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ABSTRACT

The effectiveness of current influenza vaccination strategies is challeygdeé high
mutation rates and antigenic flexibility of influenza viruses. More effective vaccination options
are needed to protect the vulnerable risk groups against seasonal outbreaks and to improve
pandemic preparedness. Targeting evolutionarily cerdeinfluenza proteins could improve
crossreactive immunity and alleviate the burden of annual vaccine component reformulation.
The conventional vaccines mainly target the immunodominant head domain of influenza
surface protein hemagglutinin (HA). Howeyeonstant antigenic evolution of the head domain
allows the virus to escape the jmesting antibody responses. HA stalk domain, on the other
hand, is evolving much more slowly. It is therefore relatively well conserved across influenza
subtypes and taeged by broadly protective antibody responses.

The aim of this study was to develop an influenza vaccine candidate that includes a
virus-like particle (VLP) displayed HA stalk antigen in its native trimeric form. We analyzed
several stalk antigens in tinefree and VLP displayed state for their potency to induce
crossreactive antibody responses and to protect against various influenza virus infections in
mice. All vaccine proteins were recombinantly produced in microbial expression systems,
resulting in Igh yields of the target protein. While VLP displayed linear stalk was
immunogenic and induced cremsactive antibody responses, it did not contain conformational
epitopes associated with potent protection against disease symptoms. Free stalk antiden serv
as a useful tool to assess stgflecific immunity in the prpandemic sera of people with
occupational contact to swine. Genetic fusion of stalk and bacteriophage coat protein genes
yielded soluble aggregates, but chemical VLP functionalization rdsulteuccessful particle
display. Employing Xray crystallography and magic angle spinning sstate nuclear
magnetic resonance, we observed preservation of the trimeriugast folding state in both
free and VLPcoupled forms of stalk antigens. Adthgh VLP displayed stalk antigen induced
potent crosseactive antibody in mice, it was unable to protect against lethal influenza
challenges. Simultaneous display of the stalk antigen and a triplet M2 protein ectodomain on
the same particle broadened timeune mechanisms and increased vactideced protective
effect. The multimeric VLPs afforded robust protection against standard heterologous and
heterosubtypic influenza challenges, as well as-bigge homologous influenza infection. Our
results hereirmndicate that a combined application of genetic and modular functionalization to
expose two different conserved influenza antigens on a single particle is a promising approach

for the development of a multivalent broadly protective influenza vaccine.
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KOPSAVILKUMS

Gripasmwtobglnrausms un antigUnu maindba sar
vakconu efektivitUOti. Lai aizsargUtu riska
uzl abotu gatavobu pandUmij Um, ai © g\ngekacskaacai e ¢ ¢
mUr gUta pret konservat,gair @mugpaphagvobtusanrg
novUrst nepieciegamdbu pUc ikgadUjas vakco
darboba galvenokUrt tiwikr ssmtarsg U rao tpergenta ghreing
i munodominant o gt veauktoamUgal ¢ &Nel doimUaaNapij
izvairgties no esogajUm antivielu reakcijOU
mai nQgba. HA stal ksvdrstsarnpdaa@Odiiekogusiep & s
pret to mUrgUta plagi aizsargUjogu antiviel

Go pUtojuma mUrgis bija izstrUdUt gripas
t0 natovaj U trimUra konf owrknPQcivji Gt sura sv. o rMiUssi ¢
vairUkus stalwmmazaviLiPg@hkspomtUUdWOformU pUc t
iedarbggas antivielu atbildes un pasargUt
proteodoni tika r ekroonbbiilhalhst ie kpsrpordeusciJtais nsiikst U

protedna iznUkumu. Lai gan uz VLP eksponUt s
antivielu atbildi, tas nesaturUja konformac
pret sl|sBmimpaomiem. Stalka antigUns tika i

i muni tOti psierrnusmUp aineafinticgi &ksko pdbas . daFebniUntiiesk
sapludinot stalka peptdgda un VLP bakteriof
agrg Ut i, savukUrt ¢gomiskas konjugUcijas rez
l zmant oj ot rentgenstaru kristalogrUOfiju wun
magi skU | eAga, ti ka apoH UrroitnaU rsat afl okrammasmtwi@ggU r
ganVLRs ai 6 b9 mU. Lai gan uz VLP virsmas ekspon
un plagu antivielu atbildi, tas nepasargUj
daNi Aas vienlaicdgi ekspootU¢pnageaht sdamluuy

i mino meth@dpUsomgamal i el i nUts vakconas aizsa
VLP nodroginUja stabilu aizsardzobu pret st
infekcijUm, kU argrhpasl ugQuusaelasekevips.
genUti skUs un modul UrUs funkcionalizUcijas
di vus dagUdus konservatovus gripas antigUr
ai zsargUjvakadnarsi pastr UdU.
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ABBREVIATIONS

3M2ei a triple M2e peptide;

A/pH1IN17T influenza A virus from the
H1N1 subtype causing the 2009 pandemic;
ADCC 1 antibodydependent cellular
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ADCPIT antibodydependent celnediated
phagocytosis;
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protein VLPs displaying a 3M2e antigen
and a tristalk antigen;

BSA' bovine serum albumin;

CDCi complemendependent cytolysis;
cRNAT complementary RNA;

DC1i dendritic cell;

DMSO1 dimethyl sulfoxide;

EDTAT ethylenediaminetetraacetic acid;
ELISA i enzymelinked immunosorbent
assay;

F c-Rsi Fc gamma receptors;

HA i hemagglutinin;

HBc1 hepatitis B virus core;

IL-1 B interleukin 1 beta;

IPTGii sopr-b-pyl b
thiogalactopyranoside;

IV T influenza vaccine;

K1-K1 1 tandem core HBc VLPs
displayinglysine linkers in both MIRs;
LAH T long alpha helix;

LAH1-PP7i fusion protein of LAH3 and
phage PP7 coat protein;

LAH3-HBc 1 tandem core HBc VLPs
displaying LAH3 in MIR 1 and lysine
linker in MIR 2;

M1 71 matrix protein 1,

M2 T matrix protein 2 ion channel
M2ei the ectodomain of M2 ion channel
protein;

MAS-NMR T magic angle spinning sokd
state nuclear magnetic resonance;
MHC 1 major histocompatibility complex;
MIR T major insertion region;

NA i neuraminidase;

NEPT nuclear export protein, formerly
NS2;

NK-cellsi natural killer cells;

NPT nucleoprotein;

NS171 nonstructural protein 1;

ODi optical density;

ORF1 open reading frame;

PAT polymerase acidic protein;

PB1i polymerase basic protein 1;
PB2i polymerase basic protein 2;
PBSI1 phosphatéuffered Saline;
PCRi polymerase chain reaction;
PDBI1 protein data bank;

PEGT polyethylenglycol;

rHA T recombinant fullength
hemagglutinin;

RNPT ribonucleoprotein;

SATAT N-succinimidyl S
acetylthioacetate;

SDS/PAGE sodium dodecyl sulfate
polyacrylamide gel electrophoresis;
SMPHT succinimidyt6-((b-
maleimidopropionamidefhexanoate;
TAE 1 Tris acetateEDTA buffer;
TNFUi tumor necrosis factor alpha;
VLP 1 virus like particle;

WHO'T World Health Organization



INTRODUCTION

With the annual morbidity affectingi® 0 % of t he wor |l ddés popul a
virus remains a major disturbance to health care and the global economy. Adverse disease
reactions can cause severe complicet that can result in loAgrm consequences and death,
particularly in people with underlying chronic conditions or extreme age. An effective vaccine
should prevent excessive mortality. Yet, the genetic variability of influenza viruses interferes
with current influenza vaccine effectiveness and raises concerns about the possibility of an
emerging influenza pandemievhich could be only a few mutations awayhe ongoing
SarsCoV-2 virus pandemic has emphasized that even with vaccines developed at record
breaking speed, there is no way to prevent millions of deaths during the months of vaccine
testing, approval, and distribution process. The current influenza vaccine manufacturing
technologies are either slow and mutafpyone or unable to produce suffictedoses for the
global society, and they cannot compete with virus variability. Therefore, a broadly effective
and cheap influenza vaccine remains an urgent, yet unsolved public health challenge.

One of the ways to outrun the constant influenza varighdito target its evolutionary
conserved epitopes, thereby aiming for a broad spectrum of the induced immunity. Influenza
virus hemagglutinin (HA) is the major vaccingr infectiorr included antibody target. While
its head domain tends to change undemune pressure, the stalk domain is structurally
conserved and draws interest as a potential component for a broadly protective vaccine if
properly presented to the immune system. Viikis particles (VLPS) represent a potent and
safe, yet relatively cheaplatform for target antigen display as they embody the key
morphological and immunological features of viruses without causing the infection:
(1) high-density repetitive epitopes; (2) particulate nature; (3) ability to induce cellular and
humoral immunity

The aim of the studyvas to develop an influenza vaccine candidate that includes a

VLP-displayed HA stalk antigen in its native trimeric form.
The tasks of the study

1) Construct, express, and purify HA stdlased vaccine candidates in their free and
VLP-displayed form;

2) Perform structural studies of HA stalk antigens in their free and-dM&played
form;

3) Assess the vaccine candidate immunogenicity and-ceagsivity in mice;

4) Evaluate the potency of the selected vaccine candidates to induce protective

immunity in mice against homologous and heterologous influenza viruses.



1. LITERATURE OVERVIEW

1.1Influenza virus

1.1.1 General characteristicsof influenza

Human influenza is a communicable acute respiratory viral infection affecting the upper
and lower airwaygFukuyama & Kawaoka, 2011)nfluenza epidemics occur during the colder
seasons in both hemispheres. Seasonal transmission patterns are less pronounced in the tropica
countries where the virus spreads throughout the(Jeamerius et la 2013) Despite thdact
that the influenza virus has been known to mankind for almost 100 years, the annual morbidity
incidence in a typical year is estimated to affect betweeP0%0 of the human populatiaf
which 35 million cases are registered as se\&ames et al., 2018; WHO, 2018)fluenza
kills as much as 29650 thousand people each year, remaining as one of the leading causes of
death caused by infectious disea@&SC, 2021b; luliano et al., 2018pubsequent side effects
are an overwhelming impact on health care systems worldwide, work and school time losses,
and a considerable direct and indirect socioeconomic disruption estimated to reach billions of
euros every yaga(Preaud et al., 2014; Putri et al., 2018Jthough the recent SafSov-2
pandemic prevention measures have reduced infugaasmission to a historically low level,
health experts predict the virus might preserve its regular seasonal transmission patterns once
the restrictions are lifte@ones, 2020; Olsen et al., 2020)

The potent spread of the influenza virus isdaaen its wide mode of transmission
respiratory droplets (particles >10 e€m) and
sneezing, or talking of the infected patient and they may linger in the air and rapidly infect the
epithelial cells of th respiratory tract of the nearby people. Alternatively, transmission can
occur by means of direct contacts or fom{#€s#lingley & NguyenVan-Tam, 2013) Influenza
viruses primarily replicate in the epithelial cells of the mammalian respiratory tract and in the
epithelial cells of the avian intestinal trglstammer et al., 2018)/iral incubation usually lasts
1-2 days(C. Paules & Subbarao, 201An infected person may transmit the virus even before
the first symptms of the disease appear, but the viral shedding typically pe&ks first two
days of clinical illness and correlates with disease sev@gpitgt al., 2016)Virus replication
results in cell deatbf human pulmonary epithelial and immune cells with-jpftammatory
and immunopathology implicationDowney et al., 2018)The clinical presentation of
influenza varies from asymptomatic to mild to severe; the mild manifestations are usually easily

marageable and the disease is limited to the upper respiratory tract presenting typical symptoms
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such as cough, fever, fatigue, sore throat, myalgia, headache, runny nose, ocular and
gastrointestinal symptonfpowney et al., 2018; Fukuyama & Kawaoka, 2011; Krammer et al.,
2018; C.Paules & Subbarao, 2017)

The World Health Organization and local authorities recommend annual vaccination for
patients prone to severe complications after influenza infection as it can substantially reduce
disease severiffy!#/HO, 2018) These complications are associated with pathologic changes in
the airways and include but are not limited to hemorrhagic bronchitis, primary viral and
secondary bacterial pneumonia, as well as a vavietypnrespiratory complications such as
viral myocarditis and viral encephalitis or exacerbation of underlying chronic diseases, and they
can lead to acute respiratory or heart failure, and d&adhris et al., D17; Piroth et al., 2021,
Sellers et al.,, 2017While all age groups can be affected, patients at the highest risk of
developing serious adverse reactions are children under the age of two and elderly, pregnant
people, health care workers, aimdmunocompromised people or those with underlying
respiratory, cardiovascular, metabolic, oncologic, and other comorbi@@i@eman et al.,

2018; Piroth et al., 2021)'he highest mortality during the seasonal outbreaks is observed
among seniors over 65 years of age, and populaging suggests that the number of lethal
cases will increase in the futuf@costa et al., 2019; luliano et al., 2018; Paget et al., 2019)
However, most infections occur in children, and it is estimated that up to 111 thousand annual
influenzaassociateddeaths affect children under the age of five. The lack ofegigting

immunity against influenza is therefore also associated with increased morbidity and fatalities
(Acosta et al., 2019; luliano et al., 2018; Nair et al., 2011; Somes et al., RkB)nfluenza
related fatalities are reported in | ow anc
to vaccines and health cg@oleman eal., 2018; luliano et al., 2018; Nair et al., 2011; Paget

et al., 2019)

In the case of epidemiological likelihood, influenza is primarily clinically diagnosed
(WHO, 2018) However, de to the similarity of influenza disease to the clinical manifestations
of other respiratory pathogen infections, the definitive diagnosis requires more specific testing,
such as serological, immunological molecular diagnosis, particularly importantonpthe
risk of serious complicatior(®1erckx et al., 2017; Nie et al., 2014; SaKagawa et al., 2017)
Several neuraminidase iibitors, such as oseltamivir, zanamjand peramivir, are available
to treat or prevent influenza; howeyelue to resistance of circulating viruses and various
adverse effects, most of these antivirals are used only to treat severely ill patieatsaatéil
risk assessment and rarélfor prophylaxisDuwe, 2017) Adamantane group drugs that block

theM2 ion channel of type A influenza are no longer recommended for influenza treatment due
10



to the high resistang®uwe, 2017; Gubareva et al., 2019et, a number of potent antivirals

that inhibit influenza neuraminidase (laninamivir octanoate) or RNA polymerasexbal
marboxil, 705 ribofuranosyltriphosphate), or block the viral attachment by removing
influenza receptors on host cells (DAS181) have been shown to be highly effective, especially
when used early after disease onfetiruta et al., 2013; Malakhov et al., 2006; Omoto et al.,
2018; A. Watanabe et al., 2010)

1.1.2 Influenza diversity

Influenza viruses belong to th®rthomyxoviridae family, characterized by the
fragmented negativestrand RNA genomeThe family includes distinct influenza viruses,
phylogenetically divided in generand they are commonly referred to as type A, B, C, and D
influenza(Asha & Kumar, 2019; ICTV, 2020; Krammer et al., 2018nly type A and B
influenza viruses @& a major risk to human health as they cause seasonal epidemics with high
rates of morbidity and fatalitf’’/HO, 2018) Being mainly a human pathogen, the influenza C
virus can also infecother mammals dogs, cattle, and swine. Although most people are
exposed to type C influenza at least once during childhood, the virus is known to generally
cause upper respiratory disease with mild diblel symptoms. Lower respiratory infections are
also reported, especially in children younger than two years of age; yet, they &8edmnelahl
& Williams, 2020) Type D influenza virus is a recently identified pathogen that primarily
affects cattle and swan however, it poses a potential threat for interspecies transmissioa
& Kumar, 2019; Hause et al., 2013)

Type A influenza viruses are divided into subtypes based on the distinct antigenic
charateristics of their major surface glycoproteins hemagglutinin (HA) and neuraminidase
(NA) 1 atotal of 18 different HA (HH18) and 11 NA (NAN11) variants have been identified
so far(Tong et al., 2012, 2013)The HA proteins are further classified into two groups
according to the phylogeny of the HA protein and the structure and antigenicity of the HA stalk
(group 1 H1, H2, H5, H6, H8, H9, H11, H12, H13, H16, H17, and H18; group 2: H3, H4, H7,
H10, H14, and H15)Joyce et al., 2016; Russell et al., 200dj)luenza A viruses have a wide
host tropismi humans, wild and domestic bir@dsyine, horses, dogs and cats, marine mammals,
and batg with wild aquatic bird populations considered the primary reservoir for influenza A
viruses. Unlike human influenza, avian influenza is transmitted-teedlly, therefore, high
density poultry houss are at great risk of becoming influenza virus replication incubators
(Munster et al., 2007; Yoon et al., 201BDespite the great diversity, only three of the HA
subtypes (H1, H2, and H3) and two NA subtypes (N1 and N2) have been sustainably circulating
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in the human popation, with A/HIN1 and A/H3N2 causing the most recent outbreaks
(Krammer et al., 2018; T. Watanabe et al., 2014; WHO, 20r@dominating circulation of

the A/H3N2 subtype is associated with higheortality, especially among the senior
population; however, during seasons dominated by the A/H1N1 subtype people under 65 years
of age are more severely affect@gd Li et al., 2018; Paget et al., 201®)fluenza B viruses

have a much more limited host range, and they mainly infect humans. However, there are
reports of spillover to other species, such as swine, seals, sses{itawano et al., 1978;
Osterhaus et al., 2000;aR et al.,, 2015)Two antigenically distinct influenza B lineages
(Yamagata and Victoria) have evolved and nowcicoulate in the human population, with
higher prevalence among pediatric population and young d@alisi et al., 2015; L. Jennings

et al., 2018; WHO, 2018)Although the incidence is variable, influenza B acus for
approximately 22.6% of the isolated respiratory samples across different influenza seasons
(Caini et al., 2015)nfluenza viruses have a standard nomenclattiney are named according

to the virus type, host species and location of isolation, isolate number and year of isolation,
and, only for type A influenza, HA and NA subtyflgammer et al., 2018)

1.1.3 Influenza plasticity

An important aspect of influea viruses is that they are genetically labile and promptly
accumulate mutations, resulting in major antigenic changes and immune evasion. Yearly
influenza epidemics arise through a gradual process called antigenic drift when nucleotide
mutations and am@acid substitutions accumulate in the antigenic sites of NA and HA genes
of influenza A and B viruses (Figuli¢ (Bedford et al., 2015; Rambaut et al., 2008; Webster et
al., 1992) It occurs due to continuous antibedhediated selective pressuand a lowfidelity
RNA polymerase that lacks proofreading activity during replica(Mebster et al., 1992;
Wong et al., 2013)Mutations mainly occur around the recepbimding sites as they are
primarily recognized by neutraing antibodies, and the structural plasticity of NA and HA
proteins tolerates these substitutions without functional impair(@=aton et al., 1982; Wiley
et al., 1981; R. Xu et al., 2010s a result, the prexisting immunity and previous vaccine
compositions are much less effective thereby promoting viral transmi@adongia et al.,

2016; Kirkpatrick et al., 2018; Wong et al., 2018)faster rate of antigenic drift, as well as
more frequent anthtal epidemics, are associated with the A/H3N2 virus as compared to the
co-circulating A/HIN1 and type B influenza virus@edford et al., 2015)

The segmented influenza virus genome and its wide host tropism allow for introduction

of novel virus variants or swap of genome fragments between two or more influenza strains
12



from different animals during a simultaneous infection of the same hostN=mlinann &
Kawaoka, 2019; Saundekastings & Krewski, 2016)his event, eferred to as antigenic shift

and restricted to type A influenza, occurs rarely and unpredictably, and can produce a
reassortant influenza subtype with novel combinations of NA and HA proteins (Figure 1). Such
divergent antigenic combinations can drasticel change the i mmune s
recognize and fight the virg&rammer et al., 2018; C. Paules & Subbarao, 2@ig}, qualils,

and bats have been reported as potent sources for influeagaomment as they express the
complete set of sialylated receptors compatible with binding both am@drtuman influenza
virusegal(ak2t,o03 e | inked si agalaaosedickeddsialic adde pt o
receptors respectivelyChothe et al., 2017; Nelli et al., 2010; H. Wan & Perez, 2006uch
influenza strain sustains thdikty of humanto-human transmission, a pandemic can arise
(Potter, 2001; Saundeksastings & Krewski, 2016; Taubenberger & Morens, 2006)

Virus 1 Virus 2 Virus 2a

Drift

Figure 1. Antigenic shift and antigenic drift affluenza viruses. Antigenic shift: dafection of the same host
cell with a human and zoonotic influenza virus can result in the interchange of viral genome segmts and
emergence of a novel influenza virus that is potently spreading in the immisadilpgaive society. Antigenic
drift: accumulation of minor antigenic mutations in HA and NA genes to avoid immune recoghtiefigure

wascreated in BioRender.

