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ABSTRACT 

The effectiveness of current influenza vaccination strategies is challenged by the 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 conserved influenza proteins could improve 

cross-reactive 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). However, constant antigenic evolution of the head domain 

allows the virus to escape the pre-existing antibody responses. HA stalk domain, on the other 

hand, is evolving much more slowly. It is therefore relatively well conserved across influenza 

subtypes and targeted 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 their free and VLP displayed state for their potency to induce 

cross-reactive antibody responses and to protect against various influenza virus infections in 

mice. All vaccine proteins were recombinantly produced in microbial expression systems, 

resulting in high yields of the target protein. While VLP displayed linear stalk was 

immunogenic and induced cross-reactive antibody responses, it did not contain conformational 

epitopes associated with potent protection against disease symptoms. Free stalk antigen served 

as a useful tool to assess stalk-specific immunity in the pre-pandemic sera of people with 

occupational contact to swine. Genetic fusion of stalk and bacteriophage coat protein genes 

yielded soluble aggregates, but chemical VLP functionalization resulted in successful particle 

display. Employing X-ray crystallography and magic angle spinning solid-state nuclear 

magnetic resonance, we observed preservation of the trimeric post-fusion folding state in both 

free and VLP-coupled forms of stalk antigens. Although VLP displayed stalk antigen induced 

potent cross-reactive 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 the immune mechanisms and increased vaccine-induced protective 

effect. The multimeric VLPs afforded robust protection against standard heterologous and 

heterosubtypic influenza challenges, as well as high-dose homologous influenza infection. Our 

results herein indicate 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 

Gripas vīrusu mutēšanas ātrums un antigēnu mainība samazina šobrīd licencēto gripas 

vakcīnu efektivitāti. Lai aizsargātu riska grupas pret sezonālajiem gripas uzliesmojumiem un 

uzlabotu gatavību pandēmijām, ir nepieciešamas jaunas vakcinācijas stratēģijas. Vakcīna, kas 

mērķēta pret konservatīviem gripas vīrusa proteīniem, varētu paplašināt inducēto imunitāti un 

novērst nepieciešamību pēc ikgadējas vakcīnas komponentu atjaunošanas. Šī brīža vakcīnu 

darbība galvenokārt tiek mērķēta pret gripas vīrusa virsmas proteīna hemaglutinīna (HA) 

imunodominanto galvas domēnu. Nepārtraukta galvas domēna epitopu evolūcija ļauj vīrusam 

izvairīties no esošajām antivielu reakcijām. HA stalka domēnam raksturīga daudz zemāka 

mainība. HA stalks ir salīdzinoši konservatīvs starp dažādiem gripas vīrusa apakštipiem, un 

pret to mērķēta plaši aizsargājošu antivielu iedarbība.  

Šī pētījuma mērķis bija izstrādāt gripas vakcīnas kandidātu, eksponējot HA stalka trimēru 

tā natīvajā trimēra konformācijā uz vīrusiem līdzīgo daļiņu (VLP) virsmas. Mēs salīdzinājām 

vairākus stalka antigēnus brīvā un uz VLP eksponētā formā pēc to spējas pelēs inducēt plaši 

iedarbīgas antivielu atbildes un pasargāt pret dažādu gripas vīrusu infekcijām. Visi vakcīnu 

proteīni tika rekombinanti producēti mikrobiālās ekspresijas sistēmās, iegūstot augstu mērķa 

proteīna iznākumu. Lai gan uz VLP eksponēts lineārs stalks bija imunogēns un izsauca plašu 

antivielu atbildi, tas nesaturēja konformacionālus epitopus, kas ir saistīti ar spēcīgu aizsardzību 

pret slimības simptomiem. Stalka antigēns tika izmantots, lai noteiktu stalka specifisko 

imunitāti serumā, kas pirms pandēmijas iegūts no cūkkopības darbiniekiem. Ģenētiski 

sapludinot stalka peptīda un VLP bakteriofāgu apvalka proteīnu gēnus, tika iegūti šķīstoši 

agregāti, savukārt ķīmiskas konjugācijas rezultātā stalks tika eksponēts uz VLP virsmas. 

Izmantojot rentgenstaru kristalogrāfiju un kodolu magnētisko rezonansi ar griešanu zem 

maģiskā leņķa, tika novērota stalka antigēnu zema pH trimēra formas saglabāšanās gan brīvā, 

gan VLP-saistītā formā. Lai gan uz VLP virsmas eksponēts stalka domēns pelēs izsauca spēcīgu 

un plašu antivielu atbildi, tas nepasargāja pret letālām gripas vīrusu infekcijām. Uz vienas 

daļiņas vienlaicīgi eksponējot gan stalku, gan trīskāršu M2 proteīna ektodomēnu tika panākta 

imūno mehānismu dažādošana un palielināts vakcīnas aizsargājošais efekts. Multimēriskās 

VLP nodrošināja stabilu aizsardzību pret standarta heterologu un heterosubtipisku gripas vīrusu 

infekcijām, kā arī homologu lielas devas gripas vīrusa infekciju. Mūsu rezultāti liecina, ka 

ģenētiskās un modulārās funkcionalizācijas pieeju apvienošana, lai uz vienas daļiņas eksponētu 

divus dažādus konservatīvus gripas antigēnus, ir daudzsološa pieeja multimēriskas plaši 

aizsargājošas gripas vakcīnas izstrādē.   
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ABBREVIATIONS 

3M2e – a triple M2e peptide;  

A/pH1N1 – influenza A virus from the 

H1N1 subtype causing the 2009 pandemic; 

ADCC – antibody-dependent cellular 

cytotoxicity; 

ADCP – antibody-dependent cell-mediated 

phagocytosis; 

AP/tri-stalk – phage AP205 coat protein 

VLPs displaying a tri-stalk antigen; 

APC – antigen-presenting cell; 

AP-M2e – phage AP205 coat protein VLPs 

displaying a 3M2e antigen; 

AP-M2e/tri-stalk – phage AP205 coat 

protein VLPs displaying a 3M2e antigen 

and a tri-stalk antigen; 

BSA – bovine serum albumin; 

CDC – complement-dependent cytolysis; 

cRNA – complementary RNA; 

DC – dendritic cell; 

DMSO – dimethyl sulfoxide; 

EDTA – ethylenediaminetetraacetic acid; 

ELISA – enzyme-linked immunosorbent 

assay; 

Fcγ-Rs – Fc gamma receptors; 

HA – hemagglutinin; 

HBc – hepatitis B virus core; 

IL-1β – interleukin 1 beta; 

IPTG – isopropyl β-D-1-

thiogalactopyranoside; 

IV – influenza vaccine; 

K1-K1 – tandem core HBc VLPs 

displaying lysine linkers in both MIRs; 

LAH – long alpha helix; 

LAH1-PP7 – fusion protein of LAH3 and 

phage PP7 coat protein; 

LAH3-HBc – tandem core HBc VLPs 

displaying LAH3 in MIR 1 and lysine 

linker in MIR 2; 

M1 – matrix protein 1; 

M2 – matrix protein 2 ion channel; 

M2e – the ectodomain of M2 ion channel 

protein; 

MAS-NMR – magic angle spinning solid-

state nuclear magnetic resonance; 

MHC – major histocompatibility complex; 

MIR – major insertion region; 

NA – neuraminidase; 

NEP – nuclear export protein, formerly 

NS2; 

NK-cells – natural killer cells; 

NP – nucleoprotein; 

NS1 – non-structural protein 1;  

OD – optical density; 

ORF – open reading frame; 

PA – polymerase acidic protein; 

PB1 – polymerase basic protein 1; 

PB2 – polymerase basic protein 2; 

PBS – phosphate-buffered Saline; 

PCR – polymerase chain reaction; 

PDB – protein data bank; 

PEG – polyethylenglycol; 

rHA – recombinant full-length 

hemagglutinin; 

RNP – ribonucleoprotein; 

SATA – N-succinimidyl S 

acetylthioacetate; 

SDS/PAGE – sodium dodecyl sulfate 

polyacrylamide gel electrophoresis; 

SMPH – succinimidyl-6-((b-

maleimidopropionamido)-hexanoate; 

TAE – Tris acetate-EDTA buffer; 

TNFα – tumor necrosis factor alpha; 

VLP – virus like particle; 

WHO – World Health Organization



 

 

INTRODUCTION 

With the annual morbidity affecting 10-20% of the world’s population, seasonal influenza 

virus remains a major disturbance to health care and the global economy. Adverse disease 

reactions can cause severe complications that can result in long-term 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 pandemic, which could be only a few mutations away. The ongoing 

Sars-CoV-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 mutation-prone or unable to produce sufficient doses 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 variability is to target its evolutionary 

conserved epitopes, thereby aiming for a broad spectrum of the induced immunity. Influenza 

virus hemagglutinin (HA) is the major vaccine- or infection- included antibody target. While 

its head domain tends to change under immune 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. Virus-like particles (VLPs) represent a potent and 

safe, yet relatively cheap platform 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 study was 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 stalk-based vaccine candidates in their free and 

VLP-displayed form; 

2) Perform structural studies of HA stalk antigens in their free and VLP-displayed 

form; 

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

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

immunity in mice against homologous and heterologous influenza viruses. 
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1. LITERATURE OVERVIEW 

1.1 Influenza virus 

1.1.1 General characteristics of influenza  

Human influenza is a communicable acute respiratory viral infection affecting the upper 

and lower airways (Fukuyama & Kawaoka, 2011). Influenza epidemics occur during the colder 

seasons in both hemispheres. Seasonal transmission patterns are less pronounced in the tropical 

countries where the virus spreads throughout the year (Tamerius et al., 2013). Despite the fact 

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 between 10-20% of the human population of 

which 3-5 million cases are registered as severe (Somes et al., 2018; WHO, 2018). Influenza 

kills as much as 290-650 thousand people each year, remaining as one of the leading causes of 

death caused by infectious diseases (CDC, 2021b; Iuliano et al., 2018). Subsequent 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 year (Preaud et al., 2014; Putri et al., 2018). Although the recent Sars-Cov-2 

pandemic prevention measures have reduced influenza transmission to a historically low level, 

health experts predict the virus might preserve its regular seasonal transmission patterns once 

the restrictions are lifted (Jones, 2020; Olsen et al., 2020). 

The potent spread of the influenza virus is based on its wide mode of transmission – 

respiratory droplets (particles >10 μm) and aerosols (particles <5 μm) are shed during coughing, 

sneezing, or talking of the infected patient and they may linger in the air and rapidly infect the 

epithelial cells of the respiratory tract of the nearby people. Alternatively, transmission can 

occur by means of direct contacts or fomites (Killingley & Nguyen-Van-Tam, 2013). Influenza 

viruses primarily replicate in the epithelial cells of the mammalian respiratory tract and in the 

epithelial cells of the avian intestinal tract (Krammer et al., 2018). Viral incubation usually lasts 

1-2 days (C. Paules & Subbarao, 2017). An infected person may transmit the virus even before 

the first symptoms of the disease appear, but the viral shedding typically peaks in the first two 

days of clinical illness and correlates with disease severity (Ip et al., 2016). Virus replication 

results in cell death of human pulmonary epithelial and immune cells with pro-inflammatory 

and immunopathology implications (Downey et al., 2018). The clinical presentation of 

influenza varies from asymptomatic to mild to severe; the mild manifestations are usually easily 

manageable 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 symptoms (Downey 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 severity (WHO, 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 variety of non-respiratory 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 death (Morris et al., 2017; Piroth et al., 2021; 

Sellers et al., 2017). While 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, and immunocompromised people or those with underlying 

respiratory, cardiovascular, metabolic, oncologic, and other comorbidities (Coleman et al., 

2018; Piroth et al., 2021). The highest mortality during the seasonal outbreaks is observed 

among seniors over 65 years of age, and population aging suggests that the number of lethal 

cases will increase in the future (Acosta et al., 2019; Iuliano et al., 2018; Paget et al., 2019). 

However, most infections occur in children, and it is estimated that up to 111 thousand annual 

influenza-associated deaths affect children under the age of five. The lack of pre-existing 

immunity against influenza is therefore also associated with increased morbidity and fatalities 

(Acosta et al., 2019; Iuliano et al., 2018; Nair et al., 2011; Somes et al., 2018). Most influenza-

related fatalities are reported in low‐ and middle‐income countries, linked with limited access 

to vaccines and health care (Coleman et al., 2018; Iuliano 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, due 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, or molecular diagnosis, particularly important upon the 

risk of serious complications (Merckx et al., 2017; Nie et al., 2014; Sakai-Tagawa et al., 2017). 

Several neuraminidase inhibitors, such as oseltamivir, zanamivir, and peramivir, are available 

to treat or prevent influenza; however, due to resistance of circulating viruses and various 

adverse effects, most of these antivirals are used only to treat severely ill patients after a careful 

risk assessment and rarely – for prophylaxis (Duwe, 2017). Adamantane group drugs that block 

the M2 ion channel of type A influenza are no longer recommended for influenza treatment due 
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to the high resistance (Duwe, 2017; Gubareva et al., 2010). Yet, a number of potent antivirals 

that inhibit influenza neuraminidase (laninamivir octanoate) or RNA polymerase (baloxavir 

marboxil, T-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 onset  (Furuta 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 the Orthomyxoviridae family, characterized by the 

fragmented negative-strand RNA genome. The family includes distinct influenza viruses, 

phylogenetically divided in genera, and they are commonly referred to as type A, B, C, and D 

influenza (Asha & Kumar, 2019; ICTV, 2020; Krammer et al., 2018). Only type A and B 

influenza viruses pose a major risk to human health as they cause seasonal epidemics with high 

rates of morbidity and fatality (WHO, 2018). Being mainly a human pathogen, the influenza C 

virus can also infect other 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 cold-like symptoms. Lower respiratory infections are 

also reported, especially in children younger than two years of age; yet, they are rare (Sederdahl 

& Williams, 2020). Type D influenza virus is a recently identified pathogen that primarily 

affects cattle and swine; however, it poses a potential threat for interspecies transmission (Asha 

& Kumar, 2019; Hause et al., 2013).  

Type A influenza viruses are divided into subtypes based on the distinct antigenic 

characteristics of their major surface glycoproteins hemagglutinin (HA) and neuraminidase 

(NA) – a total of 18 different HA (H1-H18) and 11 NA (N1-N11) 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., 2004). Influenza A viruses have a wide 

host tropism – humans, wild and domestic birds, swine, horses, dogs and cats, marine mammals, 

and bats – with wild aquatic bird populations considered the primary reservoir for influenza A 

viruses. Unlike human influenza, avian influenza is transmitted fecal-orally, therefore, high-

density poultry houses are at great risk of becoming influenza virus replication incubators 

(Munster et al., 2007; Yoon et al., 2014). Despite 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 population, with A/H1N1 and A/H3N2 causing the most recent outbreaks 

(Krammer et al., 2018; T. Watanabe et al., 2014; WHO, 2018). Predominating circulation of 

the A/H3N2 subtype is associated with higher mortality, especially among the senior 

population; however, during seasons dominated by the A/H1N1 subtype people under 65 years 

of age are more severely affected (L. Li et al., 2018; Paget et al., 2019). Influenza 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, and horses (Kawano et al., 1978; 

Osterhaus et al., 2000; Ran et al., 2015). Two antigenically distinct influenza B lineages 

(Yamagata and Victoria) have evolved and now co-circulate in the human population, with 

higher prevalence among pediatric population and young adults (Caini et al., 2015; L. Jennings 

et al., 2018; WHO, 2018). Although the incidence is variable, influenza B accounts for 

approximately 22.6% of the isolated respiratory samples across different influenza seasons 

(Caini et al., 2015). Influenza viruses have a standard nomenclature – they 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 subtype (Krammer et al., 2018). 

1.1.3 Influenza plasticity 

An important aspect of influenza 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 amino acid substitutions accumulate in the antigenic sites of NA and HA genes 

of influenza A and B viruses (Figure 1) (Bedford et al., 2015; Rambaut et al., 2008; Webster et 

al., 1992). It occurs due to continuous antibody-mediated selective pressure and a low-fidelity 

RNA polymerase that lacks proofreading activity during replication (Webster et al., 1992; 

Wong et al., 2013). Mutations mainly occur around the receptor-binding sites as they are 

primarily recognized by neutralizing antibodies, and the structural plasticity of NA and HA 

proteins tolerates these substitutions without functional impairment (Caton et al., 1982; Wiley 

et al., 1981; R. Xu et al., 2010). As a result, the pre-existing immunity and previous vaccine 

compositions are much less effective thereby promoting viral transmission (Belongia et al., 

2016; Kirkpatrick et al., 2018; Wong et al., 2013). A faster rate of antigenic drift, as well as 

more frequent and fatal epidemics, are associated with the A/H3N2 virus as compared to the 

co-circulating A/H1N1 and type B influenza viruses (Bedford et al., 2015).  

