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ABSTRACT

Seasonal influenza is an acute respiratory disease caused by different types of influenza virus
which are circulated in all parts of the world. Most people who get influenza can recover from fever
and slight symptoms. However, influenza can cause severe illness or even death particularly in
newborns, the elderly, and those with underlined disease or without medical treatments. Nowadays,
combating the ongoing epidemic influenza is an unmet medical need. Every year the World Health
Organization makes predictions on which influenza strains will circulate in the following year so
that a vaccine can be designed, manufactured and administered to the public on time. Seasonal
influenza vaccines thus designed can protect against specific viral strains but have to be renewed
annually to target the upcoming strains, which limits their protective breadth and efficacy.
Therefore, developing a universal influenza vaccine which is broadly protective against diverse
influenza virus strains would have a great benefit to public health. My research goal is to design a
chimeric hemagglutinin (cHA) that contains the head domain from influenza virus B and the stem
domain from influenza A to induce broadly protective activity against seasonal influenza and
unexpected pandemic influenza. cHA was designed and expressed. The properties of the
recombinant protein were further characterized and used for evaluation of the immune response.
Moreover, the effects of N-glycosylation on immunogenicity induced by HA nucleoside vaccine
were also evaluated. The result showed that cHA protein can elicit significant IgG titer against
variants of HA among H1, H3, Vic and Yam and CD8" and CD4" T cell response, suggesting that

the cHA has the potential to be a universal vaccine.

Keywords : Influenza virus, Universal vaccine, Chimeric hemagglutinin, mRNA vaccine,

Immunity

il

doi:10.6342/NTU202203801



Table of contents

Acknowledgement. ... ... e 1
CRINESE @DSTIACE. . ..ottt e e e aaaens 11
English abstract..........oooiiiiii 111
Table of CONteNtS. ... ...t v
B UL S, . oo vii
LA S. ...ttt e 1X
List of abbreviations. .........c.uiiiiiii e X
1. INTRODUCTION...ccittiiitiiiiiineieinreserosnrssssosssosssssssssssssssssossssses 1
2. MATERIALS AND METHODS.....cccctiitiiiiiiiiniiiniiineciiercsnsccnscsnssnns 6
2.1 Materials. . ..o e 6
2.2 Chimeric and consensus hemagglutinin protein design......................... 6
2.3 Construction of cHA protein expression plasmid............................... 7
2.4 Plasmid construction for HA mRNA production.......................coeeenies 7
2.5 In VItro tranSCrIPtiON. .. ..uii ettt et et e e e e e eeiaaeaans 8
2.6 cHA protein expression and purification..............c..covvevviiiiiiiiiennn.... 8
2.7 Expression of mRNA in HEK293 cells.............coooiiiiiiiiint. 9
2.8 Size exclusion chromatography.............cccoiiiiiiiiiii i, 10

2.9 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and
Western blotting. .. ... e 10

v

doi:10.6342/NTU202203801



2.10 Protein identification and Glycan profiling by LC-MS/MS analysis....... 11

2.11 Lipid nanoparticle encapsulation of the mRNA...................... 12
2.12 Formulation mRNA-nanocarrier compleX..............oooiiiiiiiiiiennnnn. 13
2.13 Size measurement of lipid nanoparticles.................cooeiiiiiiiiiiiin... 13
2.14 Quantification of mRNA loading in lipid nanoparticles...................... 13
2.15 Animal ImmunIZation............o.eiiiiiiii e 14
2.16 ELISA analysis.....ccoiiiiiiiiiiiiiii et 14
2.17 Enzyme linked immunospot (ELISpot) assay........................... 15
RESULT S i tiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiittiiitttticiaeetecienssccsssossscscnns 17
Part 1. Design of Chimeric HA as a universal vaccine.............cccoeeeeee. 17
I.1 Design of a universal vaccine................ccooviiiiiiiiiiiineannnn.. 17
1.2 In vitro expression of designed chimeric HA............................ 18
1.3 Purification of cHA protein...............oooiiiiiiiiiiiiiii . 18
[.4 Characterization of cHA protein.................c.oooiiiiiiiiiiin. .. 19
[.5 The immunogenicity of cHA vaccine.......................ooeeeet. 20
Part I1. Effects of glycosylation on HA mRNA vaccine.........cccevvennneee. 22
IT1.1 Production of HA and HAAG mRNA...............ccoiiiiiiiiis 22

I1.2 Production and characterization of HA and HAdG from mRNA-

ranStected CeIIS. ...t 23

I1.3 Characterization of HA and HAJG from mRNA-transfected cells. 23

I1.4 Encapsulation of mRNA with lipid nanoparticle...................... 24
I1.5 Protein expression in mRNA-LNP transfected cells.................. 25
\%

doi:10.6342/NTU202203801



I1.6 Immunogenicity of mRNA-LNP.............. . 26
4. DISCUSSION. . ctiitiitiiiiiiiiiiiiiiieiieiititietiettetteeatescsscsasacsscsncssossnne 28

S. REFFERENCES.....ttiiiiiiiiiiiiiiiiiiiiiiiiiitiiiieiieeiiteiattssessnscosscsnns 30

Vi

doi:10.6342/NTU202203801



Figures

Figure 1. The workflow of chimeric HA design...........c..coiiiiiiiiiiiiiiii 37
Figure 2. The phylogenetic tree of HA subtypes that were constructed with HA sequences
extracted from GISAID database by MEGA 11 software..................cooeeeviiine... 38

Figure 3. Sequence comparison of HA sequences obtained from GISAID database and used for

CHA deSIgN. .ttt e 39
Figure 4. The proteins sequences of chimeric HA............c..cooiiiiiiiiii 40
Figure 5. The design and expression of recombinant cHA proteins..............c..cooeveviinninn.. 41

Figure 6. The final sequence of chimeric HA used in this study. The cHA352 was aligned with
conTypeA and conTypeB. ... ..o 42

Figure 7. Purification of cHA with Ni++ Sepharose chromatography and DEAE Sepharose

ChrOMAtO@IAPNY .. ..ot 43
Figure 8. Protein identification of cHA by LC-MS/MS analysis...........cccoviiiiiiiiiiieinnnn.. 44
Figure 9. Glycan-profiling of cHA by LC-MS/MS.... ..o 45
Figure 10. cHA protein characterization by size exclusion chromatography..................... 47
Figure 11. Animal experiment time-line and immunogenicity of cHA............................ 48
Figure 12. ELISpot analysis of splenocytes from cHA immunized mice......................... 49
Figure 13. mRNA synthesis CONStruCtioNS. .........oouivuiiiiiitti e 50

Figure 14. Agarose gel of in vitro transcript mRNA and western blotting of mRNA transfected

Cell o 51

Figure 15. LC-MS/MS of mRNA translated HA and HAdG protein identification............ 52

Figure 16. HA And HAdg protein size determined by size exclusion chromatography...... 53

Figure 17. Size distribution of prepared mRNA-Lipid nanoparticle...............c.ccooeiinne. 54
vii

doi:10.6342/NTU202203801



Figure 18. mRNA-Lipid nanoparticle encapsulation efficiency.................oiceii i, 55
Figure 19. Western blotting of mRNA-LNP transfected cell.............c.ocooiiiiinnn 56
Figure 20. Animal experiment time line and immunogenicity of HA and HAdG nucleotides

VACCIIIC . ..ttt et ettt et e et et et et et et et et e 57

Figure 21. ELISpot analysis of splenocytes from HA and HAdG mRNA immunized mice... 58

viii

doi:10.6342/NTU202203801



Tables

Table 1. The primers used for mutation of N-glycosylation sites...............ccoeviiiiiiiinni.ne, 59

X

doi:10.6342/NTU202203801



List of abbreviations

cHA Chimeric Hemagglutinin

WHO World Health Organization

VE Vaccine Effectiveness

IAV Influenza A Virus

IBV Influenza B Virus

HA Hemagglutinin

NA Neuraminidase

GSAID Global Initiative on Sharing Avian Influenza Data
TEAB Triethylammonium bicarbonate

DSPC 1,2-distearoyl-sn-glycero-3-phosphocholine
DOTAP 1,2-dioleoyl-3-trimethylammonium-propane

DMG-PEG 2000 1,2-Dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000

PDI Polydispersity Index

RI Refractive Index

HRP Horseradish Peroxidase

PTM Post-Translational Modification

CT™M Co-Translational Modification

SEC Size Exclusion Chromatography

SDS-PAGE Sodium Dodecyl Sulfate-Polyacrylamide Gel Electrophoresis
ELISA Enzyme-Linked Immunosorbent Assay

ELISpot Enzyme-Linked Immune Absorbent Spot

IgG Immunoglobulin G

doi:10.6342/NTU202203801



1. INTRODUCTION

Every year, there are 5% to 20% people infected by influenza virus.! The patients infected with
influenza will suffer from several symptoms. The mild symptoms can be cough, fever, sore throat,
headache, muscle pain and fatigue and patients will recover from flu within two weeks. However,
the symptoms can be severe in newborns, the elderly, and those with underlined disease or without
medical treatments. The flu often develops complications like pneumonia, leading to death.? In the
modern history, there are pandemic influenza outbreak fresh in our memory: 1918 Spanish HIN1
causes more than 40 million deaths, 1957 H2N2 emerges, 1968 H3N2 begins to spread until now
and 2009 HIN1 has transferred from pigs to human beings.># After pandemic influenza outbreaks,
new type of influenza virus enters the human population and becomes a seasonal epidemic in our
society.” To combat the influenza virus infection, 90 years ago the first live attenuated vaccine
appeared in 90 years ago. Since 1973, there are quadrivalent vaccine formulation given by the
WHO every year. On the other hand, the antiviral drugs have been developed to interfere with the
ability of virus spreading.® According to U.S. Flu VE Network estimation, the effectiveness of
influenza vaccine can be varied from 20%-60% different years.” Nonetheless, the antigenic shift of
influenza virus generates new ability to resist the vaccines.® Therefore, to develop a more effective
and precise vaccine that can provide broad protection combating the influenza virus is urgent

needed.

