidemics and causing of pandemic are reasons of emphasizing to
influenza viruses specially influenza A virus research (Cho et al., 2015). Current influenza
vaccines are against transmembrane proteins such as hemagglutinin and neuraminidase. It
seems that, those are not enough to stop the infection and economic loss (Van Saparoea et al.,
2018). Therefore, conserved transmembrane protein of influenza virion matrix protein 2 (M2)
is a suitable target for vaccine researchers (Kang et al., 2012). Recent study revealed that,
extracellular matrix protein 2 is evolutionarily conserved area and optimistic epitope for
producing universal vaccine (Deng et al., 2015). Pre-clinical trial of some vaccines targeting
M2 protein already have proved successful protection in animal models (Fiers et al., 2009). It
has been reported that M2 antigen with or without carrier is giving excellent results in phase |
and II trials that indicate an effective universal vaccine against influenza virus (Ebrahimi and
Tebianian, 2011; Lega et al., 2016).

M2e virus antigen is conserved protein region having homology with all influenza virus types

(Legaet al., 2016).
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Figure 2. Schematic presentation of influenza virus. Outer layer containing three
transmembrane protein including hemagglutinin (HA), Neuraminidase (NA) and highly
conserved M2 protein. Extracellular matrix protein 2 is a tetramer and forms ion channels
throughout the lipid bilayer membrane. On the other hand, matrix protein M1 protein evolved
from the same genomic segments and associated to the ribonucleoprotein and lipid bilayer
membrane. Ribonuclear protein complex of the virus comprises PA1, PB1, PB2 NP. Small
non-structural proteins are also found in unidentified position of the virion. [Adopted from
(Ebrahimi and Tebianian, 2011)].

Transmembrane protein 2 (M2) is transcribed from the seventh (M) genomic segment of
influenza virus. M2 protein encoding 97 amino acids is expressed from spliced mRNA of M1
mRNA (Deng et al., 2015; Ebrahimi and Tebianian, 2011; Schnell and Chou, 2008). To form
a functional unit of type III protein, they form tetramer and works as ion channel of virus.

N-terminal extracellular domain of M2 protein contains (2-24) amino acids, whereas
transmembrane domain comprises 25-46 amino acids and C-terminal intracellular domain is
encoded by 47-97 amino acids (Ebrahimi and Tebianian, 2011). The amino acid sequence of

M2 protein contains cysteine in the 17" and 19" position, which are well conserved and



oxidization of them helps in protein stabilization (Deng et al, 2015). pH sensitive
transmembrane domain contains histidine at 37" and tryptophan at 41th position which
function as pH sensor and gate respectively (Schnell and Chou, 2008).

Seventh segment have two parts: M1 (756 nucleotides) forms the main part of the viral capsid
and M2 (291 nucleotides) membrane protein forms the ion channels (Cho et al., 2015). Both
M1 and M2 protein are interrelated with each other not only in the protein form but they share
their coding regions. Highly conserved M2e extracellular membrane domain of M2 protein
share the first 9 amino acids with the reading frame of M1 protein. It has been revealed that
different types of viruses of human, animal and avian host contain same sequence from 1-9
(gray color in Figure 2) amino acids and there might be some variability among 10-20 amino
acid sequence of the M2e domain (Deng et al., 2015a). Virus types HIN1, HIN2, H3N2 those
affect human, swine virus H5N1, avian virus H17N10 and bat virus type HI18N11 are share
consensus region (Deng et al., 2015).

They remain conjugated after translation unlit the endocytosis by the infected cells. During the
endocytosis lower pH of the endosome helps to open the ion channel and balance the capsid
pH. Ribonucleoprotein and Matrix protein dissociates in this condition and enter to host cell

cytoplasm (Deng et al., 2015).
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Figure 3. Showing the mutation frequency in M2e domain of human, swine and avian
consensus sequence. (A) Percentage of mutations in the consensus sequence of human, swine
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and avian calculated from 14588 human,9324 avian and 3060 swine samples. (B) Sequence
alignment of M2e virus domain revealed that, M2e is very conserved and mutation rate is also
low in this consensus region among all virus types [Adopted from (Deng et al., 2015)].

Matrix protein 2 (M2) is a potential candidate for highly immunogenic vaccine based on few
reasons. Firstly, vaccine against this antigen can activate complement system and cells of innate
immunity. Secondly, it can bind to the infected cells and perform cell mediated cytotoxic
immunity which mitigate the effectors of infected cells. Moreover, antibody binding to the
antigen can prevent the release of virus particles and finally, can accelerate the phagocytosis
of virus via Fc receptor pathway and helps to prevent the auto phagocytosis of infected cells
(Kumar et al., 2018). Gannage et al., (2009) have reported that M2e protein is also necessary
for influenza virus to prevent autophagosome and degradation. In addition to that, this virus
encodes pro-apoptotic proteins which can be used as death parameter for host cell.
Amantadine (1-aminoadamantane hydrochloride) is one of the influenza virus vaccine
produced targeting against the M2e membrane protein (Cao et al., 2018). This prevents the
opening of the M2e ion channels and hinders the formation of M2 ion channels during the
budding of new influenza virus particles (Babapoor et al., 2011). One of the problems of
producing universal vaccine against M2e antigen is the lower immunogenicity of the antigen.
Researchers have been trying to improve strategies to develop highly immunogenic vaccine
platforms. Recombinant protein as vaccine platform is one of the used strategies to solve the
problem. In some cases M2e fusion with Hepatitis B and M2e-TLRS5 receptor have shown
higher immunogenicity than the single M2e antigen (Ebrahimi and Tebianian, 2011).

In recent year VaxInnate Corp. (New Jersey,USA) declared M2e-flagellin fusion influenza
vaccine as universal vaccine after their phase I clinical trial. After injecting two doses of 0.3
and 1 mg in young volunteers, they found 75% and >95% immunogenicity after first and
second dose respectively. Moreover, two swiss companies named Cytos Biotecnology and
Pevion Biotech Ltd. and two USA companies known as Dynavax technologies corp. and Merck
and Co Inc. are one the way of developing M2e based universal vaccine based on M2e-
AP205VLPs, M2e-Virosome, M2e-IssorNP-M2e, M2e-KLH fusion proteins respectively
(Ebrahimi and Tebianian, 2011).

2.3 Spy-Tag-K-Tag-Spyligase

Peptide tags are the most versatile tools for detection, isolation and purification of proteins and
immobilization of proteins. For decades several peptide tags have been used for this purpose

and among them HA, myc, FLAG and His tags are quite common (Zakeri et al., 2012).
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Formation of covalent bonds between proteins and peptides is one of the challenges for these
peptide tags. Native Chemical Ligation (NCL) and Expressed protein Ligation (EPL) helps
peptide bond formation but this need specific termini and limited to /n vitro condition. Protein
coupling, reconstitution is also possible in dock-and-lock system but does not work in reducing
condition, one the other hand using split inteins is problematic because of its side effect.
Limited stability and low bond strength between protein-peptide and temperature and pH
sensitivity were the prime limitation of previously used tags (Veggiani et al., 2014).

To overcome all the limitations, researchers were searching for spontaneous isopeptide bond
formation strategy development. From HKO97 bacteriophage, intermolecular spontaneous
isopeptide bond formation was first discovered which form chainmail by joining adjacent
protein subunits (Li et al., 2014). Intramolecular isopeptide bond was found in Spy0128 subunit
of pilin in Streptococcus pyogenes pathogen (Kang et al., 2007). This spontaneous covalent
bond was shown thermal, pH and proteolytic stability which was problem in case of disulfide
bonds. Recently, from CnaB2 domain of fibronectin binding protein of S. pyogenes another
small and fast acting covalent forming pair have isolated. In the beginning CnaB2 domain was
split into two fragment, 13 amino acid containing Spy-Tag and 116 amino acid containing Spy-
Catcher. This pair form 50% covalent bond within 1 minutes and full reaction completed in 24
hours incubation. Spy-Tag-Spy-Catcher also work properly in different temperatures (0-60° C),
pH (5-8), detergent and buffer. Spy-Tag and Spy-Catcher has become a promising tool for
different applications including vaccine development (Veggiani et al.,, 2014). Spy-Ring
cyclisation, dendrimer formation, use in resilience of enzyme and antibody-antigen ligation are
some of the applications of this technology (Reddington and Howarth, 2015). Thrane et al.,
(2016) have reported malaria vaccine production using VARSA2CSA a malaria protein with
efficient immunogenic reaction. Although Spy-Tag-Spy-Catcher provides strong bond and
broad range reaction condition, the large molecular size (116 amino acid) might still be a
problem in production.

To solve this limitation CnaB2 domain was split into three domains where Spy-Tag was
unchanged, but Spy-Catcher was split and isolated as 10 amino acids (K-Tag) and rest of the
Spy-Catcher was named as Spyligase (Figure 4). This K-Tag, Spy-Tag and Spyligase reaction
optimization is our target for producing universal M2e vaccine production. Crystallography
(Kang et al., 2007), NMR (Hagan et al., 2010) and quantum mechanics analysis has revealed
that in conjugation reaction mechanism lysine forms covalent bond with a nucleophilic attack

to asparagine with loss of H20. Another aspartic acid/ glutamic acid residue helps to cover the
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transition state of the reaction and form covalent bond between Spy-Tag and Spy-Catcher. In
case of Spy-Tag, K-Tag, Spyligase, glutamic acid containing Spyligase cover the transition

state and covalent bonds form between K-Tag and Spy-Tag (Kang et al., 2007).