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

of novel virus variants or swapping of genome fragments between two or more influenza strains 
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from different animals during a simultaneous infection of the same host cell (Neumann & 

Kawaoka, 2019; Saunders-Hastings & Krewski, 2016). This event, referred 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 drastically change the immune system’s ability to 

recognize and fight the virus (Krammer et al., 2018; C. Paules & Subbarao, 2017). Pigs, quails, 

and bats have been reported as potent sources for influenza re-assortment as they express the 

complete set of sialylated receptors compatible with binding both avian and human influenza 

viruses (α2,3-galactose linked sialic acid receptors and α2,6-galactose linked sialic acid 

receptors respectively) (Chothe et al., 2017; Nelli et al., 2010; H. Wan & Perez, 2006). If such 

influenza strain sustains the ability of human-to-human transmission, a pandemic can arise 

(Potter, 2001; Saunders-Hastings & Krewski, 2016; Taubenberger & Morens, 2006). 

 

Figure 1. Antigenic shift and antigenic drift of influenza viruses. Antigenic shift: co-infection of the same host 

cell with a human and zoonotic influenza virus can result in the interchange of viral genome segments and the 

emergence of a novel influenza virus that is potently spreading in the immunologically naïve society. Antigenic 

drift: accumulation of minor antigenic mutations in HA and NA genes to avoid immune recognition. The figure 

was created in BioRender. 

Since the beginning of the 20th century, the influenza virus has jumped the species barrier 

four times causing a global pandemic and claiming millions of lives. Three influenza pandemics 
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occurred in the last century – in 1918 a novel A/H1N1 virus emerged directly from waterfowl, 

but in 1957 (A/H2N2) and 1968 (A/H3N2) the virus re-assorted between human and avian hosts 

(Potter, 2001; Saunders-Hastings & Krewski, 2016; Taubenberger & Morens, 2006). The 1918 

pandemic is still considered one of the deadliest pandemics in recorded history as it infected as 

much as half of the global population and killed 50-100 million people worldwide, hampering 

population growth for the next decade (Potter, 2001; Taubenberger & Morens, 2006). After 

each pandemic, the causative virus continued to circulate in humans displacing the previous 

seasonal strains (Sutton, 2018). In the last influenza pandemic in 2009, the pandemic virus arose 

from re-assortment of four different viral subtypes of avian, swine, and human origin, and the 

pandemic A/H1N1 virus (A/pH1N1) is now circulating in society as a seasonal influenza virus 

(Saunders-Hastings & Krewski, 2016; WHO, 2018; York & Donis, 2013). Notably, the 

vaccines for A/pH1N1 became available only after the first waves of the pandemic influenza 

had peaked (Broadbent & Subbarao, 2011). A 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 seven times higher than during seasonal outbreaks 

(Loo & Gale, 2007; Shanks & Brundage, 2012; Shrestha et al., 2011; Simonsen et al., 1998). 

Immunologically naive hosts are at higher risk due to a lack of little or no pre-existing immune 

cross-protection; 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 process – international travel, living in densely 

populated urban areas, and close contact with animals, especially poultry and swine – infectious 

diseases are emerging at an unprecedented rate (Rohr et al., 2019; Saunders-Hastings & 

Krewski, 2016). Therefore, of further concern are several influenza strains with a pandemic 

potential that have been circulating in domestic and wild animals with sporadic non-sustained 

human outbreaks. Zoonotic influenza of H1, H3, H5, H7, H9, and H10 subtypes have 

occasionally caused infections in humans in recent years, with the highly pathogenic avian H5 

and H7 strains often causing severe disease and high rate of fatalities (Dandagi & Byahatti, 

2011; Harfoot & Webby, 2017; Peacock et al., 2019; Sutton, 2018; T. Watanabe et al., 2014; 

Zhao et al., 2020). Furthermore, the world’s first human infection with the avian influenza of 

H10N3 subtype was registered mid-2021 in China; however, the risk of a large-scale spread is 

considered to be low (WHO, 2021b). No direct human-to-human transmission has been 

registered for these viruses, indicating that further changes are necessary for adaption to spread 

into the human population. However, only several mutations were necessary for the avian H5N1 
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to acquire sustained transmission between ferrets, animals that are often used as models for 

human influenza infection; a similar experiment has been carried out in guinea pigs as well 

(Linster et al., 2014; Zhang et al., 2013). 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 surveillance and risk assessment (Neumann & 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 shape, on average 120 nm in diameter, or form filamentous virions 

that are approximately 100 nm in diameter but can reach over 30 μm (A. Harris et al., 2006; 

Seladi-Schulman et al., 2013). The filamentous virions are predominantly isolated from in vivo 

samples during clinical infection while spherical forms are mainly produced in laboratory 

settings, e.g. passaging in eggs (Seladi-Schulman et al., 2013). The host-derived lipid bilayer 

of influenza virus, formed during nascent particle budding, envelops segmented negative-sense 

single-stranded RNA genome (Figure 2) (Dou et al., 2018; A. Harris et al., 2006). The influenza 

virus life cycle can be 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 host cell through a 

positive-sense intermediate – complementary RNA (cRNA), but the transcription results in 

positive-sense mRNAs that are transported to the cytoplasm for viral protein synthesis 

(Krammer et al., 2018). 

The viral envelope embeds three integral membrane proteins and overlays the matrix and 

viral interior containing influenza genome (Dou et al., 2018; A. Harris et al., 2006). Influenza 

virus matrix is made of a helical layer of matrix 1 (M1) protein, one of the most abundant 

influenza proteins that constitute the viral shell and closely associates with the viral envelope 

(Selzer et al., 2020). M1 anchors the viral surface proteins within the envelope and interacts 

with the viral genome; it has a critical role for virion stability and pH-dependent RNA genome 

release as well as progeny virus budding (Rossman & Lamb, 2011; Selzer et al., 2020). Each 

genome segment is packed in a distinct filamentous ribonucleoprotein particle (RNP) in a 

complex with nucleoprotein (NP) and heterotrimeric RNA-dependent RNA polymerase and 
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acts as an independent transcription-replication unit (Gallagher et al., 2017; Pflug et al., 2017). 

NP is a positively charged arginine-rich protein that oligomerizes and encapsidates the 

negatively charged phosphate backbone of the viral genome for RNA transcription, replication, 

and packaging, and it takes part in the RNP complex nuclear transport (Portela & Digard, 2002). 

Each RNP complex adopts a shape of a flexible rod where two anti-parallel RNA strands are 

coated with NP, with bases exposed to the solvent (Baudin et al., 1994; Pflug et al., 2017). The 

RNP loops at one end, but the non-coding 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 sequence (Arranz et al., 2012; Dou et al., 2018). The RNA 

polymerase is a complex that consists of polymerase acidic protein (PA), and two polymerase 

basic proteins (PB1 and PB2) and it catalyzes RNA replication and transcription in infected 

cells (Boivin et al., 2010). During the viral replication, the newly synthesized RNA polymerase 

complex and NP are imported into the host cell nucleus to further promote the viral RNA 

replication and transcription rate (Krammer et al., 2018). 

 

Figure 2. Scheme of influenza A virion. Influenza A virus is an enveloped negative-sense RNA virus. The 8 

single-stranded RNA segments are numbered from the longest to shortest and encode for: (1) – PB2 (polymerase 

basic protein 2); (2) – PB1 (polymerase basic protein 1), PB1-N40, PB1-F2; (3) – PA (polymerase acidic protein), 

PA-X, PA-N155, PA-N182; (4) – HA (hemagglutinin); (5) – NP (nucleoprotein); (6) – NA (neuraminidase); (7) – 

M1 (matrix 1 protein), M2 (ion channel matrix 2 protein), M42; (8) – NS1 (non-structural protein 1), NEP (nuclear 

export protein), NS3. The figure was adapted from (Vasin et al., 2014) and created in BioRender. 
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The two major influenza antigenic determinants are viral surface spikes – glycoproteins 

neuraminidase (NA) and hemagglutinin (HA) (Gamblin & Skehel, 2010). HA is the 

predominant protein on the influenza surface, with the HA:NA ratio of approximately 5:1 for 

most influenza viruses (Getie-Kebtie et al., 2013). Both HA and NA are considered crucial 

factors of infectivity, pathogenicity, transmissibility, host specificity; furthermore, recently it 

was discovered that these proteins also act as motile machinery moving the viral particles on a 

cell surface and enhancing virus infection (Sakai et al., 2017). A third integral membrane 

protein is the less abundant matrix protein 2 ion channel (M2) (Kolpe et al., 2017). 

HA is a homo-trimeric influenza surface protein that is essential for the first stages of the 

viral infection cycle – receptor binding and host cell entry through the host cell membrane as 

for other enveloped viruses (Wiley & 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 homo-tetrameric transmembrane viral glycoprotein that visually resembles a knob-like 

structure, with an enzyme active site located at the center of each monomer (Colman 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 drug-resistant mutants (Duwe, 2017). NA promotes infection through its 

enzymatic activity as it cleaves off the terminal sialic acid residues by which the virus HA 

becomes trapped on the mucosal surfaces of host respiratory tract, thereby releasing the virus 

and helping it to reach the host cells (Cohen et al., 2013). Furthermore, NA protein allows for 

the mature progeny virus release from infected cells as it also catalyzes the cleavage of the sialic 

acid from the HA cellular receptors of the budding virion and the cell surface receptors while 

preventing virion aggregation (Gamblin & Skehel, 2010). NA activity is associated with 

facilitated virus transmission since non-aggregated virions are more likely to be spread via 

aerosols (Lakdawala et al., 2011).  

M2 is a homo-tetrameric multifunctional influenza surface protein consisting of four 97 

amino acid α-helices, and each of them can be divided into 3 parts – a highly conserved and 

unstructured N-terminal ectodomain, a single-pass hydrophobic transmembrane domain, and a 

C-terminal tail (Kwon & Hong, 2016; Lamb et al., 1985). Only a few M2 proteins are 

incorporated into the mature virions; however, it is relatively abundant in the virus infected cell 

membranes (Lamb et al., 1985; Zebedee & Lamb, 1988). M2 primarily functions as a proton-

selective ion channel that is required for the viral genome uncoating (Pinto et al., 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 interior (Pinto et al., 1992; 
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Schnell & Chou, 2008). That, in turn, weakens the interactions between M1 protein and RNP 

in the viral core (Pinto 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 cytosol (Benton et al., 2020). M2 protein also participates in 

virus assembly and mature virion budding. The C-terminal tail of M2 interacts with the M1 

protein at the site of viral budding, and this interaction is important for the efficient virion 

assembly and production of infectious viral particles (B. J. Chen et al., 2008). Furthermore, 

M2e protein alters the membrane curvature during virus budding and mediates the membrane 

scission to release the progeny virus particles (Rossman et al., 2010). Finally, M2 protein helps 

influenza virus to evade autophagy and enhance the stability and yield of viral progeny, thereby 

promoting viral transmission (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 small amounts but are abundantly expressed in the virus-infected host 

cells. The non-structural protein 1 (NS1) is a multifunctional, yet non-essential viral protein 

that antagonizes host immune system responses by inhibition of interferon activity and 

modulates host gene expression and viral replication cycle (Hale et al., 2008; Kochs et al., 

2007). Nuclear export protein (NEP, formerly termed NS2), an alternative splicing product of 

the same gene segment as NS1, interacts with M1 protein and nucleoporins and helps to catalyze 

the export of newly synthesized viral RNA from the cell nucleus to the cytoplasm (Lamb & 

Choppin, 1979; Paterson & Fodor, 2012). PB1-F2 is a product of an alternative open reading 

frame from the PB1 gene translated as the result of leaky ribosomal scanning (W. Chen et al., 

2001). PB1-F2 is a pathogenicity factor that is expressed in many, but not all influenza A 

viruses, and has been present in all the pandemic influenza strains (W. Chen et al., 2001; Varga 

& Palese, 2011). Being the smallest known influenza protein, PB1-F2 has a substantial role in 

viral pathogenicity via pro-apoptotic and anti-interferon mechanisms, as well as a role in 

polymerase activity regulation (Mazur et al., 2008; Varga & Palese, 2011). PB1-N40 is an N-

terminally truncated form of the PB1-F2 that controls the balance between PB1 and PB1-F2 

gene expression (Wise et al., 2009). PA-X is expressed from the PA gene segment due to 

ribosomal frame-shifting and it functions to repress cellular gene expression and modulate viral 

virulence (Jagger et al., 2012). Relatively recently additional products of PA gene have been 

identified – PA-N155 and PA-N182 proteins that are N-terminally truncated forms of PA as the 

result of leaky ribosomal scanning and likely fulfill some functions in the viral replication 

(Muramoto et al., 2013). M42 and NS3 proteins are alternative splicing products of genome 

segments 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 M2 (Wise et al., 2012). NS3 is potentially 

associated with adaptation to mouse host (Selman et al., 2012). Furthermore, a putative NEG8 

protein encoded by genomic segment 8 has also been predicted (Clifford et al., 2009). 

1.2.2 The structure and functions of influenza HA 

The HA protein is first expressed as a fusion-incapable precursor protein in a monomeric 

form called HA0; it is cotranslationally translocated across the rough endoplasmic reticulum 

where protein folding into trimers occurs (Braakman et al., 1991; Gething et al., 1986). The 

HA0 undergoes post-translational N-linked glycosylation, an important aspect for protein 

folding, and stability, as well as for receptor-binding, antigenicity, and immune evasion (P. Kim 

et al., 2018). The trimers are selectively transported to the cell surface via the Golgi complex. 

The precursor protein must be cleaved into disulfide-bonded HA1 and HA2 subunits by cellular 

proteases to yield infectious viral particles and it most often occurs during viral budding or 

infection or in the trans-Golgi compartment (Copeland et al., 1986; Zhirnov et al., 2002). 

A major structural rearrangement after the cleavage is the relocation of the highly conserved 

N-terminus of HA2, referred to as fusion peptide, from the bottom of the cleavage loop to the 

interior of the trimer (Cross et al., 2009). The proteolytically activated mature HA at neutral pH 

conditions adapts the so-called pre-fusion conformation that projects 135 Å off the membrane 

(Figure 3) (Wiley & Skehel, 1987; Wilson et al., 1981). The pre-fusion HA trimer consists of 

two structurally distinct regions – a receptor-binding globular, membrane-distal head, formed 

by the middle part of HA1 polypeptide and a long, extended membrane-proximal fusogenic 

stalk, formed primarily by the HA2 chain and N- and C-termini of the HA1 polypeptide (Carr 

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

The immunodominant globular head is the primary target of antibody responses and a 

subject of constant antigenic drift (Kirkpatrick et al., 2018; R. Xu et al., 2010). It consists 

primarily of an antiparallel 8-strand β-sheet with two looped out regions between strands 1-2 

and 3-4 and includes a receptor-binding domain and a vestigial esterase domain (Wilson et al., 

1981). The receptor-binding site is a shallow pocket located at the membrane-distal 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., 1981). Antibody binding epitopes that 

surround the receptor-binding pocket and include parts of the monomer tip and esterase domain 

are much more variable (F. L. Raymond et al., 1986; R. Xu et al., 2010). The main role of the 

head domain is to adhere the virus to the epithelial cells of the host’s respiratory tract by 

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 receptor-mediated endocytosis (Carr et al., 1997; Wiley & Skehel, 

1987). As briefly mentioned above, different influenza virus strains preferably bind receptors 

with different sialyl linkages at the C-2 position determining the viral host specificity – avian 

viruses preferentially bind to α2,3-galactose linked sialic acid receptors, while the human and 

swine viruses bind α2,6-galactose linked sialic acid receptors (Nelli et al., 2010). 

 

Figure 3. The structure of influenza virus hemagglutinin (HA). (A) The three-dimensional structure of the 

influenza A (subtype H3) HA protein in its pre-fusion (PDB ID: 1MQL) and post-fusion (PDB ID: 1HTM) 

conformations. The HA structure is shown in a cartoon representation with the head domain in purple and stalk 

domain in green. The HA2 monomer is color-coded by segments from the N- to the C- terminus (cyan, red, orange, 

magenta, green, and grey). (B) A linear scheme of the HA molecule. The stalk domain (green) is formed primarily 

by the HA2 polypeptide and by the N- and C-termini of HA1. The head domain (purple) spans the middle part of 

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

N-terminus of the HA2, and a transmembrane domain (TMD) and cytoplasmic tail (CT) at the C-terminus 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 polypeptide (Gamblin et al., 2004; Wiley & Skehel, 

1987; Wilson et al., 1981). A long α-helix and a shorter antiparallel α-helix of HA2 polypeptide 

form a hairpin structure connected with an extended region referred to as B-loop. Three such 
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identical hairpins twist around each other to form a triple-stranded left-handed coiled-coil core 

structure, with the short α-helices packing in the grooves along its membrane-proximal side (Di 

Lella et al., 2016; Wilson et al., 1981). The three long α-helices form a cavity at the bottom of 

the molecule where the hydrophobic N-terminal HA2 fusion peptide tightly packs (Wiley & 

Skehel, 1987; Wilson 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 

conserved (Cross et al., 2009; Daniels et al., 1985; Smrt et al., 2015). The membrane-proximal 

base of the protein is formed by a compact, globular antiparallel 5-strand β-sheet structure and 

a short α-helix formed by the C-terminus of HA2 polypeptide that anchors each monomer in 

the viral membrane followed by a short cytosolic tail (Wilson et al., 1981).  