Influenza viruses belongs to the Orthomyxoviridae family. Most of viruses in Orthomyxoviridae
family are capsulated by envelope containing several segmented, negative-sense, single-strand RNA
segments.’ There are four influenza virus subtypes: A, B, C, and D. They are all zoonotic pathogen

and circulating in animals, such as human, pigs, horse, birds and cattle.! !! Only influenza A and
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influenza B mainly cause pandemic in human.!!> 12 In influenza A virus (IAV) and influenza B virus
(IBV), there are 8 RNA segments which encode 11 or 12 proteins to consist a virus.!? After virus
entry, three RNA segments, PA, PB1, and PB2 encoded viral RNA-dependent RNA polymerase
complex transcribes a positive-sense viral RNA template from a negative-sense RNA template. M
encodes the matrix protein M1 and ion channel M2 on the virus membrane, which help virus
acidification in endocytic vesicle. Nucleoprotein (NP) encodes the nucleoprotein. NS can encode
non-structural protein NS1 to resist host antiviral response and nuclear export protein NS2 (NEP).
Most important, HA and NA encode the surface glycoprotein hemagglutinin (HA) and

neuraminidase (NA) for the important task, to control virus entry and exit the host.> > 1214

Upon the virus entry, HA will take part in recognizing their target cells. HA contains a receptor
binding site to target oligosaccharides with N-acetylneuraminic acid (Sialic acid) capping on the
cell.’> Once multiple trimetric HA recognizes and attaches to the sialic acid, neuraminidase would
cleave neuraminic acid and host cell will activate endocytosis to inhale the influenza virus.!s: !
After entering the cell, the influenza virus is coated by the endosome. While the endosome moves
close to the nucleus, the acidic environment in the late endosome will trigger trimeric HA going
through conformational changes. Virus membrane then attaches and fuses to the endosome
membrane by HA. Subsequently, the influenza virus membrane fuses to the endosome membrane
and viral ribonucleoproteins are released into the cytoplasm and enter the host nucleus. In the
nucleus, virus RNA segments replicate and are transcribed into mRNA for viral protein.!” ¥ The
mRNA is transcribed by virus RNA polymerase with host mRNA cap and as primer to begin
synthesis.!” The compete translated viral ribonucleoproteins are translocated to the cytosol with M1
and nuclear export protein (NEP) helping.?® All the influenza virus components including virus

protein and RNA segment come close to the cell membrane for virus exit.?! The influenza virus

uses host lipid bilayer as envelop to encapsulate its components.?! Upon the virus particle formation,
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NA cleaves the conjugation with the host cell surface N-acetylneuraminic acid and the influenza

virus can be released to attack another cell or seek out other host.?2

The influenza virus RNA amplification is an error-prone replication.?? For sure, one of its
indispensable surface protein HA also goes through lots of mutation due to its own replication
mechanism. Gene mutation seems a bad thing in general but a lot of viruses, including influenza
virus, use this way to avoid host immune response.>* Moreover, [AV HA subtypes can be classified
into two groups, group 1 and 2. H1 subtypes belong to group 1 while H3 subtypes belong to
group2. Among the TAV two groups, their amino acid sequence identity is only 40%. Among two
IBV lineages: Victoria and Yamagata, their amino acid sequence difference is up to 10%. So, the
WHO annual quadrivalent vaccine formulation aims for HI, H3, Vic, Yam, four subtypes and

lineage of influenza viruses mainly circulating in human.

The diverse oligosaccharides linking to the protein on Asparagine side chain amine nitrogen
called N-glycan. This special modification takes place in Endoplasmic Reticulum and Golgi
Apparatus, where has several glycan related transferase enzymes.?® N-linked glycosylation occurs
on a consensus sequence motif, Asn-X-Ser/Thr, where X can be any amino acids except Pro.?” The
process begins from the key enzyme oligosaccharyl transferase complex transfer the
GlcsManoGleNAc, from dolichol-pyrophosphate to glycopeptide Asn acceptor.?® Then, the N-
glycan is further processed by several different glycosidases and glycosyltransferases and turns into
three main categories of N-glycan: high mannose in ER and hybrid or complex in Golgi.?” This kind
of modification is highly common in eukaryotes and it serves as facilitating protein folding and
stability, receptor binding recognition, ER transporting, membrane anchoring and proteolytic
degradation protection.’*3? As a major surface glycoprotein on the influenza virus, HA has about 6-

10 N-linked oligosaccharides on it depending on different virus groups or its own antigenic
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characteristic.’® ** While the HA RNA segments turn into mRNA, ribosome on the ER membrane
starts to translate HA peptide. Meanwhile, the N-glycosylation processing system joins in become a
special modification, co-translational modification in Eukaryotes. The N-glycans can help HA to
traverse the secreting pathway from ER to Golgi.*> Besides, the N-glycans on HA stem are
indispensable to the fusion activity and near the HA receptor binding site the glycans show
cooperating with neuraminidase (NA) to release nascent virus from sialic acid.*® And the glycan
microheterogeneity is important to HA avoiding host immune cell recognition.>’ In addition, the
conserved N27 glycosite among IAV HA has been reported to be important for HA folding and

virus surviving.*8

After influenza outbreak through the world, scientists in the governments, industries and
academia were dedicated to develop drugs and vaccines against influenza virus. Until now, there are
several vaccines types that have been established and administered to the public such as live
attenuated virus, inactivated virus and recombinant protein influenza vaccine.*> 4 They are
designed to drive host B cell response for producing antibodies targeted the virus surface protein
and neutralizing virus or elicit CD4" and CD8" T cell response for coordinating killer T cell
eliminating target cell and antibody response to antigens from virus.*! Currently, WHO
recommended seasonal influenza vaccine formulation annually, however, WHO cannot predict the
circulating virus(es) exactly and the recommended vaccine may fail to provide sufficient protection

against unexpected pandemic influenza virus.

In order to satisfy the desire of a single vaccine composition to prevent infection from all
influenza virus, the design and development of the universal influenza vaccine has attracted a lot of
attentions.*> Universal vaccine development on the influenza virus can be achieved by seeking out

the conserved antigenic epitope on the virus surface protein and directing the immune response
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toward the regions.****> To improve the protective efficacy, there are several pan-subtype chimeric
hemagglutinin vaccine candidates had been reported.’® 464 Chimeric HA designs are consisting of
different globular head and stem domain which are from [AV or IBV different subtypes or lineages.
(i,e, combination of HAs in IAV groupl , HAs in IAV group2 or HAs in IAV and IBV) Although,
they successfully elicit the host immune response but only recognize the subtype or even the group

of HAs on the chimeric protein.

In this project, I try to preserve the conserved amino acids only to maximize the possibility to
induce the immune response targeting the conserved region among the IAV or IBV. The conserved
stem region of IAV and the conserved head region of IBV were combined to make a chimeric HA
vaccine candidate (cHA), which property and immunogenicity were further characterized.
Moreover, the effects of glycosylation on the immunogenicity of HA nucleotide vaccines were

explored.
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2. MATERIALS AND METHODS

2.1 Materials

ACS chemical reagents are from Sigma-Aldrich, JT baker and Bio-Rad. The DNA polymerase
KOD one is from TOYOBO. Restriction enzymes are from New England Biolabs or Thermo
Scientific. DHS5alpha and TOP10 competent cells are from RBC bioscience and Thermo Scientific,
respectively. PCR clean up kit is from Promega. Megaprep kit is from Qiagen. The transfection
reagent PEI Max and in-vivo JetRNA were purchased from Polyplus. TransIT-LT1 transfection
reagent is from Mirus Bio. And Lipids used to encapsulate mRNA are from Avanti Polar Lipids.
Purification Sepharoses are from GE Healthcare. And SDS-PAGE tools are from Thermo Scientific.
The immunoblotting transferring buffer and apparatus are from BIO-RAD. Rapid stain for
polyacrylamide gel staining is from BIOMAN. The antibodies are from PerkinElmer, Qiagen,

Genetex or BEI Resources.

2.2 Chimeric and consensus hemagglutinin protein design

The hemagglutinin (HA) sequences were downloaded from 1918 to 2020 from Global

Initiative on Sharing Avian Influenza Data (GSAID) database. The sequences data were sorting and

alignment with Clustal Omega by python 3.7 in conda environment. The phylogenetic trees

assembled by biopython with maximum likelihood method and cladogram grouping.
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2.3 Construction of cHA protein expression plasmid

The cHA sequence was codon-optimized and synthesized (GenScript). The DNA sequence of
cHA ectodomain was amplified by using KOD One™ PCR master mix (TOYOBO Bio-
Technology) and specific primers containing a N-terminal secretion signal peptide from CD33 and
a t4 trimerization foldon and 8xHis tag at the C-terminus. Briefly, KOD one reagent and cHA DNA
were co-incubated in the automated cycler (Eppendorf) for 35 cycles of denaturation, annealing and
extension. The pVax1 vector was digested with Nhel and Xhol (Thermo Scientific) at 37°C for an
hour with further FastAP (Thermo Scientific) for another hour. The amplified fragment and
linearized pVax1 were loaded onto the well of 1% agarose gel with 6X loading dyes. Then, the cHA
DNA fragment and linearized pVax1 fragment were excised from the whole gel and purified with
Wizard® SV Gel and PCR Clean-Up System (Promega). Subsequently, the purified cHA fragments
were cloned into pVaxl with In-Fusion® HD Cloning Kit (Clontech® Laboratories, Inc.). The
reaction mixture was then used to transform the One Shot™ TOP10 Chemically Competent E. coli
(Thermo Scientific) and the transformed cells were incubated at 37°C overnight. The individual
colonies from the agar plate were used for direct colony PCR using Quick Taq HS DyeMix
(TOYOBO Bio-Technology) to identify the colony containing desired vectors. The possible

colonies were confirmed by DNA sequencing.