SpyLigase
k= to drive SpyTag
Gl \K . ligation to KTag

\‘. ':(\‘{i -3

Figure 4. Producing isopeptide bond forming peptide tags and Spyligase. Two beta strands of
CnaB2 domain have been splitted. After splitting blue colored beta strand containing aspartate
named as Spy-Tag and orange colored peptide containing lysine is K-Tag and rest of the
domain is Spyligase in green color. [Adopted from (Veggiani et al., 2014)].

2.4 Vaccines based on virus like particles

2.4.1 Virus like particle overview
Vaccination is the most cost effective and successful way of preventing infectious diseases. In

nineteenth century, most of the vaccines have been developed using killed or attenuated

12



viruses. Even though, those have been able to create strong immune responses by producing
active B and T immune cells and long-lasting immunity, sometimes high production costs and
safety issue have hindered their use in long run. So, researchers have been searching for
alternative vaccine production methods which would be cost effective and safe (Mohsen et al.,
2017).Virus like particles are nano-scale protein components, similar in morphology and
structure to native virus particles (Rodriguez-Limas et al, 2013). It is organized
macromolecular empty shell form by the assembly of viral structural proteins (capsid) (Liu et
al., 2014). Though they are very similar in their morphology but do not contain any genetic
material and noninfectious (Santi et al., 2006). VLPs can be produced by genetic engineering
and expressing the viral structural proteins in different host cells of mammalian, insect, plant
and yeast or bacteria (Santi et al., 2006).

In the past three decades virus like particles (VLPs) have become the most potential tool in the
field of vaccine development (Zeltins, 2013). VLPs constitute versatile tools in vaccine
development due to their favorable immunological characteristics such as their size, repetitive
surface geometry, ability to induce both innate and adaptive immune responses as well as being
safe templates with promising economics (Mohsen et al., 2017). VLPs are multi-protein supra-
molecular structures and carry many characteristics of viruses that can be harnessed in vaccine
development strategies (Mohsen et al., 2017). They are very small (20-100 nm) in diameter
which permit entry and exit in various lymph nodes, lymphatic vessels throughout the body
and facilitate optimal uptake by antigen presenting cells (Frietze et al., 2016).

VLPs have lots of resemblances with the inactivated virus particles. Prior to use and
development of the VLPs, inactivated viruses were the most efficient vaccines (Bright et al.,
2007). Including polio, hepatitis A, Influenza, Japanese Encephalitis and Rabies several
vaccines have been approved by FDA which were produced using inactivated viruses (Bright
et al., 2007). Effective antigen is the target of vaccines, sometimes antigens alone do not
provide good response, but some adjuvant formulation might be given for better responses.
Bacterial toxins, cytokines, polymeric particles, emulsions, pathogenic receptors, liposomes
and aluminum salts are the most commonly used adjuvants in VLP based vaccines (Cimica and
Galarza, 2017; Debbink, 2015). Nowadays there are several commercially available VLP based
vaccines e.g. Hepatitis B vaccine and human papilloma virus vaccines. Mostly they have been
produced by expressing recombinant non-enveloped structural proteins in mammalian, insect,

yeast, plant or bacterial cells (Quan et al., 2016).
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Vaccines based on VLPs are more immunogenic than the protein subunit vaccines (Frietze et
al., 2016). VLP platform allows to present antigens in high density and repetitive manner which
helps to attract the crosslinking of B cell receptors and produce strong vaccines. Cross linking
of the antigens helps to present the VLPs to the different types of cells like CD4 and DCS.
Moreover, to MHC I and MHC II molecules which increases the response against antigens
(Quan et al., 2016).

VLPs exhibit repetitive surface antigens on their icosahedral or helical structures (Frietze et al.,
2016). There are many different hosts for producing the virus like particles. Among them
human (Jones et al., 2015), insect, plant (Santi et al., 2006), yeast (Wetzel et al., 2018) and
bacterial (Huo et al., 2018) production systems are the most popular. However, more than 30%
VLPs have been produced using the bacterial production system under strong promoter in
plasmid construct and codon optimization have been done to optimize the production (Mohsen
et al., 2017).

2.4.2 Examples of VLP vaccines and technologies

From last three decades, VLP-based vaccine research has been very prominent due to its
effective and qualitative nature. Yang et al., (2017) have reported a vaccine production against
Zika (ZIKV) virus. They have used Hepatitis B core antigen for devising VLP which display
ZIKV E Zika virus protein domain III (zDIII). This HBcAg-Zdiii VLP can be easily produced
in Nicotinia benthamiana plant cells and are highly immunogenic. This newly invented vaccine
elicited potent cellular and humoral responses in mice trial against several Zika virus strains.
Moreover, it has overcome cross-inducing antibody limitation, including sensitizing people to
subsequent dengue virus (DENV) infection. Improved safety, lower cost and equivalent
effectiveness makes dengue VLP popular over current alternatives (Yang et al., 2017).

Last year, a group of scientists have successfully expressed VLPs in yeast production system.
They have fused eight different antigens of different animal Hepatitis virus to the VLP, where
antigen size was also different (Wetzel et al., 2018).

Several VLP-based vaccines are now available against different chronic and fatal diseases
including cancer and HIV (Shouval et al., 2015). After first development of Hepatitis virus
based VLP-vaccine (HBsAg-VLP) in 1980, many limitations such as safety and tolerability
have been overcomed (Shouval et al., 2015). Blumberg developed second generation hepatitis
B (HVB) vaccine expressing SHBs (structural protein of hepatitis B) protein of HVB virus in
the S. cerevisiae and proved the effectiveness of VLPs. Currently, one of the third generation

HVB vaccine Sci-B-Vac™ has been approved to use in 14 east Asian countries including Israel.
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Sci-B-Vac™ Vaccine clinical trial data, in chronic patient of hepatitis of Vietnam showed 50
% suppression, incorporation of the lamivudine oral adjuvant (Shouval et al., 2015).

Malaria is still a threatening disease in the whole world, until last year there was no commercial
vaccine against malaria. Mosquirix™ is a recent and only reported and certified malaria
vaccine using virus like particle targeting pre-erythrocytic stage (Moorthy and Ballou, 2009).
In the N-terminus of the HBsAg-VLP, malaria antigen consisting central repeat of B and C-
terminus repeat of T-epitope has fused in addition to MLP and QS-1 adjuvent (Moorthy and
Ballou, 2009). The strategy of using adjuvants are not new, many adjuvants have been used for
getting proper antigenic response and activating the adaptive immunity through stimulating the
innate immune response (Moorthy and Ballou, 2009). 3-O-desacyl-4’-monophosphoryl lipid
A (MPL) and saponin are two frequently used immune-stimulants in the candidate vaccines
based on VLPs (Ding et al., 2018). The adjuvant system AS04 contains the MPL and aluminum
salts whether, ASO1 and AS02 contains the MPL and QS-21, are liposome and emulsion based
formulations respectively (Van Mechelen, 2011). Cao et al., (2018) have reported a successful
development of Virus like particle-based cancer therapeutics for targeted photodynamic
therapy. In this protocol targeted photosensitizers absorb light and produces the oxygen radical
to kill the cancer cells (Brady et al., 2017).

Human papilloma virus (HPV) is the most common sexually transmitted large virus group
causing a greatest risk of cervical cancer (Burd, 2003). This virus group comprises more than
150 types HPV viruses(Centre for disease control and prevention, 2019). Cervarix, Gardasil
and Gardasil9 are the three FDA approved vaccines based on HPV virus like particle (De
Vincenzo et al., 2014). In the year of 2006, first VLP-based vaccine against HPV type 6, 11,
16 and 18 was approved by FDA (De Vincenzo et al., 2014). In the following year vaccine
named cervarix, targeting only HPV 16 and 18 was approved. In 2014, Gardasil9 has been
approved and it was more immunogenic and efficient against broader range of viruses than
before (De Vincenzo et al., 2014). HPV type 45, 52 and 58 which are responsible for 20% of
current cervical cancer were included in the vaccine Gardasil9 (Harper et al., 2017).
Recombinant L1 capsid protein of HPV virus have been used to produce HPV VLP and
aluminum hydroxyphosphate neutral salts have used as adjuvant (De Vincenzo et al., 2014).
Rotaviruses are causative agents of diarrhea and are health threats all over the world (Lamrani
et al., 2017). Though Rotashield, Rotateq and Rotarix are three attenuated Rotavirus vaccines,

they are not sufficient for complete prevention of the virus. Currently, VP2 and VP6 protein
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have been used to produce single and double layer VLPs to fight against this virus, which have
shown higher immunity than the previously used vaccines (Li et al., 2014).

Akahata et al., (2010) have reported successful VLP based vaccine construction against
epidemic causing Chikungunya virus (CHIKV). Chikungunya virus is a mosquito borne alpha
virus of Togaviridae family, isolated first in Tanzania. Infection of this virus can be
characterized by rash, high fever and it causes severe arthritis which lasted 1-2 year (Akahata
et al., 2010).This vaccine construct was found to produce a response in Monkey immunization
experiment preventing CHIKV attack by inducing humoral immunity.

Drug delivery in cancer treatment via His-tagged Virus like Nano-structure particles has been
done successfully by (Biabanikhankahdani et al., 2017). The strategy they have applied is that,
targeted therapeutics Doxorubicin (DOX), have been conjugated to virus like particles using
nitrilotriacetic acid (NTA). The His-tagged VLPs joined via non-covalent bond with DOX-
NTA and cross-linked with folic acid (FA) which is released in the ovarian cancer cells through
folate receptors (FR).