Since the beginning of the 20th centuhginfluenza virus has jumped the species barrie

four times causing a global panderara claiming millions of livesThree influenza pandemics
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occurred in the last centuryin 1918 a novel A/H1IN1 virus emerged directly from waterfowl,
butin 1957 (A/H2N2) and 1968 (A/H3N2) the virusagsorted betves human and avian hosts
(Potter, 2001; Saundeksastings & Krewski, 2016; Taubenberger & Morens, 2006 1918
pandemic is still considered one of the deadliest pandemics in recorded rsstonfexted as

much as half of the global population and killed281 million people worldwide, hampering
population growth for the next decafeotter, 2001; Tauenberger & Morens, 2006After

each pandemic, the causative virus continued to circulate in humans displacing the previous
seasonal strair{Sutton, 2018)In the last influenza pandetrin 2009, the pandemic virus arose

from re-assortment of four different viral subtypes of avian, swine, and human origin, and the
pandemic A/HIN1 virugA/pH1N1)is now circulating in society as a seasonal influenza virus
(SaunderdHastings & Krewski, 2016; WHO, 2018; York & Donis, 2013jotably, te
vaccines for A/pH1N1 became available only after the first waves of the pandemic influenza
had peakeBroadbent & Subbarao, 20118 shift of morbidity and mortality toward younger

ages has been observed during these pandemics, with extreme mortality among young adults
and hospitalization rates of children up to severes$ higher than during seasonal outbreaks
(Loo & Gale, 2007; Shanks & Brundage, 2012;€Slina et al., 2011; Simonsen et al., 1998)
Immunologically naive hosts are at higher risk due to a lack of little or rRexggng immune
crossprotection; furthermore, potent immune systems can quickly become excessively
stimulated or dysregulated in response to the virus, thus leading to tissue and organ damage
(Loo & Gale, 2007; Shanks & Brundage, 2012)

With the increased globalization proces$s international travel, limg in densely
populated urban areamd close contagtith animals, especially poultry and swihafectious
diseases are emerging at an unprecedented(Ratier et al., 2019; Saundetastings &
Krewski, 2016) Therefore, of further concern are several influenza strains with a pandemic
potentid that have been circulating in domestic and wild animals with sporadisusiained
human outbreaks. Zoonotic influenza of H1, H3, H5, H7, BBd H10 subtypes have
occasionally caused infections in humans in recent years, with the highly pathogemid@via
and H7 strains often causing severe disease and high rate of fa(Blaretagi & Byahatti,

2011; Harfoot & Webby, 2017; Peacock et al., 2019; Sutton, 2018; T. Watanabe et al., 2014;
Zhaoetal,2020Fur t her more, the wor |l do s anfinfluerea of h u ma
H10N3 subtype was registered r#f21 in China; however, the risk of a laigEale spread is
considered to be loWyWHO, 2021b) No direct humasio-human transmission has been
registered for these viruses, indicating that further changes are necessary for adaption to spread

into the human population. However, only seyerutationsvere necessary for the avian HSN1
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to acquire sustained transmission between ferrets, anthalare often used as modsefor

human influenza infectiora similar experiment has been carried out in guinea pigs as well
(Linster et al., 2014; Zhang et,@013) As there is no way to predict when, where, and which
influenza subtype will cause the next outbreak or pandemic, these zoonotic viruses remain on
the watch list for a high pandemic potential. Furthermore, the high evolution rate of influenza
viruses in combination with the large number of influenza A subtypes and the two influenza B

lineages requires constant surveillanod risk assessmefNeumann & Kawaoka, 2019)

1.2 Influenza A virion

1.2.1. Virion structure and proteins

Morphologically, influenza A viruses are enveloped pleomorphic particles that can either
adapt spherical or elliptical shame averagel20 nm in diameteior form filamentous vions
that are approximatel¥00 nm indiameterbut can reach ove80  ¢(An Harris et al. 2006;
SeladiSchulman et al., 2013} he filamentous virions are predominantly isolated fiomivo
samples during clinical infection while spherical forms are mainly produced in laboratory
settings, e.g. paaging in egg¢SeladiSchulman et al., 2013The hostderived Ipid bilayer
of influenza virusformed during nascent particle budding, envelops segmented neggtise
singlestranded RNA genome (Figure(®ou et al., 2018; A. Harris et al., 2008he influenza
virus life cycle carbe roughly divided into three steps: (1) virus attachment to the host cell via
HA; (2) viral entry into the cell by endocytosis and replication; (3) viral assembly and progeny
virus release. Replication of the viral RNA occurs in the nucleus of the albshmwugh a
positivesense intermediate complementary RNA (cRNA), but the transcription results in
positivesense MRNAs that are transported to the cysopldor viral protein synthesis
(Krammer et al., 2018)

The viral envelope embeds three integral membrane proteins and overlays thenahatri
viral interior containing influenza genon@ou et al., 2018; A. Harris et al., 200®)fluenza
virus matrix is made of a helical layer of matrix 1 (M1) protein, one of the almstdant
influenza proteins that constitute the viral shell and closely asesaiath the viral envelope
(Selzer et al., 2020M1 anchors the viral surface proteins within the envelope and interacts
with the viral genome; it has a critical role for vimistability and pFdependent RNA genome
release as well as progeny virus buddiRgssman & Lamb, 2011; Selzer et al., 20E3ych
genome segment is packed in a ddtifilamentous ribonucleoprotein particle (RNP) in a

complex with nucleoprotein (NP) and heterotrimeric Ri&pendent RNA polymerase and
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acts as an independent transcriptieplication unit(Gallagher et al., 2017; Pflug et al., 2017)

NP is a positively charged arginhneh protein that oligomerizes and encapsidates the
negatively charged phosphate backbone of the viral genome for RNA transcription, replication,
and packaging, and it takpart in the RNP complex nuclear transg®drtela & Digard, 2002)

Each RNP complex adopts a shape of a flexible rod where twpamaliel RNA strands are
coated with NP, with bases exposed to the sol{gaidin et al., 1994; Pflug et al., 201The

RNP loops at one end, but the paading termini of the viral RNA form a short duplex region

at the other end. This partially complementary highly conserved region binds the RNA
polymerase and acts as a promoter sequ@krcanz et al., 2012; Dou et al., 2018he RNA
polymerase is a complex that consists of polymerase acidic protein (PA), and two polymerase
basic proteins (PB1 and PB2) and it catalyzes RNA replicationrandctiption in infected
cells(Boivin et al., 2010)During the viral replication, the newly sye#ized RNA polymerase
complex and NP are imported into the host cell nucleus to further promote the viral RNA
replication and transcription ratrammer et al., 2018)
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Figure 2. Scheme of influenza A virion. Influenza A virus is an enveloped negs¢inee RNA virus. The 8

single-stranded RM segments are numbered from the longest to shortest and encodg fdPB2 (polymerase
basic protein 2);3) i PB1 (polymerase basic protein 1), RB40, PB1F2; 3) T PA (polymerase acidic protein),
PA-X, PA-N155, PAN182; @) i HA (hemagglutinin); §) 1 NP (nucleoprotein);&) i NA (neuraminidase);#) i
M1 (matrix 1 protein), M2 (ion channel matrix 2 protein), M42);i(NS1 (nonstructural protein 1), NEP (nuclear
export protein), NS3The figurewas adapted frorfVasin et al., 2014and created in BioRender
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The two major influenza antigenic determinants are viral surface Spijgsoproteins
neuraminidase (NA) and hemagglutinin (HAamblin & Skehel, 2010)HA is the
predominant protein othe influenza surface, with the HA:NA ratio of approximately 5:1 for
most influenza viruse@GetieKebtie et al., 2013)Both HA and NA are considered crucial
factors of infectivity, pathogenicity, transmissibility, host specificitythermore recently it
was discovered that these proteins also act as motile machinery mowmglkiparticles on a
cell surface and enhancing virus infecti(@akai et al., 2017)A third integral membrane
protein is the less abundant matrix protein 2 ion channel (Kidpe et al., 2017)

HA is a hometrimeric influenza surface protein that is essential for the first staghs of
viral infection cyclel receptor binding and host cell entry through the host cell membrane as
for other enveloped virus€®Viley & Skehel, 1987)The functional role of HA in cells as well
as the various conformations it adapts during the host cell entry process are described below.
NA is a hometetrameric transmembrane viral glycotein that visually resembles a knlike
structure, with an enzyme active site located atctr@gerof each monomefColman et al.,
1983) It is one of the main antibody targets; however, immune pressure leads to constant
accumulation of mutations in NA protein antigenic sites allowing to escape protective immunity
and to produce drugesistant mutantgDuwe, 2017) NA promotes infection through its
enzymatic activityas it cleaves off the terminal sialic acid residues by which the virus HA
becomes trappeohn the mucosal surfaces of hosspiratory tract, thereby releasing the virus
and helping ito reach the host cel{€ohen et |, 2013) Furthermore, NA protein allows for
the mature progeny virus release from infected cells as italatyzeshecleavage of the sialic
acidfrom the HA cellular receptors of the budding virion and the cell surface receptors while
preventingvirion aggregation(Gamblin & Skehel, 2010)NA activity is associated with
facilitated virus transmission since nraggregated virions are morédily to be spread via
aerosolgLakdawala et al., 2011)

M2 is a hometetrameric multifunctional influenza surface protein consisting of four 97
ami n o -helicas,cand@ach of them can be divided into 3 paathighly conserved and
unstructured Nerminal ectodomain, a singfess hydrophobic transmembranendin, and a
C-terminal tail (Kwon & Hong, 2016; Lamb et al., 1985pnly a few M2 proteins are
incorporated into the mature virions; however, it is relatively abundant in the virus infected cell
membranegLamb et al., 1985; Zebedee & Laml®8B) M2 primarily functions as a proten
selective ion channel that is required for the viral genome uncd&iimip etal., 1992) Shortly
after the virus enters the host cell the M2 is destabilized by the acidic environment of the

endosomes thereby enabling the flux of protons into the virion intéfioto et al., 1992;
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Schnell & Chou, 2008)That, in turn, weakens the interactions between M1 protein and RNP
in the viral corgPinto et al., 1992)The acidic conditions facilitate the conformational changes
of the HA protein, causing fusion between the viral and endosomal membranes, and, as a result,
the RNPs are released into the cytq&#nton et al., 2020M2 protein also participates in
virus assembly and mature virion budding. Théefninal tail of M2 interacts with the M1
protein at the site of viral budding, and this interaction is importanthirefficient virion
assembly and production of infectious viral partiqiBs J. Chen et al., 2008furthermore,
M2e protein alters the membrane curvature during virus buddidgnediates the membrane
scission to release the progeny virus partifResssman et al., 201®inally, M2 protein helps
influenza virus tevade autophagy and enhance the stability and yield of viral progeny, thereby
promoting viral transmissio(Beale et al., 2014; Gannagé et al., 2009)

There are several additional influenza proteins that are generally not found in the virion
or are present in very snhamounts but are abundantly expressed in the -unfested host
cells. The nosstructural protein 1 (NS1) is a multifunctional, yet ressential viral protein
that antagonizes host immune system responses by inhibition of interferon activity and
modulaes host gene expression and viral replication cfidede et al., 2008; Kochs et al.,
2007) Nuclear export protein (NEP, formerly termed NS2), an alternative splicing product of
the same ger=gment as NS1, interacts with M1 protein and nucleoporins and hefitalize
the export of newly synthesized viral RNA from the cell nucleus to the cytoflasmb &
Choppin, 1979; Paterson & Fodor, 201RB1-F2 is a product of an alternative open reading
frame from the PB1 gene translated as the result of leaky ribosomal scami@gen et al.,
2001) PBI-F2 is a pathogenicity factor that is expressed in many, but not all influenza A
viruses, and has been present in all the pandemiem#h strainf/V. Chen et al., 2001; Varga
& Palese, 2011)Being the smallest known influenza protein, PBLhas a substantiedle in
viral pathogenicity via prapoptotic and aninterferon mechanisms, as well as a role in
polymerase activity regulatiofMazur et al., 2008; Varga & Palese, 201RB1-N40 is an N
terminally truncated form of the PEA2 that controls the balance between PB1 and-PB1
gene expressiofWise et al., 2009)PA-X is expressedrom the PA gene segment due to
ribosomal frameshifting and it functions to repress cellular gene expression and modulate viral
virulence(Jagger et al., 2012Relatively recently additionalrpducts of PA gene have been
identifiedi PA-N155 and PAN182 proteins that are-drminally truncated forms of PA as the
result of leaky ribosomal scanning and likely flllBome functions in the viral replication
(Muramoto et al., 2013M42 and NS3 proteins are alternatsyaicing products of genome

segmerdg 7 and 8 respectively. M42 is an isoform of the M2 ion channel with an antigenically
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distinct ectodomain that can functionally replace the(Wise et al., 2012NS3 is potentially
associated with adaptation to mouse I{8siman et al., 2@). Furthermore, a putative NEG8
protein encoded by genomic segnt 8 has also been predic{&iifford et al., 2009)

1.2.2 The structure and functions of influenza HA

The HA protein is first expressed as a fusiocapable precursor protein in a monomeric
form called HAQ; it is cotranslationally translocated across the rough endoplasmic reticulum
where protein folding into trimers occufBraakman et al., 1991; Gething et al., 198d)e
HAO undergoes podtanslational Ninked glycosylation, an important aspect for protein
folding, and stability, as well as for receptmnding, antigenicityand immune evasigi. Kim
et al., 2018)The trimers are selectivetyansported to the cell surface via the Golgi complex.
The precursor protein must be cleaved aisulfide-bonded HA1 and HA2 subunits by cellular
proteases to yield infectious viral particles and it most often occurs during viral budding or
infection orin the transGolgi compartmen{Copeland et al., 1986; Zhirnov et al., 2002)

A major structural rearrangement after the cleavagieeiselocation of the highly conserved
N-terminus of HA2, referred to as fusiopgiide, from the bottom of the cleavage loop to the
interior of the trimeXCross et al., 2009The proteolytically activated mature HA at neutral pH
conditions adapts the smlled prefusion conformation that projects 135 A off the membrane
(Figure 3)(Wiley & Skehel, 1987; Wilson et al., 198The prefusion HA trimer consists of
two structurally distinct regions a receptotbinding globular, membrandistal head, formed
by the middle part of M1 polypeptide and a long, extended membrareimal fusogenic
stalk, formed primarily by the HA2 chain and &hd Gtermini of the HA1 polypeptid€Carr

et al., 1997; Wilson et al., 1981)

The immunodominant globait head is the primary target of antibody responses and a
subject of constant antigenic dr{fKirkpatrick et al., 2018; R. Xu et al., 2010) consists
primarily of an antiparallel 8 t r ashe#t wiith two looped out regions between stranrgs 1
and 34 and includes a receptbmding domain and a vestigial esterase dor(\litson et al.,

1981) The receptebinding site is a shallow pocket located at the membdsstal tip of each
head domain monomer and the residues forming the face of the pocket are highly conserved
(Gamblin et al., 2004; Weis et al., 1988; Wilson et al., 198@)ibody binding epitopes that
surround the regptorbinding pocket and include parts of the monomer tip and esterase domain
are much more variablg. L. Raymoncet al., 1986; R. Xu et al., 2010)he main role of the
head domain is to adhere the virus to the
attaching to sialic acid receptors on the host cell surface. As a result, the influenza virus is taken
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up into an endosome by receptoediated endocytosi€arr et al., 1997; Wiley & Skehel,
1987) As briefly mentioned above, different influenza virus strains preferably bind receptors
with different sialyl linkagesit the G2 position determining the viral host specificityavian
viruses pr ef er-gamttdsalihkedysialle acid deceptors, while, tf8 human and
swi ne vi r ugaedosedinkeddialitaid @ceptdielli et al., 2010)
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Figure 3. The structure of influenza virus hemagglutinin (HAA) (The theedimensional structure of the
influenza A (subtype H3) HA protein in its pfesion (PDBID: 1MQL) and posffusion (PDBID: 1HTM)
conformations. The HA structure is shown in a cartoon representation with the head domain in purple and stalk
domain in gree. The HA2 monomer is colaroded by segments from the fd the G terminus (cyan, red, orange,
magenta, greendgrey). B) A linear scheme of the HA molecule. The stalk domain (green) is formed primarily

by the HA2 polypeptide and by the Bnd Gtermini of HAL. The head domain (purple) spans the middle part of

the HA1 polypeptide. There is a signal peptide (SP) at Hteriinus of the HA1, a fusion peptide (FP) at the

N-terminus of the HA2, and a transmembrane domain (TMD) and cytoplasmic taii @iE) Gterminus of HA2.

The stalk domain mediates the viral and endosomal membrane fusion and contains a
C-terminal transmembrane helix that anchors the HA protein in the viral membrane and an
N-terminal fusion peptide of each HA2 polypeptidgamblin et al., 2004; Wiley & Skehel,

1987; Wilsonetal.,, 19817 | omegl iUx and a s {naixof HAR pdgpeptide p ar a |

form a hairpinstructure connected with an extended region referred telagmB Three such
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identical hairpins twist around each other to form a trgttanded lefhanded coilegtoil core
structur e, -helices packindirthegiwas alang itd membrasmoximal sidgDi

Lella et al., 2016; Wilson et al., 198T) h e t h r -kedicesl fosrmagcavliy at the bottom of

the molecule where the hydrophobiet&minal HA2 fusion peptide tightly packgViley &

Skehel, 1987; Wilso et al., 1981)The fusion peptide has a crucial role in triggering the cell
and membrane fusion as well as manipulating the target membrane curvature and it is highly
conservedCross et al., 2009; Daniels et al., 1985; Smrt et al., 20b%&) membrang@roximd

base of the protein is formed by a compact, globular antiparadldl & ashegt stbucture and

a s h-kelixtforméd by the @erminus of HA2 polypeptide that anchors each monomer in
the viral membrane followed by a short cytosolic féfilson et al., 1981)

The acidification of the endosome environment triggers {aogdée conformational
rearrangement in the pfasion HA protein with at least a few intermediate conformations.
That in turn, induces HAmediated pkdependent membrane fusion necessary to deliver the
viral genome into the host cell for replicati@@arr et al., 1997; J. Gao et al., 2020; R. Xu &
Wilson, 2011) The prefusion state isnetastable meaning that the HA2 subunit is held in this
state by the stabilizing interactionstbé surrounding HA1 subunit and the fusion peptide, but
the acidification or removal of HA1 polypeptide leads to HA2 adapting the thermodynamically
more stabldusogenic stat¢Carr et al., 1997; Garcia et al., 2015;R & Wilson, 2011)
However, the fusogenic conformational changesth®d HA2 subunit are likely to be
independent of the HA hedd. Gao et al., 2020)\s the pH approaches approximately-6.0,
the fusion process is initiatéBaniels et al., 1985)

Althoughseveral fusion models are proposed, the major conformatibaages in these
models coincidgBenton et al., 2020; Di Lella et al., 2016; J. Gao et al., 20264t, the
protonation of the fusion peptide and its sunding residues results the liberation of the
previously sequestered peptide from its hydrophobic pdCiaatiels et al., 1985; Gaecet al.,
2015) The acidification causes the HA1 polypeptide to dissociate from the HA2 part except
for a disufide bond that flexibly links both polypeptides; it happens as the surface charge of
HAl1 changes and several salt bridge and hydrogen bonthats are weakened upon
protonation(Daniels et al., 1985; Y. Zhou et al., 201dnder the acidic conditions, the HA2
polypeptide undergoes two major antigenic charig€$) the initially unstructured Boop
converts to a helix extending the coHedil core and (2) the residues 10842 of the central
| o n-kelix@ransition to a loogBullough et al., 1994; Carr et al., 1997; Park et al. 3260
Xu & Wilson, 2011) The helixto-loop transition causes the fusion membranes to come in close

contact and dimple so that the fusion can o¢Park et al., 2003}urthermore, the extended
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form drives the conformational change to a lowener gy -l 0o speiddg st at e
boomerangshaped fusion peigie is inserted into the target cell membrane, locating treenil
C- termini of HA2 polypeptide in opposing membrariBsnton et al., 2020; Carr et al., 1997;
R. Xu & Wilson, 2011)

Packing of the @ er mi nal il easheso into the groov
mediate the lipid mixing stagéBenton et al., 2020; J. Chen et al., 1999; Park et al., 2008)
trimeric HA forms a zippelike structure by bringing together the Bind Gterminal anchors
(the boomeranghaped fusion peptide and the transmembrane domain) and collapsing the
extended intermediate. That results in hemifusion or lipid mixing afuker layer of viral and
endosomal membranes. Then the inner leaflets of both membranes are also merged, forming a
fusion pore that allows for the viral genome entry into the hosgRefiton et al., 2020; J. Chen
et al.,, 1999; Park et al., 2003; Smrt et al., 20I8)e newly formed posusion HA
conformation is energetally more favorable and the fusogenic changes aieerefore
irreversible. Each monomer ofthepésu s i on HA c o rhalix, 8 shat adiparaléel | o n
U h eahdiar unstructured loop region connecting the two helixes. Together they form an
extenad sixhelix bundle structure or a trimer of hairpins with the fusion peptide and
transmembrane domain located at the same trime(Bultbugh et al., 1994; Garcia et al.,
2015; Wiley & Skehel, 1987; R. Xu & Wilson, 201The structure of podtsion HA is shown
in Figure 3.