2.4 Plasmid construction for HA mRNA production

HA from A/California/07/2009(HIN1) were constructed in mRNA expression plasmid
(PMRNA, System Biosciences) which contained T7 RNA promoter, S’UTR, 3’UTR and C terminus
poly-As. The plasmids were linearized by Ecol05I and the HA sequences were amplified from a

reported plasmid*® by PCR. The fragment was gel-purified as described above and fused by using
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In-Fusion® HD Cloning Kit. After the product was transformed into the DH5alpha competent cells
(RBC bioscience, Taipei, Taiwan) and the cells were incubated overnight, the candidates were
selected by colony PCR and the correct plasmids were confirmed by DNA sequencing. In addition,
the DNA corresponding to predicted N-glycosylation site o of HA were mutated from amino acid N
to O with site-directed mutagenesis (QuikChange Lightning Multi Site-Directed Mutagenesis Kit,
Agilent Technologies) to generate HA containing no glycosylation site (HAdG). The six primers are
designed to delete six N-glycosites on HA-pMRNA with DNA codon mutation from asparagine to
glutamine, relatively (Table 1). After PCR amplification, the templates were digested with Dpnl
enzyme to remove unmutated and methylated DNA. The remaining DNA was transformed into
XL10 Gold ultracompetent cells and incubated at 37°C overnight. Colonies were sent for DNA

sequencing.

2.5 In vitro transcription

HA mRNA and HAdG mRNA were produced by using mMESSAGE mMACHINE T7
Transcription Kit (Thermo Scientific). Briefly, the HA-pMRNA and HAdG-pMRNA were
linearized with Ecol051 (NEB) for an hour and the linearized DNA were incubated with T7 RNA
polymerase in the presence of cap analog [m7G(5")ppp(5')G] to improve mRNA stability and
translational efficiency. Subsequently, the template DNA in the mixture were removed by DNase
and the mRNA was recovered by lithium chloride precipitation. Finally, mRNA concentration
determined by NanoDrop. HA and HAdG mRNA were examined by loading onto a 1% agarose gel
with 1X SYBR™ Safe DNA Gel Stain (Thermo Scientific). The electrophoresis was performed

with 150 volts for 15 mins. The mRNAs were then visualized with a UV transilluminator.

2.6 cHA protein expression and purification
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The expression plasmids were heat-shock transformed into One Shot™ TOP10 Chemically
Competent E. coli (Thermo Scientific) at 42°C for 30 seconds. The cells were incubated in LB
buffer at 37°C overnight and collected by centrifugation at 6000 x g for 30 mins. After cell lysis,
plasmids were purified by EndoFree Plasmid Mega Kit (QIAGEN) following manufacture’s
protocol. Sequence of plasmid DNA were confirmed by DNA sequencing. cHA-pVaxl was
expressed in HEK (Human epithelial kidney) 293T cell. Before transient transfection, HEK293T
cells were seeded in 15 cm dishes (Nunc) at 5x1076 cells per dish. After incubation for eighteen
hours, HEK293T cells at 80% confluency were replaced with fresh DMEM(Gibco) containing 10%
FBS(Gibco) and 0.5% Antibiotic-Antimycotic (Gibco) and were transfected with expression
plasmids by using PEI Max (Polysciences) using 3:1 ratio of PEI to plasmid DNA in Opti-
MEM(Gibco). After 48 hrs of transfection, the medium was collected and passed through 0.2 um
vacuum filter (low protein binding, Corning). The filtered medium were then passed through Ni-
NTA affinity column (GE Healthcare), the unbounded proteins were washed out with 20 mM-100
mM imidazole in buffer A (20 mM HEPEs and 100 mM NacCl buffer, pH7.4). The targeted cHA
proteins were eluted with 300 mM imidazole in buffer A and the eluant were further concentrated in
buffer B (20mM Tris-HCl buffer, pH 7) by amicon ultrafiltration units (30K, Millipore).
Subsequently, the cHA proteins in buffer B were loaded onto the Anion exchange column with
(DEAE fast flow Sepharose, Cytiva). The unbounded proteins were washed out with 100 - 200 mM
NaCl in buffer B. The pure cHA proteins were eluted with 500 mM NaCl in buffer B and
concentrated into PBS, pH7.4. Protein concentration was determined by using the Pierce™ BCA
Protein Assay Kit (Thermo Scientific). The ODss2 was measured by SpectraMax M5 Microplate

Reader (Molecular Devices).

2.7 Expression of mRNA in HEK293 cells
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HEK 293T cells were seeded in 6-well plates (Nunc) at 3x10"5 cells per well. After 18 hours
incubation, HA and HAdG mRNA were transfected the cells by the TransIT®-LT1 Transfection
Reagent (Mirus). After 18hrs of transfection, the medium and the cells were collected.The cells were
treated with RIPA lysis buffer contained proteases inhibitor (EMD Millipore Corp). After 10mins
incubation on ice, the mixture was centrifugated for 30mins and collected the supernatant as total
cell lysate. The total cell lysate was further analyzed by size exclusion chromatography,

immunoblotting and LC-MS/MS.

2.8 Size exclusion chromatography

The cHA proteins and the total cell lysate from HA-mRNA transfected cells were loaded onto
the Superose™ 6 Increase 10/300 GL or Superdex™ 200 increase 10/300 GL (GE Healthcare) and
purified in PBS with 0.75 ml/min. The standards of proteins with 43, 75, 158, 440, 660 and 2,000
kDa were loaded onto the same column for comparison. The proteins were detected by UV light.

The fractions from the chromatography were further immunoblotting for analysis.

2.9 Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) and Western

blotting

The cHA proteins to be analyzed were subjected to NuPAGE™ gel (4 to 12%, Bis-Tris) and
run electrophoresis in vertical gel electrophoresis device with NuPAGE™ MOPS SDS Running
Buffer (Thermo Scientific). The gels were further processed for protein staining with RAPIDstain
(BIOMAN) or immunoblotting. For immunoblotting, the proteins on the gel were transferred onto

the PVDF membrane using semi-dry transfer machine (Bio-Rad, Hercules) in transfer buffer (25

10 doi:10.6342/NTU202203801



mM Tris, 192 mM glycine, 20% methanol (v/v), 1 % SDS, pH 8.3). After transferring, the PVDF
membrane was blocked in PBS with 5% skim milk or BSA at RT for an hour. Subsequently, the
membrane was washed with PBST (PBS with 0.1% Tween 20, pH7.4). After washing, the
membrane was incubated with the anti-His antibody (Qiagen) (1:5000, in PBS, 1% BSA) for
another hour. After washes with PBST three times at five- minute intervals, the membrane was
incubated with HRP-conjugated anti-mouse IgG (PerkinElmer) (1:5000, in PBS, 1% BSA) for an
hour followed by three washes with PBST. The membrane was subsequently incubated with the
chemiluminescent HRP substrate (MILLIPORE) and subjected onto the trans-illuminator
(FUJIFILM LAS 3000) to monitor the signals. In addition, the total cell lysates from HA-mRNA
transfected cells were used immunoblotting to detect HA expression as described above. The
primary Goat anti-HA antibody and the secondary anti-Goat-HRP antibody were used for

immunoblotting.

2.10 Protein identification and Glycan profiling by LC-MS/MS analysis

The interested cHA or mRNA-translated HA proteins on the gel were excised and the gel piece
was stored in 50 mM Triethylammonium bicarbonate (TEAB) buffer (Thermo Scientific). The gel piece
was first incubated with 50% CH3CN (v/v) in 50 mM TEAB buffer at room temperature for 10 mins to
remove the protein staining dye. After the supernatant was discarded, the gel was dehydrated with 100%
CH3CN and dried by SpeedVac evaporator (Thermo Scientific). Subsequently, the dried gel was
dissolved in 10 mM TCEP and incubated at 55°C for an hour to reduce the disulfide bond. After the gel
was cooled down to room temperature, 50 mM iodoacetamide was added in for alkylation and the
mixture was further incubated in the dark at room temperature for 1 hour. The mixture was spinned
down and the supernatant was removed followed by dehydration with 100% CH3CN and dry by
SpeedVac evaporator again. The dried gel was redissolved in the 50 mM TEAB containing trypsin
(70ng/ml) and incubated at 37°C overnight. After digestion, the gel was incubated with 50% CH3CN
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containing 5% formic acid and the peptides were collected after a quick spin-down. The supernatants
were further dried by SpeedVac evaporator and sent for LC-MS/MS analysis. The peptides showed up
after analysis were blasted with database for protein identification. For the glycan profiling, five
micrograms of interested proteins were processed through the reducing and alkylation steps as described
above. Then, the proteins were digested with different combination of 0.25 ug trypsin, 0.5 pg
chymotrypsin and 0.5 pg alpha-lytic protease at 37°C overnight. The peptides were dried and

determined by LC-MS/MS with further glycan analysis.