2.4.3 Function and application of VLP

Willis et al., (2008) have concluded that Virus like particles have the potential application to
produce soluble probes for membrane protein interaction by incorporating conformational-
complex membrane protein. To solve the problem of studying reactivity of integral membrane
proteins and their kinetic differences of reaction, they have analyzed this molecular technique
of VLP-based lipoparticles. They have used the G-protein coupled receptor membrane protein
to quantify the kinetic difference of reactivity of market available antibody against chemokine
receptor CCRS. Recent investigation of vaccines based on VLPs has proved their efficiency
and safety in different clinical trials. Protein engineering application made possible to get
enveloped proteins of right confirmation and higher immunogenicity (Quan et al., 2016).
Most of the current influenza vaccines targeted on a strain specific transmembrane protein is
not sufficient to control the pandemics. Virus like particles can be used to produce universal
vaccine to deteriorate the outbreaks. It is possible to use conserved antigens as a surface protein
of the VLP with a perfect conformation, in addition to an adjuvant which produces very
immunogenic vaccines (Kang et al., 2012). VLPs can be used not only for vaccine productions
but also in drug delivery, incorporating nucleic acids and small molecules (Santi et al., 2006).
2.4.4 Norovirus and VLP

Noroviruses are one of the prime gastroenteritis epidemics causing viruses of Caliciviridae

family (Robilotti-Cairlet et al., 2015). These plus (+) stranded highly infectious RNA viruses
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are responsible for almost 95% viral outbreaks which spread through food contamination and
personal contact (Karst, 2010). Noroviruses are frequently divided into five genogroups
including GI, GII, GIII, GIV and GV. Among them GI, GII and GIV are human viruses, GIII
is bovine and GV is murine Noro virus (Karst, 2010). Non-enveloped icosahedral Noroviruses
are small in diameter (38-40 nm) (Karst, 2010), major capsid protein (VP1) encoded from
ORF2. This capsid includes conserved internal shell (S) and variable protruding (P) domain. P
domain is further subdivided into two domains (Pl and P2). Production of VP1 domain
(independently of other viral components) results in the self-assembly of the VLPs. A fully
functional Norovirus contains 180 copies of VP1 protein in the capsid (Karst, 2010). Because
ofits small size and high VP1 protein copy number, this VLP is experimentally used as vaccine
platform. However, it is still necessary to optimize the production rate, post translational
modification and proper purification method which is hindering its application (Jones et al.,
2015). One possible production system was human B cell in case of Sydney human norovirus
(HuNoV) strain but still need optimization (Jones et al., 2015). In a report of Huo et al, (2018)
they have claimed that, E. coli BL21 could produce enough VP1 protein by using pCold 111
and pCold IV vectors.

White et al., (1997) have claimed a successful production of Norwalk virus and VP1 protein in
Sf-9 insect cells. After purification using CsCl and sucrose gradient it gave a good immune
response in the animal trial. However, this process was not cost-effective, moreover, it was
time consuming. In recent years, Koho et al. (2015) successfully expressed this Noro VLP in
insect cells and purified using ion exchange chromatography, which is very fast and cost-
effective method. Later, decoration of His-Tagged Noro VLPs enabled its purification by using
affinity chromatography (Camper and Viola, 2009). There is no commercially available Noro-
VLP based vaccine available yet (Lucero et al., 2018).
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3 Aims of the thesis

The aim of this thesis was to test the ability of Spyligase protein in conjugating Spy-Tagged
and K-Tagged vaccine components together. However, the first aim was to produce and purify
a Spy-Tagged norovirus-like particle (Spy Noro VLP) as a vaccine platform and Spyligase
protein, which is an enzyme conjugating Spy-Tag and K-Tag together. Before performing the
conjugation reaction, K-Tagged influenza-antigen M2e was ordered as synthetic peptide. Wild
Type Norovirus-like particle (WT Noro VLP) was produced and purified as control antigen for

the conjugation reaction.
Specific aims of the study were

1. To produce and purify
a. Spy-Tagged Noro VLP,
b. Spyligase protein and
c. WT Noro VLP
2. To test the ability of Spyligase in conjugating Spy-Tagged Noro VLP with K-
Tagged M2e antigens.

From last three decades scientist have been utilizing Virus-like particles intensively for vaccine
production. Different VLP platforms have been replacing the live attenuated and inactivated
virus vaccines as well as peptide antigens as vaccine candidates. Noro VLPs are a perfect
choice for VLP based vaccine production due to its easy production and purification. In a
previous study by (Koho et al., 2015) a successful production of His-Tagged Noro VLP has
been shown, which have been used for immobilizing streptavidin-biotin Tris-NTA conjugates
and fluorescent dye molecules. Recently, Spy-Tag-Spy-Catcher have been used intensively for
protein conjugation but large molecular size of Spy-Catcher which may cause immune reaction
is still a limiting factor for vaccine production (Reddington and Howarth, 2015). In this study,
spliced parts of CnaB2 fibronectin binding domain (Spy-Tag and K-Tag) were conjugated in
the reaction mixture catalyzed by Spyligase to form influenza M2e antigen decorated Noro

VLPs.
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4 Materials and methods

4.1 Insect cell culture

In this study insect cells were used for producing Spy Noro VLP and WT Noro VLP. Sf-9 cells
(spodoptera-frugiperda) were used for baculovirus (BV) amplification and Hi-5 cells
(Trichoplusia ni) and TNI-FNL-Hi-5 were used in the production of VLPs. The cells were
maintained in 100 ml suspension cultures in plastic cell culture bottles, so that, culture bottles
at least contain five times free space for sufficient gas exchange. Cells were cultured at 27° C
in 225 rpm constant shaking. Lonza insect- XPRESS protein free insect cell culture medium
containing L-glutamine without antibiotics was used. In the culture, 10 U/ml heparin was used
in case of Hi-5 and TNI-FNL-Hi-5 cells to avoid cell clumping. Cells were split thrice a week
to keep them in continuous log phase. One day before starting VLP productions the cells were
split and only >95% viable cells were used for production. CountessTM bench top automated
cell counter (Invitrogen CA, USA) was used for estimating cell numbers and trypan blue was

used for staining the dead cells. The cells were regularly observed with a microscope.
4.2 Baculovirus stock production
4.2.1 Production of P1 virus stock

Baculovirus stock production (P1) was started with the transfection of the Sf-9 cells with the
Spy Noro VLP Bacmid prepared previously (Bac-to-bac baculovirus expression system,
Invitrogen by life technologies). The cells were transfected with 1 ug bacmid DNA using
baculoFECTIN II reagent following the baculoFECTIN II user guide (https://oetltd.com/wp;

20.01.19). After counting the cells, 2 ml cell suspension containing 0.5 x 10° /ml was plated in
a 6 well plate and let adhere for 60 minutes in order to form sub-confluent monolayer of cells.
100 pl cell culture medium, 1 ug bacmid DNA and 1.2 pl BaculoFECTIN II reagent (Oxford
expression technologies, Oxford, UK) was added into a sterile disposable 1.5 ml tube, mixed
well and incubated for 20 minutes to form the nanoparticle DNA complex. After the cell
monolayer formation, 1 ml cell culture media was removed from each well carefully so that, it
does not disturb the cells and 0.1 ml BaculoFECTIN II/DNA mixture were added dropwise on
the cells. Then the plate was placed in a sandwich box containing moistened paper and
incubated at 27°C over night. Then 1 ml medium per well was added and the cells were
incubated for another 4 days. Five days post infection (dpi) the cells and the supernatant were
collected by centrifugation 200g for 5 minutes in a table top centrifuge and the supernatant was

filtered using 0.20 pum filter (GE Healthcare Life Sciences, USA). Following the separation,
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supernatant and cells were stored in 4°C and-20°C respectively. This supernatant was P1 BV

stock which was used for producing P2 BV stock.
4.2.2 Production of P2 and P3 virus stocks:

Sf-9 cells were prepared for infection to produce the P2 stock. 200 ml cells containing 2 x 10°
/ml was cultured in a 2 L bottle and infected with P1 stock in 1:200 volumetric ratio. 6 dpi P2
BV stock was collected by centrifugation in 2500 g for 10 minutes at room temperature (RT).
Before centrifugation 1% FBS was added in the culture to enhance BV stability. The
supernatant was filtered consecutively through 0.45 and 0.20 pum filters (GE Healthcare Life
Sciences, USA). P3 BV stock was prepared by infecting another 200 ml of cells (2 x 10°
cells/ml) with P2 stock.