1.3Limitations of conventional vaccination strategies

Although social distancing, global travel restrictions, and use of surgical masks and
respirators in public places have dramatically reduced influenza transmission dwing th
SarsCowv-2 pandemic, these preventive approaches are not sustainable because of their
restrictive natur€Olsen et al., 2020Yhere is no doubt that surgical masks and respirators will
continue to be used in healthcare settings after theCRar@ pandemic due to their high degree
of protection; however, other measures are necessaoytmkinfluenza spread in the general
public (C. Paule& Subbarao, 2017Pevelopment of the first experimental military influenza
vaccine (IV) in1940s soon after human influenza virus was first isolated from estaige
patient throat washings, was arnpontant scientific achieveme(@DC, 2019; W. Smith edl.,

1933) A few years later, in 1945, the first inactivated 1V was licensed for use in ci\iltids,
2019) Due to the influenza virus resistance to many of the available antiviral medications,

seasonal IV still remains the recommended measure to control influenzaamsmission and
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to reduce influenzaelated morbidity and mortalittbuwe, 2017; WHO, 2018)Vaccination
reduces the disease severity, the likelihood of severe complications, and thiefedsetal
admissions, which are particularly significant aspects for the risk group patients, and IV can
protect infants during the first six months of life with the immunity passed from a vaccinated
mother(Giles et al., 2018; WHO, 2018¥et, even though various IVs have been available for
human use for decades, the actual seaddhaffectiveness is suboptimalt depends upon
various factors and fluctuates across the @eabetween the infection viruses, age and risk
groups, and vaccine compositions, from approximately 19 to 60%, with the lowest effectiveness
observed in the elderly populatigBedford et al., 2015; Belongia et al., 2016; CDC, 2021a;
Gouma et al., 2020)

There are three types of seasonal IVs, commercially available in variousesumhich
contain inactivated (e.g. whalarion, split-virion, and subunit vaccines) or lhadtenuated
influenza viruses, or recombinant HA protein. They all show good safety profiles and high
efficacy against wellatched influenza viruses, while affilng low to moderate protection
against antigenically distinct influenza straf@PC, 2021a; Gouma et al., 2020; WHO, 2018)

All three licensed vaccine types are multivalent, covering antigenic components from two
influenza A strains (A/pH1IN1 and A/H3N2) and from one or both influenza B lineages
(Victoria and/or Yamagata) anticipated to circulate in the next outljvgedO, 2018) As one

of the influenza B lineages included in the vaccine confers little or no protection against the
other influenza B lineage, quadrivalent vaccines are strongly advised to provide broader
protecton against influenza B viruséBelshe, 2010)

The global annual seasonal IV production capacity is estimated at around 1.5 billion
doses; yet, the actual number of vaccine doses produced and distributed is probalibywaiuc
(Palache et al., 2017; Sparrow et al., 202lthough the influenza disease burden is higher in
low- and middleincome countries, the majority of vaccines are manufactured and distributed
in the developed countri¢Bresee et al., 2018; McLean et al., 2016)addition, as a measure
of pandemic preparedness, several magkvaccines have been developed against different
influenza subtypes that have pandemic poteri8alema et al., 2015)he estimated maximum
global vaccine supply in a potential pandemic is 8.31 billion doses of a monovalent vaccine;
however, more realistecenarios propose no more than 4.15 billion doses of pandemic vaccine,
with two doses require induce protective immunit{Sparrow et al., 2021)

Seasonal IVs target the hypervariable viral surface proteins HA and NA and
predominantly elicit neutralizing antibodies against the immunodominant HA head domain

(Gamblin & Skehel, 2010; Krammer, 2019)s described above, the influenza virus and, in
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particular, tle globular head of the HA protein, is highly plastic and mutable and undergoes
continuous antigenic drift and occasional antigenic shift, abrogating neutralizing antibody
binding affinity (Bedford et al., 2015; Kirkpatrick et al., 2018; Neumann & Kawaoka, 2019)
Current IVs have to be reformulated andégninistered eriodically to match the fagtvolving
influenza strains and to maintain vaccine effectiveiéskpatrick et al., 2018; WHO, 2018)
Recommendations on seasonal IV content are updated twice a year by WHO, once in each
hemisphere, based on global influenza surveillano®jraulation of viral sequences in public
databases, and predictive computational cartographyleade¢he antigenic evolutiofWWHO,
2021a; Yamayoshi & Kawaoka, 2019#)takes place at least six months prior the upcoming
influenza epidemic to accommodate production, calibration and quasityaece of large
quantities of IVs(Gerdil, 2003) Vaccine candidate strain selection issues cause antigenic
mismatches between the circulating viruses and prognosed vaccine components, therefore
unpredictably and significantly diminishing vaccine effectiven@edford et al., 2015;
Belongia et al., 2016; CDC, 2021&pr example, the selected typd\Bstrains differ fom the
predominantly circulating lineage by-Z®% (Caini et al., 2015)

Due tothe relatively low production costs@oonsiderable production capacity, seasonal
IV production is mostly performed by passaging the virus in the allantoic fluid of embryonated
chicken eggs, accounting for 88% of the global IV market in Z01R. Chen et al., 2020;
Rajaram et al., 2020Exceptions are several celllture based vaccines, e.g. inactivated virus
subunit vaccines grown in mammalian cells, and recombinant HA vaccines produced in insect
cell based systerfd -R. Chen et al., 2020; Cox et al., 2018)yowing the human virus ieggs
can adversely influence virus replication and evolution, as there are crucial differences between
thehuman and avian tissue. Influenza HA binds the host cell receptors vigpeasiic sialic
acid resliidmkeagé URo 6 h dimkage foraean tebNelliretdl., 2020) 3
The selective environmgndriven bythe adaptation of human virus to grow in eghisring
multiple passagesan cause mutations in the receptor bindingunit of HA. These egg
adaptive mutations can detrimentally affect HA antigenicity and alter the match between the
vaccine ad seed strains, thereby contributing ttee decline in immune protection from
vaccination(Rajaram et al., 2020; D. D. Raymond et al., 2016; Skowronski et al., 2014; Wu et
al., 2017)

Influenza virus replication in eggs is highly unpredictable and varies greatly between the
strainsi while high popagation yields are observed for some strains, others, e.g., A/H3N2,
replicate poorly in eggs and it can be difficult to achieve sufficient viral {iRafaram et al.,

2020; Yamayoshi & Kawaoka, 2019djighly pathogenic avian influenza strains, such as
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A/H5N1, are lethal to avian tissue and cannot be efficiently propagatectggbased system
(Pérez Rubio & Eiros, 2018; Pillet et al., 201Bhe timeline of traditional eghased vaccine
production, including testing and distribution, can stretwre than6 months during \wich
novel mutations can aristhis process is too lengthy to promptly protect society against a novel
pandemic strain, especially if several more months are necessary to reach a maximum
production capacitySparrow et al., 2021; Yamayoshi & Kawaoka, 2019&e continuous
supply of pathogeffree fertilized eggs requires planning even a year in advance, hence an off
season pandemic or an outbreak of avian influenza or other poultry diseases can compromise
plentiful egg supply and delay vaccine producii§parrow et al., 2021)n addition, patients
with previousanaphylactic reactions and egdlergies have an increased risk alvarse
reactions to vaccines produced in eggs due to residugretgn(Klimek et al., 2017)

Vaccine production in cultured cdihes overcomes some of the issues as the cell supply
can be stockpiled in advance and has a lower riskrdhogination in some cases, thoduct
lacks egeadaptive mutationgnd, therefore, has sometimes been associated with better vaccine
effectivenesg(Barr et al., 2018; &R. Chen et al., 2020; Manini et al., 201 Hor most
mammalian celbased vaccingbere is still the need for the time consuming process of vaccine
seed strain selection for virus production in mammalian cells during which people are left
unprotected against the emerging viflisR. Chen et al., 2020; Manini et al., 201Bye to the
challenging and expensive scaip of mammalian celbased vaccine production, low virus
yields are achievable resulting ffairly high production cost$J-R. Chen et al., 2020)
Insectbasedenvironmenfrovides an efficient and stable platform for HA protein production
andpotentially offers shorter production cycles than the fertilized egg systanever, as an
emerging technology, is not widely used y€bx et al., 20%). Therefore, the use of cell
culturebased seasonal vaccines is currently limited.

ConventionalVvV effectiveness is significantly affectéxy the strength and longevity of
the host immunity. Immune responses elicited by conventional vaccination strategies do not
confer durable protection, therefore, an annual booster dosgusead for optimal protection
(Young et al., 2018)Immune senescence, characed by the agassociated decline of
immune responses, can lead to reduced vaccine effectiveness in elderly patients, especially
during the A/H3N2 dominated outbreal®elongia et al., 2016; N. D. Lambert et al., 2012)
Influenza immunological imprinting is a concept that implies that not only the virulence of the
circulating strain but also pxisting exposurdo influenza viruses may influence the
immunological responses to subsequent influenza infections and vacciffstimsta et al.,

2019) Hence, it opens a prospect to enhance vaccine effectiveness and durability when properly
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researched. The addition of adjuvants and highses oimmunizationantigen are also applied

to boost the immunity of risgroup patients, especially pediatric patients and older adults;
however, such measures will not confer protection against newly emerging influenza viruses
(Clark et al., 2009; DiazGranados et al., 2014)

1.4Novel vaccination strategies and broadly protectig influenza vaccines

1.4.1 General considerations to obtain vaccines that are more effective

Novel vaccination strategies that are seeking ways to avoid limitations of conventional
IVs by means of innovative approaches or platforms are currently extensiveigdstod
different phases of preclinical and clinical trials. These technologies include recombinant
influenza proteins and virdi&e particles (VLPS), nucleic acidased vaccinewiral vector
vaccines delivering foreign influenza proteiasd othergCarter et al., 2019; Cummings et al.,
2014; Feldman et al., 2019; Liebowitz et al., 2020; Lindgren et al., 20%fj)e these
technologies pave a promising way for more effectagcines, they largely rely on eukaryotic
expression systems, characterized by lower yields and higher costs than the prokaryotic cells
(Owczarek et al., 2019Hence, to date, none of these vaccines have been approved for human
use. Furthermore, these experimental vaccination strategies often fail to confer broad protection
against antignically distinct viruses. As there is no way to precisely predict the antigenic
evolution of the large number of influenza strains, evengesducible and more effective
approaches with improved manufacturing capacity might not be sufficient to rdiglty
emerging influenza viruses and mitigéte disease burden.

A broadly protective IV is an unmet, yet urgent public health need; currently, many
laboratories around the world focus their resources and research to develop such a vaccine
(Appendix 1) A truly universal vaccine should confer at least 75% protection against symptoms
caused by group 1 and group 2 influenza A virus infections, and the protection must last for at
least one yed(C. |. Paules et al., 2017Yaccines targeting conserved influenza proteins hold
a great promise toward such a crpsstective and durable IV capable to defend against
homologous viruses and antigenically drifted and shifted virus \ariaith a pandemic
potential(Krammer, 2016; Saelens, 201Burthermore, the possibility to recombinantiass
produce and stockpile vaccine components could tremendously benefibdettonomy and
public health. Various evolutionary conserved influenza epitopes have been studied as
components of such universal vaccine for several decades, and they ard potis inside

(parts of M1, PB1, and NP, and others) andha@surface of the influenza virion (the receptor
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binding subunit of HA, enzymatic site of NA, HA stalk, and the ectodomain of(K&inski

& Lee, 2011; Yamayoshi & Kawaoka, 2019i5Jonserved influenza antigens are mostly
immuncsubdominant or internal and therefore generally inducestenlizing immunity.
However, even though neutralizing antibodies can effegtipedvent viral entry and release,
they also drive antibodgnediated immune pressure promoting selection of virus escape
mutants (Kirkpatrick et al., 2018; Tsuchiya et al., 200Furthermore, unlike the nen
neutralizing antibody rg®nses, the sterilizing mechanisms rapidly eliminate the infection virus
and may prevent induction of adaptive heterosubtypic immune resfBuaskesves et al., 2010;
Choi et al., 2020)

1.4.2 Broadly protective vaccines targeting internal influenza proteins

Although internal influenza proteins dotmticit robust antibody responses after infection
or vaccination with seasonal vaccines, the conserved regions of these proteins have gained
substantial inters from researchers as potential components of a broadly protective vaccine.
The internal M1 and NP proteins contaircdll reactive regions that are highly conserved
among influenza A strains, but in the case of PB1, epitopes are shared among botheiluen
and B virusegL. Y.-H. Lee et al., 2008; Terajima et al., 201B)e M1 and NP proteins show
around 90% aminacid sequence identity betwearvariety of inflenza A human and avian
strains(L. Y.-H. Lee et al., 2008)These conserved antigens induce cresstive antibodies
that mainly target infected cells by-8ependent effector mechanis(@aminski & Lee, 2011)
Furthermore, the conservedcéll reactive regions of these proteins are targeted by cytotoxic
T-lymphocytes, inducing broad cressactive responses, based primarily on the CD8¢llB,
even in the absence of antibod{Epstein et al., 2005; Woodland, 2003; D. Zhou et al., 2010)
These internal proteins have been successfully applied in several vaccine candidates to induce
protection gainst homologous and heterologous virus strains (Appendictivated CD8+
cytotoxic T-cells kill virusinfected cells and promote clearance of the virus, and can thereby
reduce disease severity and adverse complications, and prevent mortality-iafettien
(Woodland, 2003)While CD4+ T-cells have not been akaroughly investigated as CD8+
T-cells and antibody responses in regard to 1Vs, both levels of CBf#@HsTand Bcells seem
to be dependent on CD4+cElls (Wilkinson et al., 2012; Woodland, 2008ince immune
senescence is known to result in-agkatal decline of antibody responses, dadised responses
have been shown to correlate with better protective immunttyeialderly(McElhaney et al.,

2006) However, as the conservéetell reactive regions are not displayed on the virion surface
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and therefore do not induce neutralizing antibody responses, vaccines containing these epitopes
induce infectiorpermissive immunityKaminski & Lee, 2011)

Other relatively conserved internal influenza proteins, such as the rest of RNA
polymerase subunits (PA and PB2), NS1, NEP, and the PB1 RNA reading franpeahuitct
PB1-F2, also induce antibody reactions after influenza infections. However, due to limited
crossreactivity, rapidly dropping antibody titers, and even proviral activity, their protective
efficacy is much less studi¢@rowe et al., 2006; Kaminski & Lee, 2011; Kuo et al., 20R0)
vaccine targetin@ single internal proteins therefore not considered a potent approach to

replace current vaccination strategi@goodland, 2003)

1.4.3 Broadly protective vaccines targeting influenza surface proteins

Mechanisms of M2énduced protection

Although the whole M2 protein shares relatively high sequence homology between type
A influenza viruses, mosttempts to induce broadly protective immune responses have been
based on its 23 residsi®ng N-terminal ectodomain (M2éMezhenskaya et al., 2019; Saelens,
2019) The relatively slow evolutiorof the M2e sequence can be explaibgdhe information
stored in its coding genome segment. The gene fragment encoding for the first ninaachino
residues of the M2e overlaps with thetdfminus of the M1 protein in the same open reading
frame, and this fragment is almost absolutely eoved(Ito et al., 1991)The remaining M2e
residuesand the Germinus of M1 are also encoded by the same nucleotides, but in different
open reading frames, and therefore show higher variakitayet al., 1991; Saelens, 2019)
Since M2especific antibody responses induced by natural infection or conventional vaccines
are negligible, the selective immune pressure on this epitope is most likely veilémk et
al., 1993; Kolpe et al., 20LAVhen properly displiged, M2e has been shown to induce potent
humoral and cellular immunity across a variety of influenza strains; hence, it is not surprising
that it has been described in many publications as an attractive target for a broadly protective
IV (Appendix 1). Varous technologies and platforms are being tested to increase the
immunogenicity of M2e, e.g. fusion proteins, prim@ost regimens, nuclegcid vaccines,
plasmid and viral vectors, particulate structures, and adjuvants. Because of the slight differences
between M2e residues 14 of different influenza strains, inclusion of several M2e consensus
sequences of different origins in the vaccine can increasergadivity between influenza A
viruses(Mezhenskaya et al., 2019jhe functional influenza B ortholog of M2 protein, named
BM2, has a significantly different sequence, and its ectodomain is only 7-aciothcesidues
long, which is probably too short to induce paterotective immunitySaelens, 2019)
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The broad immunoprotective potential of M2e is mainly based on its ability to elicit
durable,yet norneutralizing antibody responses. While the-afizie antibodies do not inhibit
the viral entry into host cells, therefore indugimfectionpermissive immunitymultiple
experiments have demonstrated that-Be antibodies confer significant @®protective
immunity in vivo (El Bakkouri et al., 2011; Futel., 2009) Monoclonal antiM2e antibodies
have been shown to protect animals from lethal influenza infections both prophylactically and
therapeutically, and the MZaduced protective immunity can be transferred to naive animals
by immune seruniJegerlehner et al., P@; Kolpe et al., 2018; Mozdzanowska et al., 1999;
Ramos et al., 2015; R. Wang et al., 20@&spite the sparse occurrence of M2e on virions,
ant-M2e antibodies strongly bind the abundant M2e on viméected cells (Figuret) (El
Bakkouri et al., 2011; Mezhenskaya et &019; Zebedee & Lamb, 1988Jhe antiM2e
immune corplexesmediate humoral protection mainly via antibedgdiated Faeceptor
dependent effector mechanisms such as antideggndent cellular cytotoxicity (ADCC),
antibodydependent celinediated phagocytosis (ADCP), and complertgagendent cytolysis
(CDC), resuiing intheelimination and/or phagocytosis of influenza vitofected cells before
progeny virus buddingEl Bakkouri et al., 2011; Kolpe et al., 2017;-N. Lee et al., 2014;
Nimmerjahn & Ravetch, 2005A balance between activating and inhibitory Fc gamma
r ecept-BR9) sets & thresbold for triggering sustained effector functions by IgG antibodies.
I n turn, differences in |1 gG subc-Rsaffest¢hsir an d
ability to mediate effector responses, contributing to thdicafy during viral infections
(Nimmerjahn & Ravetch, 2005) | t has been d eRmom slveolat e d
macrophages are essential for Medfic protection (El Bakkouri et al., 2011)There are
contradictory findings on whether natural killer (NK) cells and complement are essential for
elimination of infected cells, but it is highly posk that both play an accessory role in M2e
induced protectioriJegerlehner et al., 2004; Simhadri et al., 2015; Tompkins et al., 2007; R.
Wang et al., 2008)

Although different studies report inconsistencies in vaccine inducedsliafic T-cell
responses, it has been demonstrated thegllTimmunity can contribute to increased virus
clearance and faster recovery, as well as reduced disease severity atanopgotection
(Eliasson et al., 2008, 2018; M. Kim et al., 2014; ¥N. Lee et al., 2014; Tompkins et al.,
2007) Both M2especificCD4+ and CD8+ Icells seem to be involved in virus clearance via
cytotoxicity pathways, but CD4+-Gells appear to play a greater role in mediating-H@astng
crossprotection(Eliasson et al., 2018; MC. Kim et al., 2014; Tompks et al., 2007; Topham

et al., 1997)
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While M2e vaccines produce potent immune responses in animal models, the
M2e-induced immunity in earlphase clinical trials has been relatively poor at generating and
maintaining sufficient levels of protection in humanat leat when compared with vaccines
that induce sterilizing protection. It is likely that the M2e will not be the only component of an
IV that will substitute the conventional vaccines; therefore, the use of multiple components in
a single vaccine to induce adlad and lasting protective immunity is now under consideration

in many laboratories (Appendix (Kolpe et al., 2017; Saelens, 2019)

HA stalk-specific immunity

Unlike the immunodominant, yet fastolving head domain of HA protein, its
membrangroximal stalk domain exhibits high conservation in its sequencstardure. This
is because the immursubdominant HA stalk evolves significantly slower than its head
domain, and the staftargeted selective pressure is not aided to evadeatieging-antibody
responsegKirkpatrick et al., 2018) Yet, the stalk region contains several vulnerable sites
targeted by broadlyeactive immune responséesboth neutralizing and infectiepermissive
antibodies(Bernstein et al., 2020; Corti et al., 2011; Ellebedy & Ahmed, 204@lpted from
mice and humans, they significantly protect animals from diverse influenza virus challenges
and have been shown to correlate with protection in human populé@ons et al., 2010,
2011; Dreyfus et al., 2012; Ekiert et al., 2009; Kashyap et al., 2010; Ng et al. Q2Qi® et
al., 1993; Wu & Wilson, 2018Most of these monoclonal antibodies are known to recognize
conserved HA epitopes across the same influenza subtype or group based on structural
differences between group 1 and group 2 HA stalk, but antibodi¢<thssreact between
groups have also been isolat€rti et al., 2010, 2011; Ekiert et al., 2009, 2011, Friesen et al.,
2014; Joyce et al., 2016; Kalaard et al., 2016; Kashyap et al., 2008; Lang et al., 2017; G.
M. Li et al., 2012; Okuno et al., 1993; Russell et al., 2004; Sui et al., 2009; Yamayoshi et al.,
2017) Furthermore, a conserved epitope that is shared in both type A and B influebeamas
discoveredas well(Dreyfus et al., 2012)