2.11 Lipid nanoparticle encapsulation of the mRNA

The HA and HAdJG mRNA were encapsulated with in vivo-jetRNA® (Polyplus) or self-
assembled lipid formulation. To be encapsulated with in vivo-jetRNA® reagent, 1 ug mRNA were
mixed with 1 ul in vivo-jetRNA® reagent and the mixture were diluted into desired volume with
mRNA buffer and incubated at RT for 15 mins by following the manufacturer’s protocol. Within an
hour, the products were transfected to the cell or vaccinated the mice. Alternatively, 1,2-distearoyl-
sn-glycero-3-phosphocholine ~ (DSPC)  (Sigma), cholesterol  (Sigma), 1,2-dioleoyl-3-
trimethylammonium-propane (DOTAP) (Sigma), and 1,2-Dimyristoyl-rac-glycero-3-
methoxypolyethylene glycol-2000 (DMG-PEG 2000) (Sigma) were dissolved in the 90% ethanol
and mixed in the molar ratio of 10:40:48:2 to encapsulate mRNA lipid nanoparticles using a
modified syringe injection procedure or through a microfluidic mixer. For all the procedures below,
mRNAs were dissolved in the 50 mM citric acid buffer (pH 4) and the final concentration of lipid is

12.5mM. The volume ratio of lipid: mRNA is set to 1: 2 and the nitrogen-to-phosphate (N/P) ratio

is set to 6. The final mRNA concentration was calculated with [n] = FFIL;—I:‘;I , where [n] is the
P

concentration of mRNA, [L] is the lipid mix concentration, and X is the mole fraction of ionizable
cationic lipid. For syringe injection, mRNA and lipid were loaded into syringes and injected into
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microtubes. The mixture was diluted 2 times with PBS and stabilized on ice for an hour. For
microfluidic mixer, mRNA and lipid were loaded into the syringes, respectively, and the samples
were loaded onto cartridge which were then placed in Ignite (Precision NanoSystems). The formed
mRNA-LNP were diluted 2 times with PBS and dialyzed by using MWCO 3.5 kDa dialysis

membrane (Spectrumlab) overnight. The mRNA-LNP were stored at 4°C until use.

2.12 Formulation mRNA-nanocarrier complex.

For the formulation of mRNA-nanocarrier complex, the mRNA was encapsulated in
corresponding carriers using a self-assembly process. Briefly, the nanocarriers in ethanol phase (10
mg/mL) was mixed with an aqueous solution of mRNA (1 mg/mL) at pH 4.0 sodium acetate buffer
ina 1 to 3 (v/v) ratio. The mRNA complexes were mixed at room temperature for 15 min, and then
dialyzed against PBS buffer (pH 7.4) using Micro Float-A-Lyzer (10 kDa MWCO, spectrum lab)

overnight at 4 °C and stored at -20 °C until further use.

2.13 Size measurement of lipid nanoparticles

The mRNA-LNP were diluted with nuclease free water. The particle size and polydispersity
index (PDI) were measured using Zetasizer NanoZS (Malvern Panalytical Ltd.). The dispersant

(water) refractive index (RI) and viscosity values were 1.330 and 0.8872 cP, respectively.

2.14 Quantification of mRNA loading in lipid nanoparticles

The loading of mRNA in lipid nanoparticles were quantified by Quant-it™ RiboGreen RNA

Assay Kit (Thermo Scientific). Briefly, the mRNA-LNPs were two-fold diluted with TE buffer or
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TE buffer containing 2% triton X-100. The mixture were then loaded into the wells of a 96 well
plate. The 16S and 23S ribosomal mRNA were prepared as 100, 50, 25, 12.5 and 0 ng/ml in TE or
1% triton TE buffer to establish the standard curve. After 15 min incubation at room temperature,
the mixture were added with 100 pl ribogreen reagent per well and further incubated for 5 mins.
The fluorescence intensity was measured by CLARIOstar® Plus (BMG Labtech) with excitation at
480 nm and emission at 520 nm. Additionally, the mRNA-LNPs in TE buffer or TE buffer

containing 2% triton X-100 were subjected to agarose gel electrophoresis as described above.

2.15 Animal immunization

Female 6 to 8 weeks old Balb/c mice (three mice per group) were immunized twice
intramuscularly with cHA protein or encapsulated HA mRNA at two-week intervals. Twenty
micro-grams cHA proteins were formulated in endotoxin-free water and mixed with fifty pg
aluminum hydroxide (Sigma). Alternatively, 100 pg DNA in endotoxin-free water or 5 ug mRNA
encapsulated by in-vivo JetRNA, LNP (microfluidic device) or ZG nanocarrier were used for
immunization. The mice were also immunized with endotoxin-free water or with 20 ug
A/California/07/2009(H1N1) HA protein as controls. Sera were collected at day 14, 21 after the
initial immunization. The collected sera were incubated at 37°C for 30 mins and centrifugated at
12,000 rpm for 10 mins to recover supernatant. The supernatant were further processed for antibody

analysis by using ELISA, neutralization, and ELISpot assay.

2.16 ELISA analysis

Hemagglutinin-specific IgG levels in immune sera were monitored by ELISA. Ninety-six well

ELISA plate (Greiner bio-one) was coated with 100 pl (1 pg/ml) variant HA protein, such as
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A/California/07/2009 H1, A/Brisbane/59/2007 H1, A/Wisconsin/05/2008 H3, A/Astrahan/10/2007
H3, B/Malaysia/2506/2004 Vic and B/Jilin/20/2003, and incubated at 4°C overnight. Then, plates
were blocked with 1% BSA in TBST (137mM NacCl, 20mM Tris-bis, 0.05% Tween 20, pH 7.4) at
37°C for an hour and washed three times with TBST. Next, plates were incubated with 200ul of sera
in two-fold serial dilutions at 37°C for an hour and washed six-times with TBST. 200ul Horseradish
peroxidase (HRP)-conjugated anti-mouse antibody (1:5000) (PerkinElmer, Waltham, MA, USA)
were then added into the plates incubated at 37°C for an hour, and also washed 6 times with TBST.
After washed, the wells were developed with 100 pl Super Aquablue ELISA substrate
(eBioscience) and the reactions were stopped by adding 100 pl 0.625 M oxalic acid. The
absorbance of wells was measured at 405 nm using a SpectraMax M5 (Molecular Devices). Finally,
the endpoint titer was defined as the dilution of sera absorbance two and half times higher than the
optical absorbance (OD) produced by using 50-fold dilution of the sera from the mice immunized

with water.

2.17 Enzyme linked immunospot (ELISpot) assay

On Day 21, mice were sacrificed and collected the splenocytes. Anti-mouse IFN-y, IL-4
(Mabtech) or granzyme B (R&D Systems) ELISpot kits were used by following the manufacturer’s
instructions. The plates were washed four times and incubated for 30 min with RPMI-1640
supplemented with 10 % Fetal bovine serum (Gibco). The splenocytes were cultured at 50,000 cells
per well at 37 °C in 5% CO2 for 24 h with specific peptides from HA or HA proteins for
restimulation. After incubation, the cultured medium was discarded and incubated with biotinylated
anti-mouse IFN-vy, IL-4 or granzyme B specific antibody for two and half an hour. The plates were

washed five times before adding the streptavidin-ALP antibody and incubated at RT for two hours.
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Subsequently, the plates were wash and developed with BCIP/NPT substrate. After drying the plate,
the number of resulting spots was analyzed with an Immune Spot Reader (Cellular Technology

Ltd.). And Statistical analyses were done by the program Prism (GraphPad Software).
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3. RESULTS

Part I Design of Chimeric HA as universal vaccine

1.1 Design of a universal vaccine

A universal vaccine was designed as shown on Figure 1. Four HA, H1 and H3 of influenza
virus A as well as Victoria and Yamagata lineages of influenza virus B, were chosen as the
templates for designing a universal vaccine because they respectively belong to IAV group 1, IAV
group 2 and two lineages of IBV (Figure 2) and represents the main circulating strains in humans.
To start the design, HA sequences of H1, H3, Victoria, and Yamagata (from 1918 to 2020) were
downloaded from the Global Initiative on Sharing Avian Influenza Data (GISAID) website. The
sequences that are duplicated or originated from laboratory were excluded for analysis. The
remaining sequences (61,655 sequences for H1, 75,423 for H3, 17,174 for Yamagata, and 21,891
for Victoria HA, Figure 3) were aligned and used to construct the neighbor-joining phylogenetic
tree to group the sequences into various clades/subtypes. The consensus sequence was first created
for each clade. Subsequently, these consensus sequences in every clade were aligned again to
deduce the consensus sequence. Unfortunately, this attempt was failed. Therefore, I decided to
divide the consensus clade sequences into two groups: group A consists of the consensus clade
sequence from H1 and from H3; group B consists of the consensus clade sequence from Victoria
and from Yamagata. Although the full-length H1 shows low identity (40%) to H3, the sequence
identities in HA1 and HA2 are 31% and 65%, respectively (Figure 3). On the other hand, HAs in
group B show high identity (98%). As a result, a chimeric HA was designed (Figure 4A) to have the
HA1 domain of the consensus sequence deduced from the sequences in group B (conTypeB, Figure

4B) and the HA2 domain of the consensus sequence from the sequences in group A (conTypeA,
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Figure 4C). Furthermore, the stem region on conTypeA HA?2 is highly diversified but the conserved
cysteine linker needs to be preserved for linking the head and stem domain (53). Thus, the sequence
of GKLC from the stem region on HA1 from conTypeA was preserved in the final design of the

chimeric HA (cHA) (Figure 4A).