WT Noro VLP P2 stock produced previously in the laboratory was used to infect 200 ml S-9
in a 1:200 volumetric ratio. Cell viability was >95% by the time of infection. Transfected cells
and supernatant were collected 5 dpi following the same protocol used for the Spy Noro VLP

stocks.
4.2.3 Optimization of protein production

For producing the highest amount of VLPs, small scale test productions were done for Spy
Noro VLP and WT Noro VLP using Hi-5 and TNI-FNL-Hi-5 cells. In different batches of test
production, P2 and P3 virus stocks of Spy Noro VLP and only P3 stock of WT Noro VLP were
used both in Hi-5 and TNI-FNL-Hi-5 cells. Every test production volume was 50 ml and cell
concentration were 2 x 10° / ml and viability were more than 95%. P2 and P3 BV stocks of
both VLPs were added in different volumetric ratio in both cell lines. All test productions were

harvested 6 dpi (applying the same technique as described before in virus stock production).
4.3 Large scale Noro VLP production

In all production batches, 1:50 virus dilution was used for Spy Noro and WT Noro VLP protein.
Cells were split the previous day of infection to keep them in early log phage. Culture volume
was 10 x 100 ml and 2 L Erlenmeyer plastic screw cap culture bottle was used. Cultures were
harvested 6 dpi. For harvesting 1-liter culture, 20 g sartoclear dynamics lab filter aid (Sartorius
Filter aid, Germany) was added and mixed well and filtered through 0.20 um Nalgene Rapid
Flow 500 ml bottle Top filter (Thermo Fisher Scientific, Wilmington, USA) using vacuum
pump. Cell pellet and supernatant sample of Spy Noro and WT Noro VLP were taken and
analyzed in Stain-free SDS-PAGE gel electrophoresis (Detailed mechanism in chapter 4.10.1).

20



Protein bands of the expected size were observed in the SDS-PAGE gel where band intensity
was used to determine the production level and BV dilution for optimal production level for

both proteins.
4.4 Purification of Noro VLP
4.4.1 Tangential flow filtration

Noro VLPs were purified by following multi-step protein purification process. Hi-5 culture
supernatant containing the produced VLPs was cleared as described above (section 4.3). The
culture supernatant was concentrated with tangential flow filtration using AKTA Flux s
instrument (Detailed method at 4.10.4), and 750 MWCO hollow fiber (#UFP-750-E-3X2MA,
GE Healthcare). After washing the system and the hollow fiber with Milli Q water, sample was
applied in the tank. The transmembrane pressure was around 0.3 MPa during the sample
application and wash and elution fraction tank level settled at 100 g. Concentrated 186 g (100
g sample + 86 g binding buffer) Noro VLPs were collected in a clean bottle. Small sample from
both permeate and concentrated Noro VLPs were collected for SDS-PAGE gel analysis. Here,
50 mM phosphate buffer pH 7.0 was used as binding buffer.

4.4.2 Ultracentrifugation

Noro VLP was finally concentrated with ultracentrifugation using 30% sucrose cushion
pelleting in phosphate-buffered saline (PBS). Optima XPN-100 ultracentrifuge (Beckman)
with Rotor SW32Ti and 38.5 ml ultra clear tubes (#344058) were used. Sucrose cushion
gradient was made by pipetting 6 ml 30% sucrose in 38.5 ml tube and 31 ml of TFF
concentrated Noro VLP sample on the top of the sucrose. VLPs were pelleted with
ultracentrifugation for 16 h, 32000 rpm at 4 °C. After ultracentrifugation, supernatant was
fractionated into four five ml and rest of them in 1 ml fractions and carefully removed the last
drops of the supernatant using cellulose paper. The pellets were dissolved in 1 ml PBS by
magnetic stirring 4 hours at 4°C. Another 500 pl PBS buffer was added and transferred to
Eppendorf tube and centrifuged 5 minutes at 13000 g at 4 °C. Small sample of the starting
material, fractions after the ultracentrifugation, pellet and supernatant were collected and

analyzed in SDS-PAGE gel.
4.4.3 Anion exchange chromatography

Anion exchange chromatography was used as the final purification step for the VLPs (Detailed
mechanism in chapter 4.10.5). HiTrap Q FF 5 ml or 50 ml (GE HealthCare, Chicago, USA)
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column was connected to the AKTA Start chromatography instrument. A buffer containing 50
mM NaH;POq (pH 7.0) was used as the running buffer, and buffer containing additionally 1 M
NaCl was used as the elution buffer. Prior to sample application column was prepared
following the column manual and the concentrated VLP was diluted with 50 mM phosphate
buffer until the conductivity reached 3.5 mS/cm?. After sample loading, the column was

washed to remove unbound protein and column-bound VLPs were eluted using 100% gradient.
4.5 Production of Spyligase
4.5.1 Plasmid recovery

A Bacterial stab containing DH5a (E. coli) transformed bacteria, were received from Addgene
company (Addgene, Watertown, Massachusetts, USA). Transformed bacteria contain N-
terminally His-Tagged Spyligase in pDEST14 plasmid. Bacteria were streaked onto an
ampicillin-glucose-LLB plate and incubated overnight. In the following day, selected single
colonies were inoculated in four tubes of 5 ml ampicillin-glucose-LB medium. Tubes were
incubated at 37°C in 228 rpm shaking. After 6 hours, 2 ml of bacterial liquid culture was added
to 200 ml of ampicillin-glucose-LB medium. In next day, the ODsoo was 0.764 in 1:20 dilution.
The culture was centrifuged 10 minutes at 4300 rpm at 4°C and the bacterial cell pellet was
resuspended in 50 ml PBS buffer and plasmid DNA was isolated by using NulceoBond Xtra
Midi plus EF kit by Macherey-Nagel (Detailed in chapter 4.10.3). Concentration of the plasmid
DNA was determined by measuring 280 nm absorbance with NanoDrop spectrophotometer .

The plasmid DNA was then aliquoted and stored in the freezer (-80 °C).
4.5.2 Chemical transformation of plasmid into competent bacteria

1 ul (84.3 ng/ul) pDEST14-Spyligase plasmid was transformed into, BL21 Star DE3 bacterial
strain using the heat shock method (30 s, +42°C) and transformed bacteria were selected based
on their growth on ampicillin containing LB plates. 100 pl and 20 pl of the transformed
bacterial cells were spread evenly on amp-gluc-LB plates and let grow overnight (to obtain

single colonies).
4.5.3 Spyligase culture condition optimization

Successful transformation allows bacteria to grow into ampicillin-glucose-LB plate and in the
plate single colonies were identified. Single colonies were inoculated into 5 ml LB,
supplemented with 0.1 mg/ml ampicillin and 0.45 mg/ml glucose and incubated overnight at

37°C, in 160 rpm constant shaking. Three different temperatures were tested to find out which
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temperature produces the highest amount of Spyligase. Before inoculating, seed culture was
centrifuged at 4000 g for 10 minutes and the pellets were resuspended in 5 ml of culture
medium. After that, 3x200ml ampicillin-glucose-LB medium were prepared and 2 ml of
resuspended seed culture was inoculated in each flask. Antifoaming (10 pl structrol) agent was
used to reduce the foaming. When ODs00) was ~0.4; 200 pl (1mM) IPTG protein production
induction agent was added and incubated overnight at 18°C, 25°C or 37°C in 228 rpm constant
shaking. Small scale Nickel-NTI-resin protein purification was done by using EasyLyze kit.

Pellet, supernatant and resin sample were collected and run into the SDS-PAGE gel.
4.5.4 Spyligase purification

1 L of bacterial culture containing Spyligase was centrifuged at 4300 g for 10 minutes and the
supernatant was removed and resuspended with binding buffer (50 mM NaHPO4, 500 mM
NaCl and 10 mM imidazole). Bacterial cells were lysed using Emulsiflex-C3 (Avestin, Ottawa,
Canada) homogenizer instrument, sample was passed twice through the valve at 60-100 bar.
Then the lysates were centrifuged 10 minutes at 20000 g in 4°C (Thermo scientific LyNX 4000
centrifuge) to separate the pellet and the supernatant. Pellet and supernatant samples were
collected for SDS-PAGE for further analysis. In the final step of Spyligase purification
Immobilized Metal Affinity Chromatography (IMAC) was used. To purify histidine tagged
Spyligase, HisTrap FF Crude 5 ml column (GE Healthcare, Chicago, USA) was used. Before
sample application column was connected to the AKTA START (GE Healthcare, Chicago,
USA) instrument and prepared by thoroughly washing with water and equilibrated with the
mobile phase buffer. After column equilibration the sample was applied to the column and
washed with binding buffer to remove the unbound proteins from to the column. Then column
bound proteins were eluted using elution buffer (50 mM NaHPO4, 500 mM NaCl, 250 mM
imidazole, pH 7.5) in 5 ml fractions. Small load, wash, Flow through and elution fractions

samples were collected for analysis in SDS-PAGE gel.
4.6 Endotoxin removal from the protein

According to endotoxin measurement assay (chromogenic LAL assay) purified Spyligase and
Spy Noro VLP contained high levels of endotoxins. For removal of endotoxins from the
Spyligase protein, the protein was bound to nickel sepharose column (HisTrap Q FF Crude pre-
made 5 ml column (GE Healthcare, Chicago, USA) ) and washed with 0.1% Triton X114 (0.1%
triton X 114 was added into the 50 mM phosphate buffer). Column was connected to the AKTA
Start column chromatography instrument (GE Healthcare, Chicago, USA). After sample
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loading into the column it was washed with binding buffer containing 0.1% Triton X114
binding buffer Spyligase protein was eluted from the column using 250 mM imidazole and
fractionated in 5 ml fractions. After elution fraction pooling together, dialysis was done, and
concentration was measured by BCA analysis method. Prior to use LAL assay protein sample
was diluted 10 and 20 folds and 10 pl diluted sample was mixed with limulus amebocyte lysates
and chromatogenic substrate. When incubation was completed, absorbance was measured
using 405 nm light. A standard curve was created from the absorbance data and calculated

endotoxin level.
4.7 Dialysis of the proteins

Dialysis of IMAC purified Spyligase was performed using commercial Slide-A-Lyzer®
dialysis cassette (Thermo Scientific, Rockford, USA). Observing chromatogram peaks, protein
containing elution fractions from IMAC purification were pooled and injected into hydrated
dialysis cassette (using a syringe and needle) to remove imidazole gradually from the sample.
The cassette was sunk into 2 L PBS including 1% EDTA and 100 ml imidazole dialysis buffer
(1x) in continuous stirring using magnetic rods. Imidazole amount in the PBS buffer was
reduced gradually and the buffer was changed three times after every two hours and put over
night in PBS at 4°C. When the dialysis was complete, the sample was removed from the cassette

into a clean tube and the concentration of the sample was determined with BCA analysis.
4.8 Dynamic light scattering analysis

Purified protein sample was put into the plastic cuvette and set to the Zetasizer Nano ZS
(Malvern Instruments, Worcestershire, UK). The viscosity of the sample buffer was used as
the viscosity of the sample at 25°C. PBS was the sample buffer for dialysed samples of Spy
Noro and WT Noro VLPs. On the other hand, 50 mM phosphate including 0.5 M NaCl was
used as sample buffer for elution fraction samples of Spy Noro VLP. In case of all samples of
Spy Noro VLP and WT Noro VLP 100 pl was loaded into the cuvette. (Detailed in chapter
4.10.6).