The acidification of the endosome environment triggers large-scale conformational 

rearrangement in the pre-fusion HA protein with at least a few intermediate conformations. 

That, in turn, induces HA-mediated pH-dependent membrane fusion necessary to deliver the 

viral genome into the host cell for replication (Carr et al., 1997; J. Gao et al., 2020; R. Xu & 

Wilson, 2011). The pre-fusion state is metastable meaning that the HA2 subunit is held in this 

state by the stabilizing interactions of the surrounding HA1 subunit and the fusion peptide, but 

the acidification or removal of HA1 polypeptide leads to HA2 adapting the thermodynamically 

more stable fusogenic state (Carr et al., 1997; Garcia et al., 2015; R. Xu & Wilson, 2011). 

However, the fusogenic conformational changes of the HA2 subunit are likely to be 

independent of the HA head (J. Gao et al., 2020). As the pH approaches approximately 5.0-6.0, 

the fusion process is initiated (Daniels et al., 1985).  

Although several fusion models are proposed, the major conformational changes in these 

models coincide (Benton et al., 2020; Di Lella et al., 2016; J. Gao et al., 2020). First, the 

protonation of the fusion peptide and its surrounding residues results in the liberation of the 

previously sequestered peptide from its hydrophobic pocket (Daniels et al., 1985; Garcia et al., 

2015). The acidification causes the HA1 polypeptide to dissociate from the HA2 part except 

for a disulfide bond that flexibly links both polypeptides; it happens as the surface charge of 

HA1 changes and several salt bridge and hydrogen bond contacts are weakened upon 

protonation (Daniels et al., 1985; Y. Zhou et al., 2014). Under the acidic conditions, the HA2 

polypeptide undergoes two major antigenic changes – (1) the initially unstructured B-loop 

converts to a helix extending the coiled-coil core and (2) the residues 106–112 of the central 

long α-helix transition to a loop (Bullough et al., 1994; Carr et al., 1997; Park et al., 2003; R. 

Xu & Wilson, 2011). The helix-to-loop transition causes the fusion membranes to come in close 

contact and dimple so that the fusion can occur (Park et al., 2003). Furthermore, the extended 
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form drives the conformational change to a lower-energy ‘spring-loaded’ state and the 

boomerang-shaped fusion peptide is inserted into the target cell membrane, locating the N- and 

C- termini of HA2 polypeptide in opposing membranes (Benton et al., 2020; Carr et al., 1997; 

R. Xu & Wilson, 2011). 

Packing of the C-terminal “leashes” into the grooves of the coiled coil is necessary to 

mediate the lipid mixing stage (Benton et al., 2020; J. Chen et al., 1999; Park et al., 2003). The 

trimeric HA forms a zipper-like structure by bringing together the N- and C-terminal anchors 

(the boomerang-shaped fusion peptide and the transmembrane domain) and collapsing the 

extended intermediate. That results in hemifusion or lipid mixing of the outer 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 host cell (Benton et al., 2020; J. Chen 

et al., 1999; Park et al., 2003; Smrt et al., 2015). The newly formed post-fusion HA 

conformation is energetically more favorable and the fusogenic changes are therefore 

irreversible. Each monomer of the post-fusion HA consists of a long α-helix, a short antiparallel 

α helix, and an unstructured loop region connecting the two helixes. Together they form an 

extended six-helix bundle structure or a trimer of hairpins with the fusion peptide and 

transmembrane domain located at the same trimer end (Bullough et al., 1994; Garcia et al., 

2015; Wiley & Skehel, 1987; R. Xu & Wilson, 2011). The structure of post-fusion HA is shown 

in Figure 3. 

1.3 Limitations 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 during the 

Sars-Cov-2 pandemic, these preventive approaches are not sustainable because of their 

restrictive nature (Olsen et al., 2020). There is no doubt that surgical masks and respirators will 

continue to be used in healthcare settings after the Sars-Cov-2 pandemic due to their high degree 

of protection; however, other measures are necessary to control influenza spread in the general 

public (C. Paules & Subbarao, 2017). Development of the first experimental military influenza 

vaccine (IV) in 1940s, soon after human influenza virus was first isolated from acute-stage 

patient throat washings, was an important scientific achievement (CDC, 2019; W. Smith et al., 

1933). A few years later, in 1945, the first inactivated IV was licensed for use in civilians (CDC, 

2019). Due to the influenza virus resistance to many of the available antiviral medications, 

seasonal IV still remains the recommended measure to control influenza virus transmission and 
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to reduce influenza-related morbidity and mortality (Duwe, 2017; WHO, 2018). Vaccination 

reduces the disease severity, the likelihood of severe complications, and therefore – hospital 

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). Yet, even though various IVs have been available for 

human use for decades, the actual seasonal IV effectiveness is suboptimal. It depends upon 

various factors and fluctuates across the seasons between the infection viruses, age and risk 

groups, and vaccine compositions, from approximately 19 to 60%, with the lowest effectiveness 

observed in the elderly population (Bedford et al., 2015; Belongia et al., 2016; CDC, 2021a; 

Gouma et al., 2020).  

There are three types of seasonal IVs, commercially available in various countries, which 

contain inactivated (e.g. whole-virion, split-virion, and subunit vaccines) or live-attenuated 

influenza viruses, or recombinant HA protein. They all show good safety profiles and high 

efficacy against well-matched influenza viruses, while affording low to moderate protection 

against antigenically distinct influenza strains (CDC, 2021a; Gouma et al., 2020; WHO, 2018). 

All three licensed vaccine types are multivalent, covering antigenic components from two 

influenza A strains (A/pH1N1 and A/H3N2) and from one or both influenza B lineages 

(Victoria and/or Yamagata) anticipated to circulate in the next outbreak (WHO, 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 

protection against influenza B viruses (Belshe, 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 probably much lower 

(Palache et al., 2017; Sparrow et al., 2021). Although the influenza disease burden is higher in 

low- and middle-income countries, the majority of vaccines are manufactured and distributed 

in the developed countries (Bresee et al., 2018; McLean et al., 2016). In addition, as a measure 

of pandemic preparedness, several mock-up vaccines have been developed against different 

influenza subtypes that have pandemic potential (Soema et al., 2015). The estimated maximum 

global vaccine supply in a potential pandemic is 8.31 billion doses of a monovalent vaccine; 

however, more realistic scenarios propose no more than 4.15 billion doses of pandemic vaccine, 

with two doses required to induce protective immunity (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). As described above, the influenza virus and, in 
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particular, the 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 and re-administered periodically to match the fast-evolving 

influenza strains and to maintain vaccine effectiveness (Kirkpatrick 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 surveillance, accumulation of viral sequences in public 

databases, and predictive computational cartography models for the antigenic evolution (WHO, 

2021a; Yamayoshi & Kawaoka, 2019a). It takes place at least six months prior the upcoming 

influenza epidemic to accommodate production, calibration and quality assurance 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 effectiveness (Bedford et al., 2015; 

Belongia et al., 2016; CDC, 2021a). For example, the selected type B IV strains differ from the 

predominantly circulating lineage by 25-50% (Caini et al., 2015). 

Due to the relatively low production costs and considerable 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 2018 (J.-R. Chen et al., 2020; 

Rajaram et al., 2020). Exceptions are several cell-culture based vaccines, e.g. inactivated virus 

subunit vaccines grown in mammalian cells, and recombinant HA vaccines produced in insect-

cell based system (J.-R. Chen et al., 2020; Cox et al., 2015). Growing the human virus in eggs 

can adversely influence virus replication and evolution, as there are crucial differences between 

the human and avian tissue. Influenza HA binds the host cell receptors via host-specific sialic 

acid residues (α2,6-linkage for human cells and α2,3-linkage for avian cells) (Nelli et al., 2010). 

The selective environment, driven by the adaptation of human virus to grow in eggs during 

multiple passages, can cause mutations in the receptor binding-subunit of HA. These egg-

adaptive mutations can detrimentally affect HA antigenicity and alter the match between the 

vaccine and seed strains, thereby contributing to the 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 

strains – while high propagation yields are observed for some strains, others, e.g., A/H3N2, 

replicate poorly in eggs and it can be difficult to achieve sufficient viral titers (Rajaram et al., 

2020; Yamayoshi & Kawaoka, 2019a). Highly pathogenic avian influenza strains, such as 
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A/H5N1, are lethal to avian tissue and cannot be efficiently propagated in an egg-based system 

(Pérez Rubio & Eiros, 2018; Pillet et al., 2018). The timeline of traditional egg-based vaccine 

production, including testing and distribution, can stretch more than 6 months during which 

novel mutations can arise; this 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 capacity (Sparrow et al., 2021; Yamayoshi & Kawaoka, 2019a). The continuous 

supply of pathogen-free 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 production (Sparrow et al., 2021). In addition, patients 

with previous anaphylactic reactions and egg allergies have an increased risk of adverse 

reactions to vaccines produced in eggs due to residual egg protein (Klimek et al., 2017). 

Vaccine production in cultured cell-lines overcomes some of the issues as the cell supply 

can be stockpiled in advance and has a lower risk of contamination; in some cases, the product 

lacks egg-adaptive mutations, and, therefore, has sometimes been associated with better vaccine 

effectiveness (Barr et al., 2018; J.-R. Chen et al., 2020; Manini et al., 2017). For most 

mammalian cell-based vaccines there 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 virus (J.-R. Chen et al., 2020; Manini et al., 2017). Due to the 

challenging and expensive scale-up of mammalian cell-based vaccine production, low virus 

yields are achievable resulting in fairly high production costs (J.-R. Chen et al., 2020). 

Insect-based environment provides an efficient and stable platform for HA protein production 

and potentially offers shorter production cycles than the fertilized egg system; however, as an 

emerging technology, is not widely used yet (Cox et al., 2015). Therefore, the use of cell-

culture-based seasonal vaccines is currently limited. 

Conventional IV effectiveness is significantly affected by the strength and longevity of 

the host immunity. Immune responses elicited by conventional vaccination strategies do not 

confer durable protection, therefore, an annual booster dose is required for optimal protection 

(Young et al., 2018). Immune senescence, characterized by the age-associated decline of 

immune responses, can lead to reduced vaccine effectiveness in elderly patients, especially 

during the A/H3N2 dominated outbreaks (Belongia 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 pre-existing exposure to influenza viruses may influence the 

immunological responses to subsequent influenza infections and vaccination (Acosta 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 higher doses of immunization antigen are also applied 

to boost the immunity of risk-group 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). 

1.4 Novel vaccination strategies and broadly protective 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 extensively studied in 

different phases of preclinical and clinical trials. These technologies include recombinant 

influenza proteins and virus-like particles (VLPs), nucleic acid-based vaccines, viral vector 

vaccines delivering foreign influenza proteins, and others (Carter et al., 2019; Cummings et al., 

2014; Feldman et al., 2019; Liebowitz et al., 2020; Lindgren et al., 2017). While these 

technologies pave a promising way for more effective vaccines, they largely rely on eukaryotic 

expression systems, characterized by lower yields and higher costs than the prokaryotic cells 

(Owczarek et al., 2019). Hence, to date, none of these vaccines have been approved for human 

use. Furthermore, these experimental vaccination strategies often fail to confer broad protection 

against antigenically distinct viruses. As there is no way to precisely predict the antigenic 

evolution of the large number of influenza strains, even fast-producible and more effective 

approaches with improved manufacturing capacity might not be sufficient to rapidly fight 

emerging influenza viruses and mitigate the 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 year (C. I. Paules et al., 2017). Vaccines targeting conserved influenza proteins hold 

a great promise toward such a cross-protective and durable IV capable to defend against 

homologous viruses and antigenically drifted and shifted virus variants with a pandemic 

potential (Krammer, 2016; Saelens, 2019). Furthermore, the possibility to recombinantly mass-

produce and stockpile vaccine components could tremendously benefit both the economy and 

public health. Various evolutionary conserved influenza epitopes have been studied as 

components of such universal vaccine for several decades, and they are present both inside 

(parts of M1, PB1, and NP, and others) and on the surface of the influenza virion (the receptor 



27 

 

 

binding subunit of HA, enzymatic site of NA, HA stalk, and the ectodomain of M2) (Kaminski 

& Lee, 2011; Yamayoshi & Kawaoka, 2019b). Conserved influenza antigens are mostly 

immuno-subdominant or internal and therefore generally induce non-sterilizing immunity. 

However, even though neutralizing antibodies can effectively prevent viral entry and release, 

they also drive antibody-mediated immune pressure promoting selection of virus escape 

mutants (Kirkpatrick et al., 2018; Tsuchiya et al., 2001). Furthermore, unlike the non-

neutralizing antibody responses, the sterilizing mechanisms rapidly eliminate the infection virus 

and may prevent induction of adaptive heterosubtypic immune responses (Bodewes et al., 2010; 

Choi et al., 2020). 

1.4.2 Broadly protective vaccines targeting internal influenza proteins 

Although internal influenza proteins do not elicit robust antibody responses after infection 

or vaccination with seasonal vaccines, the conserved regions of these proteins have gained 

substantial interest from researchers as potential components of a broadly protective vaccine. 

The internal M1 and NP proteins contain T-cell reactive regions that are highly conserved 

among influenza A strains, but in the case of PB1, epitopes are shared among both influenza A 

and B viruses (L. Y.-H. Lee et al., 2008; Terajima et al., 2013). The M1 and NP proteins show 

around 90% amino-acid sequence identity between a variety of influenza A human and avian 

strains (L. Y.-H. Lee et al., 2008). These conserved antigens induce cross-reactive antibodies 

that mainly target infected cells by Fc-dependent effector mechanisms (Kaminski & Lee, 2011). 

Furthermore, the conserved T-cell reactive regions of these proteins are targeted by cytotoxic 

T-lymphocytes, inducing broad cross-reactive responses, based primarily on the CD8+ T-cells, 

even in the absence of antibodies (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 against homologous and heterologous virus strains (Appendix 1). Activated CD8+ 

cytotoxic T-cells kill virus-infected cells and promote clearance of the virus, and can thereby 

reduce disease severity and adverse complications, and prevent mortality and re-infection 

(Woodland, 2003). While CD4+ T-cells have not been as thoroughly investigated as CD8+ 

T-cells and antibody responses in regard to IVs, both levels of CD8+ T-cells and B-cells seem 

to be dependent on CD4+ T-cells (Wilkinson et al., 2012; Woodland, 2003). Since immune 

senescence is known to result in age-related decline of antibody responses, cell-based responses 

have been shown to correlate with better protective immunity in the elderly (McElhaney et al., 

2006). However, as the conserved T-cell 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 infection-permissive immunity (Kaminski & 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 frame shift product 

PB1-F2, also induce antibody reactions after influenza infections. However, due to limited 

cross-reactivity, rapidly dropping antibody titers, and even proviral activity, their protective 

efficacy is much less studied (Crowe et al., 2006; Kaminski & Lee, 2011; Kuo et al., 2010). A 

vaccine targeting a single internal protein is therefore not considered a potent approach to 

replace current vaccination strategies (Woodland, 2003). 

1.4.3 Broadly protective vaccines targeting influenza surface proteins 

Mechanisms of M2e-induced protection 

Although the whole M2 protein shares relatively high sequence homology between type 

A influenza viruses, most attempts to induce broadly protective immune responses have been 

based on its 23 residues long N-terminal ectodomain (M2e) (Mezhenskaya et al., 2019; Saelens, 

2019). The relatively slow evolution of the M2e sequence can be explained by the information 

stored in its coding genome segment. The gene fragment encoding for the first nine amino-acid 

residues of the M2e overlaps with the N-terminus of the M1 protein in the same open reading 

frame, and this fragment is almost absolutely conserved (Ito et al., 1991). The remaining M2e 

residues and the C-terminus of M1 are also encoded by the same nucleotides, but in different 

open reading frames, and therefore show higher variability (Ito et al., 1991; Saelens, 2019). 