1.2 In vitro expression of designed chimeric HA

For expression and purification of cHA recombinant proteins from HEK293 cells, the cHA
was designed to have an N-terminal CD33 signal peptide to promote secretion, a C-terminal T4
trimerization foldon to enhance cHA folding and a tag of eight histidines to facilitate the
purification and the detection (Figure 5A). The gene fragments encoding different domains of cHA
was amplified from various HA consensus sequences by PCR and the amplified fragment were
subsequently assembled into pVaxl vector to construct a cHA expression vector. The HEK293T
cells were then transfected with cHA expression vector. After 48 hours incubation, the medium
were collected and processed for immunoblotting analysis. The initial attempt to express the full-
length cHA (cHA498) failed (Figure 5B). The expression vector for genes encoding C-terminally
truncated cHA (cHA462 and cHA352) were thus prepared and used for expression tests. As shown
in Figure 5B, cHA352 can be successfully expressed in HEK293 cells and is used for the
subsequent works. Compared to the sequences of conTypeA and conTypeB, it was notices that

majority of HA2 were deleted to confer expression for cHA-352 (Figure 6).

1.3 Purification of cHA protein

For purification of cHA proteins, the medium of the cells expressing cHA were collected and
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purified with the Ni** Sepharose column by using the manufacturer’s procedures. The protein
fractions from each step were concentrated in phosphate buffered saline (PBS) and subjected for
SDS-PAGE and western blotting analysis (Figure 7A). Although protein staining showed that there
are multiple proteins bands in the fractions eluted with 300 mM imidazole (SDS-PAGE in Figure
7A), the immunoblotting analysis indicated that a region with apparent molecular weight of 70 kDa
in the fractions eluted with 100 mM and 300 mM imidazole can be detected by specific antibodies
recognizing penta-his tags (Figure 7A). To further purify the major proteins of apparent weight of
~70 kDa, the fractions eluted by 300 mM imidazole were further purified using anion-exchange
chromatography. The protein solution was loaded on a column packed with DEAE Sepharose and
the bound proteins were eluted with 0 — 500 mM NaCl in 50 mM Tris, pH 7.0. As shown in Figure
7B, a major band of apparent weight of 70 kDa can be purified. Nonetheless, a minor band around
40 — 55 kDa can be also observed in immunoblotting analysis (Figure 7A and B). To confirm the
identity of purified proteins, the bands around 70 kDa and 40-55 kDa were excised for protein
identification using LC-MS/MS analysis. The results confirmed that several peptides in cHA can be
detected in the band around 70kDa, but not in the band with apparent molecular weight of 40~55
kDa band (Figure 8). Altogether, the cHA can be purified by using two-step purification with a

yield of 11 pg per liter of HEK293 cells.

1.4 Characterization of cHA protein

The cHA proteins produced from HEK293T cells are around 70 kDa on the SDS-PAGE and
the predicted cHA protein size is 45.2 kDa. Thus, it is possible that the cHA protein has post-
translational modification (PTM) or co-translational modification (CTM). One of the PTM/CTM is
likely to be N-linked glycosylation because there are 7 N-linked glycosylation sites predicted by

NetNGlyc website (Figure 5A). In addition, the heterogeneity caused by N-linked glycosylation
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might lead to the wide appearance of the protein on SDS-PAGE analysis. Therefore, the cHA
proteins were digested with different combination of trypsin, chymotrypsin and alpha-lytic protease
and the peptides were subsequently subjected to LC-MS/MS analysis for glycan profiling. As
shown in Figure 9, N-glycans can be detected on the predicted N- glycosylate sites, except N142
and N269. Despite several attempts of using various combinations of three proteases, no
glycopeptides containing N142 or N269 can be detected using LC-MS/MS analysis. Whether there
is glycan(s) on N142 or N269 cannot be determined. On the other 5 glycosites, N-glycans are highly
diversified and most of glycans are complex-type N-glycan. High-mannose type N-glycan can be
only found on N172 (Figure 9C). And N280 on cHA is conserved N-glycosylation site (NTSL or

NSSL) in influenza A HA stem region (59) (Figure 9E)

Influenza HAs form trimers on the surface of virus and can be recombinantly expressed in a
trimeric form.>® I therefore wonder whether recombinant cHA proteins can form trimeric structure.
In order to answer this question, the purified cHA proteins were loaded onto the size exclusion
chromatography (SEC) to estimate the size of the molecule in the native state (Figure 10A). The
proteins were passed through SEC and the fractions were collected every 1 minute. The fractions
corresponding 8 ml to 20 ml elution volume were analyzed by immunoblotting. In conclusion, cHA
proteins were detected on 9 ml to 13 ml elution volume, suggesting that the size of cHA secreted by
HEK293T cells are between 669 kDa to 2,000 kDa (Figure 10B). The results implied that cHA
proteins are possibly misfolded and aggregated. It is reasonable since cHA is a truncated protein

that contains only the conserved region of HA in different groups.

1.5 The immunogenicity of cHA vaccine

After cHA protein property was confirmed, the immunogenicity was assessed by animal
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experiment. The cHA protein is addressed to the mice as shown as Figure 11A. Twenty pg cHA
protein were prepared with 50ug aluminum hydroxide, which can stimulate human Th2 response to
promote antibody production’!, the mice were given two doses at a two-weeks interval. The serum
was collected at Day 14 and Day 21 and subjected to enzyme-linked immunosorbent assay (ELISA)
and enzyme-linked immune absorbent spot (ELISpot) assay. The ELISA assay used different HA
protein among four subtypes, HI, H3, Vic and Yam to evaluating the protection efficacy of cHA
against variant of influenza virus. Interestingly, with one dose of cHA protein the mice produced
antibodies not only against cHA protein itself but also all four subtypes HA used as antigen (Figure
11B.). On Day14, the immunoglobulin G (IgG) titer showed same amount against Hl and Yam and
a little bit lower against Vic. The IgG titer against H3 protein was still detectable even titer was
lower than others. On Day 21, all the IgG titer against five HA proteins were significantly higher
than the titer on Day 14 (Figure 11C.). The IgG titer against H1 and Yam reached 100,000 -
200,000 but the igG titer against H3 was 1600. Although the cHA proteins might form aggregation
form and is truncated, the induced IgG titer implied that combination of conserved region into
chimeric protein might provide an alternative design for universal vaccine. Moreover, the cHA with
a short length HA2 region from conTypeA was able to produce IgG against Hl and H3 HA,
suggesting that the consensus region between IAV HA could be founded on HA2. The cHA HA1
region was conserved enough for eliciting the IgG against IBV Vic and Yam HA. On the other hand,
the mice were sacrificed on Day 21 and splenocytes were collected and subjected to ELISpot
analysis (Figure 12.). Interferon-gamma (IFNy), interleukin-4 (IL4) and granzymeB (GrzB) spots
were detected in the wells of cHA immunized mice. The result showed that cHA protein can induce

CD4"and CD8" T cell response.

The results that truncated cHA with aggregation form induced antibodies targeting H1, H3,

Vic and Yam are intriguing. In the future, the cHA tertiary structure still needs to be elucidated.
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Moreover, the urea refolding method may be used to help cHA refolding into correct HA tertiary
trimeric conformation. Besides, the cHA with only conserved region between IAV and IBV HA can
be used on mRNA vaccine platform, which conquers the chimeric protein structure integrity and
manufacture time consuming.’> And the cHA mRNA vaccine with compete length of conserved

region can be expected to be a real universal influenza vaccine.

Part Il Effects of glycosylation on HA mRNA vaccine

Hemagglutinin is a protein with N-glycans shielded outside and the N-glycans might change
the profiles of the exposed epitopes. It was reported that the monoglycosylated HA protein or LAIV
induces higher antibody titers, more neutralization antibodies that can block influenza virus

infection, and greater T and B cell immune response.’ >

It was also reported that unglycosylated
HA protein vaccines induce weaker immune response than monoglycosylated HA protein vaccine.
In these reports, unglycosylated or monoglycosylated proteins were produced by endoglycosidase
treatment of the purified glycosylated protein. I therefore wonder if HA contains no glycosylate
sites can be used directly as vaccine to induce significant immune response. However, HA
containing no glycosites cannot be successfully expressed and purified by using recombinant
protein approach. Recently, it was found that, using the new emerged mRNA technology, a mRNA
vaccine encoding the SARS-COV?2 spike with glycosite-deletion can induce broader protection than
a mRNA vaccine encoding with-type SARS CoV-2 spike.> I therefore would like to apply mRNA

vaccine approach to explore whether a mRNA vaccine encoding HA with no glycosylation sites can

induced significant immune response.

1I.1 Production of HA and HAdG mRNA
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Hemagglutinin of A/California/07/2009 (HIN1) (pdm09) recommended by the The US Food
and Drug Administration for use in vaccines during the 2009-2010 and 2010-2011 influenza
seasons was chosen for the experiments. The genes for wild-type HA were cloned into pMRNA and

the glycosylation sites were mutated by site-directed mutagenesis to give HA with no glycosites

(HAdG) (Figure 13).

11.2 Production and characterization of HA and HAdG from mRNA -transfected cells

The plasmids were used for in vitro transcription and the obtained mRNA were processed for
agarose gel electrophoresis to confirm the quality of mRNA (Figure 14A). Subsequently, HEK293T
cells were transfected with the mRNAs and the successful expression of proteins from mRNA were
monitored with western blotting. As shown in Figure 14B, wild-type HA can be expressed in the
cells and detected with an apparent molecular weight of ~100 kDa. On the other hand, HAdG were
expressed with an apparent molecular weight of ~70 kDa. Compared to wild-type HA, the
decreased size of expressed HAdG is possibly due to loss of glycans. The corresponding protein
bands were also excised and the identities of protein were further confirmed by using LC-MS/MS
analysis. As shown in Figure 15, several peptides (marked in red) can be found in LC-MS/MS
analysis, confirming that the protein band around 100kDa and around 70kDa represents wild-type

HA and HAJG, respectively (Figure 14B).