4.9 Conjugation reaction of Spy Noro VLP and K-Tagged antigen

Following the production and purification of the Spyligase and Spy Noro VLP and dissolving
K-Tagged-M2e synthetic peptide, conjugation reaction was performed. Both Spyligase and
Spy Noro VLP were in PBS buffer, but K-Tagged-M2e antigen was dissolved into PCT buffer.
Spy Noro VLP, Spyligase and K-Tagged-M2e antigen were mixed in 1:3:20 molar ratio. The

reaction mixture was incubated at 4°C for 24 hours, analysed in SDS-PAGE gel and western
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blotting (Detailed in chapter 4.10.2 ) using the M2e specific mouse monoclonal antibody.
IRdye containing secondary antibody was used against primary antibody to measure the
intensity of primary antibody and imaged in Odyssey CLx (LI-COR Biotechnology, Lincoln,
USA) instrument. IRdye of secondary antibody is sensitive at 800 nm light channel and marker

at 700 nm light channel in odyssey instrument.
4.10 Detailed methods and protocols
4.10.1 SDS-PAGE

Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE) is one of the vital
techniques for identification of proteins and nucleic acids of a sample. The SDS (sodium
dodecyl sulphate) is highly negatively charged and it neutralises the protein in the gel (Al-
Tubuly, 2000). This is the cause of smooth running of protein and peptides and nucleic acids
in gel and bigger protein run more slowly than the smaller ones. Boiling of the protein together
with the sample buffer helps to denature the protein. Instantly, SDS occupy the positive charge

of protein and help to linearize the protein.

In basics, polyacrylamide gels are formed by the polymerisation of crosslinked acrylamide,
bis-acrylamide in presence of one catalyst and initiator. Ammonium persulfate (APS) is a
source of persulphate ions (S208-) used as solidifying initiator and free radical source.
TEMED (N,N,N’,N’-tetramethylethylenediamine) catalyse the reaction by stabilising above

mentioned free radicals.

(https://www.thermofisher.com/content/dam/LifeTech/global/Forms/PDF/protein-gel-

electrophoresis-technical-handbook. pdf).

In protein and protein dynamics SDS-PAGE technique is highly used because of its accuracy,
easiness and cost-effectiveness. In our study, SDS-PAGE was used for identification of the
Spyligase, Spy Noro VLP, WT Noro VLP proteins and analyzing protein conjugation. The
samples were mixed with sample buffer including mercaptoethanol and heated for 10 minutes
at 100°C. Self-made 12% polyacrylamide gels were prepared by using the TGX stain free Fast-
Cast acrylamide Kit (BIO-RAD, Hercules, California, USA). We have also used any KD
PROTEIN Mini TGX stain free precast gels and any KD CRITERION TGX stain free protein
gels. For referencing the protein bands, unstained protein ladder was used with protein sample

in the gel.
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Stain free gel technology uses the ability of the aromatic amino acid tryptophan to react with
the trihalo compound during their exposure to UV radiation. The compound emitted
fluorescence from the one tryptophan residue can detect 20-50 ng of protein in the gel
(https://www.bio-rad.com/en-fi/applications-technologies/stain-free-imaging-
technology?ID=NZ0G1815, 04.01.19). Imaging of stain free gel was done by using ChemiDoc
XRS+ (BIO-RAD, Hercules, California, USA).

4.10.2 Western blotting

Western blotting was used to specifically detect the antigens with antibodies. After completing
SDS-PAGE the proteins were transferred (blotted) onto nitrocellulose membrane by using
Trans Blot Turbo blotting system (Bio-Rad, California, UDA). The proper transfer of the

proteins was confirmed by imaging with Odyssey instrument.

Ponceau S (Sigma-Aldrich, St Louis, USA) stain was used to detect PageRuler unstained
protein marker from the nitrocellulose membrane. As it is negatively charged, it easily and
effectively binds to the positive amino group of the protein and they also form non-covalent
bonds in the nonpolar protein region (Al-Tubuly, 2000). Visualised marker bands were marked
with a Western blot marker pen (LI-COR, Biotechnology, Lincoln, USA). Blocking buffer (5%
BSA-TBS-Tween-80) was used to block the other binding area of the nitrocellulose membrane.
Primary antibody was added in a ratio of 1:3000 and incubated for 1 hour. After washing the
membrane x 3 with TBS-0.05% Tween20, secondary antibody was added (1:5000) and
incubated for 1 hour. Finally, nitrocellulose membrane was washed x 3 with TBS-0.05%
Tween20 and soaked into TBS before Odyssey analysis to remove tween20 before imaging.
The stained blot was scanned with Odyssey instrument using both channels of 700 nm and 800
nm light bundles. Membrane was imaged with the Odyssey CLx instrument (LI-COR,
Biotechnology, Lincoln, USA).

4.10.3 plasmid recovery protocol

DH5 Alpha E. coli Dbacterial strain is developed by Douglas Hanahan
(https://cgsc2.biology.yale.edu/index.php, 06.01.19). This bacterial strain is mutated for better

transformation and retaining high genetic materials inside the bacteria. As a gram-negative
bacterial strain, it is easy to lysate the cell wall with lysis buffer. Bacterial cells are
recommended to grow at 37°C in the LB medium with constant shaking in over 200 rpm.
Selection pressure is important for continuous cell division and plasmid manipulation. Proper

culture condition also requires 4-5 times more space of the culture flask for enough gas
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exchange. In case of Midi plus plasmid isolation culture volume changes on the basis of OD s00)
is sometimes required to dilute first for the proper measurement of the cell density into1:20

(https://www.mnnet.com, 06.01.19). Yield of the plasmid DNA also depends highly on the size

of DNA and origin of replication. Chloramphenicol can be used to increase the yield in case of
low yield plasmid. Bacterial pellet resuspended into buffer containing Tris, EDTA, glucose and
RNase A. Divalent cations are necessary for DNase activity which chelates by EDTA and
prevents the plasmid lysis. RNase A degrades cellular RNA, whereas glucose maintain the

osmotic pressure and prevent burst out of cells (https://bitesizebio.com ,06.01.19). The lysis

buffer contains sodium hydroxide and SDS detergent. SDS solubilize the cell membrane and
NaOH breaks the cell wall and most of the protein. Moreover, NaOH helps to break the
hydrogen bonds between the DNA and converts the double helix protein molecule into single
helix. Gentle mixing of resuspension buffer and lysis buffer is very important to work well but
shaking or centrifugation may cause damage of the plasmid DNA. Neutralizing buffer contains
potassium acetate which make a condition of reannealing of the single stranded DNA into

double stranded DNA (https://bitesizebio.com, 06.01.19). Comparative small DNA fragments

of plasmid DNA reanneal quickly, and genomic DNA are not able to do so, but if it breaks into
small pieces because of rapid shaking it may cause impurities of our plasmid DNA sample.
Three steps washing with three different buffers is very important to remove the high salt
concentration and removal of the endotoxins and separating the plasmid. In the final step of the
plasmid isolation the elution buffer of higher salt concentration neutralizes the resin binding
the plasmid DNA and elute from the column. Finally, the eluted plasmids precipitate by adding
small amount of isopropanol in the solution separates by following concentrating protocol.

(https://www.mnnet.com, 06. 01.19).