Since M2e-specific antibody responses induced by natural infection or conventional vaccines 

are negligible, the selective immune pressure on this epitope is most likely very low (Black et 

al., 1993; Kolpe et al., 2017). When properly displayed, 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). Various technologies and platforms are being tested to increase the 

immunogenicity of M2e, e.g. fusion proteins, prime-boost regimens, nucleic-acid vaccines, 

plasmid and viral vectors, particulate structures, and adjuvants. Because of the slight differences 

between M2e residues 10-24 of different influenza strains, inclusion of several M2e consensus 

sequences of different origins in the vaccine can increase cross-reactivity between influenza A 

viruses (Mezhenskaya et al., 2019). The functional influenza B ortholog of M2 protein, named 

BM2, has a significantly different sequence, and its ectodomain is only 7 amino-acid residues 

long, which is probably too short to induce potent protective immunity (Saelens, 2019).  
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The broad immunoprotective potential of M2e is mainly based on its ability to elicit 

durable, yet non-neutralizing antibody responses. While the anti-M2e antibodies do not inhibit 

the viral entry into host cells, therefore inducing infection-permissive immunity, multiple 

experiments have demonstrated that anti-M2e antibodies confer significant cross-protective 

immunity in vivo (El Bakkouri et al., 2011; Fu et al., 2009). Monoclonal anti-M2e antibodies 

have been shown to protect animals from lethal influenza infections both prophylactically and 

therapeutically, and the M2e-induced protective immunity can be transferred to naïve animals 

by immune serum (Jegerlehner et al., 2004; Kolpe et al., 2018; Mozdzanowska et al., 1999; 

Ramos et al., 2015; R. Wang et al., 2008). Despite the sparse occurrence of M2e on virions, 

anti-M2e antibodies strongly bind the abundant M2e on virus-infected cells (Figure 4) (El 

Bakkouri et al., 2011; Mezhenskaya et al., 2019; Zebedee & Lamb, 1988). The anti-M2e 

immune complexes mediate humoral protection mainly via antibody-mediated Fc-receptor 

dependent effector mechanisms such as antibody-dependent cellular cytotoxicity (ADCC), 

antibody-dependent cell-mediated phagocytosis (ADCP), and complement-dependent cytolysis 

(CDC), resulting in the elimination and/or phagocytosis of influenza virus-infected cells before 

progeny virus budding (El Bakkouri et al., 2011; Kolpe et al., 2017; Y.-N. Lee et al., 2014; 

Nimmerjahn & Ravetch, 2005). A balance between activating and inhibitory Fc gamma 

receptors (Fcγ-Rs) sets a threshold for triggering sustained effector functions by IgG antibodies. 

In turn, differences in IgG subclasses and their varying binding affinity to Fcγ-Rs affect their 

ability to mediate effector responses, contributing to their efficacy during viral infections 

(Nimmerjahn & Ravetch, 2005). It has been demonstrated, that Fcγ-Rs on alveolar 

macrophages are essential for M2e-specific 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 possible that both play an accessory role in M2e-

induced protection (Jegerlehner et al., 2004; Simhadri et al., 2015; Tompkins et al., 2007; R. 

Wang et al., 2008). 

Although different studies report inconsistencies in vaccine induced M2e-specific T-cell 

responses, it has been demonstrated that T-cell immunity can contribute to increased virus 

clearance and faster recovery, as well as reduced disease severity and long-term protection 

(Eliasson et al., 2008, 2018; M.-C. Kim et al., 2014; Y.-N. Lee et al., 2014; Tompkins et al., 

2007). Both M2e-specific CD4+ and CD8+ T-cells seem to be involved in virus clearance via 

cytotoxicity pathways, but CD4+ T-cells appear to play a greater role in mediating long-lasting 

cross-protection (Eliasson et al., 2018; M.-C. Kim et al., 2014; Tompkins et al., 2007; Topham 

et al., 1997). 
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Figure 4. Antibodies against influenza HA and M2e. Conventional influenza vaccines primarily elicit antibody 

responses against the HA head that (a) neutralize by blocking the viral attachment to host cell. Antibodies targeting 

HA-stalk can (b) prevent the viral and endosomal membrane fusion by sterically inhibiting the conformational 

changes of HA2. Alternatively, M2e specific antibodies can constrain the proton transport into the endosome 

thereby preventing the pH-dependent structural changes in the HA. Head-, stalk- and M2e-reactive antibodies (c) 

can interfere with virus budding thereby reducing the production of progeny virus, but stalk-specific antibodies 

(d) may inhibit HA maturation by blocking the protease cleavage site on the HA0 polypeptide. Stalk- and M2e- 

reactive antibodies can also mediate protection through (e) antibody-dependent cell-mediated phagocytosis, (f) 

antibody-dependent cellular cytotoxicity, and (g) complement-dependent cytotoxicity. cRNA - complementary 

RNA; vRNA – viral RNA; NK – natural killer cells. The figure was adapted from (Krammer, 2019; L. C. Lambert 

& Fauci, 2010) and created in BioRender.  
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While M2e vaccines produce potent immune responses in animal models, the 

M2e-induced immunity in early-phase clinical trials has been relatively poor at generating and 

maintaining sufficient levels of protection in humans – at least 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 a broad and lasting protective immunity is now under consideration 

in many laboratories (Appendix 1) (Kolpe et al., 2017; Saelens, 2019). 

HA stalk-specific immunity 

Unlike the immunodominant, yet fast-evolving head domain of HA protein, its 

membrane-proximal stalk domain exhibits high conservation in its sequence and structure. This 

is because the immuno-subdominant HA stalk evolves significantly slower than its head 

domain, and the stalk-targeted selective pressure is not aided to evade neutralizing-antibody 

responses (Kirkpatrick et al., 2018). Yet, the stalk region contains several vulnerable sites 

targeted by broadly reactive immune responses – both neutralizing and infection-permissive 

antibodies (Bernstein et al., 2020; Corti et al., 2011; Ellebedy & Ahmed, 2012). Isolated from 

mice and humans, they significantly protect animals from diverse influenza virus challenges 

and have been shown to correlate with protection in human populations (Corti et al., 2010, 

2011; Dreyfus et al., 2012; Ekiert et al., 2009; Kashyap et al., 2010; Ng et al., 2019; Okuno et 

al., 1993; Wu & Wilson, 2018). Most 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 antibodies that cross-react between 

groups have also been isolated (Corti et al., 2010, 2011; Ekiert et al., 2009, 2011; Friesen et al., 

2014; Joyce et al., 2016; Kallewaard 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 influenza has been 

discovered as well (Dreyfus et al., 2012).  

Antibodies against the HA stalk are mostly hetero-reactive (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 (Figure 4) (Brandenburg et al., 2013; Yamayoshi et al., 2017). Anti-stalk 

antibodies can also inhibit neuraminidase functionality through steric hindrance or neutralize 

the virus intracellularly by blocking the viral fusion machinery during viral entry (Brandenburg 

et al., 2013, 2013; Okuno et al., 1993). However, stalk-specific antibody-mediated suppression 
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of virus replication largely relies on effector functions, such as ADCC, ADCP, and CDC, 

resulting in effector cell activation and clearance of virus-infected cells (DiLillo 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 the Fc-receptors (DiLillo et al., 

2014; Srivastava et al., 2013). These non-neutralizing functions can be mediated by distinct 

infection-permissive antibodies or to increase the potency of neutralizing antibodies (Adachi et 

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

Following the discovery of such cross-reactive 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 head (Margine et al., 2013; Zost et al., 2019). Steric 

hindrance and antibody inaccessibility have been considered as the possible causes of the stalk 

immune sub-dominance (Steel et al., 2010). Despite the close packing of HA stalk on the viral 

membrane and steric shielding by the HA head, the stalk domain has been shown to be 

accessible to broadly neutralizing antibodies (A. K. Harris et al., 2013). Yet, removal or 

masking of the immuno-dominant globular HA head epitopes can lead to increased stalk-

directed antibody levels as it allows the immune system to focus on the stalk domain (Eggink 

et al., 2014; Krammer, 2016). 

Therefore, another prerequisite to creating a potent broadly protective vaccine is 

generating a stable stalk antigen that structurally resembles the full length HA, as correct 

structural conformation of target epitopes can be crucial to induce a strong immune response 

(Jegerlehner et al., 2013; Krammer, 2015). Due to the metastable nature of HA trimer, removal 

of its head and transmembrane domains disrupts the pre-fusion conformation and results in 

reduced antibody binding affinity or even loss of many cross-reactive antibody binding epitopes 

(J. Chen et al., 1995; Impagliazzo et al., 2015; Wilson et al., 1981). Although even linear 

epitopes have been shown to confer protection against lethal infections, it is usually associated 

with the display of significant disease symptoms (S. Chen et al., 2015; Ramirez et al., 2018). 

Most of the broadly reactive antibodies are conformation-specific and show optimal binding 

when the HA stalk is in its native pre-fusion conformation, blocking conformational 

rearrangements necessary for membrane fusion. For example, well-characterized antibodies 

MEDI8852, CR6261, and C179 bind highly conserved regions in the membrane-proximal pre-

fusion stalk comprised of HA1 and HA2 (Dreyfus et al., 2013; Ekiert et al., 2009; Kallewaard 
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et al., 2016). Even slight changes in antigen structure compared to the full-length HA stalk can 

result in weaker antibody binding affinity (Bommakanti et al., 2012; Mallajosyula et al., 2014). 

However, the post-fusion stalk antigen too is sufficient to protect against lethal challenge with 

distinct influenza viruses from both group 1 and 2 (Adachi et al., 2019). Adachi et al. 

demonstrated that in the stable post-fusion conformation of HA stalk its long-alpha helix is 

exposed to the immune system and elicits robust and durable cross-reactive antibody responses.  

Various approaches have been proposed to elicit potent anti-stalk antibody responses 

(Appendix 1). A promising way to improve the levels of stalk-specific antibodies is priming the 

conventional vaccine with DNA encoding HA (Ledgerwood et al., 2011; Wei et al., 2010). 

Several headless-HA constructs, created by removal of entire globular head and subsequent 

stabilization of the pre-fusion trimeric conformation, have shown promising results in animal 

models, affording homologous, heterosubtypic and even cross-group protection (Impagliazzo 

et al., 2015; Mallajosyula et 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 scientific interest as 

potent stimulators of broadly reactive antibody responses (S. Chen et al., 2015; Eggink et al., 

2014; Lin et al., 2014; Pardi et al., 2018; Ramirez et al., 2018; Staneková et al., 2011). Another 

strategy to boost the anti-stalk antibody responses is to use serial immunization with chimeric 

full-length HA proteins or viruses displaying chimeric HAs that contain the same stalk and 

divergent head domains (Krammer et al., 2013; Nachbagauer et al., 2015). A promising 

chimeric-HA vaccine candidate from Nachbagauer et al. has recently finished phase 1 clinical 

trials, demonstrating strong, durable, and functional immune responses 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 epitopes, their induced 

immunity is the most potent against antigenically-matched viruses (Eichelberger & Wan, 2015). 

Although the enzyme active site of NA protein is comprised of highly conserved amino acids 

and has been shown to bind some broadly reactive antibodies, the NA-induced immunity is 

infection-permissive and appear to be less effective than HA- or M2- 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, such as the sialic acid 

receptor binding pocket, are also relatively conserved, and several broadly neutralizing head-

binding antibodies have been discovered (Bangaru et al., 2019; Ekiert et al., 2012; Thornburg 
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et al., 2016; Zhu et al., 2013). Yet, their cross-reactivity is mostly restricted within a subtype or 

shows limited heterosubtypic binding. Therefore, even though the immune responses towards 

the immunodominant HA and NA 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.  

1.5 VLP-based vaccination strategies 

1.5.1 General characteristics of VLPs 

The structural proteins of many viruses are capable of autonomous self-assembly into 

VLPs – globular, icosahedral, or rod-shaped, almost crystal-like nanoscale arrays, generally 

ranging from 20 to 200 nm in size, which is analogous to the size of the corresponding viruses 

(Bachmann & Jennings, 2010; Syomin & Ilyin, 2019). They act as scaffolds presenting a large 

number of functional and/or immunological epitopes in a highly repetitive manner (D. M. 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 immunological properties, and stability at wide pH and temperature 

ranges and over different chemical environments (Ma et al., 2012a; Pushko et al., 2013; D. M. 

Smith et al., 2013b). Yet, 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 development (Ma et al., 2012a; Pushko et al., 2013). Due to their immune response 

enhancing properties, high manufacturing yields, and cost-effective 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 epitopes (Landry et al., 2010; Nooraei et al., 2021). 

1.5.2 Variety of VLP sources and their production systems 

The genes encoding 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 

retrotransposons (Balke & Zeltins, 2020; Curcio et al., 2015; Liekniņa et al., 2019; Qian et al., 

2020). VLPs vary greatly in their structural complexity. They may be composed of one or more 

capsid proteins, arranged in a single or several layers. The 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 (Figure 5) (Jeong & Seong, 2017; Lua et al., 2014). 
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Figure 5. Structural and functional versatility of virus-like 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 cells – as well as cell-free expression systems, 

chosen depending on the structural and antigenic complexity of the particles (Bahar 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 coli cells is extensively applied in VLP research due to its easy low-cost use. 

However, antigen expression in the E. coli platform is at large limited to produce simple VLPs, 

composed of a single capsid protein. This system lacks eukaryotic post-translational 

modifications and often fails to produce correct disulfide bonds, and therefore frequently yields 

misfolded or insoluble proteins with decreased stability, reduced biological activity, and 

impaired immunogenicity (Huang et al., 2017; Walsh & Jefferis, 2006). Also, one must take 

into account the presence of bacterial endotoxins, which can induce a pyrogenic response and 

even trigger a septic shock in mammalian hosts. Therefore, endotoxins need to be removed 

during the VLP purification process or endotoxin-free E. coli strains can be used instead 

(Mamat et al., 2015). Alternatively, the most commonly used eukaryotic expression cells are 

yeasts, such as Saccharomyces cerevisiae, Pichia pastoris, or Hansenula polymorpha, which 

offer low-cost production of simple VLPs and provide un-complex eukaryotic 

post-translational modifications (H. J. Kim & Kim, 2017).  
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1.5.3 The basis of VLP immunogenicity 

Mimicking of the origin pathogen dimensions and surface geometry provides adjuvant-

like activity and allows the VLPs to effectively penetrate into the lymph and stimulate potent 

immune response with balanced humoral and cellular components (Gomes 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 proteins (Basnak et al., 2010; Ma et al., 2012b; H. 

Xu et al., 2018). The highly repetitive nature of VLP antigens, ordered approximately at 

5-10 nm intervals, can directly stimulate innate immunity by recognition of 

pathogen-associated molecular patterns (Austyn, 2016; Bachmann & Zinkernagel, 1997; 

Dintzis et al., 1982). It facilitates the crosslinking of B-cell receptors, thereby reducing the 

signaling threshold required for T-cell independent B-cell activation (Bachmann & 

Zinkernagel, 1997; Carroll & Isenman, 2012; Jegerlehner et al., 2002). Molecules of the 

complement system, pentraxins, and natural antibodies are the key components mediating the 

humoral innate immune responses (Bottazzi et al., 2010; Carroll & Isenman, 2012; Palma et al., 

2018). These macromolecules are multimeric and therefore can effectively interact with 

particulate structures with multivalent surface antigen organization, such as the exterior of 

viruses, which can therefore provide much stronger immune responses than antigen alone 

(Zabel et al., 2013). The repetitive antigen shell of the VLPs, therefore, prompts and amplifies 

the binding of natural IgM antibodies and pentraxins as well as fixation of the components of 

the complement cascade, thus promoting their opsonization and uptake by lymph node resident 

antigen-presenting cells (APCs), especially the dendritic cells (DCs), through pattern-

recognition receptors (Bachmann & Jennings, 2010; Bottazzi et al., 2010). 

VLP uptake leads to DC maturation – further antigen internalization decreases, antigen-

processing proteolytic machinery is upregulated and peptide-major major histocompatibility 

complex (MHC) molecules are expressed on the cell surface at high levels (Austyn, 2016). DC 

activation induces pro-inflammatory cytokine production (such as TNFα and IL-1β) that, in 

turn, recruit more DCs and upregulate proteolysis in the DCs enhancing the VLP antigen 

presentation (Fiebiger et al., 2001). It is an essential step for initiation of the adaptive responses 

as mature DCs present the VLP antigens to lymphocytes, particularly T-cells, leading to CD4+ 

T-helper cell activation via the MHC class II presentation, CD8+ T-cell responses via the MHC 

class I presentation, and further B-cell stimulation (Figure 6) (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 B-cell receptors, binding of pentraxins and natural antibodies, and activation of the complement 

system). That, in turn, promotes unspecific VLP internalization by the dendritic cells (DCs), following VLP 

processing, DC maturation, and cytokine production that stimulates differentiation of other cells, such as T-cells.  

As a result, the processed VLP is presented by class I and II major histocompatibility complexes (MHC) for 

detection by CD8+ and CD4+ T-cells. Cellular and cytotoxic responses are driven by peptide-MHC I complex 

presentation by DCs to cytotoxic T-cells that, in turn, differentiate into memory and effector cytotoxic T-cells. 