11.3 Characterization of HA and HAdG from mRNA -transfected cells

To confirm whether HAdG can form trimers in the cells, HEK293 cells were transfected with
the mRNA encoding wild-type HA or HAdG. The cells were collected and the cell lysates were

subsequently fractionated by the size exclusion chromatography (Figure 16.). The immunoblot
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analysis of the eluted fraction for the column loaded with the wild-type HA indicates that the
transfection of wild-type HA mRNA indeed produced HA proteins has a molecular weight between
158 kDa to 669 kDa and the produced HAs possibly are in the natural trimeric or hexametric form
(Figure 16A and B). On the other hand, HAdG proteins were primarily detected around 2000 kDa
and with lower expression amount than wild-type HA (Figure 16C and D). It is possible that HAdG
forms aggregates, instead of normal trimeric conformation for wild-type HA, as the deletion of N28

can greatly influence the structural stability of HA (51, 52).

11.4 Encapsulation of mRNA with lipid nanoparticle

After confirming the expression of HA and HAdG from mRNA-transfected cell, I further
prepared mRNA-lipid nanoparticle (nRNA-LNPs) to enable efficient delivery of mRNA into the
cells. The mRNA in vivo delivery needs to protect mRNA from degradation. Also, delivery system
needs to allow cell uptake and release mRNA into the cytoplasm. Thus, lipid nanoparticle
encapsulation was subjected onto delivery of mRNA.>¢ I prepared mRNA-lipid nanoparticle in four
different ways. The first method is to simply use a commercial reagent In vivo-jetRNA by
manufacturer’s protocol. The other methods use a reported lipid mixtures composed of 1,2-
distearoyl-sn-glycero-3-phosphocholine (DSPC), cholesterol, 1,2-dioleoyl-3-trimethylammonium-
propane (DOTAP), and 1,2-Dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-2000 (DMG-
PEG2000) and the formation of lipid nanoparticles were achieved by manual syringe injection or
microfluidic mixer.>> 37 Moreover, an arginine-rich peptides synthesized in-house (unpublished)

were used as one method to deliver mRNA.

The size of formed mRNA-LNP were determined with dynamic light scattering. The

polydispersity index (PDI) of mRNA-LNP formed using In vivo-jetRNA and conventional syringe
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injection are around 0.25 while the PDI of mRNA-LNP prepared using a microfluidic mixer is
around 0.144 (Figure 17). The results indicated that mRNA-LNP formed using In vivo-jetRNA is
large and diverse while mRNA-LNP prepared using a microfluidic mixer is the smallest among
these three methods (Figure 17). To quantify the amount of encapsulated mRNA, Triton X-100 was
included in the solution to break lipid nanoparticles and to release the encapsulated RNA for
quantification by using ribogreen. The amount of encapsulated RNA was then compared to the
amount of mRNA loaded for encapsulation to calculate encapsulation efficiency. The mRNA
encapsulation efficiency using In vivo-JetRNA was around 60% with high variation. On the other
hand, mRNA can be almost completely encapsulated in lipid nanoparticles through manual syringe
injection or microfluidic mixer (Figure 18A). Moreover, the quality of the encapsulated mRNA was
monitored using agarose gel electrophoresis. As shown in Figure 18B, the mRNA-LNP with or
without tritonX-100 are loaded onto the agarose gel. The bands show that mRNA-LNP cannot be
run down the gel and therefore stays on the top of well due to its neutral polarity. With the addition
of triton-100 to release mRNA from mRNA-LNP, released mRNA can be seen on the gel with

correct size, indicating that encapsulated mRNA remains intact during the process (Figure 18B).

11.5 Protein expression in mRNA-LNP transfected cells

Whether mRNA-LNP can confer protein expression in the targeted cells was then evaluated.
HEK293T cells were transfected with the formed mRNA-LNP and total cell lysate were collected
18 hrs after transfection. The collected cell lysates were subjected to immunoblotting analysis to
monitor the expression of HA. HA protein and HAdG protein on 100kDa and 70kDa, respectively,
can be detected in the cells transfected with mRNA-In vivo jetRNA and with mRNA-LNP that were
formed by a microfluidic device, but barely detected in the cells with mRNA-LNP formed by

conventional syringe injection (Figure 19). Perhaps mRNA-LNP formed by conventional syringe
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injection are less stable and therefore confers much lower expression in transfected cells.

11.6 Immunogenicity of mRNA-LNP

To evaluate the immunogenicity difference of HA and HAJG nucleoside vaccine, the mRNA-
in vivo jetRNA were first immunized the mice. Unfortunately, the ELISA analysis showed no
detectable endpoint titer against A/Cal/07/2009 H1 protein (data not shown). Thus, the mRNA-LNP
and mRNA-ZG nanocarrier were further prepared and used to immunize the mice with two doses at
a two-week interval. In addition, DNA plasmids encoding HA and HAdG were prepared and tested
parallelly. The mice were immunized with 5 pg mRNA-LNP, 5 png mRNA-ZG nanocarrier or 100
ug DNA (Figure 20A). The serum was collected from mice on Day 14 and Day 21 for evaluating
serum IgG titer against HA by ELISA analysis. After the first dose, mRNA-LNP and mRNA-ZG
nanocarrier were shown to induce similar endpoint titer against wild-type HA (A/Cal/07/2009)
(Figure 20B). The wild-type HA mRNA induced higher IgG titer against wild-type HA protein.
However, the mRNA with all N-glycosites deleted induced slightly lower IgG titer against full-
glycosylated wild-type HA protein, suggesting that the structure integrity or the lower expression of
HAdG mRNA might affect the antibody production on mRNA vaccine. The HAdG mRNA induced
a little bit higher IgG titer against H1 variants A/Bris/59/2007 than HA mRNA did (Figure 20D).
Moreover, the HAdG DNA showed no detectable endpoint tier but the HA DNA elicited high IgG
titer (Figure 20B and D). The results implied that DNA and mRNA vaccine might use different
mechanisms to induce the antibodies, or DNA is more stable than mRNA. The mRNA vaccine
showed its advantage on delivery of glycosites modified nucleoside vaccine. On Day 21, the IgG
titer showed a little bit higher but no significant differences compared to the titer of the serum on
Day 14 (Figure 20C and D.). Compared to other reports on mRNA vaccine, my mRNA vaccine

induced lower IgG titers. It is possible that the dose in my experiments was lower than the amount
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(50 pg) used in other studies. In addition, pseudouridine modified mRNA might be critical for
inducing immunogenicity.’> 3 On the other hand, the mice splenocytes were collected and
subjected to ELISpot analysis for evaluating T cell response. As shown in Figure 21, splenocytes
were stimulated with different HA proteins and the amount of IFNy- and IL-4 secreting T cells were
similar in the mice immunized with, the HA and HAdG mRNA. Although the IgG titers were low
after two immunizations, the IFNy and IL4 T cell responses are significant. Since the experiments
were conducted 7 days after the second immunization, the results implied that mRNA vaccine

induced T cell response in the early stage and antibodies production might be in the later stage.>* ¢
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4. DISCUSSION

Every year, people in the world face not only one single influenza virus strains but different
subtypes of influenza viruses that can rapidly go through gene mutations to have antigenic shift.
Instead of an annually formulated vaccine, a universal vaccine that can provide unmet protectivity
against variants of influenza viruses or different subtypes of influenza viruses is the light at the end

of the tunnel in this field.

Hemagglutinin proteins are the major target on the influenza virus surface. Several methods for
universal vaccine development have been suggested, such as unmasking hemagglutinin from its
glycan shield, creating chimeric hemagglutinins by combining various domains or conserved
regions from HA in specific subtypes.*:47-33 In this research project, a chimeric HA were designed
by combining domains from the consensus sequences derived from H1 and H3 in influenza virus A
and from HA in influenza B virus. The proteins and its immunogenicity were further characterized
and assessed. On the other hand, unmasking the glycan shield of HA was evaluated using mRNA
approach, that is, the glycosites of HA have been deleted by site-directed mutagenesis and the

produced mRNA were used for immunogenicity evaluation.

The designed cHA is the combination of the globular head domain from the conserved Type B
and a short HA1 stem as well as a conserved HA2 stem region from the consensus Type A. The
head and stem domain were designed to connect with conserved Cysteine linker and its relative site
on the consensus Type B. The conserved cleavage site to cleave HAO to HA1/HA2 was also
preserved in cHA. For expression and secretion into cultured medium to facilitate the purification, a
signal peptide from CD33 was used. The cHA protein was successfully purified to a purity >80%
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by using Nickel affinity and anion exchange chromatography. Unfortunately, cHA was
characterized to be in an aggregation form, instead of a trimeric form for HA, by size exclusion
chromatography. The N-glycan profiling results showed that cHA proteins were mainly
glycosylated with complex-type N-glycans with great diversity. The truncated cHA proteins were
found to induce the antibodies against variant subtypes of influenza HA including, H1, H3, Vic and
Yam. However, lower titer against H3 protein was observed. Furthermore, cHA proteins can elicit T
cell response. Taken together, the results showed that cHA has the potential to be developed as a
universal influenza vaccine. In the future, the cHA delivered as mRNA vaccine can be explored and

expected to have better immune response.