4.10.4 Tangential flow filtration

In this technique the sample solution is passed tangentially along the pressurized filter surface.
Depending on the necessity, different types of membranes can be used for different purposes.
Micro-filter Membrane with 0.1-10 um pore size is generally used in sterilization, clarification
and removal of small particles. Ultrafiltration membrane with pore size 0.1-0.001 pm can be
used for concentrating, desalting and buffer change of the sample. Sample applied to
tangentially along the membrane is named as feed, passed solutions across the membrane is
known as permeate and retained solution to the tank is retentate. When sample solution is
loaded to the tank and passed through the membrane a constant pressure is applied which help

to remove the small particles and start concentrating the sample (Figure 5). It is advisable to
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use 3-6 times lower molecular weight cut off membrane than the protein or other sample
molecular weight. Pressure needs to be individually determined to each target sample to get
good yield of the target sample. Concentrating and diafiltrating are two different parts of TFF.
After concentrating, diafiltrating (buffer changing) can be done. In this continuous process
buffer of interest is added to the reservoir in a constant pace so that reservoir sample volume
remains constant. Even small molecules and salt and ions can be removed by using tangential
flow filtration. (https:/laboratory.pall.com/content, 08.01.19).
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Figure 5. Schematic presentation of Tangential Flow filtration: Samples feed continuously
through sample tube with the help of pump. During passing Solution is filtered through the
membrane by incorporation of pressure. The resulting permeates accumulate differently
whether retentate remain in the reservoir. Pressure valve and the electric balance give idea of
current pressure and permeate amount respectively. [Adopted from, (Wang et al., 2015)]

4.10.5 Chromatographic purification

Spy Noro VLP, WT Noro VLP and Spyligase protein were purified using AKTA START
chromatographic instrument (GE Healthcare, Chicago, USA). Favourable condition of washing
the system tubing, column and equilibrating with binding buffer; sample application either
using sample tubing or directly injecting into the column via sample loop; washing unbound
protein and elution of protein in different fractions can be performed with AKTA START. It
is also possible to monitor the concentration of protein by observing the absorbance of UV
light at 280 nm in the software. The Specific UNICORN software also allowed to do some
analysis of the collected data. Observing the chromatogram, we can estimate the protein

containing tubes.

For Spy Noro VLP purification Hi-Load Q FF column was used for anion exchange
chromatography. It is important to consider the isoelectric point (PI) of the protein. At
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isoelectric point the protein net electrical charge is neutral (Novak and Havli¢ek, 2016). The
PI of Spy Noro VLP was 5.6 and pH of phosphate buffer was 7, which allow binding of protein

to the anion exchange column.

On the other hand, C-terminally polyhistidine tagged i.e. His-tagged Spyligase was separated
by using the Ni-resin affinity column chromatography. This peptide tag is used as a powerful
tool in the protein purification with the help of the immobilised metal ion and affinity
chromatography. The main mechanism is that transition metal ions immobilised with a matrix
of resin and another part form the coordination bond with amino acids side chains. Among
other transition Ni ions show the best affinity binding with histidine. It is very easy to wash the
column to remove the contaminants and elute the protein by just adjusting pH or incorporating
free imidazole in the column. We have used elution buffer containing imidazole which
competes with the metal ions and separates the proteins. It is possible to achieve 100 folds more

protein which is >95% pure comparing to older methods.(Kang et al., 2014).
4.10.6 Dynamic light scattering analysis

Dynamic light scattering is one of the methods of defining a protein hydrodynamic diameter
(size) and particle-size distribution based on volume. The method principle is that small
particles move faster than the larger particles due to Brownian motion and if other parameters
such as temperature and solvent viscosity are known, the hydrodynamic diameter of the particle
can be determined by measuring the speed of particles in a liquid. When light beam from the
monochromatic light source of the DLS instrument is directed to the sample contained cuvette,
the particles in the sample scatter light (Figure 6A). The detector of the instrument detects the
motion of the particles in the solution and give a calculation about the polydispersity and

hydrodynamic diameter of protein and other molecules.
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Figure 6. Principle of dynamic light scattering. (A) Schematic setup of a DLS system. Laser
beam is the monochromatic light source which is directed to the sample. Protein molecules in
the sample reflect light and are scattered in different directions with different angle. Detector
detects the intensity of light as the function of time. (B) Large particles move slower than Small
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particles. Histograms showed the movement of larger (up) and smaller particles (down). [The
figure is modified from (Stetefeld et al., 2016)].

For the analysis of the hydrodynamic size and polydispersity index of the purified WT Noro
VLP and Spy Noro VLP we have used DLS (using Zetasizer Nano ZS, Malvern Instruments,
Worcestershire, US). This instrument uses a HeNe gas laser with wavelength 633 nm. The
computer operated specific software gives us results of the hydrodynamic diameter of the
sample. (Figure 6B). Before using this, we have made our specific predefined standard
operating procedure (SOP) for the proteins and applied 25°C temperatures. 173 degrees

scattering angle was used in the measurement.
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5 Results

5.1 Production of the Spy Noro VLP and WT Noro VLP in insect cells

After production of P1, P2 and P3 BV stocks in Sf-9 cells (Mehalko and Esposito, 2016), Spy
Noro VLP and WT Noro VLP were produced in Hi-5 and TNI-FNL-Hi-5 cells. Based on amino
acid sequence the molecular weight of full-length Spy Noro VLP and WT Noro VLP VP1
capsid proteins were 61 kDa and 59 kDa respectively (Figure 3A, 3B). However, Noro VLPs
appear in double bands because of the production of the full length VP1 capsid protein in
eukaryotic cells leads to formation of N-terminal posttranslational truncation of the protein.
Therefore a heterogeneous mixture of full length (59 kDa) and truncated (57 kDa) proteins
formed (Mallagaray et al., 2019). Approximately 57 and 61 kDa protein bands of Spy Noro
VLP (Figure 7A); 57 and 61 kDa protein bands of WT Noro VLP (Figure 7B) were detected
from SDS-PAGE analysis with a stain free detection system.

kDa MW  Spy Noro VLP kDa MW  WT Noro VLP
A B
70
70
. 59
50

Figure 7. Stain free SDS-PAGE gel images of Spy Noro VLP and WT Noro VLP double
bands. (A) The supernatant sample of Spy Noro VLP expressed in Hi-5 cells. Upper band of
Spy Noro VLP is 61 kDa and lower one is 57. (B) Supernatant sample of WT Noro VLP double
bands in TNI-FNL-Hi-5 cells. Upper band is approximately 59 kDa and lower one 57 kDa.
MW lane shows the molecular weight marker.

5.2 Spy Noro VLP and WT Noro VLP production optimization

Cell lines derived from lepidopteran hosts such as Spodoptera frugiperda have commonly been
used for the production of baculoviruses, while Trichoplusia ni cell lines have been shown in
several cases to out-perform these cell lines for production yield to secreted proteins (Mehalko
and Esposito, 2016). From previous study of our group it was found that optimal production
efficiency for Spy Noro VLP is reached when Hi-5 cell cultures are set up at a density of 2 x
10° cells/ml and the cells are infected with BV P2 stock at a multiplicity of infection (MOI) of
1. WT Noro VLP (GenBank ID: AFV08795) has been produced with a MOI of 1 with high
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yield in Sf-9 cells (https://www.ncbi.nlm.nih.gov/pubmed/21854823, 20. 12.18). It was found
that both, WT and Spy Noro VLPs production rates was higher in Hi-5 cells than in Sf-9 cells.

Therefore, in this study we tested whether the VLP production rate could have been further
increased in TNI-FNL-Hi-5 cell. Different volumetric ratios of WT Noro and Spy Noro VLP
BV stocks were used in the infection of Hi-5 and TNI-FNL-Hi-5 cells. However, the production
rate was substantially higher for both VLPs in Hi-5 cells than FNL-Hi-5 cells (Figure 8.)
Volumetric ratio 1:50 of BV stocks in Hi-5 cells was chosen as the preferred production
concentration for WT Noro VLP (Figure 8., Lane 4) and Spy Noro VLP (Figure 8., lane 10).
Most of the VLP proteins were found in the extracellular supernatant sample whereas the

intracellular pellet sample contained very little VLP (data not shown).
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Figure 8. Selection of best cell line for Spy Noro VLP and WT Noro VLP production. SDS-
PAGE gel images from test productions of the Spy Noro VLP and WT Noro VLP protein in
Hi-5 cells and TNI-FNL-Hi-5 cells. MW lane shows molecular weight marker, land 2 are the
supernatant sample of Spy Noro VLP in Hi-5 cells in 1:50 and 1:100 volumetric ratio (arrow
mark showing protein bands). Lane 3-5 are culture supernatant of Spy Noro VLP in FNL-Hi-
5 cells at 1:50, 1:100 and 1:200 volumetric ratio respectively. On the other hand, 6-8 are
supernatant samples of WT Noro VLP in Hi-5 cells at same ratio. Lane 9-11 showing the
supernatant sample of WT Noro VLP in 1:50, 1:100 and 1:200 ratio respectively.

5.3 Purification of Noro VLP

5.3.1 Spy Noro VLP purification

The Spy Noro VLP supernatant was first concentrated by tangential flow filtration (TFF) and

30% sucrose cushion pelleting and finally the dissolved pellets were purified using anion
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exchange chromatography. In the chromatogram isocratic (one-step) elution showed the sharp
elution peak in tube T16, T17 and T18 (Figure 9A). According to the densitometric analysis of
gel image (Figure 9B), after complete purification we got approximately >95% pure protein.
The amount of Spy Noro VLP from this purification was roughly 133 mg/1 (based on BCA

assay analysis).
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Figure 9. IEX purification of Spy Noro VLP. Spy Noro VLP IEX purification chromatogram
(A) Blue line is indicating absorbance, green and black represent concentration of elution.
buffer and conductivity respectively. Highest elution peak found in Tube T16, T17, T18 where
most of the protein were eluted. (B) Stain free SDS-PAGE gel image of most concentrated
fractions of Purified Spy Noro VLP. MW indicates molecular weight marker. From the left,
control sample lane, sample from batch #3 (T19-T16). Image indicated the successful
purification of Spy Noro VLP from the anion exchange chromatography using HilLoad 50 ml
Q column.