T-helper cells also secrete cytokines that upregulate antigen presentation by DCs and assist effector cytotoxic 

T-cells. The humoral immune response is initiated by peptide-MHC II complex presentation by DCs to T-helper 

cells. T-helper cells interact with B-cells that differentiate into long-lived memory B-cells or in plasma cells that 

produce antibodies. The figure was adapted from (Bachmann & 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 the DCs, are 20-200 nm, matching 

most VLPs (Fifis et al., 2004; Manolova et al., 2008; Reddy 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 

macrophages, followed by B-cell follicular delivery (Batista & Harwood, 2009; G. T. Jennings 

& Bachmann, 2008; Jia et al., 2012; Manolova et al., 2008; Reddy et al., 2006). That in turn 

promotes direct interaction with B-cells triggering antibody responses and contributing to the 

generation of memory B-cells and long-lived plasma cells (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 surface, the technique of antigen presentation 
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and their conformation, ligands for Toll-like receptors, etc., thus, by modulating these factors, 

the particle immune recognition and processing can be enhanced even further (Ahsan et al., 

2002; Gomes et al., 2017; G. T. Jennings & Bachmann, 2008). For example, viruses and many 

of their successor VLPs require nucleic acid for the shell assembly process (Perlmutter & 

Hagan, 2015). This encapsulated nucleic acid is derived from the host and therefore without 

any infectious potential and it can be replaced or modified. It acts as an adjuvant and promotes 

the APC uptake and triggers the binding of pattern recognition receptors, such as Toll-like 

receptors, thereby stimulating cytokine signaling and enhancing immune responses (Gomes et 

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

1.5.4 Types of VLPs and their modification possibilities 

Many of the versatile VLPs are suitable for bioengineering and can be modified to carry 

antigens of a heterologous origin, packaged in the particle or exposed on the VLP surface, and 

transport different therapeutic or diagnostic agents, such as oligonucleotides, cell-targeting 

moieties, probes, adjuvants or drugs, as cargos; it is even possible to simultaneously display 

desired epitopes and encapsulate adjuvants (Gomes et al., 2017; Ma et al., 2012b). For the 

creation of vaccines, both unmodified and chimeric VLPs have been extensively investigated.  

Usually, VLPs consisting of unmodified 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 & Ilyin, 2019). Since the first 

recombinant VLP vaccine against hepatitis B virus became commercially available in 1986, 

VLPs have developed into an attractive vaccinology platform (Pushko et al., 2013). So far, 

several native VLP vaccines have been approved for both human and animal use, including 

numerous vaccines against hepatitis B virus and vaccines against human papillomavirus, 

hepatitis E virus, and a pilot project for a malaria vaccine, and many more are currently under 

investigation in both preclinical and clinical trials (Atcheson et al., 2021; Qian et al., 2020). 

Despite the structural complexity and production issues of native 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 successes, the expression of 

many pathogen-derived VLPs and their purification to yield a stable product is difficult and 

often unproductive (Lua et al., 2014). Furthermore, they are mostly based on HA head or NA 

proteins and therefore do not entirely eliminate the 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 rarely induce broad immune responses (Schwarz & Douglas, 

2015).  

This disadvantage can be circumvented as the VLP shell can also be modified to carry 

antigens of a foreign source in a multivalent manner, yielding chimeric particles. Under the 

desirable conditions, the displayed epitopes assume similar immunological properties as the 

particulate platform (Bachmann & Jennings, 2010; Pushko et al., 2013). Most often, the 

production of chimeric particles is an empirical and time-consuming process. Yet, with the 

advances in protein engineering tools, continuously accumulating structural data and 

computational models of both the viral capsids and target antigens, and the aid of high-quality 

3D data imaging programs, any VLP modifications can be significantly alleviated (Jeong & 

Seong, 2017). It is even possible to obtain VLPs displaying several foreign epitopes (Syomin 

& Ilyin, 2019). VLP decoration can be pursued either by genetic manipulations 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 techniques (Bachmann & Jennings, 2010; Pushko et al., 2013). The gene of 

the desired antigen is directly attached to the capsid protein gene and expressed as a single 

fusion protein, which is a substantial benefit from the manufacturing perspective, rendering it 

a rather commonly used strategy for obtaining chimeric VLPs (Chackerian, 2007). This 

technique, however, is typically restricted by the limitations of insert size and ensuring the 

correct fold of both the capsid protein and the displayed antigen (Ma et al., 2012b; Taylor et al., 

2000). Indeed, fusion-protein capsid assembly is prone to errors. Foreign sequences longer than 

a few dozen amino acids, oligomeric inserts, large protein volume, and high positive charge, 

incorrectly selected insert site, display antigens with high hydrophobicity or a high ratio of 

β-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, diminished immunogenicity (Billaud et al., 2005; 

Chackerian, 2007; Koho et al., 2015; Ma et al., 2012b; Zlotnick, 1994). Misfolded display 

antigens induce ineffective antibodies, and therefore scientists often choose to insert linear 

epitopes that do not bind conformation-specific antibodies (S. Chen et al., 2015; Jegerlehner et 

al., 2013; Ramirez et al., 2018). Furthermore, the fusion-VLP technique is not always applicable 

as the shell and display antigens can require different post-translational modifications and 

therefore – different expression systems (Brune et al., 2016).  
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In the chemical functionalization technique, the VLP and display antigen are expressed 

and purified separately in a modular approach and then covalently coupled in vitro. Although 

the modular functionalization is more complex in terms of production, as it adds an additional 

step in VLP assembly, it bypasses the folding constraints, insert size limitations, assembly 

issues, and incompatible post-translational modifications, and therefore is often favored (Koho 

et al., 2015; M. T. Smith et al., 2013). The coupling of diverse conformational epitopes and 

even full-length proteins is possible, increasing the likelihood of broadly reactive antibody 

responses (Röhn et al., 2006). Furthermore, the VLP shell proteins can be produced and purified 

in advance, accelerating the vaccine manufacturing time, increasing pandemic preparedness, 

and allowing to prepare a vaccine platform for multiple targets simultaneously (Brune & 

Howarth, 2018; Jegerlehner et al., 2013). Bifunctional crosslinking reagents usually couple the 

surface-exposed nucleophilic amino acid side chains of the VLP and display antigen. The most 

common approach is to link the primary amine from lysine or N-terminus of the VLP with thiol 

of the antigen, derived from the native or inserted sequence cysteines or introduced by chemical 

reagents, such as 2-iminothiolane or N-succinimidyl S-acetylthioacetate (Ma et al., 2012b; M. 

T. Smith et al., 2013; Thermo Scientific, 2021). The abundant primary amines offer a suitable 

scaffold for high-density antigen presentation; however, the occurring coupling reaction is 

random and lacks density control and site-specific decoration, and therefore is difficult to 

predict or analyze (Brune & Howarth, 2018; M. T. Smith et al., 2013). Excessive antigenic 

display can oppress the functional properties of the VLP shell and even distort the native fold 

of proteins or cause precipitation of the product (Brune & Howarth, 2018; Carrico et al., 2012). 

Antigen display by chemical coupling can also result in incomplete 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 functionalization (Brune & 

Howarth, 2018; M. T. Smith et al., 2013). Alternatively, VLPs can be decorated using other 

covalent decoration methods, such as the SpyTag/SpyCatcher technology, sortase, and split 

inteins, or by exploiting the non-covalent interactions, such as histidine-nickel affinity, or 

biotin-streptavidin display, or 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.  

 



 

 

2. MATERIALS AND METHODS 

2.1 Plasmid construction 

HA stalk antigens. Two conserved HA2 polypeptide fragments with sequences that 

overlap at the C-terminus were used in our experiments – a sequence encoding the long-alpha 

helix (LAH) (coding for HA residues 418–474) and an N-terminally extended LAH sequence 

(coding for HA residues 403-474), both derived from the pandemic influenza A virus strain 

A/Luxembourg/43/2009 (H1N1) (GenBank Accession No FN423713.1). The product of the 

second, N-terminally extended gene is referred to as tri-stalk protein. These sequences were 

PCR-amplified and inserted into the high-copy pETDuet-1 expression vector (Novagen) 

between NcoI and BspTI restriction sites. Briefly, the expression vectors and PCR-amplified 

target genes were digested with compatible restriction enzymes and analyzed via 1% agarose 

gel electrophoresis in standard 1× TAE buffer. Analyzed under the ultraviolet light, the desired 

fragments were isolated from the ethidium bromide-containing gel with GeneJET Gel 

Extraction Kit (Thermo Fisher Scientific). The purified fragments were subsequently ligated 

into the target vector with T4 DNA ligase (Thermo Fisher Scientific) following the 

manufacturer’s instructions.  

3M2e. A third highly-conserved influenza A protein used in our experiments was a triple 

72-residue M2e peptide (3M2e), comprised of three 24-residue M2e variants from 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 N-terminal 6× polyhistidine tag and a cleavage site for the TEV 

protease, as well as a C-terminal cysteine and an EAAAK linker.  

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

Reference virus Amino acid sequence  

H1N1 (A/Puerto Rico/8/1934) – fragment 1 MSLLTEVETPIRNEWGSRSNGSSD 

H11N9 (A/duck/Yunnan/1282/2007) – fragment 2 MSLLTEVETPTRNGWGSKSNGSSD 

H3N2 (A/swine/Quebec/1262080/2010) – fragment 3 MSLLTEVETPTRNEWESRSSGSSD 

*Cysteines in the original sequence were substituted with Serines (bold) to avoid disulfide-bond formation. 

Variable amino acids marked in red. 

Native VLP proteins. For the Acinetobacter phage AP205 (referred to as AP) VLP 

production and for the Escherichia virus Q-beta (Qβ) VLP production, their coat protein genes 

(GenBank Accession No NC_002700.2 and AY099114.1, respectively) were PCR-amplified 

and cloned in the pETDuet-1 plasmid between NcoI and PstI restriction sites. Another NheI 
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restriction site was introduced before the STOP codon for the AP construct. The expression 

plasmids were prepared as described above.  

AP-M2e. To yield chimeric AP-M2e fusion gene, a 72-residue sequence encoding the 

3M2e peptide was PCR-amplified, adding NheI and PstI restriction sites and additional STOP 

codon, and ligated into a NheI/PstI digested AP-pETDuet-1 vector at the C-terminus of the 

AP205 coat protein gene.  

LAH1-PP7. To create chimeric LAH1-PP7 fusion gene, the C-terminus of the 

Pseudomonas phage PP7 coat protein (GenBank Accession No NC_001628.1) encoding gene 

was fused with H1 LAH sequence, separated by a short GSG-encoding linker, and cloned into 

a pETDuet-1 vector as described for the AP-M2e protein.  

K1-K1. A sequence encoding hepatitis B virus core (HBc) hetero-tandem construct was 

supplied by GeneArt (Life Technologies), with codon usage optimized for expression in yeasts 

(Peyret et al., 2015). The construct encoded for an HBc dimer, where a C-terminally truncated 

149-residue HBc monomer (referred to as Core 1) was fused with a full-length 185-residue HBc 

monomer (referred to as Core 2), covalently linked with a 7×GGS linker. This gene included a 

lysine codon between flexible glycine linkers in both major insertion regions (MIRs), and 

unique restriction sites were introduced in both MIRs by silent mutations up- and downstream 

the lysine linkers (XbaI/NotI sites in Core 1 and EcoRI/NheI in Core 2, respectively). The 

construct was cloned into a pPICZC expression vector (Invitrogen) between AgeI restriction 

sites, yielding an expression plasmid for a fusion protein, referred to as K1-K1.  

LAH3-HBc. To create chimeric LAH3-HBc protein, the K1-K1 linker of Core 1 was first 

cut out using the XbaI and NotI restriction sites, while the Core 2 remained unchanged. A 

yeast-optimized sequence encoding the LAH (referred to as LAH3) comprising of HA residues 

420–474 from influenza A virus strain 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 HBc constructs, the competent E. coli 

XL1-Blue cells (Stratagene) were transformed with the recombinant plasmid of interest using 

a heat-shock of +42°C degrees according to the manufacturer’s instructions. The transformation 

mixture was plated on selective LB-medium agar plates supplemented with ampicillin (100 

μg/mL) and incubated overnight at +37°C. Individual colonies were inoculated into 4 mL of 
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2×TY medium supplemented with ampicillin (50 μg/mL) and grown overnight at +37°C on a 

shaker. Plasmid DNA was isolated and purified with GeneJET Plasmid Miniprep Kit (Thermo 

Fisher Scientific) following the manufacturer’s instructions. Selection of the positive plasmid 

clones was performed by a restriction analysis with compatible restriction 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 

manufacturer’s instructions.  

The recombinant K1-K1 and LAH3-HBc constructs were digested with PmeI restriction 

enzyme to yield linearized vectors for transformation in electrocompetent P. pastoris KM71H 

cells (Thermo Fisher Scientific) by electroporation at 1.2 kV (Electroporator 2510). 96-well 

plates were filled 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 ODA600 were selected and seeded on YPD-medium agar plates to 

yield single-cell 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 the highest copy number (50 ± 2) was 

isolated and used to generate a Research Cell Bank (in BMGY-medium in 30% (v/v) glycerol, 

ODA600 = 25.0) (Nordén et al., 2011). 

2.3 Antigen expression 

All proteins, except the HBc constructs, were overexpressed in a two-step T7 promoter-

regulated bacterial expression system. The recombinant plasmids of interest were transformed 

in competent E. coli BL21(DE3) cells (Stratagene) using a heat-shock of +42°C degrees 

according to the manufacturer’s instructions. The transformation mixture was seeded on 

selective LB-medium agar plates as described above. Several colonies were inoculated into a 

selective LB-medium. The primary culture was grown overnight at +37°C and then added to a 

selective 2×TY medium, not exceeding 5-10% of the total culture volume. To produce U-

13C,15N-labeled free LAH protein, expression was performed in the following medium: 

Na2HPO4 (6 g/L), K2HPO4 (3 g/L), NaCl (2.5 g/L), 15NH4Cl (1 g/L), U-13C D-glucose (2 g/L), 

1 M CaCl2 (100 µL/L), 1 M MgSO4 (2.5 mg/L), 6% thiamine (33.33 µL/L), biotin (1 µg/L), 

ampicillin (500 μg/L). The expression culture was incubated at +37°C under continuous 

shaking conditions until ODA540 reached 0.6-0.8 (corresponding to the mid-log phase). Target 

protein gene expression was promptly induced with isopropyl-β-thiogalactopyranoside (1 mM 
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for the HA stalk proteins’ and 3M2e expression cells and 0.1 mM for the VLPs). HA LAH and 

tri-stalk, as well as 3M2e expression cells were then grown for another 3-4 h at +37°C, while 

for the AP205, AP-M2e and Qβ VLP expression cells the incubation temperature was lowered 

to +20°C and the cultivation was continued for another 16-18 h.  

For K1-K1 and LAH3-HBc gene expression, 1.8 mL of Cell Bank suspension was seeded 

in 2 × 2 L baffled Nalgene® shake-flasks containing 250 mL of BMGY-medium and incubated 

until the ODA600 reached 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 

CaSO4 0.93 g 

K2SO4 18.2 g 

MgSO4·7H2O 14.9 g 

KOH 4.13 g 

glycerol 40 g 

PTM1 trace salts solution 4.35 mL 

Table 3. The composition of the PTM1 trace salts solution per liter 

Component Amount 

CuSO4·5H2O 6.0 g 

KI 0.08 g 

MnSO4·H2O 3.0 g 

Na2MoO4·2H2O 0.2 g 

H3BO3 0.02 g 

ZnCl2 20.0 g 

FeCl3 13.7 g 

CoCl2·6H2O 0.9 g 

H2SO4, 5.0 mL 

biotin 0.2 g 

After inoculation, the bioreactor was first run in batch-mode. The dissolved oxygen 

tension was maintained at 30%, the pH range – between 4.75–5.0, and the pre-induction 

temperature – at 30 ± 0.1°C. The fed-batch induction phase was prompted 28.5 h after 

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 flowrate of 50 mL/h. The induction media contained methanol for K1-K1 induction and 

50% (v/v) glycerol and methanol at a 60:40 ratio for LAH3-HBc induction supplemented with 

12 mL of PTM1 trace salts per liter of media. To prevent foamation, PEG-2000 was added 
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during fermentation. 48 h after the induction, the fermentation culture was cooled to 12°C to 

minimize proteolytic activity.  

Cells or fermentation broth were harvested by low-speed centrifugation for 30 min at 

+4°C and stored frozen at −20° C. The production and solubility of target proteins were 

analyzed by sodium dodecyl sulphate–polyacrylamide 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 tri-stalk antigen and LAH antigen were done in the same way. 