Antibodies against the HA @k are mostly heterceactive(Yamayoshi & Kawaoka,
2019b) They can possess broad specificity and neutralization potency resulting from
extracellular inhibition of the progeny virion release and prevention of the proteolytic activation
of HA trimer (Figure4) (Brandenburg et al., 2013; Yamayoshi et al., 20B#ti-stalk
antibodies can also inhibit neuraminidase functionality through steric hindrance or neutralize
the virus intracellularly by blocking the viral fusion machinery during viral gfgrgndenburg

et al., 2013, 2013; Okuno et al., 1993pwever, stalkspecific antibodymediated suppression
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of virus replication largely relies on effector functions, sushABCC, ADCP, and CDC,
resulting in effector cell activation and clearance of viniected cellgDiLillo et al., 2014,
2016) Antibodies mediating effector functions are known to induce broader protective
responses; however, they exhibit different levels of effector activity, probably, due to the
distinct structures they target and varying antibody affinity for theeEeptorgDiLillo et al.,

2014; Srivastava et al., 2013)hese nomeutralizing functions can be mediated by distinct
infection-permissive antibodies or to increase the potency of neutralizing antiljadesshi et

al., 2019;DiLillo et al., 2014; Jegaskanda et al., 2014; Srivastava et al.,.2013)

Following the discovery of such cressactive antibodies, the challenge now is to
develop an IV candidate that can elicit these antibodies at sufficiently high amounts to confer
protection against heterosubtypic viruses. The first hardship is the weak immune responses
targeting the HA stalk after infection and vaccination with seasonal vaccines due to the
immunodominant properties of HA hediargine et al., 2013; Zost et al.,, 201teric
hindrance and antibody inaccessibility have been densil as the possible causethefstalk
immune subdominancgSteel et al., 2010Despitethe close packing of HA stalk on the viral
membrane and steric shielding by the HA hethe, stalk domain has been shown to be
accessible to foadly neutralizing antibodiefA. K. Harris et al, 2013) Yet, removal or
masking of the immundominant globular HA head epitopes can lead to increased stalk
directed antibody levels as it allows the immune system to focus on the stalk {Bagwgiimk
et al., 2014; Krammer, 2016)

Therefore, another prerequisite to cmegta potent broadlyprotective vaccine is
generating a stable stalk antigen that structurally resembdefulihlength HA, as correct
structural conformation of target epitopes can be crucial to induce a strong immune response
(Jegerlehner et al., 2013; Krammer, 20Ih)e to the metastable nature of HA trimer, removal
of its head and transmembrane domains disrupts thugion conformation and results in
reduced antibody binding affinityr even loss of many crossactive antibody binding epitopes
(J. Chen et al., 1995; Impagliazzo et al., 2015; Wilson et al., 19&hpugh even linear
epitopes have been shown to confer protection against lethalonfgdt is usually associated
with the display of significant disease sympto& Chen et al., 2015; Ramirez et al., 2018)
Most of the broadly reactive antitlies are conformatiespecific and show optimal binding
when the HA stalk is in its native pfesion conformation, blocking conformational
rearrangements necessary for membrane fusion. For examplehaedtterized antibodies
MEDI8852, CR6261, and C1#ind highly conserved regions in the membraneximal pre

fusion stalk comprised of HA1 and HAPRreyfus et al., 2013; Ekiert et al., 2009; Kallewaard
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et al., 2016)Even slght changes in antigen structure compared to théeindjth HA stalk can
result in weaker antibody binding affinifBommakanti et al., 2012; Mallajosyula et al., 2014)
However, the posfusion stalk antigen too sufficient to protect against lethal challenge with
distinct influenza iwruses from both group 1 and (Adachi et al., 2019)Adachi et al.
demonstrated that in the stable pusion conformation of HA stalk its lorgipha helix is
exposed to the immune system and elicits robust and durableeaasive antibody responses.
Various approaches have been proposed to elicit patgrstalk antibody responses
(Appendix 1). A promising way to improve the levels of stglecific antibodies is priming the
conventional vaccine with DNA encoding HAedgerwood etl., 2011; Wei et al., 2010)
Several headleddA constructs, created by removal of entire globular head and subsequent
stabilization of the préusion trimeric conformation, have shown promising results in animal
models, affording homologous, heterogiic and even crosgroup protectior(lmpagliazzo
et al., 2015; Mallajosyulat al., 2014; Steel et al., 2010; Valkenburg et al., 2016; Yassine et al.,
2015) Vaccines based on hyperglycosylated HA protein, nucleic acid vaccines, synthetic stalk
peptides, or VLP displayed stalk epitopes, have also gained substantial sdetetist as
potent stimulators of broadhgactive antibody respons€s. Chen et al., 2015; Eggink et al.,
2014; Lin et al., 2014; Pardi et al., 2018; Ramirez et al., 2018; Stanekova et al. A2@ith¢r
strategy to boost the argialk antibody responses is to use senmhunizationwith chimeric
full-length HA proteins or viruses displaying chimeric HAs that contain the same stalk and
divergent head domain@rammer etal., 2013; Nachbagauer et al., 201B) promising
chimericHA vaccine candidate from Nachbagauer et al. has recently finished phase 1 clinical
trials, demonstrating strong, durapéend functional immuneesponses against the HA stalk
(Nachbagauer et al., 2021)

Conserved regions of HA and NA head domains

Due to the antigenic evolution of immunodominant NA and HA epitojhesr induced
immunity is the most potent agaimsttigenicallymatched viruseichelberger & Wan, 2015)
Although the enzyme active site of NA protein is compriskdighly conserved aminacids
and has been shown to bind some broadly reactive antibodies, thedMéed immunity is
infectionpermissive and appear to be less effective thandiM2- specific immunity(Choi
et al., 2020; Eichelberger & Wan, 2015; Mozdzanowska et al., 1999; Sandbulte et al., 2007)
Similarly, some epitopes of the otherwise hypervariable HA head, asiche sialic acid
receptor binding pocket, are also relatively conserved, and several bneadiglizing head

binding antibodies have been discovefBdngaru et al.,@19; Ekiert et al., 2012; Thornburg

33



et al., 2016; Zhu et al., 2013jet, their crosgeactivity is mostly restricted within a subtype or
shows limited heterosubtypic binding. Therefore, even though the immune responses towards
the immunodominant HA andA are more robust than those to less immunogenic M2e or HA
stem, the conserved regions of NA and HA head have gained little interest by researchers as

potential components of a broadly effective IV.

1.5VLP-based vaccination strategies

1.5.1 General characteristics of VLPs

The structural proteins of many viruses are capable of autonomotassethbly into
VLPs 1 globular, icosahedral, or reghaped, almost crystike nanoscale arrays, generally
ranging from 20 to 200 nm in size, which is analogous to the size of themmmBng viruses
(Bachmann & Jemings, 2010; Syomin & Ilyin, 2019They act as scaffolds presenting a large
number of functional and/or immunological epitopes in a highly repetitive mébnkt. Smith
et al., 2013a)Acting as empty viral shells, VLPs possess many key characteristics of the
original pathogen including close resemblance of the morphology, uniformity and high
symmetry, predictable immunologicploperties, and stability at wide pH and temperature
ranges and over different chemical environmé¢hts et al., 2012a; Pushko et al., 2013; D. M.
Smith et al., 2013bY et, these protein shells are devoid of the viral genome, vital for replication
and infection, and therefore are proved as generally safe and highly immunogenic platforms for
vaccine developmer{iMa et al., 2012a; Pushko et al., 201Bye to their immune response
enhancing properties, high manufacturing yields] aosteffective and fast production that
allows for a candidate vaccine generation as fast as 3 weeks after the release of sequence
information, VLPs are considered as potent multimeric carriers for immunologically weak

influenza epitopefL_andry et al., 2010; Nooraei et al., 2021)

1.5.2 Variety of VLP sources and their production systems

The genes encany VLP shells have been derived from a vast diversity of pathogenic
viral precursors, including animal and plant viruses, as well as bacteriophages and yeast Ty
retrotransposon@alke & Zeltins,2@ 0; Curci o et al ., 2015; Li e
2020) VLPs vary greatly in their structural complexity. They may be composed of one or more
capsid proteins, arranged in a singleseveral layers.He structural proteins can be embedded
within a phospholipid bilayer, derived from the host cell membrane, or the lipid bilayer can be
enveloped around the protein shell (FiguréJ@ong & Seong, 2017; Lua et al., 2014)

34



Enveloped

Display Native
platforms | particles
Non-enveloped

Single foreing
protein

ingle structural
protein

Several structural
proteins

Several foreign
proteins

o,

Delivery vectors

Figure 5. Structural and functional versatility of virlike particles. The figure was created in BioRender.

VLPs can be rapidly produced in a variety of hosts, both prokaryotic and eukaryotic
bacteria, yeast, plant, insect, and mammalian ¢edls well as celfree expression systems,
chosen depending on the structural and antigenic complexity of the pdBales et al., 2021,
Bundy & Swartz, 2011; Gopal & Schneemann, 2018; Huang et al., 2017; Jeong & Seong, 2017,
H. J. Kim & Kim, 2017; Scotti & Rybicki, 2013)The pET expression platform based on
Escherichia colicells is extensively applied in VLP research duetdceasy lowcost use.
However, antigen expression in tBecoli platform is at large limited to produce simple VLPs,
composed of a single capsid protein. This system lacks eukaryotietrgosiational
modificationsand often fails to produce correct disdé bonds, and therefore frequently yields
misfolded or insolble proteins with decreased stability, reduced biological actiwibg
impaired immunogenicityHuang et al., 2017; Walsh & Jefferis, 2008)so, one nust take
into account the presence of bacterial endotoxins, which can induce a pyrogenic response and
even triggera septic shock in mammalian hosts. Therefore, endotoxins need to be demove
during the VLP purification process or endotoxfree E. coli strains can be used instead
(Mamat et al., 2015)Alternatively, the most commonly used eukaryotic expression cells are
yeasts, such &accharomyces cerevisjd@ichia pastoris or Hansenula polymorphavhich
offer low-cost production of simple VLPs and provide -complex eukaryotic

posttranslational modificationfH. J. Kim & Kim, 2017)
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1.5.3 The basis of VLP immunogenicity

Mimicking of the origin pathogen dimensions and surfgeemetry provides adjuvant
like activity and allows the VLPs to effectively penetrate into the lymph and stimulate potent
immune response with balanced humoral and cellular compoftgoiises et al., 2017; D. M.
Smith et al., 2013b)A single T=3 symmetry VLP presents 180 copies of the target protein, a
T=7 symmetry capsid carries as much as 415 protein copies, but the M13 bacteriophage VLP
is assembled from approximately 2700 coat prot@asnak et al., 2010; Ma et al., 2012b; H.

Xu et al., 2018) The highly repetive nature of VLP antigens, ordered approximately at
5-10nm intervals, can directly stimulate innate immunity by recognition of
pathogerassociated molecular patterf8ustyn, 2016; Bachmann & Zinkernagel, 1997;
Dintzis et al., 1982)It facilitates the crsslinking of Bcell receptors, thereby reducing the
signaling threshold required for -Tell independent Rell activation (Bachmann &
Zinkernagel, 1997; Carroll & Isenman, 2012; Jegerlehner et al., 200#gcules of the
complement system, pentraxins, and natural antibodies are the key components mediating the
humoral innate immune respongBsttazzi et al., 2010; Carroll & Isenman, 2012; Palma et al.,
2018) These macromolecules are multimeried atherefore can effectively interact with
particulate structures with multivalent surface antigen organization, such as the exterior of
viruses, which can therefore provide much stronger inen@sponses than antigen alone
(Zabel et al., 2013)The repetitive antigen shell of the VL Riserefore prompts and amplifies

the binding of natural IgM antibodies and pentraxins as well as fixation of the components of
the complement cascade, thuerpoting their opsozation and uptake by lymph node resident
antigenpresenting cells (APCs), especially the dendritic cells (DCs), through pattern
recognition receptor@achmanr& Jennings, 2010; Bottazzi et al., 2010)

VLP uptake leads to DC maturatidrfurther antigen internalization decreases, antigen
processing proteolytic machinery is upregulated and peptajer major histocompatibility
complex (MHC) molecules are exgssed onhe cell surface at high level8ustyn, 2016)DC
activation induces prinflammatory gtokine production (such as TNF an-db) Lt hat |,
turn, recruit more DCs and upregulate proteolysis in the DCs enlgatit@nVLP antigen
presentatiorfFiebiger et al., 2001}t is an essential step for initiation of the adaptive responses
as mature DCs present the VLP antigens to lymphocytes, particiladlsT leading to CD4+
T-helper cell ativation via the MHC class Il presentation, CD8-€dll responses via the MHC
class | presentatiorand further Bcell stimulation (Figur®) (Bachmann & Jennings, 2010;
Gomes et al., 2017; Nooraei et al., 2021; Tao et al., 2019)
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Figure 6. Immune responses to VLPs. The VLP size and particulate nature ensure effective drainage into the
lymph nodes and enhances interactions with the multimeric components of the humoral immune system
(crosslinking of Bcell receptors, binding of pentraxinsdanatural antibodiesind activation of the complement
system). That, in turn, promotes unspecific VLP internalization by the dendritic cells (DCs), following VLP
processing, DC maturatipand cytokine production that stimulates differentiation of otledis csuch as -Eells.

As a result, the processed VLP is presented by class | and Il major histocompatibility complexes (MHC) for
detection by &8 €elldanahd cgtitekie responses are driven by pepid€ | complex
presentation by DCw® cytotoxic T-cells that, in turn, differentiate into memory and effector cytotoxuells.
T-helper cells also secrete cytokines that upregulate antigen presentation by DCs and assist effector cytotoxic
T-cells. The humoral immune response is initidtggeptideMHC 1l complex presentation by DCs tehelper

cells. T-helper cells interact with Bells that differentiate into lonlijved memory Bcells or in plasma cells that
produce antibodies hefigure was adapted frofBachmann & Jennings, 2010; Nooraei et al., 2021; Tao et al.,
2019)and created in BioRender.

It has been shown that the optimal antigen dimensions for internalization and retention in
lymph nodes and subsequent uptake by APCs, in particular theaBCA3200 nm, matching
most VLPs(Fifis et al., 2004; Manolova et al., 200Bpddy et al., 2006)The particulate
geometry and size of VLPs are thereby critical features predisposing these particles to rapid and
efficient drainage into lymphatic circulation where they are preferentially collected by DCs and
macrophagedollowed by B-cell follicular delivery(Batista & Harwood, 2009; G. T. Jennings
& Bachmann, 2008; Jia et al., 2012; Manolova et al., 2008; Reddy et al., Z0@6)n turn
promotes direct interaction with-&ells tiggering antibody responses and contributinght®
generation of memory-8ells and longived plasma cell¢Barrington et al., 2002; Phan et al.,
2009) APC interactions are dependent on other VLP properties as well, such as shape, charge

and hydrophobicity or hydrophilicity of particle surfatiee technique of antigen presentation
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and their conformation, ligands for Tdike receptors, etc., thus, by modulating these factors,
the particle immune recognition and processing can be enhanced even (Ainder et al.,

2002; Gomes et al., 2017; G. T. Jennings & Bachmann, 2B0Bgxample, viruses and many

of their successor VLPs require nucleic acid toe shell asembly proces@Perimutter &
Hagan, 2015)This encapsulated nucleic acid is derived from the host and therefore without
any infectiougotential and it can be replaced or modified. It acts as an adjuvant and promotes
the APC uptake and triggetlse binding of pattern recognition receptors, such as-ial
receptors, thereby stimulating cytokine signaling and enhancing immune res(idoses et

al., 2017; Hua & Hou, 2013; Perlmutter & Hagan, 2015)

1.5.4 Types of VLPs and their mdlification possibilities

Many of the versatile VLPs are suitable for bioengineering and can be modified to carry
antigens of a heterologs origin, packaged in the particle or exposed on the VLP surface, and
transport different therapeutic or diagnostiemig, such as oligonucleotides, daligeting
moieties, probes, adjuvants or drugs, as cargos; it is even possible to simultaneously display
desired epitopes and encapsulate adjuv@Btsnes et al., 2017; Ma et al., 2012Bpr the
creation of vaccines, both unmodified and chimeric VLPs have been extensively investigated.

Usually, VLPs consisting founmodified authentic virus proteins are likely vaccine
candidates against the parent virus itself, as they preserve the native conformation of the origin
antigens, displayed in a highly dense arrangement, thereby eliciting stronger immune responses
than individual antigens(Pushko et al., 2013; Syomin & llyin, 2019%ince the first
recombinant VLP vaccine against hepatitis B virus became commercially available in 1986,
VLPs have developed into an attractive vaccinolp@tform (Pushko et al., 201350 far,
several native VLP vaccines have been approved for both human and animal use, including
numerous vaccines against hepatitis B virus and vaccines against humaomasypilis,
hepatitis E virus, and a pilot project famalaria vaccine, and many more are currently under
investigation in both preclinical and clinical triglatcheson et al., 2021; Qian et al., 2020)
Despite the structural complexity and production issafasative influenza VLPs, numerous
such vaccine candidates have entered human clinical studies and have shown to induce potent
immune responses (Appendix 2). Yet, regardless of the numerous sudtessgsession of
many pathogeierived VLPs and theppurification to yield a stable product isffitult and
often unproductivéLua et al., 2014)Furthermore, they are mostly based on HA head or NA
proteins and therefore do not entirely elimen#ihe need for frequent reformulations of the
vaccine composition. Indeed, native VLPs lack the ability to selectively display specific
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conserved epitopes and therefore ramdlice broad immune respong&shwarz & Douglas,
2015)

This disadvantage can be circumventedhas/LP shell can also be modified to carry
antigens of a foreign source in a multivalent manniedidiyg chimeric particles. Under the
desirable conditions, the displayed epitopes assume similar immunological properties as the
particulate platform(Bachmann & Jennings, 2010; Pushko et al., 2008)st often, the
production of chimeric particles is an empirical and titoasuming process. Yet, with the
advances in protein gmeering tools, continuously accumulating structural data and
computational models of both the viral capsids and target antigens, and the aidaidliggh
3D data imaging programs, any VLP modificatioras de significantly alleviate(leong &
Seong, 2017)lt is even possible to obtain VLPs displaying several foreigioggs(Syomin
& llyin, 2019). VLP decoration can be pursued either by genetic mkatipns or by modular
approach(M. T. Smith et al.2013)