On the other project to evaluated the effects of HA immunogenicity by mRNA vaccine, the HA
and HAdG mRNA have been successfully prepared and used to transfect HEK293 cells for in vitro
protein expression. Without the critical N28 on HAdG, the HAdG was expressed as misfolded
protein in aggregation form as confirmed by the size exclusion chromatography. To develop the
nucleotide vaccine, several delivery methods were tested and mRNA-LNP formulated by using a
microfluidic device showed the most uniform and stabilized encapsulated by the lowest PDI and
encapsulation efficiency as shown in Figure 17 and 18. In addition, the immunogenicity studies of
HA and HAdG showed that mRNA vaccine is advantages on conquering the protein structure
integrity issue. Interestingly, mRNA, but not DNA, encodes HA with glycosites deletion can be
used to induce the antibodies. However, the detailed mechanism of mRNA-induced immune

response needs to be further elucidated.
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Download Hemagglutinin amino acid
sequences from GISAID database.

l

Exclude duplicated and laboratory-originating
sequences.

l

Align sequence and
Construct neighbor-joining phylogenetic tree.

l

On each clade of the tree, the most conserved
amino acid at each position was chosen to
create a consensus sequence.

l

Align every clade consensus sequence and > é
make a consensus sequence again.

l

Analyze the conserved region :
Consensus clade in H1 and H3 = conTypeA as conserved
HA2 domain
Consensus clade in Vic and Yam=> conTypeB as
conserved HA1 domain

Analyze the conserved region:
Consensus clade in all four subtypes
-> no consensus sequence

Final candidate

Universal vaccine candidate :

conType A as HA2 and consensus Type B as HA1->
chimeric HA

Figure 1. The workflow of chimeric HA design.
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Figure 2. The phylogenetic tree of HA subtypes that were constructed with HA sequences extracted

from GISAID database by MEGA 11 software.
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(A)

B

©

Chimeric HA with conserved region from either conTypeA or conTypeB

Conserved HA1

GKLCNLKGTE TRGKLCPKCL NCTDLDVALG RPKCTGKIPS ARVSILHEVR PVTSGCFPIM HDRTKIRQLP NLLRGYEHVR 80

LSTHNVINAE DAPGRPYEIG TSGSCPNITN GNGFFATMAW AVPKNKTATN PLTIEVPYIC TEGEDQITVW GFHSDNETQM 160

AKLYGDSKPQ KFTSSANGVT THYVSQIGGF PNQTEDGGLP QSGRIVVDYM VQKSGKTGTI TYQRGILLPQ KVWCASGRSK 240

Conserved HA L ----mmm oo eI Conserved HA2

VIKGSLPLIG ECNTTCQTPE GAINTSLPFQ NVHPITIGKC PKYVKSTKLR LATGLRNVPS IQSRGLFGAI AGFIEGGWTG 320

352
MVDGWYGYHH QNEQGSGYAA DLKSTQNAID KITNKVNSVI EKMNTQFTAV GKEFNHLEKR IENLNKKVDD GFLDIWTYNA 400
462

ELLVLLENER TLDYHDSNVK NLYEKVKNQL RNNAEEIGNG CFEFYHKCDN ACMESIRNGT YDYPKYSEEA KLNREKIDGV 480

Conserved HA2,

KLESTRIYQ

498
conTypeB alignment
__________________________ - - HAL

MKAIIVLLMV VTSNADRICT GITSSNSPHV VKTATQGEVN VTGVIPLTTT PTKSXFANLK GTXTRGKLCP XCLNCTDLDV 80
ALGRPXCXGX XPSAXXSILH EVRPVTSGCF PIMHDRTKIR QLPNLLRGYE XXRLSTXNVI XAXXAPGXPY XXGTSGSCPN 160
XTXXXGFFAT MAWAVPXXXK XNXKXATNPX TXEVPYXCTE GEDQITVWGF HSDNXTQMXX LYGDSXPQKF TSSANGVTTH 240
YVSQIGXFPX QTEDGGLPQS GRIVVDYMVQ KXGKTGTIXY QRGXLLPQKV WCASGRSKVI KGSLPLIGEA DCLHEXYGGL 320
HA L -eemesememenn oo [
NKSKPYYTGX HAKAIGNCPI WVKTPLKLAN GTKYRPPAKL LKERGFFGAI AGFLEGGWEG MIAGWHGYTS HGAHGVAVAA 400
DLKSTQEAIN KITKNLNSLS ELEVKNLQRL SGAMDELHNE ILELDEKVDD LRADTISSQI ELAVLLSNEG IINSEDEHLL 480
ALERKLKKML GPSAVXIGNG CFETKHKCNQ TCLDXIAAGT FXAGEFSLPT FDSLNITAAS LNDDGLDNHT ILLYYSTAAS 560
HAD, —-rmmmmmmmemmemsm e
SLAVTLMXAI FXVYMVSRDN VSCSICL

| conTypeA alignment

MKTIXXXXXX XXLXXTXXXX

XXDXXXXTLC

XGNCXLXXXL LGDPXCDSLX XXRXWXXXVE

XSXACXXXXX XSFXXXLXWL XKXXXXYPXL
PXIXXRPKXR

HA1

DXXXRXSXYW TIVKPGDXIX

FQNVNXITXG XCPKYVKXXT LRLATGXRNV

IDXIXXKXNX XIXKXNXXFX XXXKEFXXXE
QLRXNAEXXG
HA2
XIXXWXCXXG

NGCFXXYHKC DNACMESIRN

XXXCXICI

XGXHAXXXXX
RSXXXNGXCY
NXTXXNXXXX
XXXTGNLIAP
;;QQQRGIFG

XRIXNLXKXV

GTYDXXXYXX

XVXTIXXXXX

PXDXXDYXXL

XXLXXWGXHH

RXXFXXXRXX

AIAGFIEXGW

XDXXXDXWXY

EAXXNRXXIX

XVTXXXXLXX

RXXXSXVASX

PXTXXDQXSL

XSSIMXSDAP

XGMVDGWYGF

NAELLVXLEN

GVXLXSXXXX

NXXXGKXCXX

GXXEXXXXXX

Y XXXXXXVXV

IXXCXXXCXT

RHQNXXGXGX

XXTLDXXDSX

XILXIXXAXX

--------------------------------------------------------------------------- HA2

XXXSPXXXXX 80
SWXXXXXXNG 160
XTXRXXQXXX 240
PNGSIXXXXP 320
AADLKSTQXA 400
XXXLXEKXKX 480
XXLXXVVSLG 560

Figure 4. The proteins sequences of chimeric HA (A), Consensus type B (B) and Consensus type A

(C). X represented non-conserved amino acid sites.
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Figure 5. The design and expression of recombinant cHA proteins.

(A) The construction of cHA-pVax1 expression plasmid. Seven predicted N-glycosylation sites
were marked. SP represented signal peptides. (B) Expression of full-length cHA (cHA-498) and C-
terminal truncated cHA (cHA-462 and cHA-352) in HEK293T cells. HEK293T cells were
transfected indicated expression plasmids and the secreted medium were collected after 48 hours.
The medium were processed for immunoblotting analysis by using anti-His-HRP antibodies to

detect the cHA expression. NC represented negative control.
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CHA| = = == = = = = m m oo GKLCNLKGTETRGKLCPKCLNCTDLD |26
conTypeA| MKTIXXXXXXXXLXXTXXXXXXDXXXXTLCXGXHAXXXXXXVXTIXXXXXXVTXXXXLXXNXXXGKXCXXXXXSP - - XXXXXXGNCXLXX |88
conTypeB| MKAIIVL-=-===------ LMVVTSNADRICTGITSSNSPHVVKTATQGEVNVTGVIPLTTTPTKSXFANLKGTXTRGKLCPXCLNCTDLD |79

cHA|VALGRPKCTGKIPSARVSI-LHEVRPVTSGCFPIMHDRTKIRQLPNLLRGYEHVRLSTHNVINAE--------- DAPGRPYEIGTSGSCP |106
conTypeA| XLLGDPXCDSLXXXRXWXXXVERSXXXNGXCYPXDXXD=====-=-=====~ YXXLRXXXSXVASXGXXEXXXXXXSWXXXXXXNGXSXACX |166
conTypeB| VALGRPXCXGXXPSAXXSI-LHEVRPVTSGCFPIMHDRTKIRQLPNLLRGYEXXRLSTXNVIXAX--------- XAPGXPYXXGTSGSCP |159

cHA|NITNGNGFFATMAWAVPKN- - - - - KTATNPLTIEVPYICTEGEDQITVWGFHSDNETQ-MAKLYGDSKPQKFTSSANGVTTHYVSQIGGF |190
conTypeA| XX =XXXSFXXXLXWLXKXXXXYPX=-=====-=~ LNXTXXNXXXXXXLXXWGXHHPXTXXDQXSLYXXXXXXVXVXTX-RXXQXXXPXIXXR [246
conTypeB| NXTXXXGFFATMAWAVPXXXKXNXKXATNPXTXEVPYXCTEGEDQITVWGFHSDNXTQ-MXXLYGDSXPQKFTSSANGVTTHYVSQIGXF |248

cHA|PNQTEDGGLPQSGRIVVDYMVQKSGKTGTITYQRGILLPQKVWCA-SGRSKVIKGSLPLIGECNTTCQTPEGAINTSLPFQNVHPITIGK (279
conTypeA| PKXRD - - - - - XXXRXSXYWTIVKPGDXIXXXXTGNLIAPRXXFXXXRXXXSSIMXSDAPIXXCXXXCXTPEGAIXXXXPFQNVHXITXGX |331
conTypeB| PXQTEDGGLPQSGRIVVDYMVQKXGKTGTIXYQRGXLLPQKVWCA-SGRSKVIKGSLPLIGEADCLHEXYGGLNKSKPYYTGXHAKAIGN |337

cHA| CPKYVKSTKLRLATGLRNVP---SIQSRGLFGAIAGFIEGGWTGMVDGWYGYHHQNEQGSGYAADLKSTQNAIDKI-------------- 352
conTypeA| CPKYVKXXKLRLATGXRNVP - - -XXQXRGLFGATAGFIEXGWXGMVDGWYGYHHQNXXGXGXAADLKSTQXAIDXIXXKXNXXIXKXNXX (418
conTypeB| CPIWVKTP - LKLANGTKYRPPAKLLKERGFFGAIAGFLEGGWEGMIAGWHGYTSHGAHGVAVAADLKSTQEAINKITKNLNSLSELEVKN |426