First, expression cells were resuspended in buffer A (20 mM Tris-HCl (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 insoluble cell debris by centrifugation at 18,000 × g for 30 min at +4°C. Supernatant was 

decanted, heated to +55°C for 30 min, subsequently cooled to the room temperature (RT), and 

clarified by centrifugation at 16,000 × g for 15 min at RT. A three-step chromatography process 

was used to purify the HA tri-stalk antigen. First, the soluble fraction was applied to a weak 

anion-exchange column HiPrep 16/10 DEAE FF (20 mL, GE Healthcare), pre-equilibrated with 

buffer A. Column-bound protein was eluted with a linear salt gradient of 0.1-0.6 M NaCl in 

buffer A at 4 mL/min. Fractions containing the protein of interest were then pooled and diluted 

twice with 20 mM Tris-HCl (pH 8.0), and loaded on a strong anion-exchange column MonoQ 

5/50 GL (1 mL, GE Healthcare), pre-equilibrated with buffer A. Column-bound protein was 

linearly eluted with 0.1-0.5 M NaCl in buffer A at 1 mL/min, and subsequently passed through 

a size-exclusion Superdex 200 10/300 GL matrix (20 mL, GE Healthcare) in 20 mM Tris-HCl 

(pH 8.0) and 200 mM NaCl buffer 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 mM Tris-HCl (pH 8.0) and 300 mM NaCl. Two step 

chromatography process was then applied – first, the supernatant was passed through a metal 

affinity chromatography HisTrapTM FF column (1 mL, GE Healthcare), pre-equilibrated with 

buffer B containing 10 mM imidazole. Column-bound protein was linearly eluted with 

0.1-0.5 M imidazole in buffer B, and subsequently passed through a size-exclusion Superdex 

200 10/300 GL matrix in 20 mM Tris-HCl (pH 8.0) and 200 mM NaCl buffer at 0.5 mL/min. 

To purify the LAH1-PP7 chimeric protein, cells were lysed as described above, with an 

additional lysis step: the insoluble debris was washed twice with lysis buffer A, and an 



46 

 

 

additional sonication step was performed in buffer A, supplemented with 0.25 M urea. 

Following the low speed centrifugation, the supernatant was loaded onto a Superdex 200 10/300 

GL matrix (20 mL) in buffer A and fractions containing the chimeric LAH1-PP7 protein were 

pooled.  

Lysis of AP205, AP-M2e, and Qβ VLPs expression cells was performed as described 

above for 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 saturation was reached, and 

the solution was incubated for 1 h at +4°C. The precipitated protein was collected by 

centrifugation at 16,000 × g for 15 min at RT, and dissolved in minimal amount of 20 mM Tris-

HCl (pH 8.0) buffer. Subsequently, the mixture was incubated at +55°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 FF size-exclusion column 

(130 mL, GE Healthcare), pre-equilibrated with buffer A, run at 1 mL/min. Pooled fractions 

containing the target protein were further applied to an anion-exchange Fractogel TMAE (M) 

matrix (20 mL, Merck KGaA), pre-equilibrated with buffer A. Bound protein was eluted with 

a linear salt gradient of 0.1-1 M NaCl in buffer A at 3 mL/min. Fractions were again pooled 

and mixed with ammonium sulphate to 1.5 M final concentration and loaded on a hydrophobic-

interaction Fractogel Propyl (S) matrix (20 mL, Merck KGaA), pre-equilibrated 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 purify the AP-M2e and Qβ VLPs, supernatant was first loaded onto a Sepharose 4 FF 

matrix, pre-equilibrated with buffer A. Pooled fractions were then applied on a Fractogel DEAE 

(M) anion-exchange matrix (20 mL, Merck KGaA) in buffer A. The column was eluted with a 

linear gradient of 0.1-1 M NaCl in buffer A at 3 mL/min.  

To disrupt the yeast K1-K1 or LAH3-HBc expression cells, they were first resuspended 

in lysis buffer C, containing lysis buffer A, supplemented with 0.1% Triton X-100, at a 

proportion of 15% (w/v). Cells were then lysed in four cycles at 10,000 psi with French Press 

(Thermo Electron), followed by clearance of the insoluble cell debris by centrifugation at 

18,000 × g for 30 min at +4°C. 

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

mild stirring conditions within five minutes until 35% of saturation, and then centrifuged at 
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18,000 × g for 20 min at +4°C. To dissolve the precipitate, minimal amount of 20 mM Tris-HCl 

(pH 8.0) buffer was added, and the solution was incubated at +55°C for 30 min, following 

cooldown to RT and clarification by centrifugation at 16,000 × g for 15 min at RT. The cleared 

supernatant was then loaded onto a HiPrep 16/10 DEAE FF column, and the flow-through was 

collected.  

To purify the LAH3-HBc protein, 20 mM Tris-HCl (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 h at +4°C. The precipitated protein 

was collected by centrifugation at 18,000 × g for 20 min at +4°C, and dissolved in minimal 

amount of 20 mM Tris-HCl (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 Tris-HCl (pH 8.0), 100 mM 

NaCl and 1 M urea at 1 mL/min. Selected fractions were applied to an anion-exchange Fractogel 

TMAE (M) matrix, pre-equilibrated with column buffer D. Bound protein was eluted with a 

linear salt gradient of 0.1-1 M NaCl in buffer D at 3 mL/min. VLP-containing fractions were 

pooled and dialyzed (10 kDa MWCO membrane) at +4°C against 100× 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 ÄKTA FPLC 

(Amersham Biosciences), ÄKTA Prime Plus, ÄKTA Avant 25 or ÄKTA 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 quality 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 transmission electron microscopy (TEM). To visualize the 

protein samples (5 μL, 0.1–0.5 mg/mL) 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 using a JEM-1230 electron 

microscope (JEOL Ltd.) at 100 kV. Purified proteins were concentrated using Amicon-Ultra 

centrifugation units (Merck-Millipore) with a cut-off of 10 or 100 kDa. Single use aliquots of 

the purified proteins were stored frozen at −20°C or slowly frozen at −70°C in a Mr. Frosty™ 

(Thermo Scientific) container for further use in mice immunizations.  
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2.5 Coupling 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), pre-equilibrated with PBS.  

As there are no cysteines in the amino acid sequence of the tri-stalk and LAH antigens 

(stalk antigens for short), N-succinimidyl S-acetylthioacetate (SATA) reagent was used to add 

free sulfhydryl groups to the stalk antigen following the manufacturer’s protocol (Thermo 

Scientific). First, the stalk antigen was mixed SATA reagent in dimethyl sulfoxide (DMSO) to 

reach a 3.3-fold molar excess of SATA over the tri-stalk antigen, adding protected sulfhydryl 

groups to the protein. The reaction mixture was incubated for 30 min at RT, and then transferred 

to a ZebaTM Spin desalting column (Thermo Scientific) to remove residual SATA and DMSO 

according to the manufacturer’s instructions. Sulfhydryl groups were de-protected by addition 

of deacetylation solution (0.5 M hydroxylamine, 25 mM EDTA in PBS (pH 7.2–7.5)) 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 conjugated to AP205, AP-M2e, or Qβ 

VLPs via the heterobifunctional cross-linking succinimidyl-6-((b-maleimidopropionamido)-

hexanoate (SMPH) crosslinker (Thermo Scientific) following the manufacturer’s protocol. 

Briefly, VLPs were mixed with the SMPH reagent in DMSO at a 10-fold 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, SMPH-coupled VLPs were mixed with the 

SATA-coupled stalk antigen at a 1:3 molar ratio and incubated for 30 min at RT, and an 

Amicon-Ultra 4 filter with a cut-off of 100 kDa was used to remove excess stalk antigen. 

Coupling efficiency was assessed by SDS/PAGE. Single use aliquots of the coupled proteins 

were stored frozen at −20°C or slowly frozen at −70°C in a Mr. Frosty™ until use. 

2.6 Protein crystallization and structure determination 

Protein was concentrated to 10 mg/mL in buffer containing 20 mM Tris-HCl (pH 8.0) 

and 200 mM NaCl using a 10 kDa cut-off Amicon-Ultra centrifugation unit. Crystallization 

was performed by the sitting-drop vapor-diffusion setup in 96-well MRC crystallization plates 

(Molecular Dimensions) using Freedom EVO crystallization robot (TECAN). The preliminary 

screening of the optimal tri-stalk crystallization conditions was performed using commercial 
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kits – Clear Strategy Screen I, Structure Screen 1&2 HT-96, PACT PremierTM and JCSG-plus 

(Molecular Dimensions). Equal amount of protein solution was mixed with precipitant liquid 

from the well (0.4 or 1 μL for screening and optimized conditions respectively) creating drops. 

After optimization of crystallization conditions, crystals were obtained at 2.0 M ammonium 

sulphate and 0.1 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 I911-3 of MAX-lab synchrotron (Lund 

University, Sweden). Data were first processed using programs from the CCP4 software suite. 

The experimental diffraction images were indexed with MOSFLM (Battye et al., 2011), scaled 

with SCALA (Evans, 2006), and the phase determination was carried out with molecular 

replacement in PHASER (McCoy et al., 2007), using the structure of post-fusion HA stalk or 

the HA tri-stalk as the search model (PDB ID: 1HTM; PDB ID: 6GOL). The initial model was 

built automatically in BUCCANEER (Cowtan, 2006). Model was further adjusted in COOT 

(Emsley et al., 2010), following numerous refinement runs in REFMAC (Kovalevskiy et al., 

2018). Structure was visualized in COOT and PyMOL (The PyMol Molecular Graphics 

System, Version 1.8 SchroÈdinger, LLC).  

2.7 Enzyme-linked 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 overnight at +4°C 

with recombinant target proteins or buffer 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 three-fold dilutions to triplicate wells, following another incubation and washing. Sera from 

naïve mice or sera from young children served as the negative control. The bound antibody was 

detected with color reactions by alkaline phosphatase- or horseradish peroxidase- (HRPO) 

conjugated antibody and a suitable substrate, and the OD was measured using an ELISA plate 

reader. 

Publication I. To measure the LAH3-HBc induced antibody responses, full-length 

recombinant HAs (rHAs) from influenza group 1 and 2 (Sino Biological Inc.) were used as 

coating antigens in 384-well plates (Greiner Bio- One GmbH). Wells were coated with 20 μL 

of rHAs in 100 mM carbonate buffer (pH 9.6) at 3.5 μg/mL. Alternatively, wells were filled 
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with carbonate buffer for the background control, or with irrelevant antigens (Cytomegalovirus 

grade 2 antigen (2 μg/mL), EBV capsid protein (30 ng/mL), or Toxoplasma gondii antigen (2 

μg/mL)) (Microbix, Mississauga) or HBc VLPs (2 μg/mL) in carbonate buffer that served as 

the negative control. Plates were incubated overnight at +4°C, and washed with 1% Tween-20 

in buffer A (20 mM Tris (pH 8.0) and 100 mM NaCl). 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 anti-mouse IgG (ImTec Diagnostics) was added at 1/750 dilution 

and incubated for 1.5 h following another washing step. Following 1 h incubation at +37°C, 

bound antibody was detected with 2-amino-2-methyl-1-propanol Spectromax Plus (Sopachem) 

at 405 nm.  

Publication II. To detect the reactivity of sera from swine workers with tri-stalk protein, 

ELISA conditions were first optimized using sera from the LAH1-PP7 immunized mice. ELISA 

was performed as described in publication I with a few changes. First, we conducted a 

checkerboard titration method. Serial dilutions of the tri-stalk coating antigen (0.15625, 0.3125, 

0.625, 1.25, 2.5, 5.0 and 10.0 μg/mL) were tested against diluted sera (starting from 100-fold 

dilution). Sera from LAH-PP7 immunized mice were used as the positive control and sera from 

naïve mice – as the negative control. After blocking, alkaline phosphatase-conjugated goat anti-

human IgG (Southern Biotech) was added at dilution of 1/1000. Bound-antibody was detected 

with 4-nitrophenyl phosphate disodium salt hexahydrate (Sigma-Aldrich). The optimal 

conditions were found to be 1.25 μg/mL of HA tri-stalk as the coating antigen and serum 

dilution of 1:2700. These conditions were applied to assess the reactivity of human sera to HA 

tri-stalk. Low-titer sera from children were used as the negative control. Sera were added to 

blocked wells starting from 300-fold dilution and the rest of ELISA was performed as described 

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 III. 96-well microtitration plates (Corning™ CostarCorning Life Sciences) 

were filled with 50 μL of the coating antigens (HA tri-stalk, 3M2e or rHAs from group 1 or 

group 2 influenza) at 2 µg/mL, and incubated overnight at +4°C. Washing was performed with 

0.05% Tween 20 in PBS. For blocking, 1% bovine serum albumin (BSA) in PBS was added to 

the wells for 30 min at +37°C. 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 h +37°C, with a following washing 

step. Then, HRPO-conjugated goat anti-mouse IgG (Sigma-Aldrich) (for IgG antibody) or 
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primary rabbit anti-mouse IgG1 and IgG2a antibody (Abcam) and secondary HRPO-conjugated 

goat anti-rabbit IgG (Sigma-Aldrich) (for IgG1 and IgG2a antibody) was added, following 

incubation for 30 min at +37°C and a subsequent washing step. Bound antibody was detected 

with 3,3', 5,5’;-tetramethylbenzidine substrate (Thermo Scientific) at 450 nm.  

2.8 Statistical analyses 

Statistical evaluation of data was performed using GraphPad Prism 6.0 software 

(GraphPad Software Inc.). For the publication II, a one-way ANOVA was applied to analyze 

the statistical significance of experimental data, followed by the Holm–Bonferroni multiple 

comparison test. Spearman's rank correlation coefficient was applied to evaluate correlations. 

For the publication III, a one-way ANOVA was employed to evaluate the statistical significance 

of immunogenicity data, with an additional Tukey’s multiple comparison test to compare the 

IgG endpoint titers. A log-rank Mantel-Cox test was applied to compare the differences in the 

survival distributions.  
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3. RESULTS 

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

virus LAH domain as vaccine candidates 

Highlights: 

 Unlike the unmodified HBc gene, the HBc tandem-core technology of fused core dimers 

allowed for expression of a soluble LAH3-HBc protein where a hydrophobic LAH 

monomer from the A/H3N2 HA stalk was inserted in the MIR of one of the core dimers.   

 This chimeric protein could be produced in an endotoxin-free P. pastoris fermentation 

system in a bioreactor with a scale-up potential and successfully purified to at least 90% 

homogeneity yielding assembled VLPs. 

 The chimeric LAH3-HBc particles were highly immunogenic in mice and elicited potent 

antibody responses against group 2 rHAs (H3, H4, H7, H10, H14, and H15) as well as 

cross-reactive, yet, lower antibody responses against heterologous group 1 rHAs (H1, H2, 

H5, H9, and H11). 
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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 3-step chromatography method was developed for purification of the 

tri-stalk protein, yielding at least 90% target 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 post-fusion HA, the tri-stalk protein adapted an extended six-helix bundle structure, 

formed by a trimer of hairpins, 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 LAH1-PP7 fusion protein vaccinated mice was 

used to set up the ELISA conditions to detect the HA stalk-specific antibody levels in mice 

and human sera. 

 70% of the sera from people with occupational contact to swine pre-2009 pandemic 

exhibited a positive reaction against the tri-stalk while stalk-reactive antibodies were 

detected in only 42% of the sera from non-exposed people. 

 The pre-pandemic sera from the swine-workers exhibited neutralizing activity against the 

pandemic H1N1 virus, and there was a strong correlation between the neutralizing antibody 

titers and the tri-stalk specific antibody titers. 
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3.3 Construction and Immunogenicity of a Novel Multivalent Vaccine Prototype Based 

on Conserved Influenza Virus Antigens  

Highlights: 

 Genetic fusion and modular functionalization techniques were applied to yield chimeric AP 

VLPs displaying HA tri-stalk or 3M2e, or presenting both conserved influenza antigens on 

a single particle.  

 Chimeric VLPs displaying the tri-stalk antigen induced broad and robust antibody responses 

against a variety of group 1 rHAs (homologous cH6/1 and heterologous pre-2009 H1, H2, 

H5, H6, H8, H9, and H11 HA proteins), as well as cross-reacted with several group 2 rHAs 

(H3, H4, and H10 HAs).  

 Chimeric AP-M2e and AP-M2e/tri-stalk particles were able to protect mice against lethal 

unmatched H1N1 and heterologous H3N2 virus challenge, with minimal disease symptoms. 

The AP/tri-stalk VLPs and a free tri-stalk antigen conferred only partial protection against 

the H1N1 challenge and no protection against the H3N2 virus infection.  

 Both AP-M2e and AP-M2e/tri-stalk VLPs fully protected mice against lethal rgH5N1 

challenge via the immune sera from vaccinated mice.  

 Only the particles displaying both conserved antigens could protect mice against high-dose 

lethal homologous H1N1 challenge in mice, with no significant disease symptoms 

observed.  