Antigen presentation via the genetic fusion technique requires the substitution or
integration of target sequence inserts into the capsid protein surface sites using mainstream
molecular biology techniqug¢Bachmann & Jennings, 2010; Pushko et al., 208 gene of
the desired antigen is directly attached to thesichprotein gene and expressed as a single
fusion protein, which is a substantial benefit from the manufacturing perspective, rendering it
a rather commonly used strgyefor obtaining chimeric VLPgChackerian, 2007)This
technique, however, is typically tested by the limitations of insert size and ensuring the
correct fold of both the capsid protein and the diggdiantigen(Ma et al., 2012b; Taylor et al.,
2000. Indeed, fusiorprotein capsid assembly is prone to errors. Foreign sequences longer than
a few dozen amino acids, oligomeric inserts, large protein vglantehigh positive charge,
incorrectly selected insert site, display antigens with high hydtaphy or a high ratio of
b-strands, and interactions with cellular proteins can cause detrimental interactions,
significantly impairing the stability, folding and assembly of particles. That, in turns, triggers
aggregation and insolubility, and thus, dwshed immunogenicityBillaud et al., 2005;
Chackerian, 2007; Koho et al., 2015; Ma et al., 2012b; Zlotnick, 1984jolded display
antigens induce ineffective antibodies, and therefore scientists often choose to insert linear
epitopes thata not bind conformatiospecific antibodie$S. Chen et al., 2015; Jegerlehner et
al., 2013; Ramirez et al., 201&urthermore, the fusieLP technique is not always applicable
as the shell and display antigens can require differentt@ostlational modifications and

therefore’ different expression systerfBrune et al., 2016)
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In the chemical functionalization techniqukee VLP and display antigen are expressed
and purified separately in a modular approach and then covalently caupi¢. Although
the modular functionalization is more complex in tewhgroduction, as it adds an additional
step in VLP assembly, it bypasses the folding constraints, insert size limitations, assembly
issues, and incompatible pgsianslational modifications, and therefore is oft@vored(Koho
et al., 2015; M. T. Smith et al., 2013)he coupling of diverse conformational epitopes and
even fulllength proteins is possible, increasing the likelihood of broadlgtiveaantibody
responsefRohn et al., 2006 Furthermore, the VLP shell proteins can be produced and purified
in advance, acceleratirtge vaccine manufacturing time, increasing pandemic preparedness
and allowing to prepare a vaccine platform for multiple targets simultane(Bgipe &
Howarth, 2018; Jegerlehnet al., 2013)Bifunctional crosslinking reagents usually couple the
surfaceexposed nucleophilic amino acid side chains of the VLP and display antigen. The most
common approach is to link the primary amine from lysine-¢eishinus of the VLP with tiol
of the antigen, derived from the native or inserted sequence cysteines or introduced by chemical
reagents, such asi@inothiolane or Nsuccinimidyl Sacetylthioacetat@Ma et al., 2012b; M.
T. Smith et al., 2013Thermo Scientific, 2021)r'he abundant primary amines offer a suitable
scaffold for highdensity antigen presentation; however, the occurring coupling reaction is
random and lacks density control and -sipecific decoration, and therefore is diffictdt
predict oranalyze(Brune & Howarth, 2018; M. T. Smith et al., 2018&xcessive antigenic
display can oppress the functional properties of the sl and even distort the native fold
of proteins or cause precipitation of the prodictune & Howarth, 2018; Carrico et al., 2012)
Antigen display by chemical coupling can also resultnoomplete or uneven decoration
(Brune & Howarth, 2018)The reactive side chain moieties of glutamic acid, aspartic acid,
tyrosine, and unnatural amino acids can also be used to form covalent bonds between the shell
and target antigens, possibly offering a scaffold for more specific functionaliZBtione &
Howarth, 2018; M. T. Smith et al., 2013lternatively, VLPs can be decorated using other
covalent decoration methods, such as thgT8g/SpyCatcher technology, sortase, and split
inteing or by exploiting the nowovalet interactions, sut as histidinenickel affinity, or
biotin-streptavidin displayor others(Brune et al., 2016; Chackerian et al., 2006; Koho et al.,
2015; Ma et al., 2012b; Shah & Muir, 2014; Tang et al., 2016)

Chimeric influenza VLPs have been extensively investigated in both preclinical and
clinical trials (Appendix 3). Yet, despite the decades of research, none of these vaccine

candidates has been licensed for human use.
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2. MATERIALS AND METHOD S

2.1Plasmid construction

HA stalk antigens Two conserved HA2 polypeptide fragmentih sequences that

overlap at the @erminus were used in our experiment sequence encoding the leaipha
helix (LAH) (coding for HA residues 418474) and an NMerminally extended LAH sequence
(coding for HA residues 40374), both derived from thpandemic influenza A virus strain
A/Luxembourg/43/2009 (H1N1) (GenBank Accession No FN423713.1). The product of the
second, Nlerminally extended gene is referred to astaik protein. These sequences were
PCRamplified and inserted into the higlopy ETDuetl expression vector (Novagen)
betweenNcd andBspT restriction sites. Briefly, the expression vectors and R@#lified
target genes were digested with compatible restriction enzymes and analyzed via 1% agarose
gel electrophoresis in standard 1AH buffer. Analyzed under the ultraviolet light, the desired
fragments were isolated from the ethidium brorgdataining gel with GeneJET Gel
Extraction Kit (Thermo Fisher Scientific). The purified fragments were subsequently ligated
into the target vectowith T4 DNA ligase (Thermo Fisher Scientific) following the
manufactureros instructions.

3M2e A third highly-conserved influenza A protein used in our experiments was a triple
72-residue M2e peptide (3M2e), comprised of threeésldue M2e variants dm different
influenza A virus subtypes (Table 1). The 3M2e gene was supplied cloned in an expression
ready pET24a(+) vector (BioCat GmbH). As the 3M2e gene was initially designed for chemical
coupling, it also contains an-términal 6xpolyhistidine tag ad a cleavage site for the TEV
protease, as well as at€rminal cysteine and an EAAAK linker.

Table 1L Amino acid sequence of the 3M2e peptide used in our experiments

Reference virus Amino acid sequence

H1N1 (A/Puerto Rico/8/1934) fragment 1 MSLLTEVHPI RNEWGSRSNGSSD
H11N9 (A/duck/Yunnan/1282/2007)fragment 2 MSLLTEVETHRNAWESKSNGSSD
H3N2 (A/swine/Quebec/1262080/2010jragment 3 | MSLLTEVETHRNEWESRSSGSSD
*Cysteines in the original sequence were substituted with S€bo&h to avoid disulfidebond formation.

Variable amino acids marked in red.

Native VLP proteins For the Acinetobacterphage AP205 (referred to as AP) VLP

production and for thEscherichiavirusQb et a ( Qb) VLP producti on,
(GenBank Accession No NC_002700.2 and AY099114.1, respectively) wera@Ried
and cloned in the pETDudét plasmid betweehlcd and Pst restriction sites. Anothelhd



restriction site was introduced before the STOP codon for the AP construct. Thesexpr
plasmids were prepared as described above.

AP-M2e. To yield chimeric ARPM2e fusion gene, a 7&sidue sequence encoding the
3M2e peptide was PGBmplified, addingNhd andPst restriction sites and additional STOP
codon, and ligated into Bhd/Pgl digested ARPETDuetl vector at the @erminus of the
AP205 coat protein gene.

LAH1-PP7 To create chimeric LAHPP7 fusion gene, the -@rminus of the
Pseudomonaphage PP7 coat protein (GenBank Accession No NC_001628.1) encoding gene
was fused with B LAH sequence, separated by a short @8Goding linker, and cloned into
a pETDuetl vector as described for the AlR2e protein.

K1-K1. A sequence encoding hepatitis B virus core (HBc) hdtgrdem construct was
supplied by GeneArt (Life Technologies)ith codon usage optiized for expression in yeasts
(Peyet et al., 2015)The construct encoded for an HBc dimer, wheretar@inally truncated
149residue HBc monomer (referred to as Core 1) was fused withlarfigith 185residue HBc
monomer (referred to as Core 2), covalently linked witk@GS linker.This gene included
lysine codon between flexible glycine linkems both major insertion regions (MIRs), and
unique restriction sites were introduced in both MIRs by silent mutatiorsnaipdownstream
the lysine linkers Xba/Notl sites in Core 1 an@&coR/Nhd in Core 2, respectively). The
construct was cloned into a pPICZC expression vector (Invitrogen) be#ggemnestriction
sites, yielding an expression plasmid for a fusion protein, referred to-H4 K1

LAH3-HBc. To create chimeric LAHB3Bc prokin, the KtK1 linker of Core 1 was first
cut out using theXbal and Notl restriction sites, while the Core 2 remained unchanged. A
yeastoptimized sequence encoding the LAH (referred to as LAH3) comprising of HA residues
4201 474 from influenza A virus sein A/Hong Kong/1/1968 (H3N2) (GenBank Accession No
AAK51718) was supplied by GeneArt. The digested vector and LAH3 sequence were ligated

as described above.

2.2 Plasmid DNA amplification and insert confirmation

For plasmid DNA amplification, except the HBcnstructs, the competeri. coli
XL1-Blue cells (Stratagene) were transformed with the recombinant plasmid of interest using
aheatshockof+42Cdegr ees according to the manufactu
mixture was plated on selective kBedium agar plates supplemented with ampicillin (100
eg/ mL) and i ncub &tlediidualcatonies iwerdnihocukated into34mL of
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21 TY medium supplemented with ampicConlai n (°F
shaker. Plasmid DNA was isolated and purified with GeneJET Plasmid Miniprep Kit (Thermo
Fisher Scientific) following the manufactur
clones was performed by a restriction analysis with compatibleictesr enzymes and
subsequent 1% agarose gel electrophoresis, following confirmation by Sanger DNA sequencing
with BigDye Terminator v3.1 Cycle Sequencing Kit (Thermo Fisher Scientific) following the
manufactureros instructions.

The recombinant KK1 ard LAH3-HBc constructs were digested wkme restriction
enzyme to yield linearized vectors for transformation in electrocomptgrastorisKkM71H
cells (Thermo Fisher Scientific) by electroporation at 1.2 kV (Electroporator 251-%el86
plates wereilled with liquid YPD medium supplemented with zeocin (0.2 mg/mL for the first
48 h and 2 mg/mL for the following 48 h) for high copy number clone selection. The highest
optical density cultures at Qkbo were selected and seeded on ¥YBdium agar platet®
yield singlecell colonies. Insert copy number was analyzed using quantitative real time PCR
based on the zeocin gene. As clones with multiple integrated expression units have been proven
to yield optimal target protein expression, the clone with thkedst copy number (50 * 2) was
isolated and used to generate a Research Cell Bank (in BM&Xum in 30% (v/v) glycerol,
ODasoo = 25.0)(Nordén et al., 2011)

2.3 Antigen expression

All proteins, except the HBc constructs, were overexpressed in-at&pol 7 promoter
regulated bacterial expression system. The recombinamigs®f interest were transformed
in competentE. coli BL21(DE3) cells (Stratagene) using a helabck of +42C degrees
according to the manufacturerdés instructio
selective LBmedium agar plates as described abh@everal colonies were inoculated into a
selective LBmedium. The primary culture was grown overnight at“€3and then added to a
selective 2xTY medium, not exceedingl8% of the total culture volume. To produce U
13C ™N-labeled free LAH protein, expssion was performed in the following medium:
NaoHP Qs (6 g/L), Ke2HPQy (3 g/L), NaCl (2.5 g/L)PNH4CI (1 g/L), U-13C D-glucose (2 g/L),

1 M CaCh (100 pL/L), 1 M MgSO4 (2.5 mg/L), 6% thiamine (33.33 uL/L), biotin (1 pg/L),
ampicillin (50s$sionecgltlre yas indubated a¢ ®GYun@er continuous
shaking conditions until OR4o reached 0.9.8 (corresponding to the midg phase). Target

protein gene expression was promptly induced with isopfoplylogalactopyranoside (1 mM
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forthe HAstalkkppt ei ns® and 3M2e expression cells a
tri-stalk, as well as 3M2e expression cells were then grown for anethéra® +37C, while
for the AP205, AFM2 e and Qb VLP expression cells the
to +20°C and the cultivation was continued for another186h.

For K1-K1 and LAH3HBc geneexpression, 1.8 mL of Cell Bank suspension was seeded
in 2 x 2 L baffled Nalgene® shakkasks containing 250 mL of BMGYhedium and incubated
until the ODwsoo reache 15-20. The culture was then used to inoculate a 30 L BIOSTAT Cplus
bioreactor (Sartorius) at 5% of the total volume. The bioreactor was filled with 10 L of Basal
Salts medium (Table 2) supplemented with PTM1 trace salts (Table 3) per liter of Basal Salts

medium.

Table 2 The composition of the basal salts medium per liter

Component Amount
85% phosphoric acid 26.7 mL
CaSQ 0.93 g
K2SOy 18.2 g
MgSQOy-7H0 149¢g
KOH 413¢g
glycerol 409
PTM1 trace salts solution 4.35mL

Table 3 The composition ahe PTML1 trace salts solution per liter

Component Amount
CuSQ-5H0 6.09g
Kl 0.08 g
MnSQy-H20 3.0g
NaxM0oO4-2H,0 0.2g
H3BOs 0.02¢g
ZnCl, 20.0g
FeCk 13.7¢g
CoCb:-6H:0 09g
HoSQu, 5.0 mL
biotin 0.2g

After inoculation, the bioreactor was firsin in batckmode. The dissolved oxygen
tension was maintained at 30%, the pH rangeetween 4.765.0, and the preinduction
temperaturei at 30 £ 0.2C. The fedbatch induction phase was prompted 28.&fter
inoculation because of depletion of the carbon source (indicated by 20% drop in carbon
evolution rate and a spike in dissolved oxygen tension). This phase was maintained for 48 h at
a fixed flowrateof 50 mL/h. The induction media contained methanol foriklinduction and
50% (v/v) glycerol and methanol at a 60:40 ratio for LAHBc induction supplemented with

12 mL of PTML1 trace salts per liter of media. To prevent foamation,-EEG was added
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during fermentation. 48 h after the induction, the fermentation culture was cooletiGdadl2
minimize proteolytic activity.

Cells or fermentation broth were harvested by-kpged centrifugation for 30 min at
+4Cand stored frozen aand $oRidlik of Garget Proteins wareo d u ¢
analyzed by sodium dodecyl sulphigielyacrylamide gel electrophoresis (SDS/PAGE) with a
4% stacking and 15% separating polyacrylamide gel stained with Coomasie blue.

2.4 Protein purification

Purification of the HA tristalk antigen and LAH antigen were done in the same way.
First, expression cells were resuspended in buffer A (20 mMHTIs(pH 8.0) and 100 mM
NaCl) (6 mL of buffer per 1 g of cells) and disrupted by sonication on ice, followed by clearance
of the insolle cell debris by centrifugation at 18,080@ for 30 min at +4C. Supernatant was
decanted, heated to +%5for 30 min, subsequently cooled to the room temperature (RT), and
clarified by centrifugation at 16,000gfor 15 min at RT. A threstep chromatgraphy process
was used to purify the HA tstalk antigen. First, the soluble fraction was applied to a weak
anionexchange column HiPrep 16/10 DEAE FF (20 mL, GE Healthcaregqriéibrated with
buffer A. Columnbound protein was eluted with a lineslt gradient of 0-D.6 M NacCl in
buffer A at 4 mL/min. Fractions containing the protein of interest were then pooled and diluted
twice with 20 mM TrisHCI (pH 8.0), and loaded on a strong anexthange column MonoQ
5/50 GL (1 mL, GE Healthcare), pegulibrated with buffer A. Columsbound protein was
linearly eluted with 0.40.5 M NaCl in buffer A at 1 mL/min, and subsequently passed through
a sizeexclusion Superdex 200 10/300 GL matrix (20 mL, GE Healthcare) in 20 mMHDlis
(pH 8.0) and 200 mM NaQiuffer at 0.5 mL/min. Only fractions from the second peak were
pooled as they corresponded to the molecular weight of trimeric protein.

To purify the 3M2e protein, expression cells were lysed as described above, except for
the buffer B that contained 20 mNiris-HCI (pH 8.0) and 300 mM NaCl. Two step
chromatography process was then applidiast, the supernatant was passed through a metal
affinity chromatography HisTrapTM FF column (1 mL, GE Healthcare}eprélibrated with
buffer B containing 10 mM imiaizole. Columrbound protein was linearly eluted with
0.1-0.5M imidazole in buffer B, and subsequently passed through sesasion Superdex
200 10/300 GL matrix in 20 mM THEICI (pH 8.0) and 200 mM NacCl buffer at 0.5 mL/min.

To purify the LAHEPP7 chineric protein, cells were lysed as described above, with an

additional lysis step: the insoluble debris was washed twice with lysis buffer A, and an
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additional sonication step was performed in buffer A, supplemented with 0.25 M urea.
Following the low spegcentrifugation, the supernatant was loaded onto a Superdex 200 10/300
GL matrix (20 mL) in buffer A and fractions containing the chimeric LAPR7 protein were
pooled.

Lysis of AP205, APM?2 e , and Qb VLPs expression cel
abovefor the HA stalk proteins. Initial purification of these VLPs was performed by ammonium
sulphate precipitation and thermal treatment. Solid ammonium sulphate was added gradually to
the cleared supernatant under mild stirring conditions until 40% of Satuveas reached, and
the solution was incubated for 1 h at°@€4 The precipitated protein was collected by
centrifugation at 16,000 gifor 15 min at RT, and dissolved in minimal amount of 20 mM-Tris
HCI (pH 8.0) buffer. Subsequently, the mixture was batad at +5%C for 30 min to remove
thermally unstable contaminants, following cooldown to RT and clarification by centrifugation
at 16,000« g for 15 min at RT.

The purification of AP205 VLPs was performed with three subsequent chromatography
columns First, the cleared supernatant was loaded on a Sepharose 4-Ekcéissgon column
(130 mL, GE Healthcare), pexjuilibrated with buffer A, run at 1 mL/min. Pooled fractions
containing the target protein were further applied to an aexachange FractogdIMAE (M)
matrix (20 mL, Merck KGaA), prequilibrated with buffer A. Bound protein was eluted with
a linear salt gradient of 01 M NaCl in buffer A at 3 mL/min. Fractions were again pooled
and mixed with ammonium sulphate to 1.5 M final concentratiol@aded on a hydrophobic
interaction Fractogel Propyl (S) matrix (20 mL, Merck KGaA),-eqeiilibrated with 50 mM
NaHPO4 (pH 7.3) and 1.5 mM ammonium sulphate buffer. Protein was eluted with 25 mM
NaHPO4 (pH 7.3) buffer at 3 mL/min.

To purifythe ARM2eand Qb VLPs, supernatant was fi
matrix, preequilibrated with buffer A. Pooled fractions were then applied on a Fractogel DEAE
(M) anionexchange matrix (20 mL, Merck KGaA) in buffer A. The column was eluted with a
linear gadient of 0.11 M NacCl in buffer A at 3 mL/min.

To disrupt the yeast kK1 or LAH3-HBc expression cells, they were first resuspended
in lysis buffer C, containing lysis buffer A, supplemented with 0.1% TritehORB, at a
proportion of 15% (w/v). Cells werthen lysed in four cycles at 10,000 psi with French Press
(Thermo Electron), followed by clearance of the insoluble cell debris by centrifugation at
18,000x% g for 30 min at +4C.

The K1-K1 was first precipitated with solid ammonium sulphate, added ghgdunder

mild stirring conditions within five minutes until 35% of saturation, and then centrifuged at
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18,000 xg for 20 min at +4C. To dissolve the precipitate, minimal amount of 20 mM-HG
(pH 8.0) buffer was added, and the solution was incubateb5C for 30 min, following
cooldown to RT and clarification by centrifugation at 16,8@pfor 15 min at RT. The cleared
supernatant was then loaded onto a HiPrep 16/10 DEAE FF column, and thleragh was
collected.

To purify the LAH3HBc proten, 20 mM TrisHCI (pH 8.0) and 50% PEG6000 (w/v)
solution was added dropwise to the supernatant under mild stirring conditions until 5% of
PEG6000 was reached, and the solution was incubated for 1 HCafl+# precipitated protein
was collected by cenfrigation at 18,000 x for 20 min at +4C, and dissolved in minimal
amount of 20 mM TrigHCI (pH 8.0) and 2 M urea buffer. The solution was loaded onto a
Sepharose 4 FF matrix in column buffer D, containing 20 mM-HG$ (pH 8.0), 100 mM
NaCl and 1 M ureat 1 mL/min. Selected fractions were applied to an aaiaihange Fractogel
TMAE (M) matrix, preequilibrated with column buffer D. Bound protein was eluted with a
linear salt gradient of 0-:1 M NaCl in buffer D at 3 mL/min. VLRontaining fractions were
pooled and dialyzed (10 kDa MWCO membrane) &Ctagainst 100x excess of buffer A with
two buffer exchanges during the 48 h period. Dialyzed material was collected.

All chromatography steps were performed at RT and controlled by AKTA FPLC
(Amersham Biosiences), AKTA Prime Plus, AKTA Avant 25 or AKTA Pure (GE Healthcare)
chromatography systems. Protein concentration was estimated using Nanodrop (Thermo
Scientific) or by the Bradford assay. Protein purity was assessed by SDS/PAGE, and their
identity and gality was confirmed with immunoblotting on nitrocellulose membrane and
Western Blots. VLP assembly was monitored by native 1% agarose gel electrophoresis in
ethidium bromide staining or by transmissielectron microscopy (TEM). To visualize the
protein @ mp | es (V6.5 nsglmL) by TEM, they were adsorbed on Formvar/carbon
supported copper 200 grids, briefly washed with 1 mM EDTA solution and for 1 min negatively
stained with 1% uranyl acetate. The samples were then analyzed usingl23&Mlectron
microscope (JEOL Ltd.) at 100 kV. Purified proteins were concentrated using Atdittan
centrifugation units (Merciillipore) with a cutoff of 10 or 100 kDa. Single use aliquots of
the purified protei°®©serwelewbyoc€Ciedze& ndrae nkrdd

(Thermo Scientific) container for further use in mice immunizations.
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2.5Coupling of HA stalk antigens to VLPs

For the chemical coupling reaction, the buffer for the reaction proteins was exchanged
into phosphate buffered saline (PBS) of pH 7.4 using HiTrap Desalting column (5 mL, GE
Healthcare), prequilibrated with PBS.