CHA| = - = - - == - - - - - - o o o s oo m s S ST T T T S S S S S S S S S S S S S-S oSS So-—o-- o 352
conTypeA| FXXXXKEFXXXEXRIXNLXKXVXDXXXDXWXYNAELLVXLENXXTLDXXDSXXXXLXEKXKXQLRXNAEXXGNGCFXXYHKCDNACMEST |508

conTypeB| LQRLSGAMDELHNEILELDEKVDDLRADTISSQIELAVLLSNEGIINSEDEHLLALERKLKKMLGPSAVXIGNGCFETKHKCNQTCLDXTI |516

HA1
CHA | = = = = = = = oo 352
conTypeA| RNGTYDXXXYXXEAXXNRXXIXGVXLXS - - XXXXXILXIXXAXXXXLXXVVSLGXIXXWXCXXGXXXCXICI HA2 578
conTypeB| AAGTFXAGEFSLPTFDSLNI-TAASLNDDGLDNHTILLYYSTAASSLAVTLMXAIFXVYMVSRDNVSCSICL 587

Figure 6. The final sequence of chimeric HA used in this study. The cHA352 was aligned with

conTypeA and conTypeB.

42 doi:10.6342/NTU202203801



(A)

Ni** column Fraction

SDS-PAGE WESTERN

N
S *20,50,100,300 mM are

” imidazole concentration.
kDa kDa
180w 180 L
130%w 130
IOCb 100
= cHA
708 % 70W .'
cHA
55 55 .
40 w» 40
35 - 35
25 - 25
15 - 15
B)
DEAE column fraction
SDS-PAGE WESTERN
. ks 0§ Q@@ § o kg °§ °§ $ *100, 200, 500 mM are
< kDa &F S S F T kpa &F & S O ,,,QQ NaCl concentration.
180
-0 e
" ‘~ . b ‘ = cHA
A  CcHA
55 . :

chromatography.

Figure 7. Purification of cHA with Ni** Sepharose chromatography and DEAE Sepharose

(A) SDS-PAGE and western blotting of the fractions from Ni** column. (B) SDS-PAGE and
western blotting of the fractions from DEAE column. Mouse anti-His primary antibody and

secondary anti-mouse-HRP antibody used to detect cHA signal.
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Figure 8. Protein identification of cHA by LC-MS/MS analysis.
Protein identification of the protein bands corresponding to the 70kDa band shown in Figure 7.

Found peptides were underlined.
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The cHA proteins were digested with trypsin, chymotrypsin and a-lytic protease and processed for
46

glycan profiling by LC-MS/MS analysis. Blue square: GlcNAc. Green circle: Man. Yellow circle:

Figure 9. Glycan-profiling of cHA by LC-MS/MS.
Gal. Purple diamond: Sialic acid. Red triangle: Fuc.
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Figure 10. cHA protein characterization by size exclusion chromatography.

(A) The elution profiles of cHA and standard proteins on SEC. Red line represents cHA protein. (B)
The eluted fractions were collected and processed for immunoblotting analysis. The
immunoblotting of SEC fractions. PC represents positive control, which is cHA from anion

exchange purification and before loaded onto the SEC.

47 doi:10.6342/NTU202203801



(A)

7 'Z) o & 1 Negative control endotoxin-free water

2 cHA protein 20ug+ 50ug adjuvant

)~ > A:‘\\\
T _= )

BALB/c Y N
6-8 weeks / / é
N=3 Day 0 Day 14 Day 21
[
Do assays
(B) ©)
Day 14 Day 21 Antigen
2000- 250000 O cHA(PC)
204800 pos [ A/California/07/2009 (H1)
1600d o o . 1 A/Astrahan/10/2007 (H3)
[C1 B/Malaysia/2506/2004 (Vic)
. _ 102400 % ﬁ B/Jilin/20/2003 (Yam)
= 2 512004 .
o o N
2 8004 ° oo ° 2
4009 ‘ 3200-
1 i
Figure 11. Animal experiment time-line and immunogenicity of cHA.

(A) Mice vaccination experiment design. (B) and (C) The ELISA endpoint titer assay of serum
collected at Day 14 and Day 21. Different subtype of HA proteins were used as the coating proteins

to assess serum IgG titer. Y axis represented serum dilution titer.
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Figure 12. ELISpot analysis of splenocytes from cHA immunized mice.

(A) IFNy, (B) IL4 and (C) GrzB spots per 5x10° splenocytes were measured by ELISpot with two
different protein stimulators (cHA and HA mix of H1, H3, Vic and Yam). Symbols represent
individual mice. Heights of bars indicate the mean. P values compare cHA protein groups with the

negative control (parametric, two-tailed paired t-test).
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Figure 13. mRNA synthesis constructions.

(A) Diagram of A/Cal/07/2009 HIN1 HA in pMRNA vector. (B) Diagram of A/Cal/07/2009 HIN1

HA without N-glycosites in pMRNA vector. ARCA represented anti-reverse cap analog

[m7G(5)ppp(5)G].
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Figure 14. Agarose gel of in vitro transcribed mRNA and western blotting of mRNA
transfected cells.

(A) Agarose gel of mRNA transcribed from HA-pMRNA and HAdG-pMRNA. (B) The western
blotting of HA and HAdG in the mRNA-transfected HEK293T cells. HEK293T cells were
transfected with mRNA and the cell lysates were prepared and processed for immunoblotting
analysis. Primary goat anti-HA specific antibody and secondary anti-goat-HRP antibody are used to

detect specific HA signal.
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TCQTPKGAINTSLPFQNIHPITIGKCPKYVKSTKLRLATGLRNIPSIQSRGLFGAIAGFIEGGWTGMVDGWYGYHHQNEQGSGYAADLKSTQNAIDEI
TNKVNSVIEKMNTQFTAVGKEFNHLEKRIENLNKKVDDGFLDIWTYNAELLVLLENERTLDYHDSNVKNLYEKVRSQLKNNAKEIGNGCFEFYHKCD
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Figure 15. Protein identification of mRNA translated HA and HAdG protein by LC-MS/MS

analysis.
(A) Protein identification of the protein bands corresponding to the 100 kDa band shown in Figure

13B, and (B) Protein identification of the protein bands corresponding to the 70 kDa band shown in

Figure 13B. Found peptides were marked in red.
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Size exclusion chromatography of HA and HAdg expressed in HEK293T cells.

(A), (C), (E) The SEC profile of HA mRNA, HAdG mRNA or MOCK transfected HEK293T lysate.

(B), (D), (F) are the western blotting of SEC fractions. MOCK is empty vector. PC is cell lysate

before loaded onto SEC. Primary goat anti-HA specific antibody and secondary anti-goat-HRP

antibody are used to detect specific HA signal.
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Figure 17.

Size distribution of prepared mRNA-Lipid nanoparticle.
mRNA-lipid nanoparticles were prepared with In vivo jet (A), a combination of four lipids with
manual injection (B) and a combination of four lipids with a microfluidic device (C). The prepared

mRNA-LNPs were collected and subjected for dynamic light scattering analysis. PDI

(polydispersity index) and measured particle sizes were shown.
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Figure 18. Encapsulation efficiency of mRNA-Lipid nanoparticle.
(A) Ribogreen assay for quantification of mRNA encapsulation efficiency. Bars represent groups
mean + SD (n=6). (B) mRNA-LNP were incubated with or without Triton X-100. The reactions

were then processed for agarose gel analysis.
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Figure 19. HA expression in mRNA-LNP transfected cells. HEK293T cells were transfected
with mRNA mixed with In vivo-jet (A), mRNA-LNP (B, C) and the cells were collected for
immunoblotting analysis. NC is negative control. Primary goat anti-HA specific antibody and

secondary anti-goat-HRP antibody were used to detect specific HA signal.
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Animal experiment time line and immunogenicity of HA and HAdG nucleotides

(A) Mice vaccination experiment design. (B) and (C) ELISA endpoint titer assay using the serum at

Day 14 and Day 21. A/Cal/07/2009 and A/Bris/59/2007 H1 proteins were used as the coating

antigen to assess serum IgG titer. Y axis represented serum dilution titer.
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Figure 21. ELISpot analysis of splenocytes from HA and HAdG mRNA immunized mice.

(A), (B) IFNy spots per 5x10° splenocytes were measured by ELISpot with two different strains of
HI1 protein stimulator, A/Cal/07/2009 and A/Bris/59/2007. Symbols represent individual mice.

Heights of bars indicate the mean.
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Sites Primers

N28 5’- CACGGTGTCGGTGCIctgGTTGGCATGGTAGCC -3°
N40 5’- ATGGGTCACGGTCACctgCTTCTCCAGCACGGTG -3°
N104 5’- GGGGTAGCAGGTGCCctgGTCGCTGCTGGGGGT -3°
N304 5’- GAAGGGCAGGCTGGIctgGATGGCGCCCTTGGG -3’
N498 5’- GTAGTCGTAGGTGCCctgCTTCACGCTCTCCATGC -3’
N557 5’- GCACTGCAGGCTGCCctgGCTGCACATCCAGAAGC -3°

Table 1. The primers used for mutation of N-glycosylation sites
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