 Both the tri-stalk and 3M2e mediated protection was mainly afforded by the ADCC 

mechanisms, but the 3M2e antigen was able to induce 3M2e-specific cytotoxic T-cell 

responses. 
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3.4 Structural Analysis of an Antigen Chemically Coupled on Virus-Like Particles in 

Vaccine Formulation 

Highlights: 

 The crystal structure of LAH trimer showed that each LAH monomer adapts a 

hairpin-structure, consisting of two antiparallel α-helixes, and they form a six-helix bundle 

of 3 monomers. This structure was used as a reference and to assist assigning resonance of 

the MAS-NMR data. 

 Uniformly (U)-13C-, 15N-labeled free LAH antigen was analyzed via the conventional 

MAS-NMR. The results indicated the presence of two antiparallel α-helices for each LAH 

monomer, almost identical to those in the crystal structure when superimposed.  

 MAS-NMR allowed to obtain structural information from heterologous Qβ-LAH particles 

with a sensitivity boost from proton detection and high-field dynamic nuclear polarization, 

even despite the target antigen dilution. The VLP-display of the LAH antigen did not change 

its structural identity, and LAH retained its trimeric helix-bundle structure in the vaccine 

formulation. The differences were mainly limited to the less-structured regions near the 

polypeptide termini and around the loop connecting both helices of the LAH monomer 

hairpin.  
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4. DISCUSSION 

Whilst vaccination is the key to prevent influenza occurrence and mortality, antigenic 

drift reduces the protection afforded by pre-existing antibodies. Thus, along with the 

time-consuming and labor-intensive vaccine manufacturing, it has become the major challenge 

of seasonal IV production (Belongia et al., 2016; Gouma et al., 2020). Lately, scientific efforts 

have been focused on the development of a broadly protective IV that could induce diverse 

immunity against antigenically non-matching and emerging viral strains. Vaccines based on the 

evolutionarily conserved influenza antigens, such as the M2e peptide or HA stalk, show much 

promise as components of such broadly effective vaccine, with a potential of decreased vaccine 

production timeline and reduced costs (Appendix 1). A variety of broadly reactive HA 

stalk-specific antibodies have been identified, emphasizing its potential to afford broadly 

protective immunity (Wu & Wilson, 2018). Due to the immunodominance of the HA head 

domain, stalk-specific antibodies are generally less potent than the head-specific antibodies 

(Krammer, 2015; Zost et al., 2019). In order to elicit effective stalk-specific antibody levels, 

the vaccine should to be rationally designed to expose the stalk domain to the immune system. 

Here, we analyzed several influenza virus HA stalk antigens in their free or VLP-displayed 

form for their potency to induce cross-reactive antibody responses and to protect against various 

influenza virus infections in mice.  

The long alpha helix (LAH) from influenza HA stalk is one of the most conserved regions 

of this domain and it contains a great proportion of the epitopes targeted by broadly-reactive 

antibodies; yet, there is a notable group-specific sequence and structure divergence between 

different HA stalks (Joyce et al., 2016; Russell et al., 2004; T. T. Wang et al., 2010). In this 

thesis, we screened several constructs encoding the LAH fragment from influenza A/H1N1 or 

A/H3N2 viruses for their production yields and solubility. These constructs had overlapping 

C-termini and N-terminus of varying length. We chose two stalk antigens for downstream 

immunogenicity and protection studies – the LAH protein and an N-terminally extended LAH 

protein, referred to as tri-stalk. Our first attempts to induce stalk-reactive immunity were based 

on a vaccine prototype including a linear LAH epitope from the A/H3N2 virus stalk (LAH3 for 

short). Conformational epitopes usually have functional advantages over linear epitopes 

(Adachi et al., 2019; Dreyfus et al., 2013; Ekiert et al., 2009; Kallewaard et al., 2016). Here, 

though, the LAH3 gene was anchored at both ends preventing the folding in its native trimeric 

conformation. Application of genetic fusion technique to express chimeric VLPs is considered 

relatively easy due to the simple target gene construction as well as expression of a single fusion 
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protein (Chackerian, 2007). However, HA stalk is considered a problematic protein for VLP 

display via genetic fusion due to its hydrophobic nature, often producing inclusion bodies and 

requiring complex renaturation procedures (S. Chen et al., 2015; Zheng et al., 2016). 

Unsurprisingly, our experiments confirmed that insertion of the influenza LAH3 encoding gene 

into the surface exposed MIR of an HBc monomer gene yields an insoluble product.  

Alternatively, the tandem core idea is based on assembly-competent HBc dimers that 

tolerate relatively large foreign inserts in one of the surface displayed MIR spikes (Peyret et al., 

2015). We applied this technology to develop a chimeric LAH3-HBc construct that was 

successfully expressed in a P. pastoris fermentation system as soluble and assembled particles. 

Target proteins expressed in P. pastoris cells are not contaminated with bacterial endotoxins 

and this system is suitable for scale-up (Ahmad et al., 2014; Mamat et al., 2015). We ensured 

to follow the requirements for fermentation and purification scale-up to match industrial 

settings, which is often problematic for complex expression and purification procedures. 

However, in the forthcoming studies we switched the recombinant protein production to the 

E. coli expression system, as it offers more flexibility than the yeast fermentation in a 

bioreactor. Yet, the experience of our lab regarding the yeast expression systems should allow 

for rapid transfer from bacterial to yeast expression if necessary (Freivalds et al., 2014; Leitans 

et al., 2015). Both of these microbial platforms offer rapid high-yield cost-effective protein 

expression, which is particularly relevant to promptly provide a vaccine to combat seasonal 

influenza outbreaks and for better pandemic preparedness (Huang et al., 2017; H. J. Kim & 

Kim, 2017). 

Although the chimeric tandem core particles displayed the LAH antigen in its linear form, 

they induced potent antibody responses against a variety of group 2 rHAs in mice, highlighting 

the key role of VLP shells in immune response enhancement. However, cross-reactive antibody 

responses against heterosubtypic group 1 rHAs were notably weaker than for the homologous 

proteins, probably owing to the linear epitope. In addition, immune responses afforded by linear 

stalk epitopes do not retrain the infection and therefore are associated with notable 

manifestations of disease symptoms (Ramirez et al., 2018; Zheng et al., 2016). As the 

LAH3-HBc strategy did not embrace the immunological benefits of conformational epitopes, 

in the subsequent studies, we attempted to display the stalk antigen in its native trimer 

conformation (Adachi et al., 2019). Furthermore, in the vaccine context, there is a concern that 

immunity against the carrier protein can diminish the immune response to its displayed foreign 

epitopes (McCluskie et al., 2016). Many people have pre-existing antibodies to the HBc antigen 
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due to vaccination or previous infection; therefore, we chose to employ bacteriophage-derived 

coat protein shells for our following experiments (Nelson et al., 2016). 

In the next publication of this thesis, we aimed to target conformational epitopes of the 

HA tri-stalk and LAH antigens from A/H1N1 influenza virus to assess the diagnostic potential 

of the stalk-antigen. Assuring the presence of structural epitopes can have a fundamental role 

in induction of potent immune responses (Krammer, 2015). The crystal structure of the tri-stalk 

protein was therefore determined, showing a trimeric structure that almost identically matched 

the corresponding fragment of the full-length post-fusion HA (Bullough et al., 1994). Despite 

the structural conservation, in mice this protein induced only group-specific antibody responses. 

Previously, it has been reported that the low-pH state of HA stalk does not contain the relevant 

epitopes for cross-reactive antibody binding (Krammer, 2015). However, it is now known that 

the post-fusion stalk is also a target of cross-group specific antibody (Adachi et al., 2019). 

Therefore, in the context of this publication, it was probably the small size of the free tri-stalk 

that prevented induction of cross-reactive antibody responses, and the addition of adjuvants or 

a carrier platform was necessary to induce stronger immune reactions (Bachmann & Jennings, 

2010). However, at this stage, our goal was to employ the tri-stalk antigen as a tool to evaluate 

the stalk-specific immunity. In this regard, the tri-stalk protein is an attractive antigen for 

downstream applications in immunological assays and vaccine research, as it is possible to 

easily obtain mg amounts of purified protein per each g of expression cells. The simplicity of 

purification should allow for a rapid scale-up if necessary.   

Since the particle-displayed monomeric LAH3 induced cross-reactive yet weak antibody 

responses, we aimed to develop VLPs that would present the LAH antigen in its native trimeric 

conformation. Similar to other small RNA phages, the coat proteins of the PP7 bacteriophage 

are organized in a T=3 symmetry (Tars et al., 2000). Both termini of the coat protein are surface 

exposed, and the distance between the N-termini are, in theory, similar to the distance between 

the N-termini of stalk monomers. Accordingly, we assumed it would be possible to produce an 

assembly-competent PP7 shell that would present the HA stalk in its native trimeric 

conformation. However, the chimeric LAH1-PP7 proteins were produced as soluble aggregates 

with no way of efficiently ascertaining the formation of any trimeric LAH structures due to the 

irregularity of the product. Notably, although only results with the LAH1-PP7 fusion protein 

were featured in the publication, we screened various small RNA phages for their ability to 

display the stalk antigen in its trimeric conformation. We altered the coat protein C- and 

N-termini for target sequence insertions and tested rigid and flexible linkers of varying lengths. 

However, all our attempts were unsuccessful, yielding either insoluble products or 
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un-assembled fusion proteins. Since then, many of these phage shells have been confirmed as 

potent carriers for small foreign epitopes, suggesting that particle display of the stalk trimer by 

approach proposed in this thesis might not be possible (Liekniņa et al., 2020). Notwithstanding 

the lack of particle formation, LAH1-PP7 fusion protein was capable to elicit antibody 

responses to group 1 and group 2 rHAs in mice. Both IgG1 and IgG2a antibody subclasses 

prevailed equally. In mice, the IgG2a isotype is known to exhibit the best ratio of activating-to-

inhibitory Fc-receptor binding and therefore to possess the strongest effector functions.  Hence, 

the IgG2a antibody are generally considered to be the most potent IgG subclass to aid in the 

clearance of viral infections (DiLillo et al., 2014; Nimmerjahn & Ravetch, 2005; Schmitz et al., 

2012). However, the less potent antibodies of IgG1 isotype are also able to limit viral infections 

and are therefore protective (Adachi et al., 2019). In general, stimulation of both IgG1 and IgG2 

subclasses would be preferable for the development of potent IV (Huber et al., 2006).  

Natural virus infection has shown to elicit relatively poor levels of stalk-specific antibody, 

which coincides with our findings with sub-lethal influenza challenge in mice (Margine et al., 

2013; Zost et al., 2019). However, sequential exposure to antigenically diverse influenza viruses 

and infection with novel influenza subtypes tends to stimulate antibody responses directed 

against the stalk (Krammer et al., 2013; Nachbagauer et al., 2015, 2021; Pica et al., 2012). On 

the other hand, occupational contact to livestock, especially swine and poultry, has been 

reported as a predisposing factor to increase the antibody cross-reactivity with a variety of 

influenza viruses (Gerloff et al., 2011; Nelli et al., 2010; Y. Wan & Jeffrey, 2014). Hence, we 

proposed that the cross-immunity observed in swine-workers might be at least partially 

mediated by the anti-stalk antibody. The tri-stalk protein was used as the target antigen to assess 

the stalk-reactive immunity in the pre-pandemic sera of swine-workers. Indeed, the 

swine-worker sera exhibited boosted anti-stalk and H1 (A/California/4/2009) HA-specific 

antibody levels even before the pandemic virus had spread to Western Europe and they 

positively correlated with neutralizing activity against the pandemic A/H1N1 influenza virus. 

Our results therefore suggest that the cross-reactivity of the swine-worker sera observed in 

previous studies is likely the outcome of stalk-based immunity (Gerloff et al., 2011). 

Altogether, these observations support the potential role of the HA tri-stalk protein for 

evaluating HA stalk-specific immune responses in clinical and animal samples.  

 Up to this point, our studies suggested that both retaining the natural tertiary structure 

and particle display are of essential matter to induce broadly reactive immunity via the stalk 

antigen. Hence, the failed antigen display by genetic fusion encouraged us to apply the chemical 

coupling approach to yield chimeric particles. Since there are reports on particle decoration via 
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the modular functionalization approach with diverse conformational epitopes, it should be 

possible to preserve the natural trimeric structure of the stalk domain while increasing its 

immunogenicity via chemical coupling to VLPs (Low et al., 2014; Röhn et al., 2006). The 

separate production and purification of the platform and display antigens can be seen both as 

an advantage and disadvantage. It adds and extra step in the manufacturing; yet, both antigens 

can be produced in their optimal expression systems, and the VLP platform can be stockpiled 

in advance. Thus, in the following experiments, we expressed and purified the HA stalk 

antigens and VLP platforms in a modular fashion, and then covalently coupled them in vitro 

via the SATA-maleimide conjugation chemistry.  

Our previous results prompted us to develop IV candidate based on the particle-displayed 

HA tri-stalk protein to be tested in mice. However, most stalk-specific antibodies are known to 

recognize viruses from the same subtype or group (Ekiert et al., 2009, 2011; Friesen et al., 2014; 

Kashyap et al., 2008; Okuno et al., 1993; Sui et al., 2009). We therefore hypothesized that 

incorporation of several conserved influenza antigens in the vaccine composition might 

diversify the mechanisms of the immune responses and broaden the potential cross-immunity. 

In this regard, we combined the genetic and chemical functionalization techniques to yield 

chimeric AP205 particles displaying both the tri-stalk protein and a 3M2e antigen, or either of 

them. While the tri-stalk alone could elicit only group-specific antibody responses, which was 

also observed in our previous study, particle-display enhanced its ability to elicit cross-reactive 

antibodies (Lu et al., 2018). The potency of the induced antibody responses correlated with the 

conservation degree between the tri-stalk and target antigen, with more distant rHAs eliciting 

lower antibody responses. Hence, cross-reactivity of this vaccine candidate could be greatly 

improved with addition of a group 2 stalk antigen. In our study, the majority of antibody elicited 

by the stalk and M2e proteins were of IgG1 subclass, but particle delivery increased the 

proportion of IgG2a antibody, probably, owing to the encapsulated nucleic acid (Schmitz et al., 

2012).  

The challenge experiments allowed us to evaluate the potency of induced antibody to 

protect against lethal influenza virus infections and confirmed our hypothesis that the inclusion 

of multiple conserved antigens in a vaccine increases its efficacy. The tri-stalk antigen afforded 

substantial, yet partial, protection only against group 1 viruses. Although the AP-M2e particles 

were protective in the challenge experiments with heterologous and heterosubtypic A/H1N1 

PR8, A/H3N2 and A/H5N1 viruses, they could not confer protection against a high-dose lethal 

infection with A/H1N1 Cal/09 virus. Confirming our assumption, only the multimeric particles 

displaying both the tri-stalk and 3M2e antigens afforded strong protection against the high-dose 
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challenge. Although the tri-stalk displaying particles were less protective in this lethal challenge 

than we anticipated, the high-dose challenge emphasized the role of tri-stalk induced protective 

immunity.  

The protective effect of both the tri-stalk and 3M2e was afforded mainly by antibody 

responses, as confirmed by serum-transfer experiments. The post-fusion HA stalk and M2e 

antigens are known to confer infection-permissive immunity, meaning that the induced 

antibodies are generally non-sterilizing (Adachi et al., 2019; El Bakkouri et al., 2011; Fu et al., 

2009). Hence, their induced protection is largely attributed to antibody effector functions which, 

in turn, are associated with broader immune responses (DiLillo et al., 2014, 2014, 2016; El 

Bakkouri et al., 2011; Kolpe et al., 2017; Y.-N. Lee et al., 2014; Nimmerjahn & Ravetch, 2005; 

Srivastava et al., 2013). Consistent with the above, the stalk-induced protection in this thesis 

was predominantly mediated by effector mechanisms, but the 3M2e antigen induced both 

effector activity and some CD4+ T-cells responses. Cell-mediated immune responses are linked 

with better protective immunity in older adults and associated with long-term protection in mice 

(Eliasson et al., 2018; McElhaney et al., 2006). Likewise, the stalk- and M2e-directed 

antibodies are associated with longevity, which could potentially alleviate the problem of 

plummeting immune responses of conventional IV (Adachi et al., 2019; Schotsaert et al., 2016; 

Young et al., 2018). The long-term protection, however, was not assessed in this thesis and 

should be a subject of our future studies. The infection-permissive immunity can be viewed as 

a disadvantage as individuals might still become infected. On the other hand, the limited viral 

replication that occurs can induce additional immune mechanisms (e.g. HA-specific antibody 

responses and CD8+ T-cells), enhancing subsequent heterosubtypic protection, and is less 

likely to produce virus escape mutants (Bodewes et al., 2010; Choi et al., 2020; Kirkpatrick et 

al., 2018; Y.-N. Lee et al., 2016). Notably, even though the protection afforded by the 

multivalent VLPs was non-sterilizing, only minor clinical symptoms were observed, 

highlighting the strength of these immune responses in the suppression of virus replication. 