As there are no cysteines in the amina aequence of the tstalk and LAH antigens
(stalk antigens for shortiN-succinimidyl SacetylthioacetatéSATA) reagent was used to add
free sulfhydryl groups to the stalk antige
Scientific). First, the sik antigen was mixed SATA reagent in dimethyl sulfoxide (DMSO) to
reach a 3.3old molar excess of SATA over the-sialk antigen, adding protected sulfhydryl
groups to the protein. The reaction mixture was incubated for 30 min at RT, and then tnsferre
to a Zeb&" Spin desalting column (Thermo Scientific) to remove residual SATA and DMSO
according to the manufactur er {pmtectechly tiddition t i o n
of deacetylation solution (0.5 M hydroxylamine, 25 mM EDTA in PBS (pH 7.3) to the
SATA-modified antigen at a 1:10 volume ratio. The reaction mixture was incubated for 2 h at
RT, and a Zeba Spin desalting column was used to remove any traces of the hydroxylamine.

SATA-coupled HA stalk antigen was immediately conjugate8iR805, ARM2 e, or Q¢
VLPs via the heterobifunctional crebsking succinimidyt6-((b-maleimidopropionamide)
hexanoate (SMPH) crosslinker (Thermo Scien
Briefly, VLPs were mixed with the SMPH reagent in DMSO &0dold excess of crosslinker
to protein, and the mixture was incubated for 30 min at RT. The unreacted crosslinker was
removed by desalting in a Zeba Spin column. Next, SMBtpled VLPs were mixed with the
SATA-coupled stalk antigen at a 1:3 molar ratied incubated for 30 min at RT, and an
Amicon-Ultra 4 filter with a cutoff of 100 kDa was used to remove excess stalk antigen.
Coupling efficiency was assessed by SDS/PAGE. Single use aliquots of the coupled proteins
wer e st or e dCofdglowlgferno zaet iCiia2t0 a 7MNdr . FrostyE unt.

2.6 Protein crystallization and structure determination

Protein was concentrated to 10 mg/mL in buffer containing 20 mMHTIs(pH 8.0)
and 200 mM NacCl using a 10 kDa eft Amicon-Ultra centrifugation unit. Cryallization
was performed by the sittindyop vapordiffusion setup in 9&vell MRC crystallization plates
(Molecular Dimensions) using Freedom EVO crystallization robot (TECAN). The preliminary

screening of the optimal tatalk crystallization conditionwas performed using commercial
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kitsi Clear Strategy Screen I, Structure Screen 1&298TPACT PremiéM and JCS@lus
(Molecular Dimensions). Equal amount of protein solution was mixed with precipitant liquid
from the well ( 0. 4 opvmizediconditionsfrespectivelg) creagng dropgt a n
After optimization of crystallization conditions, crystals were obtained at 2.0 M ammonium
sulphate and 0.M Bis-Tris precipitation solution (pH 5.5). Acquired crystals were soaked
briefly in precipitation solution supplemented with 30% glycerol for cryoprotection and then
frozen in liquid nitrogen.

The diffraction data were collected at beamline 31df MAX-lab synchrotron (Lund
University, Sweden). Data were first processed using programs from thé sotRare suite.
The experimental diffractioomages were indexed with MOSFL(Battye et al., 2011 )caled
with SCALA (Evans, 2006)and the phase determination was carried out with molecular
replacement in PHASERMIcCoy et al., 2007)using the structure of pefiision HA stalk or
the HAtri-stalk as the search model (PDB ID: 1HTRDB ID: 6GOL). The initial model was
built automatically in BUCCANEERCowtan, 2006) Modd was further adjusted in COOT
(Emsley et al., 2010)¥ollowing numeous refinement runs in REFMAXovalevskiy et al.,
2018) Structure was visualized in COOT and PyM@Lhe PyMol Molecular Graphics
System, Version 1.8 SchroEdinger, LLC

2.7Enzymelinked immunosorbent assay (ELISA)

ELISA conditions varied for each of the original paper. However, indirect ELISA was
performed for all the experiments. Briefly, microtitration plates were coated overnighfiGat +4
with recombinant target proteins louffer alone to check for the background noise. Plates were
washed between steps three times with a buffer containing Tween 20. Free binding sites were
blocked with 1% bovine serum albumin (BSA). After incubation and washing, sera were added
in threefold dilutions to triplicate wells, following another incubation and washing. Sera from
naive mice or sera from young children served as the negative control. The bound antibody was
detected with color reactions by alkaline phosphatasenorseradish peroxade (HRPO)
conjugated antibody and a suitable substrate, and the OD was measured using an ELISA plate
reader.

Publication | To measure the LAHBIBc induced antibody responses, fighgth
recombinant HAs (rHAs) from influenza group 1 and 2 (Sino Biolmigioc.) were used as
coating antigens in 384ell plates (Greiner BokOne GmbH) . Wel |l s wer e ¢
of rHAs in 100 mM carbonate buffer (pH 9.6
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with carbonate buffer for the background controlvidh irrelevant antigens (Cytomegalovirus
grade 2 antigen (2 eg/ mL) 6 TodBagmagenpastigeh (2p r ot ¢
eg/ mL) ) (Microbi x, Mi ssi ssauga) or HBc VLP:
the negative control. Plates weneubated overnight at @, and washed with 1% Twe&®
in buffer A (20 mM Tris (pH 8.0) and 100 mM NacCl). Blocking was performed with 1% BSA
in buffer A for 2 h at RT, following a washing step. Sera were added in the wells, starting with
100-fold dilution for mouse sera, and incubated for 1.5 h at RT. After washing, alkaline
phosphatase conjugated goat-antiuse IgG (ImTec Diagnostics) was added at 1/750 dilution
and incubated for 1.5 h following another washing step. Following 1 h incubation 4t,+37
bound antibody was detected witkathino2-methyt1-propanol Spectromax Plus (Sopachem)
at 405 nm.

Publication Il To detect the reactivity of sera from swine workers witistalk protein,
ELISA conditions were first optimized using sera from the LAPR7immunized mice. ELISA
was performed as described in publication | with a few changes. First, we conducted a
checkerboard titration method. Serial dilutions of thetaik coating antigen (0.15625, 0.3125,
0.625, 1. 25, 2.5, 5 . dOagamst dilutetl 8era(staeting fromLold we r e
dilution). Sera from LAHPP7 immunized mice were used as the positive control and sera from
naive miceé as the negative control. After blocking, alkaline phosphatasgigated goat anti
human IgG (SoutherniBtech) was added at dilution of 1/1000. Bowardibody was detected
with 4-nitrophenyl phosphate disodium salt hexahydrate (Sighldech). The optimal
conditions were f ound -sthlloas the codtingZabtigen gnd sekum o f
dilution of 1:2700. These conditions were applied to assess the reactivity of human sera to HA
tri-stalk. Lowtiter sera from children were used as the negative control. Sera were added to
blocked wells starting from 36f@ld dilution and the rest of ELISA was performasidescribed
above for the testing conditions. Furthermore, to assess the reactivity of mice and human sera
with rHAS, a variety of rHAs from influenza A group 1 and 2 viruses were used as coating
antigens (Sino Biological Inc.).

Publication Ill 96wellmi cr ot i t rati on plates (Corningl
were filled with 50 ¢lL-stald, 3M2éhce rHAsdrant grouml oa nt i
group 2 influenza) at 2 pg/mL, and incubated overnight &C+Washing was performed with
0.05% Tween 2th PBS. For blocking, 1% bovine serum albumin (BSA) in PBS was added to
the wells for 30 min at +3T. Diluted sera, starting from 1:000 (for IgG and IgG1) or 1:10 (for
IgG2a) dilution was added to the wells and incubated for 1 AG;3¥ith a following washing

step. Then, HRP@onjugated goat anthouse IgG (Sigm&ldrich) (for IgG antibody) or
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primary rabbit antmouse IgG1 and IgG2a antibody (Abcam) and secondary HivR{Dgated

goat antirabbit 1gG (SigmaAldrich) (for IgG1 and IgG2a antibody) was adddollowing
incubation for 30 min at +3€ and a subsequent washing step. Bound antibody was detected
wi t h 3-teBadmethylbenAdine substrate (Thermo Scientific) at 450 nm.

2.8 Statistical analyses

Statistical evaluation of data was performed usingpBPad Prism 6.0 software
(GraphPad Software Inc.). For the publication Il, a-aag ANOVA was applied to analyze
the statistical significance of experimental data, followed by the H&tmferroni multiple
comparison test. Spearman’s rank correlatiofificant was applied to evaluate correlations.
For the publication Ill, a onevay ANOVA was employed to evaluate the statistical significance
of i mmunogenicity data, with an additional
IgG endpoint titers. Aog-rank MantelCox test was applied to compare the differences in the

survival distributions.
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3. RESULTS

3.1Production and purification of chimeric HBc virus-like particles carrying influenza

virus LAH domain as vaccine candidates

Highlights:

1 Unlike the unmodied HBc gene, the HBc tandecore technology of fused core dimers
allowed for expression of a soluble LAHEBc protein where a hydrophobic LAH
monomer from the A/H3N2 HA stalk was inserted in the MIR of one of the core dimers.

1 This chimeric protein could be produced in an endotirda P. pastoris fermentation
system in a bioreactor with a scalp potential and successfully purified to at least 90%
homogeneity yielding assembled VLPs.

1 The chimeric LAH3HBCc particles were highlimmunogenic in mice and elicited potent
antibody responses against group 2 rHAs (H3, H4, H7, H10, H14, and H15) as well as
crossreactive, yet, lower antibody responses against heterologous group 1 rHAs (H1, H2,
H5, H9, and H11).
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Abstract

Background: The lack of a universal influenza vaccine is a global health problem. Interast is now focused on
structurally conserved protein domains capable of eliciting protection against a broad range of influenza virus
strains, The long alpha helix (LAH) is an attractive vaccine component since it i one of the most conserved
influenza hemagglutinin (HA) stalk regions. For an improved immune response, the LAH domain from H3M2 strain
has been incorporated into virus-like particles (VLPs) derived from hepatitis B virus core protein (HBC) using recently

developed tandem core technology.

Results: Fermentation conditions for recombinant HBc-LAH were established in yeast Pichio pastoris and a rapid
and efficient purification method for chimeric VLPs was developed to match the reguirements for industrial
scale-up. Purified WLPs induced strong antibody responses againg both group 1 and group 2 HA proteins in mice,

Conclusion: Our results indicate that the tandem core technology is a useful tool for incorporation of highly
hydrophobic LAH domain into HBC VLPs. Chimeric WLPs can be successfully produced in bioreactor using yeast
expression system. Immunologic data indicate that HBC VLPs carrying the LAH antigen represent a promising

universal influenza vaccine component.

Keywords: \firus-like particles, Tandem-core, Influenza vaccine, Long alpha helix, Yeast

Background

Worldwide, influenza epidemics result in excessive
morbidity and the deaths of 250,000-500,000 people, an-
nually [1]. Seasonal epidemics and pandemics are caused
by group A influenza viruses, which are the main targets
of seasonal wvaccines. Currently licensed influenza
vaccines are effective against homologous viruses,
however, these vaccines need to be reformulated for
every season on the basis of predictions of the upcoming
circulating subtypes. Prediction mismatches can impact
vaccine effectiveness, and have significant epidemio-
logical and economical consequences [2]. Moreover,
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Full list of author information is available at the end of the artide
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besides seasonal epidemics, influenza viruses can cause
occasional pandemics. Thus, development of a universal
influenza vaccine, which would protect against a broad
spectrum of influenza viruses, is warranted. Novel at-
tempts to construct such universal vaccines are generally
based on conserved antigens from influenza matrix
protein 2, as well as from the hemagglutinin (HA) stalk
domain [3]. However, these antigens are naturally weak
immunogens. Various strategies have been developed to
elicit more potent immune responses with broader
reactivity upon appropriate presentation to the host
immune system [1, 4].

Presentation on the surface of symmetric virus-like
particles (VLPs) stands out as one of the most efficient
approaches to improve immune responses to weak
antigens [5]. A number of attempts have been made to

@ The Authanis) 2017 Open Access This artice & dstbwed under the tarms of the Crastive Commaons Attnibution 4.0
nternational License (hitpyoreativecomm ons org/Scense 5w 4104, which panmits unrestricted 1ss, distribution, and
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the Cmative Commons boense, and indicate If changes wes made The Omatve Commons Publc Domain Dedication watver
ity oreativecommons orgipublicdoman,/zeno1.04 apples D the dae made avalabe in the amide, unles othensse stated.
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construct broadly protective candidate vaccines based
on the conserved extracellular domain of matrix protein
2 (M2e) of influenza A viruses [6-9]. Although these
M2e-based VLP vaccine candidates have been success-
fully tested in animal models, further efficacy studies are
needed to demonstrate their protective potential in
humans [1]. In addition, many scientists now believe that
a universal and broad cross-protective influenza vaccine
may require additional components. One such potential
candidate is the structurally conserved 55 amino add-long
alpha helix (LAH) of the HA stalk domain.

Here, we incorporated the LAH domain from H3N2
influenza virus into HBc VLPs using novel tandem core
technology based on the fusion of two HBc open reading
frames to produce a single polypeptide chain. This
strategy allows the insertion of large heterologous
sequences in one of the two major immunodominant
regions (MIR) located at the terminus of each spike,
without compromising VLP formation [10]. A chimeric
HBc-LAH gene was expressed in veast Pichia pastoris.
This expression system is preferred to bacteria because
it avoids contamination with bacterial endotoxins.
Fermentation and purification conditions compatible
with industrial scale-up were established. The VLPs
obtained induced a strong and broadly cross-reactive
antibody response against several HA protein strains de-
rived from both group 1 and group 2 influenza A virus
subtypes in mice. These data indicate that tandem core
VLPs carrying the LAH antigen represent a promising
universal influenza vaccine component.

Methods

DNA constructions and yeast done selection

A veast codon optimized sequence encoding the tandem
core construct including lysine linkers in both MIRs was
designed and synthesized at GeneArt and cloned in the
pPICZC vector (Invitrogen) using BsiBI and Agel restric-
tion sites. Silent mutations were introduced up- and
downstream of the two MIRs to create unique restriction
sites (Abal/Netl in Core 1 and EcoR1/Nhiel in Core 2). The
resulting plasmid pPICZC PHe7 K1,K1 (K1-K1, for short)
was used as a template for other MIR insertions. The
Iwsine-encluding linker in Core 1 was replaced by veast-
optimized DNA sequence encoding the 55 amino acid
long influenza H3N2 virus (A/Hong Kong/1/1968, Acces-
sion Ne AAKS51718) HA stalk domain (corresponding to
HA amino acids 420-474), using Xbal and Notl restric-
tion sites. Resulting pPICZC coHe{LAH3 K1) construct
(LAH3-HBc, for short) was linearized with Pmel to
transform P pastoris KM71H electrocompetent cells via
electroporation. High copy number clones were selected
in 96 well plates with liqguid YPD medium containing
02 mg/mL (first 48 h) and 2 mg/mL (following 48 h) of
zeodn. Cultures showing highest optical density (OD) at
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A = 600 nm were selected and spread on YPD agar plates
in order to isolate single cel colonies. Selected clones
were analysed for insert copy number by quantitative real
time PCR based on the zeocin gene The highest copy
clone was selected and used to generate a Research Cell
Bank.

Fermentation conditions for LAH3-HBc

For seed culture, 2 = 250 mL of buffered glycerol-
complex medium (BMGY; 1% (w/v) veast extract, 2%
(w/v) peptone, 100 mM potassium phosphate buffer
pH 6.0, 1.34% (w/v) YNB, 0.0004% (w/v) biotin, and 1%
(v/v) glycerol) was inoculated with 1.8 mL of cell bank
suspension (BMGY culture in 30% (wv) glycerol,
OD = 250) in 2 L baffled Malgene® shakeflasks. After
16-18 h the OD of the flask was between 15 and 20 and
a 5% transfer volume was used
bioreactor.

to innoclate the

Invitrogen’s fermentation protocol for Pichia pastoris
Mut® strains was used to generate experimental material
in a 30 L BIOSTAT Cplus bioreactor (Sartorius). The re-
actor was filled with Basal Salts medium (26.7 mL/L
phosphoric acid (85%), 093 g/L CaS0y, 182 g/L K50,
14.9 g/l MgS0,7H,0, 4.13 g/L KOH, 40 g/L glycerol),
plus 435 mL PTM, trace salts per litre of Basal Salts
media to achieve a total starting working volume of 10 L
post-inoculation. The PTM1 trace salts contained:
CuSO45H,0, 6.0 g/L; KI, 0.08 g/L; MnSO.H,0, 3.0 g/
L; Na,MoO,2H,0, 0.2 g/L; H;BO,, 002 g/L; ZnCl,
20,0 g/L; FeCly, 13.7 g/L; CoCl - 6H0, 0.9 g/L; Ha50,,
5.0 mL/L; and biotin, 0.2 g/L.

The bioreactor was run in batch-mode after inoculation.
The dissolved oxygen tendon (DOT) was maintained at
30% and was controlled in a sequence cascade by agitating
the impeller between 400 to 1000 rpm followed by oxygen
gas blending in ratio mode at a constant volumetric gas
flowrate of 051 vwm. The pH range was maintained
between 4.75-50 and pre-induction temperature at
30 £ 01 *C. A 20% drop in carbon evolution rate (CER)
and spike in DOT, indicating depletion of carbon source,
triggered the fed-batch induction phase. This was ob-
served 28.5 h after bioreactor inoculation.

This fed-batch induction phase was maintained for
48 h at a fixed flowrate of 50 mL/h. The induction
media itself is compromised of a 60:40 ratio of 50%
(w/v) glycerol and pure methanol repectively, plus
12 mL PTM, salts per liter of induction media.
PPG2000 was used to prevent extensive foam forma-
tion throughout the fermentation. After 48 h of in-
duction the culture was cooled to 12 *C to minimize
proteclytic activity. Fermentation broth was harvested
at 3000 g, 20 min and 4 *C. The wet pellets were
weighed and stored at -20 *C.
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Purification and characterization of chimeric VLPs

Yeast cells were resuspended in lysis buffer (20 mM Tris
HCI, 100 mM NaCl, 0.1% Triton X-100, pH = 8.0) ata
proportion of 15% (w/v) and disrupted by French Press
(4 cycles, 10,000 psi). The soluble fraction was separated
by centrifugation (30 min, 18,000 g, +4 °C).

For purification of HBEc K1-K1 VLPs, solid ammonium
sulfate was added until 35% of saturation by continious
stirring for 5 min following centrifugation (20 min,
18,000 g, +4 *C). The precipitate was dissolved in a min-
imal volume of 20 mM tris HCl pH = 8.0, subjected to
thermal treatment (30 min at 55 °C) and centrifuged
again. The supernatant was passed through an anion-
exchange HiPrep 16/10 DEAE Fast Flow column and the
flow-through fraction was collected. All chromatography
runs were monitored and controlled by an AKTA FPLC
chromatography device (GE Healthcare).

For purification of chimeric LAH3-HBc WLPs,
PEGH000 50% solution in 20 mM Tris HCIL, pH = 8.0
i(wsv) was added dropwise to the cell supernatant under
continious stirring until the final concentration reached
5% (w/v) and incubated 1 h at +4 *C. After centrifuga-
tion (20 min, 18,000 g, +4 *C) the precipitate was dis-
solved in a minimal volume of 20 mM tris HCI, 2 M
urea and loaded onto a size-exclusion Sepharose 4 FF
matrix (XK26/40 column, bed height 25 cm) in column
buffer A (20 mM Tris HCl, 100 mM NaCl, 1 M urea,
pH = 80) at V = 1 mL/min. 10 mL fractions were col-
lected and analyzed by native agarose gel, denaturing
PAGE, and electron microscopy. Selected fractions were
pooled and loaded onto anion-exchange Fractogel EMD
TMAE (M) column (Tricorn 10/50 column, 3.5 mL bed
volume) equilibrated with column buffer A. Column-
bound proteins were eluted with a linear gradient of 10
column volumes using column buffer A containing 1 M
NaCl. Fractions containing VLPs were dialized (10 kDa
MW CO membrane) against 100x excess of 20 mM Tris
HCl, 100 mM NaCl, pH = 8.0, with two buffer ex-
changes, for 48 h at +4 *C. Dialized material was pooled
and concentrated with Amicon 100 kDa MWCO filter
until it reached concentration of about 1 mg/mL. The
VLP preparation was aliquoted, slowly frozen at -70 “C
in a Mr. Frosty™ container and used for immunization of
mice.

Protein concentrations were estimated by the Bradford
assay. The purity of protein samples was analyzed by
SDS-PAGE according to standard protocols with a 4%
stacking and 15% separating polyacrylamide gel (PAAG).
To visualize protein bands, the gels were stained with
Coomassie Brilliant Blue G-250. Alternatively, separated
proteins were transferred onto nitrocellulose membrane
and detected by immunoblotting with the monoclonal
anti-HBc antibody and the anti-mouse IgG peroxidase
conjugate (DAKO). To assess nucleic acid content,
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samples were subjected to native 1% agarose gel electro-
phoresis in TAE buffer (pH = 84) for approximately
0.5 h at 5 Vicm. Nucleic acids in the agarose gels were
visualized by ethidium bromide staining. A 1 kb DNA
ladder (Thermo Fischer Scientific) was used as a marker.
For transmission electron microscopy, the protein
samples (at ¢ = 0.1-0.5 mg/mL) were adsorbed on
carbon-Formvar-coated copper grids and negatively
stained with 1% uranyl acetate aqueous solution. The
grids were examined with a JEM-1230 electron micro-
scope (JEOL Ltd., Tokyo, Japan) at 100 kV. Electron mi-
crographs were recorded digitally using a side-mounted
Morada camera (Olympus - Soft Imaging System GmbH,
Munster, Germany) with iTEM software (version 32,
Soft Imaging System GmbH).