5.3.2. Wild Type Noro VLP purification

WT Noro VLP purification was started with tangential flow filtration using AKTA Flux S and
30% Sucrose cushion pelleting. WT Noro VLP purification was completed with anion
exchange chromatography. SDS-PAGE analysis of load, supernatant and pellet sample reveals
the purity state of the WT Noro VLP. Chromatogram (Figure 10A) of WT Noro VLP
purification showed the successful elution of protein. At 0.6 M elution buffer, most of the WT
Noro VLP eluted from the column. Elution fractions F10-F12, F4-F9 and F13-F22 were pooled

together and concentrated using VivaspinTurbo Ultrafilter. We obtained around 3.8 mg/l WT
Noro VLP from this purification.

The final product of Spy Noro VLP was >95% pure and two fractions of WT Noro VLP were
>50% and >95% pure (Figure 10C).
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Figure 10. Wild type Noro VLP purification. (A) IEX purification chromatogram of WT Noro
VLP. Blue line is showing the absorbance, green line buffer concentration and black line
indicate conductivity. Selected locations of elution fractions are indicated in the figure. Raise
of the elution buffer concentration increase the protein elution, seen from the blue absorbance
peak. Most of the protein eluted in F13, F14, F15 around the highest peak. (B) Stain free SDS-
PAGE gel image of WT Noro VLP samples. MW lane contains unstained molecular weight
protein marker. F4-F26 are the elution fractions sample, and rest of the two lanes are from wash
and ‘FT’ is the Flow through sample. (C) Final product of purified Spy Noro VLP and WT
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Noro VLP. Lane 1 contains pure Spy Noro VLP, lane 2 contains WT Noro VLP (>50% purity),
and lane 3 contains WT Noro VLP (>95% purity) from same batch.

5.3.3 Endotoxin removal from the protein

Endotoxin removing trial using nickel sepharose column (5 ml) for Spyligase was found to be
effective. Slightly higher endotoxin than acceptable level was found for the purified Spyligase.
Allowable limit of endotoxin in gene vector vaccine is 10 (EU/ml) whereas, <20 EU/ml in case
of recombinant subunit vaccine (Brito and Singh, 2011). For a 20 g mouse maximum endotoxin
level is 0.1 (EU/ml) during lhour injecting time (Brito and Singh, 2011). Before endotoxin
removal trial, 1873 EU/ml of endotoxin was measured in the Spyligase sample using Limulus
amebocyte lysate (LAL) assay (Trivedi et al., 2003) whereas, after the triton X114 wash 98
EU/ml endotoxin was detected by using same method. Around 19 folds endotoxin reduction

was possible by this method.
5.4 Production of Spyligase
5.4.1 Plasmid recovery

Bacterial stab containing transformed bacteria with plasmid pDEST14-Spyligase (Addgene
plasmid #51722) was isolated in single colony. Then these colonies were inoculated in 200 ml
Gluc-LB medium and following overnight incubation plasmid DNA was isolated by following

the user manual of NucleoBond Midi plus EF (Loughborough, Leicestershire, UK).
5.4.2 Culture condition optimization and purification of Spyligase

For optimal production of Spyligase, culture temperature of BL21star DE3 bacteria strain was
optimized. According to the amino acid sequence, molecular weight of the His-Tagged
Spyligase is 11.47 kDa. In the gel a protein corresponding to this size was found that bind to
the Ni-NTA-resin (Figure 11). Different production temperatures (18, 25 and 37°C) were
compared for Spyligase production and we found that BL21 Star DE3 strain produces the
highest amount of protein at 18°C (Figure 11). Protein production was highest using 1 mM
IPTG at OD~0.6.
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Figure 11. Production temperature optimization of Spyligase. Production temperature
optimization. SDS-PAGE gel was showing the intense band in resin and pellet sample at 18°C
but at 25°C, intense protein band found in resin sample only. Overall 18°C have been showing
the best culture temperature for Spyligase production. Lane MW is the molecular marker,
Super. is indicating supernatant sample, pellet contains the bacterial pellet samples and resin
contain the resin bounded Spyligase.

5.4.3 Large-scale Spyligase production and purification

When optimal production temperature for Spyligase was determined, a large-scale production
(1-liter production volume) for Spyligase protein was produced and purified with IMAC. Using
250 mM imidazole in elution buffer, we were able to elute most of the Spyligase protein. SDS-
PAGE analysis of the elution fractions and other collected samples show that most of the
impurities did not bind to the column and passed with flow through. A prominent elution peak
was detected in the chromatogram (Figure 12A). SDS-PAGE gel (Figure 12B) analysis assure
purity of protein and approximately >95% pure Spyligase protein with yield of 84 mg/lwas

obtained.
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Figure 12. IMAC purification of Spyligase. (A) Elution chromatogram of Spyligase sample.
Blue line shows the Absorbance at 280 nm wavelength. Black line shows the conductivity of
the solution and green line shows buffer B percentage (%). Locations of selected elution
fractions are indicated in the figure. Clear absorbance peak was (Blue line) obtained and T2,
T3, T4 contains most of the protein. (B) Stain free SDS-PAGE gel image is showing the elution
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fractions from HisTrap Q FF crude column. MW is for Molecular weight marker. SM is the
starting material for IMAC purification, whereas, FT and W indicating flow through and wash
sample and T1-T10 are elution fractions. T3 elution fraction are showing the most intense band
and most of the fractions are clear.

5.5 Dynamic light scattering analysis

Dynamic light scattering analysis was done to estimate the size of Spy Noro VLP and WT Noro
VLP. Analyses were done in PBS buffer. According to DLS analysis 100% of Spy Noro VLP
had an average hydrodynamic diameter of 51 nm (Figure 13A). 100% of pure WT Noro VLP
and 95% of'less pure WT Noro VLP had an average hydrodynamic diameter of 53 nm (Figure
13B) and 32 nm (Figure 13C) respectively. Polydispersity index (Pdl) of Spy Noro VLP, pure
WT Noro VLP and less pure WT Noro VLP were 0.099, 0.209 and 0.269 respectively.
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Figure 13. Size distribution of VLPs by DLS method. (A) The average size of Spy Noro VLP
was 51 nm. (B) The average size of pure WT Noro VLP was 53 nm. (C) Average size of less
pure WT Noro VLP was 32 nm.

5.6 Conjugation reaction of Spy-Tagged Noro VLP and K-Tagged antigen

PCT buffer containing 40 mM phosphate, 20 mM citric acid buffer and 1.5 M tri-methyleamine
N-oxide as protein stabilizer was used for conjugation of Spy-Tagged Noro VLP and K-Tagged
antigen. During SDS-PAGE analysis using 12% SDS-PAGE gel it was very difficult to find
the difference between conjugated and non-conjugated antigen and Spy Noro VLP (Figure
14A). The molecular weight of the synthetic K-Tagged M2e peptide is only 3.73 kDa.
Therefore, SDS-PAGE gel was western blotted and stained with anti-M2e mouse monoclonal
antibody (Figure 14B). An intense band of conjugated antigen with Spy Noro VLP was
detected with M2e mAb. We were able to demonstrate that K-Tagged M2e was able to
conjugate with the spy-tagged Noro VLP.
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Figure 14: Conjugation reaction of K-Tagged M2e and Spy Noro VLP catalyzed by Spyligase.
(A) Analysis of conjugated Spy Noro VLP and K-Tagged M2e compared to respective vaccine
components alone in SDS-PAGE gel stained with stain free technology. MW: molecular weight
marker, lane 1-5 contains conjugation reaction control (sample from previous successful
reaction of Spy Noro VLP, K-Tagged M2e antigen and Spyligase), conjugation reaction sample
(Spy Noro VLP, K-Tagged M2e antigen and Spyligase), Spy Noro VLP control; Spyliagse
control and K-Tagged M2e antigen control respectively. (B) followed by western blotting
analysis stained with M2e mAb.
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6 Discussion

In this study VLP production was tried in Hi-5 insect cells and another strain of Hi-5, TNI-
FNL-Hi-5 cells. Previously in other studies scientist have reported successful production of
different VLPs using Hi-5 cells (Lin et al., 2015). We found that, Hi-5 cells were more efficient
in WT Noro VLP and Spy Noro VLP production than TNI-FNL-Hi-5 cells. 5-6 dpi was found

best for maximum production of VLPs.

During this study several steps of the VLP production and purification were optimized in order
to produce highest possible amount of protein. In the first batch of Spy Noro VLP, protein
purification was not successful and most of the proteins did not bind the chromatography
column (VLP was found in the pellet, wash and flow through fractions). Unbound protein in
the flow through sample might be happen because of insufficient column -capacity,
inappropriate buffer pH and inaccurate conductivity. To resolve the condition, conductivity of
sample was reduced to 3.5 uyS/cm by adding sample dilution buffer and anion exchange
chromatography was performed with a larger column. HiLoad QA FF 50 ml column was used
which would be another important reason to produce higher amount of protein. In this big
column, proteins were easily captured due to its large surface area, moreover, moderate
conductivity make it easy for protein to bind to the column. That’s why column capacity
including sample conductivity found effective in both Spy Noro VLP and WT Noro VLP IEX
purification. Koho et al, (2014) reported successful purification of VLP using TFF, sucrose
cushion and IEX, where they found 95% pure protein. Similarly, in this study >95% pure
protein was obtained using the TFF and sucrose cushion and IEX purification. Finally, we were
able to produce approximately 133 mg of Spy Noro VLP protein from 1 L of production
culture. Whereas, Koho et al. (2015) have shown only 1.5 mg/l yield for purified His-Tagged
Noro VLP.