There are, however, open questions regarding virus shedding and virus clearance in vaccinated 

virus-infected animals that should be addressed in our forthcoming studies.  

Nevertheless, up to this point, we had no information about the structural characteristics 

of the surface-displayed stalk antigen. Covalent binding can disrupt the conformation of the 

display antigen that can reduce vaccine effectiveness (Brune & Howarth, 2018; Kumru et al., 

2014). Thus, information about the structural preservation is critical to design a vaccine with 

the optimal immunogenicity. Yet, although the coupling can be confirmed by SDS/PAGE and 

the particle integrity – by electron microscopy, it is challenging to assess the structural features 
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of the display antigen. The VLP decoration via the SATA reagent occurs randomly, yielding 

heterogeneous particles. The uneven decoration makes it difficult to analyze these particles by 

X-ray crystallography or cryogenic electron microscopy, and they are too large to be 

characterized by solution nuclear magnetic resonance (NMR) (Brune & Howarth, 2018; 

Demers et al., 2018). In this respect, the magic-angle spinning (MAS) solid-state NMR 

spectroscopy technique has lately proven to be a suitable tool in the studies of large and complex 

protein assemblies (Cerofolini et al., 2019; Demers et al., 2018; Mandala & Hong, 2019). 

Therefore, in the remaining publication of this thesis, we aimed to analyze the structure of free 

and VLP-displayed LAH1 antigen by MAS NMR.  

The superimposition of HA LAH1 trimer structures, determined by the X-ray 

crystallography and the conventional MAS NMR with free, uniformly 13C- and 15N-labeled 

antigen, revealed matching structures. The above methods, however, were not applicable to 

analyze the structure of labeled LAH antigen in a VLP-bound state. The VLP-displayed LAH 

most likely occupies as little as 1/10 of the sample volume, but a small amount of protein bound 

to the particle is associated with an NMR signal sensitivity drop. Furthermore, the conventional 

MAS NMR requires large amounts of the labeled protein material, which is difficult to acquire 

in the lab-scale chimeric vaccine context (Demers et al., 2018; Mandala & Hong, 2019). 

Nevertheless, these limitations can be overcome as the sensitivity of MAS NMR has increased 

with recent advances in the high-field dynamic nuclear polarization (DNP) and high-resolution 

proton detection (Andreas et al., 2015; Jaudzems et al., 2019; Mandala & Hong, 2019). 

Complementary application of these technologies allowed us to determine the structure of 

VLP-coupled LAH antigen – the covalent immobilization did not disrupt the structural integrity 

of the LAH protein and it preserved its trimeric folding state. In addition, we acquired structural 

information about the dynamic regions of the antigen, which are typically difficult to analyze. 

This is particularly relevant in the vaccine research context as any conformational changes can 

disturb antibody-binding epitopes and reduce the potency of the vaccine to elicit relevant 

antibodies. To our knowledge, we are the first to report an atomic-level structure of a 

VLP-displayed antigen; yet, these findings suggest that hereafter MAS NMR might become a 

widespread tool for applications in vaccine development and other fields.  

Our results herein indicate that broadening the mechanisms of the immune responses can 

also induce more potent and cross-protective immunity against distinct influenza viruses. 

However, this thesis is intended as a proof-of-concept study, not as a final vaccine. Further 

vaccine development could benefit from incorporation of additional conserved viral 

components to enhance vaccine potency, such as group 2 HA tri-stalk, pre-fusion stalk, or 
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fivefold tandem repeat epitopes of the M2e antigen (M.-C. Kim et al., 2013; Y.-N. Lee et al., 

2016; Valkenburg et al., 2016). Other vaccine delivery routes should also be considered, as 

mucosal administration with relevant adjuvants has been shown to increase IV efficacy (Calzas 

& Chevalier, 2019). However, the recombinant production of our vaccine candidate in a 

microbial system as well as its ability to provide heterosubtypic protection help to overcome 

several of the conventional vaccine limitations. Thus, the multivalent vaccine candidate 

presented in this thesis has the potential to limit the spread of seasonal and emerging influenza 

viruses and replace the current vaccination strategies.  
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5. CONCLUSIONS 

1. The HA tri-stalk and LAH proteins in their free form adopt a trimeric fold that corresponds 

to the post-fusion conformation of full-length HA. 

2. The native trimeric fold of the HA LAH is preserved upon chemical coupling to the VLP 

surface. 

3. The high sensitivity MAS NMR is a particularly useful tool for structure characterization 

of antigens in heterogeneous and large biomolecule assemblies that cannot be produced in 

large quantities. 

4. The cross-reactivity of pre-pandemic sera of swine-workers is likely at least partially 

mediated by the anti-stalk antibody. 

5. While the tri-stalk trimer is highly immunogenic in its free form, VLP display significantly 

increases its ability to induce cross-reactive antibody responses.  

6. The conservation degree between the HA stalk and target virus HA is a correlate of the 

potency of the induced antibody responses.  

7. Vaccination with free or VLP-displayed tri-stalk is not sufficient to provide complete 

protection against lethal influenza challenge in mice, therefore, it is likely to serve as one 

of the several components of a broadly reactive influenza vaccine. 

8. Combination of tri-stalk and a triple M2e antigen presented on a single particle induces 

robust and heterosubtypic protective immunity in mice.  
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6. THESIS 

1. VLP-display of weak influenza immunogens can beneficially affect antibody 

cross-reactivity with heterologous influenza viruses. 

2. The tri-stalk protein has a high potential to be used as a tool for evaluation of HA 

stalk-specific immunity in clinical and animal samples.  

3. Combination of genetic and chimeric functionalization techniques to display multiple 

antigens on a single virus-like particle is a perspective approach to generate multivalent 

vaccine candidates. 

4. Targeting multiple conserved influenza antigens can broaden the induced immune 

mechanisms and confer more potent cross-protection. 
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Appendix 1. Examples of broadly protective influenza vaccine candidates in research and clinical trials 

Influenza 

antigens* 

Platform or vector Protection against death Stage References 

M1, NP, M2e Synthetic polyepitope peptide - Phase 2b (Pleguezuelos et al., 

2020) 

M1, NP Modified replication-incompetent vaccinia virus Ankara (MVA) vector 

encoding conserved epitopes 

- Phase 2a (Lillie et al., 2012) 

4xM2e M2e fused to Salmonella typhimurium flagellin - Phase 2 (Turley et al., 2011) 

M2e, NP Fusion protein - Phase 1b (Dynavax, 2011) 

A/H1/A/Idaho/07/20

18 (H1N1), 

A/Perth/1008/2019H

3N2), 

B/Colorado/06/2017, 

B/Phuket/3073/2013 

Pentamer yeast C. albicans lumazine synthase displaying 20 HA 

molecules 

- Phase 1 NCT04896086 

M1, NP, PB1 Modified replication-competent vaccinia virus Ankara (MVA) vector 

encoding conserved epitopes 

Complete against H1N1 Animal models (W. Wang et al., 

2015) 

NP, M2 Prime with plasmid DNA encoding NP or M2, or both, boost with 

replication-incompetent adenovirus encoding NP, M2, or both 

Complete against H1N1 and H5N1 Animal models (Lo et al., 2008) 

NP Prime with plasmid DNA encoding NP, boost with replication-

incompetent adenovirus encoding NP 

High against H1N1, complete 

against H3N2, No symptoms after 

sub-lethal H5N1 

Animal models (Epstein et al., 

2005) 

M2, NP, NP (B) Replication-incompetent adenovirus vector encoding conserved epitopes Complete against H1N1, H5N2, 

H9N2, high against H1N1, H3N2 

Animal models (Price et al., 2014; 

Tutykhina et al., 

2018) 

M2 Prime with plasmid DNA encoding M, boost with replication-

incompetent adenovirus encoding M2 

Complete against different H1N1 

viruses, H5N1  

Animal models (Tompkins et al., 

2007) 

5xM2e VLPs displaying M2e as a supplement for H1N1 split vaccine Complete against H3N2 and rgH5N1 Animal models (M.-C. Kim et al., 

2014)  

3xM2e M2e fused to mucosal adjuvant CTA1-DD  Complete against H3N2 Animal models (Eliasson et al., 

2008) 
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5xM2e VLPs displaying M2e Slight symptoms after sub-lethal 

H1N1 infection, complete protection 

against secondary H5N1 infection 

Animal models (Y.-N. Lee et al., 

2016) 

 

3xM2e, NP Replication-incompetent adenovirus encoding fusion protein of M2e and 

NP 

High protection against different 

H1N1 viruses 

Animal models (D. Zhou et al., 

2010) 

M2e M2e fused to tetrameric leucine zipper from the yeast transcription factor 

GCN4 

Complete against H3N2 Animal models (De Filette et al., 

2008) 

5xM2e M2e epitope expressed on VLPs in Sf-9 insect cells  Complete against H1N1 or H3N2 Animal models (M.-C. Kim et al., 

2013) 

M2e M2e fused to rotavirus fragment NSP498–135 Complete against H1N1 Animal models (Andersson et al., 

2012) 

4xM2e M2e fused to decameric Brucella abortus lumazine synthase protein Complete against H1N1 Animal models (Alvarez et al., 

2013) 

M2e M2e fused to keyhole limpet hemocyanin (KLH) or Neisseria 

meningitidis outer membrane protein complex 

Complete against H1N1 or H3N1, no 

protection against H5N1 

Animal models (Fan et al., 2004) 

Full-length HA A prime-boost regiment with chimeric HAs consisting of H8 and H5 head 

domains combined with H1 stalk 

- Phase 1 (Nachbagauer et al., 

2021) 

Full-length HA Nucleoside-modified mRNA encoding H1 HA enclosed in lipid 

nanoparticles 

Complete homologous (H1), 

heterologous (H1), and 

heterosubtypic (H5) 

Animal models (Pardi et al., 2018) 

Full-length HA DNA encoding H5 HA as a prime for conventional vaccines - Phase 1 (Ledgerwood et al., 

2011) 

Full-length HA DNA encoding H1 HA as a prime for conventional vaccines or  

replication-incompetent adenovirus 5 encoding HA 

Complete heterologus (H1) Animal models (Wei et al., 2010) 

Pre-fusion HA stalk Headless-HA based on H1 and H3 HA Complete homologous (H1) Animal models (Steel et al., 2010) 

Pre-fusion HA stalk H5-based headless HA stabilized fused to a synthetic trimerization motif 

“Foldon” 

Complete heterologous (H1), 

heterosubtypic (H5), and cross-

group (H3) 

Animal models (Valkenburg et al., 

2016) 

Pre-fusion HA stalk H1-based headless HA stabilized with helical leucine zipper trimerization 

domain 

Complete heterologous (H1) and 

heterosubtypic (H5) 

Animal models (Impagliazzo et al., 

2015)  

Pre-fusion HA stalk H1-based headless HA on ferritin nanoparticles stabilized with HIV-1 

glycoprotein 41 trimerization domain that was later removed 

Complete heterosubtypic (H5) 

(mice), partial heterosubtypic (H5) 

(ferrets) 

Animal models, 

Phase I 

(Yassine et al., 

2015);  

NCT03186781 
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Pre-fusion HA stalk H5-based headless HA stabilized fused to a synthetic trimerization motif 

“Foldon” 

Complete heterosubtypic (H1), 

limited cross-group (H3) 

Animal models (Mallajosyula et al., 

2014) 

HA stalk peptide, 

M2e 

Synthetic H3 HA stalk glycopolypeptide and M2e fused to keyhole limpet 

hemocyanin 

Complete homologous and 

heterosubtypic (H3, H1) (low dose), 

partial homologous and 

heterosubtypic (high dose) 

Animal models (Staneková et al., 

2011) 

Full length HA Full-length H1 HA with hyperglycosylated head Complete heterosubtypic (H9) Animal models (Eggink et al., 2014) 

Full length HA Full-length H5 HA with hyperglycosylated head Complete heterologous (H5) Animal models (Lin et al., 2014) 

Post-fusion HA stalk H1-based headless HA  Complete homologous (H3), 

heterologous (H7) 

Animal models (Adachi et al., 2019) 

Full-length HA A prime-boost regiment with chimeric HAs consisting of H9, H5, and H6 

(whole virus) head domains combined with H1 stalk 

Complete heterologous (H1) Animal models (Nachbagauer et al., 

2015) 

Full-length HA A prime-boost regiment with chimeric HAs consisting of H9 (whole virus 

or DNA), H6 or H1, and H5 or H1 head domains combined with H1 stalk 

Complete homologous (H1), 

heterologous (H1) and 

heterosubtypic (H5, H6) 

Animal models (Krammer et al., 

2013) 

*Type A influenza if not unless stated otherwise 
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Appendix 2. Examples of native VLP vaccines against influenza in clinical trials 

VLP antigens Expression system Development stage References 
A/Michigan/45/2015 (H1N1), A/Hong Kong/4801/2014 (H3N2), and 

B/Brisbane/60/2008 HA 

Insect cells (Sf-9 cells) Phase 1/2a (Shinde et al., 2018) 

A/Hong Kong/4801/2014 (H3N2) HA Insect cells (Sf-9 cells) Phase 1/2a (Portnoff et al., 2020) 

A/Indonesia/05/2005 (H5N1) HA Plant (Nicotiana benthamiana) Phase 2 (Pillet et al., 2018) 

A/California/04/2009 (H1N1) HA and NA, A/Indonesia/05/2005 (H5N1) M1 Insect cells (Sf-9 cells) Phase 2 (López-Macías et al., 

2011) 

A/California/07/2009 (H1N1), A/Victoria/361/2011 (H3N2), 

B/Brisbane/60/2008 (B, Victoria lineage), or B/Wisconsin/1/2010 (B,  

Yamagata lineage) HA 

Plant (Nicotiana benthamiana) Phase 3 NCT03739112 

A/California/07/2009 (H1N1), A/Victoria/361/11 (H3N2), B/Brisbane/60/08 

(B, Victoria lineage), and B/Massachusetts/02/2012 (B,  Yamagata lineage) HA 

Plant (Nicotiana benthamiana) Phase 2 (Pillet et al., 2019) 

A/Brisbane/59/07 (H1N1), A/Brisbane/10/07 (H1N1), B/Florida/04/06 (H3N2) 

HA and NA 

Insect cells (Sf-9 cells) Phase 2a (Shirbaghaee & 

Bolhassani, 2016); 

NCT00754455 

A/Brisbane/02/2018 (H1N1), A/Kansas/14/2017 (H3N2), B/Maryland/15/2016 

(B, Victoria lineage), B/Phuket/3073/2013 (B, Yamagata lineage) 

Insect cells (Sf-9 cells) Phase 3 NCT04120194 
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Appendix 3. Examples of chimeric VLP vaccines against influenza in research and clinical trials 

Modification 

approach 

VLP platform Display antigens Expression system Development 

stage 

References 

Modular Q-VLPs A/California/07/2009 (H1N1) HA (gH1 domain) Bacteria (E. coli) Phase 1 (Low et al., 2014) 

Genetic HBcAg Influenza A M2e Bacteria (E. coli) Phase 1 NCT00819013 

Genetic HBcAg Influenza A 4xM2e Bacteria (E. coli) Phase 1/2 (Tsybalova et al., 2015); 

 NCT03789539 

Genetic HBcAg Linear A/Shanghai/2/2013 (H7N9) HA stalk Bacteria (E. coli) Animal models  (Zheng et al., 2016) 

Genetic AP205 VLPs Influenza A M2e Bacteria (E. coli) Animal models (Schmitz et al., 2012) 

Genetic HBcAg Linear A/Puerto Rico/8/1934 (H1N1) HA stalk  Bacteria (E. coli) Animal models (S. Chen et al., 2015) 

Genetic HBcAg Linear A/Puerto Rico/8/1934 (H1N1) HA stalk 

and 3x M2e 

Bacteria (E. coli) Animal models (Ramirez et al., 2018) 

Genetic Flock House 

virus VLPs 

A/South Carolina/1/1918  (H1N1) HA A-helix Bacteria (E. coli) Animal models (Schneemann et al., 2012) 

Genetic HBcAg Influenza A 3xM2e and NP Bacteria (E. coli) Animal models (X. Gao et al., 2013) 

Genetic T7 phage VLPs Influenza A virus 3xM2e Bacteria (E. coli) Animal models (Hashemi et al., 

2012)

  

Genetic M13 phage 

gpVIII VLPs 

Influenza A virus M2e Bacteria (E. coli) Animal models (Lotfi et al., 2019) 

Modular HPV VLPs A/Aichi/470/68 (H3N1) M2 Yeast (S. cerevisiae) 

and t-Boc solid phase 

synthesis 

Animal models (Ionescu et al., 2006) 

 

 