Mouse immunizations

All mouse experiments were performed in accordance
with protocols approved by the Animal Welfare Structure
of the Minister of Agriculture, Viticulture and the Con-
sumer Protection of the Grmnd Duchy of Luxembourg
(Ref. LNSI-2014-02). Female BALB/c mice were pur-
chased from Harlan Labomtories, Inc. 8-week-old BALB/c
mice were immunized using a standard protocol including
3 intraperitoneal injections at 2 weeks interval with 30 pg
of chimeric LAH3-HBc VLPs for primary immunisation,
and with twice 15 pg for the second and third injection.
The antigen was dissolved in 100 pl. phosphate buffered
saline adjuvanted with 100 pL. MF59 (Addavax, Invivogen)
containing 20 pg CpG (OD2395 Vaccigrad, Ivivogen)
totaling 200 pL. per injected dose.

Enzyme-linked immunosorbent assay (ELISA)

Influenza-specific IgiG in mouse serum was measured by
indirect ELISA using the following purified recombinant
group 1 and group 2 HA antigens at the given concen-
trations: A/Texas/36/1991 (Tex91) (H1, 15 pg/ml), A/
California/4/2009 (Cal09) (H1, 3.5 pg/ml), A/Japan/305/
57 (JP57) (H2, 1.25 pg/ml), A/Perth/16/2009 (Perth09)
(H3, 0625 pg/ml), A/Swine/Ontario/01911-1/99
(Onta99) (H4, 1.25 pg/ml), A/Vietnam/1203/04 (VNO4)
(H5, 125 pg/ml), A/Netherlands/219/2003 (Neth03)
(H7, 2.5 pg/ml), A/Hong Kong/1073/99 (HK99) (H9,
125 pgml), A/Jiangxi-Donghu/346/2013 (JX13) (H10,
25 pg/ml), A/mallard /Alberta/294/1977 (Alb77) (H11,
1.25 pg/ml), A/mallard/Astrakhan/263/1982 (Astrak82)
(H14, 1 pg/ml), and A/duck/AUS/341/1983 (AUS83)
(H15, 2 pg/ml) all purchased from Sino Biological hc.
Subsaturating coating concentrations were determined
with a serum of a mouse sublethally challenged either
with pHIN1 (group 1 HA) or HIN2 (group 2 HA) or
with specific monoclonal antibodies against HA HINI,
HA H3NZ2, HA HS5N1, HA H7N9 and HA H9N2 from
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the same supplier, after coating ELISA plates with three-
fold dilution series of each antigen.

Wells of 384-well microtiter plates (Greiner) were
coated overnight at 4 *C with 20 pL/well of 3.5 pg/mL
purified HA proteins in carbonate buffer (100 mM,
pH = 96) or with carbonate buffer alone as a
background control. Irrelevant antigens (Cytomegalo-
virus grade 2 antigen, 2 pg/ml; purified EBV capsid
protein, 30 ng/ml; Toxoplasma gondii antigen, 2 pg/ml;
Microbix, Mississauga, Canada) served as negative anti-
gen controls. Reactivity against "empty” HBc VLPs
(20 pl per well of 2 pg/ml) was used as positive control.
All subsequent steps were performed at room
temperature. Wells were washed sequentially in washing
buffer (Tris HCl containing 1% Tween 20} and blocked
for 2 h with 1% BSA in Trs buffer. After washing, sera
(starting with a 100-fold dilution) were added, incubated
for 90 min, and washed. Alkaline phosphatase conjugated
goat anti-mouse IgG (1/750 dilution, ImTec Diagnostics)
was added for 90 min, washed and developed using 2-
amino-2-methyl-1 -propanol. Absorbance was measured at
405 nm (Spectromax Plus, Sopachem) after 60 min
incubation.

Results and discussion

Modification of the HBc gene

The insertion of heterologous sequences into viral struc-
tural genes generates chimeric VLPs that can be used as
stable nanocontainers for diagnostics, vaccination and
gene transfer purposes [11, 12]. The successful assembly
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well as its position within the carrier gene. For HBc, the
MIR is generally considered as the most promising
insertion site of the HBc molecule due to its surface
exposure and high insertion capacity [13]. Recently, a
number of approaches have been developed for MIR-
insertion and the presentation of “difficult” protein se-
quences including large, charged and/or hydrophobic
domains, T-cell epitopes, and cell-receptor ligands.
These strategies include the SplitCore [14], the use of a
non-covalent “binding-tag” peptide [15], and the tandem
core technology. The latter is based on a genetically
fused HBc dimer that can assemble in correctly folded
HBc VLPs [16] while accomodating large heterologous
sequences [10].

Previously, we have demonstrated that the yeast P
pastoris system is well suited for high-level of synthesis
and purification of wild-type HBc VLPs expressed from
a cloned HBc monomer gene [17]. The current study is
based on so called hetero-tandem core, where a C-
terminally truncated HBc monomer gene (Core 1, 149
aa) was genetically fused via a GGSx7 linker with a full-
length HBc monomer gene (Core 2, 185 aa) to form a
covalently linked dimer. To further explore the potential
of this HEc carrier, we introduced into each MIR two
short sequences encoding a lysine codon flanked on
both sides by flexible glycine linkers (Fig. la). Such
surface-exposed lysine residues can be efficiently used
for chemical coupling of peptides containing reactive SH
groups provided by free cysteine residues [18]. The
resulting construct K1-K1 was transformed in yeast P

of chimeras is dependent on the nature of the insert as  pastoris. The selected clone containing multiple
GHGSGEGGOHGGGSGE5GR FGSGSGGGKGGGSGSAS
I coret 77||78 coret t49f(GespT{1  corez 77|78 Core2 185
N L E & 5§ 5 G R E F G S5 G 5 A S5

AATCTAGRAGGATCC. . . . AGCGGCCGC
TTAGATCTTCCTAGS . . . . TCGCCGGCG
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GAATTCGGTTCT. . . . GGATCTGCTAGC
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Fig. 1 a Desgn of the HBc K11 corstrudt. Amino acid sequences of inserted hysine linkers are showed in upper part. Below, introduced unigue
restriction sites at both ends of the linkers (Xbal Mo in Corel and EcoRYNRel in Core) are underlined. Purified K1-K1 VLPs were characterized by
Coomastie-staned PAAG (b) and electron microscopy (€)
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Fig. 2 Construction and expression of the recombinant LAH3-HBc gene. Design (a) and cancon (b) of the LAH3-HBc dimer. Individual HBc

monomers are coloured in green and orange. First MIR contains the LAH domain (represented as random pink spheres) while the second MIR

contains lysine linker (blue spheres). The model was created using PyMOL version 1.7rcl. The tandem core dimer was based on the structure from

PDB-1QGT, with the linker added in black. ¢ LAH3-HBc fermentation profile. Dissolved axygen tension (DOT) was maintained above 30% through
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Fig. 3 Bxtraction of the LAH3-HBc protein from yeast cell lysates. a Coomassie-stained PAAG illustrating individual purification steps. Target
protein comesponding band is marked by arrowhead Sup, protein content in cell supematant; PEG protein precipitate lcaded onto SEC column;
1-5, SEC fraations corresponding to column profile (b). ¢ Blearon microscopy analysis of VLP region from SEC elution

.

57




Kazaks et al BMC Biotechnology (2017) 1779

integrated expression units ensured high-level synthesis
of the soluble target protein and was easily purified from
veast cells as correctly formed HBc VLPs (Fig. 1b-c).

Our early attempts to incorporate a highly hydropho-
bic LAH domain from influenza HA stalk into the MIR
of monomeric HBc gene in E coli resulted in insoluble
products (data not shown). This is in line with previous
observations [19] and indicated that specific approaches
like tandem core technology might be necessary to im-
prove solubility and achieve formation of VLPs incorpor-
ating LAH. Since very promising results were obtained
with the hetero-tandem HBc based K1-K1 construct, we
inserted the LAH-encoding sequence into the MIR of
the truncated HBc gene (Core 1) while the MIR of
the full-length HBc (Core 2) remained unchanged
(Fig. 2a-b). In order to exploit “endotoxin-free” cells
with the potential for further industrial scale-up pos-
sibilities we transferred the chimeric tandem core
gene into the veast P. pastoris vector system resulting
in LAH3-HBc construct.
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Expression of LAH3-HBc construct in yeast

Recently, a number of novel influenza monoclonal anti-
bodies have been identified against the stalk domain of
the HA relatively conserved across most HA subtypes.
These antibodies are able to broadly neutralize a wide
spectrum of influenza virus strains and subtypes [20].
The LAH domain is a small alpha-helical portion of the
stalk domain which contains a well-characterised neu-
tralizing epitope for mAb 12D1 [21). However, when out
of structural context LAH does not generate neutralizing
antibodies. Nevertheless, several studies from different
research groups suggest that the LAH domain is a
promising vaccine component. The current hypothesis
for the mechanism of action involves non-neutralising
antibody mediated cellular immune processes such as
antibody dependent cellular cytotoxicity and comple-
ment dependent cytotoxicity [22] which are difficult to
measure in mice. The synthetic LAH peptide from
H3N2 virus coupled to carrier protein kevhole limpet
hemocyanin induced in mice not only strong protection

c
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Fig. 4 Final purification (a) and characterization (b-e) of LAH3-HBc VLP<. a Fractogel TMAE chromatography profile. VLP and free nudeic acid (NA)
peaks are indicated. b Coomarsie-stained PAAG of final product after dialysis and concentration. 1, 2 and 4 pl of protein are loaded per track.

€ Westemn blotting of final produd. Lane 1, negative control lane 2, K1-K1 VUPs; lane 3, LAH3-HBe VLPs. Full-length protein and product related
bands are marked by arrowhead and asterix, respactively. d Nuckeic acid content of final product in native agarose el Visible i only VP
associated NA band (indicated by argwhead). e Quality of LAH3-HBc VLPs verified by electron micoscopy
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against homologous virus but also partial protection
against distinct virus strains [23]. Similarly, the LAH re-
gion of H/N9 influenza virus was inserted into the HBc
gene and the resulting chimeric HBc-LAH VLPs induced
strong protection against homologous and heterologous
virus strains in mice [24]. The latter study, however, re-
quired a complex renaturation procedure extracting
chimeric protein from insoluble aggregates in E. coli,
a process that would be costly and difficult to scale-
up for industrial manufacturing. In addition, this
approach is also compromised by the presence of
bacterial endotoxins.

To avoid these problems we aimed to produce LAH3-
HBc VLPs in veast cells. Yeast P. pastoris is well-adapted
for large-scale fermentation and is a useful system for
the expression of milligram-to-gram quantities of pro-
teins for both basic laboratory research and industrial
manufacture [25, 26]. Clones with multiply integrated
expression cassettes were obtained in order to ensure
maximal synthesis of the target protein in line with
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previous reports [27, 28]. Here, the clone with 50 + 2
integrated expression units was selected for further
experiments (see Additional file 1).

Fermentation conditions were established to maximise
product yield in the soluble fraction, as determined by
HBc-specific Western blots and its assembly info a
VLPs, as determined by electron microscopy. It should
be noted that several induction stategies were evalutated,
including the standard methanol induction method for
Mut® strains. We observed that for the K1-K1 construct,
the methanol only induction method yielded the most
VLP material, vet when this same method was used for
the LAH3-HBEc construct, little or no product was ob-
served (data not shown). The different constructs did
not appear to effect biomass as both seemed to grow
well. We therefore sought to examine different induction
methods, including various flowrates and glycerol:-
methanol ratios in the induction feed. Eventually we dis-
covered that the 60:40 ratio of 50% glycerolmethanol
over 48 h of induction provided the best yield for
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LAH3-HBc. Based on the off-gas data (not shown), in all
cases the cells seemed metabolically actively and grew
well, however product expression was construct
dependent — possibly indicating that the complexity and
self-assembly of different VLP constructs are not intrin-
sically linked to cell metabolism during fermentation.
Wet cell weight at the end of fermentation reached
178 g/L. The overall fermentation process is presented
schematically in Fig. 2c.

Purification and characterization of chimeric LAH3-HBc
VLPs

Efficient and selective concentration of the protein of
interest from crude cell lysates is often a critical step de-
termining overall success of the whole purification
process. For HBc VLPs, ammonium sulfate precipitation
has been used with good results ([17] and references
herein). However, in this particular case it resulted in
co-precipitation of the VLPs with other host cell proteins
which were difficult to remove in the subsequent purifi-
cation steps (data not shown). In contrast, addition of
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PEG led to selective enrichment of the target protein
with a calculated MW of 48.2 kDa from cell supernatant
(Fig. 3a). Since the LAH domain is highly hydrophobic,
addition of urea was necessary to complete solubilization
of the PEG precipitate and reduce aggregation caused by
hydrophobic interactions. Next, the protein mixture was
loaded onto a size-exclusion chromatography (SEC) col-
umn containing Sepharose 4 FF, a matrix developed for
industrial processing of large molecules and virus parti-
cles at high flow rates and moderate pressures. We did
not exceed the bed height of 25 cm in line with manu-
facturer’s recommendations. A typical chromatography
profile is shown in Fig. 3b. The aggregate peak appears
first and this also contains a minor proportion of the tar-
get protein. The peak fractions are cloudy, contain a
large amount of contaminating proteins and are not use-
ful for the further purification of LAH3-HBc VLPs (data
not shown). The next part of the profile is the so called
“flat” region which theoretically corresponds to migra-
tion of VLP-size proteins. Indeed, SDS-PAGE analysis
revealed the presence of LAH3-HBc sized protein in
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these fractions (Fig. 3a) while electron microscopy con-
firmed the presence of correctly formed VLPs (Fig. 3c).
However, the major component of these fractions com-
prised misassembled but soluble protein material.

For the second stage of the purification we aimed to
maximally reduce the content of (i) contaminating pro-
teins, (ii) misassembled LAH3-HBc aggregates and (iii)
VLP non-associated nucleic acid. Ideally, this should be
achieved by a single chromatography step. Our attempts
to use either Sephacryl 51000 SEC, or differential pre-
cipitation of fractions by ammonium sulfate/PEG gener-
ally failed due to low vield and/or poor reproducibility
idata not shown). We then subjected the protein solu-
tion to several anion exchangers as a relatively cheap, ro-
bust material capable of withstanding harsh cleaning-in-
place conditions. The strong anion exchanger Sepharose
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(3 HP matrix ensured good separation of nucleic add
but led to disassembly of VLPs (data not shown). Experi-
ments were continued with Fractogel DEAE and TMAE
matrices representing weak and strong anion ex-
changers, respectively. Both of them resulted in signifi-
cant enrichment of correctly folded VLPs in column-
eluted material, however, only the TMAE matrix ensured
nearly complete separation of VLPs from VLP-free nu-
cleic acid (Fig. 4a). After dialysis and concentration the
final product was analyzed for its purity, nucleic add
content and VLP quality (Fig. 4b-e). The final product
reached at least 90% of homogeneity but appeared as
two bands in PAAG (Fig. 4b). However, both bands
reacted in Western blotting with anti-HBc antibody
(Fig. 4c) indicating that the lower one is not a contamin-
ant but a product related band. Since this protein was
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not removed by SEC we assume it is incorporated into
the VLPs.

After the first SEC column, the total protein content
of VLP region was calculated as ~4 mg per 5 g of wet
cells. These fractions, however, contained a mixture of
proteins with an indeterminate percentage of correctly
folded VLPs. In contrast, after elution from the anion
exchange column more than 80% of material was in the
form of VLPs but the yield in terms of total protein was
decreased to ~0.5 mg. This result is in line with the as-
sumption that correctly assembled VLPs comprise about
10% of total protein after SEC separation. These data
were reproduced with consistency in at least three inde-
pendent purification processes.

To summarize, in conditions described a final vield of
LAH3-HBc VLPs could be estimated as 17-18 mg/L.
For comparison, outcome of K1-K1 VLPs is typically
~0.8 mg per 1 g of cells, with its biomass after fermenta-
tion 260-270 g/L, which gives final yield 208-216 mg/L.
Therefore incorporation of LAH domain decreases out-
come of VLPs by more than the order of magnitude.
This is still acceptable for industrial manufacturing, al-
though further optimisation may increase the outcome
and lower the process cost.

Induction of broadly reactive antibodies by immunization
To elicit antibodies against the influenza virus, BALB/c
mice were immunized 3 times with chimeric LAH3-HBc
VLPs at two weeks intervals. 10 days after the third
immunization all immunized animals showed high titers
of antibodies against the homologous group 2 HA pro-
teins, including H3, H4, H7, H10, H14, and H15, while
the mock group showed no reactivity with the antisera.
Omnly H10 gave a weaker reaction (Fig. 5). In addition,
the VL.P-induced antisera cross-reacted significantly with
the heterologous group 1 HA proteins, including H1,
H2, H5, HY, and H11, but the reactivity was significantly
weaker (P < 0,0001) than with group 2 HA (Figs. 6 and
7). The lowest reactivity was with H2 and H5 antigens.
Fig. 7 shows that all mice reacted at a serum dilution of
1:300 with all group 2 HA species. Those with the low-
est reactivity to the group 2 HA antigen were also the
same one or two mice which had consistantly low levels
of reactivity with group 1 HA. Thus chimeric LAH3-HBc
VLPs induced broadly reactive anti-influenza serum
against both group 1 and 2 HA proteins. While all animals
reacted with the "empty” K1-K1 HBc VLPs, none of them
showed any reactivity (OD < 0,1) with the irrelevant anti-
gens (EBY, CMV, Toxoplasma, see Additional file 2).

Conclusion

We have demonstrated that the tandem core technology
is a useful tool for incorporation of “difficult” sequences
like the hydrophobic LAH domain into HBc VLPs while
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cloning into the classical, unmodified monomeric HBc
gene results in insoluble products. The chimeric LAH3-
HBc VLPs were successfully produced in a bioreactor
using veast P pastforis expression system. The relatively
low production vield was partially compensated by an ef-
ficient purification protocol of the chimeric VLPs. The
LAH3-HBc VLPs induced broadly reactive antibodies
against both group 1 and 2 HA proteins, the hallmark of
a universal vaccine against influenza A viruses.

Additional files

Additional file 1: Determination of copy number for integrated
expresion units in slkected P pastaris dones. Desaiption of the
methodology used for quantification of copy number for expresion
cassettes integrated in selected P pastoris clones The method i based
on real time PCR amplifiation of zeodn gene. (D00 185 kb)

Additional file 2: Serum IgG reactivity against the empty” K1-K1 HBc
VLPs and againg imelevant antigens {Cytomegalovirus antigen, purified
EBV capsid protein, Toxoplasma gondii antigen). Reactivity of mouse sera
wit h carrier HBc-derved VLPs {paositive contral) in comparizon with irmele-
vant antigens {negative control) demonstrating specificty of ELISA
method used (PPTX 91 kb
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3.2 Structure and applications of novel influenza HA tri-stalk protein for evaluation of

HA stem-specific immunity

Highlights:
A fast and efficient &tep chromatography method was developed for purification of the
tri-stalk protein, yielding at least 90%dat protein homogeneity with the outcome of 5 mg
target protein per g of wet cells. Matching the fold of the corresponding portion of a full
length posfusion HA, the tristalk protein adapted an extendedisetix bundle structure,
formed by a trimer ofiairpins, as confirmed by its crystal structure.
LAH1-PP7 fusion protein was produced and purified; it did not assemble into VLPs, but
formed soluble aggregates. Sera from the LAM7 fusion protein vaccinated mice was
used to set up the ELISA conditiotisdetect the HA statkpecific antibody levels in mice
and human sera.
70% of the sera from people with occupational contact to swinQqf@ pandemic
exhibited a positive reaction against thestalk while stalkreactive antibodies were
detected in nly 42% of the sera from neexposed people.
The prepandemic sera from the swimerkers exhibited neutralizing activity against the
pandemic H1N1 virus, and there was a strong correlation between the neutralizing antibody
titers and the trstalk specift antibody titers.
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Abstract

Long alpha helix (LAH) from influenza virus hemagglutinin (HA) stem or stalk domain is one
of the most conserved influenza virus antigens. Expression of N-terminally extended LAH in
E. colileads to assembly of a-h elical homotrimer which is structurally nearly identical to the
cofresponding region of post-fusion form of native HA. This novel tri-stalk protein was able
to differentiate between group 1 and 2 influenza in ELISA with virus-infected mice sera. It
was also successiully applied for enzyme-linked immunospot assay to estimate the number
of HA stem-reactive antibody (Ab)-secreting cells in mice. An in-house indirect ELISA was
developed using a HA tri-stalk protein as a coating antigen for evaluation of HA stem-spe-
cific Ab levels in human sera collected in Luxembourg from 211 persons with occupational
exposure to swine before the pandemic H1MN1/09 virus had spread to Westem Europe. Our
results show that 70% of these pre-pandemic sera are positive for HA stem-specific Abs. In
addition, levels of HA stem-specific Abs have positive correlation with the corresponding
lgG titers and neutralizing activities against pandemic H1M1/09 virus.