In case of WT Noro VLP purification, we obtained 3.8 mg/] pure protein. Koho el al. (2012)
have reported 100 mg/1 yield of a different strain of WT Noro VLP (using PEG precipitation
and sucrose gradient). In the beginning, WT Noro VLP purification was performed with TFF,
sucrose cushion pelleting and cation exchange chromatography. However, the cation exchange
purification was found to be unsuccessful, since most of the VLPs did not bind the column.

After replacing the cation to anion exchange chromatography, it was found effective but
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purified protein amount was low. Still it is necessary to optimize the production conditions for

WT Noro VLP for a higher production rate.

In the SDS-PAGE gel image there was faint band in some of the lane of Spy Noro VLP. These
were found near to the 120 kDa protein bands and only in the highly concentrated elution
fractions of the Spy Noro VLP. Though they were not seen in the load sample, this indicated
the dimer formation (Heinimaiki et al., 2017) of VLP that could not be denatured with heating
at 100°C for ten minutes in the presence of beta-mercaptoethanol. Proper sample mixing with
protein denaturing agent, careful heating at 100°C for 10-12 minutes and use of less amount of

protein in each well could be a solution to avoid dimer formation in the sample.

In all stages of production and purification of WT Noro VLP and Spy Noro VLP, a double
band was detected in the SDS-PAGE gel. Two bands were adjacent to each other between the
(50-70) kDa protein marker bands. The molecular weight of both VLPs support the double
bands near to that area of the gel image and it was expected (Figure 7A, 7B). These bands were
due to the post translational excision of Noro VLP VPI1 protein. White et al., (1997) have
reported thirty-four N-terminus amino acid base cleavage after production of the Noro VLP
VP1 protein. In a different study it was tried to express VP1 protein without first thirty-four
amino acids, which was concluded with low production level and non-forming VLPs
(Bertolotti-Ciarlet et al., 2002). Even though N-terminal amino acid truncation strategy of VP1
protein and their importance in VLP formation is still a mystery but it is out of dispute that full

length VP1 protein production is essential for full forming VLPs (Koho et al., 2012).

Although, UV/Vis spectrophotometer was used in quantitation of proteins during the
purification process, it was found not to be accurate. Therefore, the final concentration of all
proteins was measured using BCA analysis method. PEG precipitation with sucrose gradient
was showing higher yield but it was not ideal to use PEG for vaccine production because it
could mask the VLP surfaces (Hinrichsen et al., 2017). Tangential Flow filtration helps to
fasten the purification method but is unprotected of contamination from air. At the same time,
Ultracentrifugation process is good enough for small scale purification, but large-scale
purification is very time consuming. However, TFF and ultracentrifugation and IEX was
applied successfully in the current study for the purification of WT Noro VLP and Spy Noro
VLP. So, efficient purification of WT Noro VLP and Spy Noro VLP are possible by using TFF,

ultracentrifugation and anion exchange chromatography.
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Recombinant protein production yield in bacteria is affected by growth temperature, optical
density and IPTG concentration (Miithlmann et al., 2017). Spyligase production was optimized
in BL21 Star DE3 E. coli strain. The production rate was found higher at 18 °C compared to
25°C and 37°C in small scale and large-scale culture as well. Optical density may cause a great
difference to the production. At OD00) ~ 0.4 including 1mM IPTG Spyligase production was
best. Constant shaking of the culture for gas exchange was an important feature of producing

maximum amount of protein (Miithlmann et al., 2017).

Purified Spyligase protein did not contain any other protein bands and was pure enough for
vaccine production trial. However, after measuring endotoxin levels in the Spy Noro VLP, WT
Noro VLP and Spyligase we found higher endotoxin levels than the allowable amount for
vaccines in animal trials. One of the possible reasons would be the E. coli bacteria itself in case
of Spyligase production and another bacterial contamination in any purification step even
though all purification steps were done with aseptic techniques. Therefore, it is still unknown

where these endotoxins came in WT Noro and Spy Noro VLP.

To remove endotoxins from the purified Spy Noro VLP three different strategies were tried.
Firstly, IEX purification using same protocol with longer washing step which was not effective.
Secondly, by conjugating the antigen to Spy Noro VLP and applied to IEX, this was also not
effective as approximately same amount of endotoxin found after measuring. Finally, Triton
X114 was used to remove the endotoxin, but most of the protein eluted in the washing step
with triton X114 and after that, washing with binding buffer. It is still in shadow how to remove
endotoxin from Spy Noro VLP. On the other hand, in case of Spyligase IMAC purification,
His-Tagged Spyligase bound strongly to the column prior to sample application and 1 extra
washing step with 0.1% triton X114 removed the endotoxin. It was found very effective to
remove endotoxins from his-tagged protein. It would be possible to remove endotoxins more

efficiently by increasing triton X114 washing step one or two round.

Influenza M2e is a potential vaccine candidate for some essential aspect. M2e is a very
conserved sequence (Sutton et al., 2017), mutation rate is lower than the HA and NA matrix
proteins (Kolawole et al., 2017). Although, M2e is very small peptide and solely not so
immunogenic, VLP platform should make it more robust (Lee et al., 2018). To make an
universal vaccine by using this peptide antigen it is necessary to conjugate it with VLP platform
which would work better as vaccine candidate (Deng et al., 2015). In this study, >95% pure K-
Tagged M2e synthetic peptide was used. Previous study revealed that, M2e works better after
dissolving in PCT buffer which contains thrimethylamine N-oxide protein stabilizer (Siegmund
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et al., 2016). Moderate precipitation was found in the reaction tube which is still a problem to

be solved.

The K-Tagged M2e antigen is 32 amino acid peptides with 3738.4 Dalton molecular weight.
After mixing the antigen and Spy Noro VLP and Spyligase, proper conjugation identification
is difficult using only SDS-PAGE analysis. Band mobility shift is very minor in the SDS-
PAGE. For that reason, M2e specific monoclonal antibody was used to analyze in western blot
method. Odyssey image technology revealed the conjugation in the western blot image near to

the specific molecular band.

Reaction of K-Tag, Spy-Tag and Spyligase is slower than the Spy-Tag and Spy-Catcher
conjugation reaction (Fierer et al., 2014). In previous study, conjugation reaction efficiency
was found only 30-50 % for conjugating IgG1-Fc with 6-carboxytetramethylrhodamine by
using Spy-Tag and K-Tag, which is moderate (Veggiani et al., 2014). Although Spy-Tag and
Spy-Catcher are active in different temperatures, a wide range of pH (5-8) and can tolerate
detergents in the reaction, it is necessary to optimize the proper reaction conditions and buffers
as well (Veggiani et al., 2014). In case of Spy-Tag and K-Tag conjugation works better at 4°C
(Siegmund et al., 2016).

Still we need to optimize and find the proper way of separating unconjugated and conjugated
K-Tag, Spy-Tagged VLPs, which is necessary for animal trial. Moreover, time series

conjugation reaction and reaction efficiency of peptide tags need to justify.

In last three decades extensive research in this field of universal influenza vaccine production
is going on. Application of different technology like using VLP, easy production ability of viral
proteins and safe vaccine prototype are some impressive outcomes of the research. However,
a universal vaccine to protect pandemic in future is still far away. Due to the limitation on
targeting HA, NA protein, targeting conserved sequence such as M2e is getting more attention.
Using K-Tag, Spy-Tag including Noro VLP platform hopefully will accelerate to find an

ultimate solution against influenza in near future.
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7 Conclusion

Spy Noro VLP and WT Noro VLP were successfully produced in different insect cell lines.
Comparatively, Hi-5 cells were found to be more efficient for producing both Spy Noro VLP
and WT Noro VLP than TNI-FNL-Hi-5 cells. A volumetric ratio of 1:50 was used to produce
the VLPs in Hi-5 cells. From 1 L large scale Spy Noro VLP production, approximately 133 mg
pure VLP was obtained after successful purification using TFF, 30% sucrose cushion pelleting
by ultracentrifugation and anion exchange chromatography. Applying same purification
methods as like Spy Noro VLP, 3.8 mg/l pure WT Noro VLP was obtained. The purity of Spy
Noro VLP was > 95% and WT Noro VLP was > 95% and >50%. In the DLS analysis the
hydrodynamic diameter of Spy Noro VLP, >95% pure WT Noro and >50% pure WT Noro

VLP were measured 51 nm, 53 nm and 32 nm respectively.

Production of Spyligase was efficiently done in E. coli strain (BL21 Star DE3). After
optimizing culture condition, 18 °C was found the best culture temperature. Using 1 mM IPTG
in optimum temperature, from 1-liter production culture, 86 mg and >95% pure protein was
gained after IMAC purification. Endotoxins of Spyligase were 19 folds reduced by using 0.1
% Triton X114 extra washing step in the IMAC purification method.

After successful purification and dialysis of Spy Noro VLP and Spyligase they were mixed
with M2e antigen and incubated at 4 °C. SDS-PAGE and western Blot analysis proved the
isopeptide bond formation between Spy-Tag and K-Tag by dint of Spyligase, which was
identified by antibody recognition process. The next step would be to analyze conjugation
efficiency, time series conjugation reaction and removal of unbound antigen before proceeding

to animal trial with M2e decorated Spy Noro VLP vaccine.
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