Introduction

With the annual epidemics causing 3 to 5 million cases of severe illness and up to 650 000
deaths per year human influenza virus remains a sgnificant health and economic burden
worldwide (WHO 2018: http:/ /www.who. int/en/ news-room/ fact-sheets/d etail/influen za-
(seasonal)) [1]. Apart from the seasonal epidemics which are caused by antigenic drift of influ-
enza viruses, the introduction of novel virus variants from the zoonotic pool via antigenic shift
can result in viruses capable of initiating human pandemics [2]. In the past hundred years,
four influenza pandemics have spread in the human population [3], the deadliest of them
being the 1918 influenza pandemic when the mortality reached up to 50 million cases [4].
Some avian influenza strains, such as HSN1, H7NY and H6N1, represent a risk that if they
become transmissible among humans new pandemic influenza strains will emerge inducing
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even more devastating effects to the public health [5-7]. Rapid diagnostics can speed up the
treatment decreasing the spreading of the influenza virus and is one of the key components of
pandemic preparedness.

Influenza virus hemagglutinin (HA) is the major surface antigen of the virion and the pri-
mary target of virus neutralizing antibodies ( Abs) [8]. HA is a homotrimeric surface glycopro-
tein, with each monomer consisting of two disulfide-linked subunits (HA 1, HA2), resulting
from the proteolytic cleavage products ofa single HA precursor protein. The HA1 chain forms
a membrane-distal globular head and a part of the membrane-proximal stem region. The HA2
chain represents the major component of the stem region [9]. The head of HA mediates recep-
tor binding while the membrane-anchored stem is the main part of membrane fusion machin-
ery [10]. Neutralizing Ab responses are mainly targeted to the immunodominant head domain
of HA [11]. However, because of the high genetic plasticity of the head region epitopes [12] Ab
responses are strain-specific and lack broad cross-reactivity with different HA subtypes [11].
In contrast, sequence and structure of the subdominant HA stem are much more conserved
across different influenza subtypes and broadly neutralizing Abs against this domain are con-
sidered promising therapeutic tools against various influenza virus strains [8], [13]. Indeed,
there are some Abs known that cross-react with HA stem from all influenza A subtypes [14] or
even with HA stem from both influenza A and B viruses [15].

One of the most conservative HA stem regions is a 55 amino acid (aa) long alpha helix
(LAH) which is currently under intensive investigation as a potential universal influenza virus
antigen [16-17]. Recently, we demonstrated that the LAH, aswell as its N-terminally extended
variant (72 aa), incorporated into hepatitis B virus core (HBc) partides is highly immunogenic
in mice [18-19]. Expression of the extended LAH antigen in Escherichia coli resulted in effi-
cient synthesis of a soluble product. We purified and crystallized the protein and determined
its three-dimensional structure, revealing formation of an o-helical trimer (referred to as tri-
stalk protein) highly similar to the corresponding region of native HA in its post-fusion form.

We have developed an in-house indirect ELISA using the HA tri-stalk protein as immobi-
lized antigen to evaluate HA stem-specific Ab levels in mice and human sera. In addition, tri-
stalk protein was successtully used in an enzyme-linked immunospot (ELISPOT) assay to esti-
mate numbers of HA stem-reactive Ab-secreting cells in mice. To extend the previous study
[20] and examine the level of pre-existing Abs in this population, our in-house ELISA was
used totest human sera pool collected from people with direct occupational contacts to swine
before the pandemic HIN1/09 virus had spread to Western Europe. Our results show that 70%
of these pre-pandemic sera are positive for group 1 HA stem-specific Abs. In addition, the lev-
elsof HA stem-specific Abs have positive correlation with the corresponding IgG titers and
neutralizing activities against pandemic HIN1/09 virus. Taken together, we have demon-
strated that the novel HA tri-stalk protein is a useful tool for evaluation of HA stem-specific
immunity in both mice and humans.

Materials and methods

HA tri-stalk protein

The tri-stalk protein encoding HA amino acids 403-474 of the pandemic strain A/Luxem-
bourg/43/2009(HIN1) was PCR-amplified and cloned in the pETDuet-1 vector { Novagen)
using Neol and BspTI restriction sites. The construct was expressed in Escherichia coli BL21
(DE3) cells using a standard protocol (https:/ /assets.thermofisher.com/TFS- Assets/L.SG/

manuals/oneshotbl21 man. pdf). Briefly, cells were cultivated in 2xTY medium in Erlenmeyer
flasks under continuous shaking (200 rpm) at +37"C. When optical density OD 4540 = 0.6-0.8
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was reached [PTG was added to a final concentration of 0.1 mM. After another 3 h, the cells
were collected by low-speed centrifugation and stored at -20°C until use.

For purification of the antigen, the cells were disrupted in lysis buffer A containing 20 mM
Tris HCI, pH 8.0, and 100 mM NaCl (6 mL of buffer per 1 g of cells) by sonication. The soluble
fraction was isolated by centrifugation (18,000 = g 30 min). The supernatant was subjected to
thermal treatment for 30 min at 55°C and centrifuged again. The soluble fraction was applied
to a weak anion exchange HiPrep 16/10 DEAE FF column in buffer A. Bound protein was line-
arly eluted (4 mL/min) with buffer B (20 mM Tris HCl, pH 8.0, 1 M NaCl) in 3 column vol-
umes (CVs) until concentration of 0.6 M NaCl was reached. Selected fractions were pooled,
diluted twice with 20 mM Tris HCI, pH 8.0, and applied onto a strong anion exchange column
Mono(Q) 5/50 GL in buffer A (1 mL/min). Column-bound proteins were linearly eluted with
buffer B in 10 CV's until concentration of 0.5 M NaCl was reached. Finally, protein was sub-
jected to size exdusion chromatography on a Superdex 200 10/300 GL column in 20 mM Tris
HCl, pH 8.0, 200 mM NaCl at 0.5 mL/min. All runs were performed at room temperature and
monitored using the AKTA FPLC chromatography system (Amersham Biosciences). Purified
HA tri-stalk protein was aliquoted and stored at -20°C until use.

Crystallization and structure determination

Prior to crystallization, purified HA tri-stalk protein was concentrated to 10 mg/mL in 20 mM
Tris HCI, pH 8.0, 200 mM NaCl, using Amicon 10 kDa MWCO filter (Millipore), and crystal-
lized by mixing with equal volume of precipitant solution (1 pL each) using the sitting-drop
vapor-diffusion technique. The HA tri-stalk crystals used for data collection were obtained at
2.0 M ammonium sulfate and 0.1 M Bis-Tris, pH 5.5. For data collection, the crystals were
flash-frozen in liquid nitrogen, after brief soaking in a cryoprotectant containing reservoir
liquor and 30% glycerol. Datasets were collected at MAX-lab beamline 1911-3 (Lund Univer-
sity, Sweden).

The diffraction images were integrated with MOSFLM [21], and scaled using SCALA [22]
from the CCP4i program suite [23]. The crystal structure of HA tri-stalk protein was solved by
maolecular replacement with PHASER [24], using the corresponding fragment of structure of
influenza HA at the pH of membrane fusion as the search model [25]. Initially the model was
generated in BUCCANEER [26]. The structure was manually adjusted and validated using the
COOT software program [27] and refinement was carried out in REFMAC [28]. The HA tri-
stalk 3D structure was visualized in PyMOL (The PyMol Molecular Graphics System, Version
1.8 Schridinger, LLC). SSM-superimp osition was carried out in COOT. Statistics for data col-
lection and structure refinement are presented in Table |. Coordinates and structure factors
are deposited in the Protein Data Bank with accession code 6GOL.

Mouse infection and immunization

Female BALB/c mice were purchased from Harlan Laboratories, Inc., the Netherlands. All
mice experiments were performed in accordance with protocols approved by the Animal Wel-
fare Structure of Luxembourg Institute of Health and by the Minister of Agriculture, Viticul -
ture and the Consumer Protection of the Grand Duchy of Luxembourg (Ref. LNSI-2014-02).
All experiments with live influenza virus were performed in a biosafety level 3 (BSL-3) contain-
ment fadlity, and mice were kept in positive-pressured isocage system.

For virus infection, 10-week-old BALB/c mice (n = 8 mice/ group) were infected intrana-
sally with a sublethal dose (810" half maximal tissue culture infectious dose; TCID50) of pan-
demic HIN1 influenza strain A/Luxembourg/46/2009 (pHIN1), A/Texas/36/91 seasonal
HINI1 (sHIN1), A/Puerto Rico/8/34 HIN1 (PR8), A/Lw/01/2005 seasonal H3N2 (sH3N2), A/
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Table 1. Data collection and refinement statistics.,

Data collection and scaling

Beamline 1911-3
Wavelength (A) 1.00000
Space group P6,

Unit cell parameters (A) a=b=4L80,c=9012
Resolution (A) 23,12-1.7(1.79-1.7)
Ohservations 36458

Unique reflections 9803 (1439)
Completeness (%) 99.7 (100)

oy 10 (1.8)

| T— 0,063 (0.664)
Multiplicity 317(3.7)
Refinement statistics

L— 0.17771 (0.323)
Rivee 0.2191 4 (0.320)
Average B-value (A7) 36,711

Wilson B-value [A%) 2.7

Protein atoms 538

Waters 57

RMSD from ideal geometry

Bond length (4) 0.024

Bond angles (") 2,009
Ramachandran outliers

Residues in favored regions (%) I 100

hitps2/doi.orm/10.137 1/joumal. pone 0204776, 1001

Afshi/68 H3N2 (X-31), or B/Lee/40 virus in 50 pL phosphate-buffered saline (PBS), after anes-
thesia with isoflurane. We evaluated and weighed the mice every day at 10:00 AM for 14 days
following sub-lethal infection, and no adverse or unexpected events were observed.

For immunization of mice, LAH domain-encoding sequence from pHIN1/09 strain was
genetically fused to the N-terminus of bacteriophage PP7 coat protein gene separated by a
short GSG-encoding linker, designated as LAH-PP7. This fusion gene was doned and
expressed as described for HA tri-stalk construct. The cells were disrupted in lysis buffer A by
sonication and centrifuged at 18,000 x g for 30 min. Insoluble fraction was washed twice with
lysis buffer and sonication repeated with the addition of 0.25 M urea in buffer A. After centri-
fugation, the soluble fraction containing LAH-PP7 fusion protein was loaded onto a Superdex
200 10/300 GL column in buffer A and target protein fractions were collected.

8-week-old female BALB/c mice (n = 8 mice/group) were vaccinated three times with
2-week interval intraperitoneally with 200 pL of 30 pg LAH-PP7 fusion protein, tri-stalk pro-
tein or PBS in aluminium hydroxide gel adjuvant (Brenntag Biosector, Denmark). One week
after the final boost, mice were killed by intraperitoneal injection of 200 mg/kg of sodium pen-
tobarbital. Blood and spleens were collected for HA tri-stalk protein based ELISA and ELI-
SPOT assay, respectively.

Enzyme linked immunosorbent assay (ELISA)

The indirect ELISA conditions were optimized by checkerboard titration using serial dilutions
of HA tri-stalk protein tested against serial dilutions of positive and negative sera. Briefly, the
HA tri-stalk protein was coated overnight at 4°C to 384-well microtiter plates (Greiner Bio-
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One GmbH, Austria) using concentrations of 0.156, 0.313, 0,625, 1.25, 2.5, 5.0 and 10.0 pg/
mL. After washing, free binding sites were saturated at room temperature with 1% BSA in Tris
buffer. After 2 h, plates were washed again and diluted mouse (starting with 100-fold dilutions)
or human sera (starting with 300-fold dilutions) were added and incubated for 90 min at room
temperature. Binding was assessed by alkaline phosphatase-conjugated goat anti-human IgG
(1/1000 dilution, Southern Biotech, Birmingham, AL) and 4-nitrophenyl phosphate disodium
salt hexahydrate (Phosphatase substrate, Sigma-Aldrich, Germany). Absorbance was measured
at 405 nm (SpectraMax Plus 384 Microplate reader), after 60 min of incubation at 37" C. Sera
from naive mice and low-titer sera from young children served as negative controls.

3.5 pg/mL purified recombinant HA protein from A/Texas/36/1991 (HA H1/91) and A/
California/4/2009 (HA H1/09, both purchased from Sino Biological Inc.) were coated respec-
tively to the plates following the above ELISA protocol. Positive and negative control sera were
used on all plates for normalization between plates.

Influenza-spedfic IgG response in mice immunized with LAH-PP7 was measured by indi-
rect ELISA using the following purified recombinant group 1 and group 2 HA antigens: A/Cal-
ifornia/4/2009 (Cal09; H1), AlJapan/305/57 (JP57; H2), A/Perth/16/2009 {Perth09; H3), A/
Swine/Ontario/01911-1/99 (Onta99; H4), A/Vietnam/1203/04 (VNO4; H5), A/Netherlands/
219/2003 (Neth03; H7), A/Hong Kong/1073/99 (HK99; H9), A/Tiangxi-Donghu/346/2013
(J¥13; H10), A/mallard / Alberta/294/ 1977 (Alb77; H11), A/mallard/Astrakhan/263/1982
(Astrak82; H14), A/duck/AUS/341/1983 (AUS83; H15) and A/black-headed gull/Sweden/5/99
(SW99; H16), all purchased from Sino Biological Inc.

Enzyme-linked immunospot (ELISPOT)

The numbers of Ab-secreting cells under stimulation by HA tri-stalk protein were counted
using commercial mouse IgGl and IgG2a single-color ELISPOT assay kits (Cellular Technol-
ogy Limited, Cleveland, OH) as per the manufacturer’s instructions. Freshly isolated spleno-
cytes from mock or LAH-PP7 immunized mice were pre-stimulated for 4 days at 37°Cin a 7%
CO; incubator, the cells were then transferred to capture Ab-coated polyvinylidene fluoride
(PVDF) 96-well plates (5x 10° cellsfwell ). Following incubation for 20-24 h at 37°C in a 5%
CO; incubator, the cell suspensions were removed. All wells were washed twice with PBS and
twice with 0.05% Tween-PBS, anti-murine IgG1 or IgG2a detection solution was added, and
the plates were incubated for 2 h at room temperature, After 3 washes with 0.05% Tween-PBS,
tertiary solution (Streptavidin-alkaline phosphatase conjugate) was added at 80 pL per well for
1 h at room temperature. Following four more washes, 80 pL of blue developer solution (Sub-
strate mix) was added for 15-20 min at room temperature in the dark to yield colored spots.
Finally, the reaction was stopped by thoroughly rinsing with tap water. The plates were air-
dried and stored in the dark until analysis. The number of spots was counted using the Image-
Quant software (Molecular Dynamics, Sunnyvale, CA). The average number of spot-forming
cells was adjusted to 1x10° splenocytes.

Donors and serum samples

Swine workers (SW) are defined in this study as persons whose professions involve direct con-
tact with swine. 211 SW, including pig farmers, slaughterhouse workers and veterinarians,
aged 18 to 94 years, were recruited to donate serum samples prior to the outbreak of pandemic
HIN1/09 as described before [20]. Pre-pandemic sera from 71 non-swine workers (non-SW)
werealso collected as control. Informed consent was gathered from all participants enrolled.
The study wasapproved by the National Ethical Committee for Research in Humans of the
Grand Duchy of Luxembourg,
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Microneutralization assay

Heat inactivated (30 min at 56 C) and receptor destroying enzyme (RDE, purchased from
DENKA SEIKEN UK Ltd, Coventry, UK) treated sera were tested by microneutralization
assay against influenza A/Luxembourg/43/2009 (HIN1/09) virus according to the World
Health Organization (WHO) protocol (Serological Diagnosis of Influenza by Microneutraliza-
tion Assay. WHO 2010). Equal volumes of serum and virus diluted to 2x10” median tissue cul-
ture infective doses (TCIDs,) per milliliter were incubated for 1 hat 37°C. The mixture was
added to a confluent layer of Madin-Darby canine kidney (MDCK) cells in 96-well tissue cul-
ture plates (1 5x10" cells/well) and incubated for 20 h. After fixation with ice-cold 80% acetone
in PBS for 15 min, anti-influenza A NP mouse monoclonal Ab (1:1000 dilution) was added to
the monolayers for 1 h. Virus-infected cells were detected using an alkaline phosphatase conju-
gated with anti-mouse second step Ab. The optical density value of half-maximal effective dose
(ECS50) was then determined by the following equation: [{average OD 5 of virus control wells)
— (average OD g5 of cell control wells)]/2. The reciprocal serum dilution corresponding to
ECS50is the 50% neutralizing Ab titer for the serum sample.

Statistical analysis
GraphPad Prism software was used for statistical evaluation of data. One-way ANOVA followed

by Holm's test was applied for statistical analysis (*p<0.01, ***p<0.0001, **** p<0.00001). Spear-
man comrelation test was employed to determine correlations.

Results
Purification of HA tri-stalk protein

Ouwr long-term research goal is exposition of the LAH region on virus-like particles (VLPs) in
its native trimeric conformation. To assess structural and immunological properties of differ-
ent LAH derivatives a number of constructs containing the LAH region have been compared
for expression and solubility in E. coli. These peptides had the same C-terminus but differed by
their N-terminal extensions. The stem peptide encoding HA amino acids 403-474 was the lon-
gest fragment (Mw = 8.5 kDa) which was efficiently produced in a soluble form and was
selected for downstream applications as HA tri-stalk protein. For purification, we developed a
fast and efficient method involving a combination of three chromatography steps: a weak
anion-exchange, a strong anion-exchange and size-exclusion columns (Fig 1 A-1C). Standard
expression conditions generated high-levels of soluble tri-stalk protein (Fig 1D, lane 1). To
simplify the purification procedure, the soluble protein mixture was subjected to thermal treat-
ment at 55°C. As expected, a lot of contaminating proteins precipitated under these conditions
while the majority of target protein remained in solution (Fig 1D, lane 2). Next, the protein
solution was loaded on a weak anion exchange DEAE column. While the majority of contami-
nants passed through the column the tri-stalk protein was efficiently bound and eluted with
~200 mM salt (Fig 1A and 1D, lanes 3-4). The solution was then loaded on a strong anion
exchanger Mono(Q) which further improved the purity of the tri-stalk protein (Fig 1B and 1D.
lanes 5-6). Finally, protein was subjected to size-exclusion chromatography where two major
peaks were observed (Fig 1C). Both peaks contained predominantly target protein, but only
the first peak corresponded to the trimer size (Mw = 25.6 kDa) according toits elution volume,
while the second peak seemed to contain non-assembled product and was discarded. The final
product had at least 90% purity (Fig 1D, lanes 7-8) and was further used for structural and
diagnostic studies.
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Fig1. Purification of HA tri-stalk protein. Chromatography profiles of protein fractionation on DEAE FF (A), Mono() (B) and
Superdex (C) columns, Blue lines represent protein peaks while brown lines correspond to salt gradient. HA tri-stalk containing
fractions are marked by red squares. (D) Coomassie-stained PAAG illustrating individual purification steps: 1 and 2, supernatant
hetfore and after thermal treatment, respectively; 3-4, DEAE oolumn fractiong 5-6, Mono() column fractions; 7-8, Super dex
column fractions.
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HA tri-stalk protein structure

The arystal structure of HA tri-stalk protein was solved to 1.7 A resolution using molecular
replacement technique. The space group was P6; and the HA tri-stalk protein was found to be
located on the crystallographic 3-fold axis. Therefore, the crystallographic asymmetric unit
contained one protein molecule. The final model included a single protein chain with 65 resi-
duesand 57 water molecules. The first 3 N-terminal and 3 C-terminal residues were not
induded in the final model due to poor electron density.

The structure revealed that HA tri-stalk isan elongated trimer with the length of approxi-
mately 63 A (Fig 2A and 2B). Each monomer consists of a long o-helix at the N-terminus,
shorter antiparallel o-helix at the C-terminus, and a small flexible loop region on the surface of
the protein connecting both helices. The end of the N-terminus extends away from the rest of
the protein. The central long o-helices form a tripartite coiled coil with the short o-helices
packing along them and forming a 6-helix bundle-like structure. The protein clearly matched
the structure of the corresponding stem fragment of the native HA at its low pH-induced post-
fusion conformation [25]. However, it displayed some minor deviations from the wild-type
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