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The influenza virus family is a diverse family of respiratory viruses, that can infect a multitude of
animals, including humans. The influenza virus is a common and widespread pathogen in human
populations, that causes annual seasonal epidemics. The consequences of influenza infection can
be fatal to people with compromised immunity systems, elderly, and infants. Sporadically influenza
epidemic can grow into a worldwide pandemic, typically when a new influenza strain emerges to
which humans are immunogenically naive. The emergence of novel influenza strains is caused by
the high rate of mutations typical to influenza viruses. Because the human population do not have
a previous immunity to the new strain, pandemic influenza strain can be deadly even to the young
and healthy. The most efficacious current method to prevent influenza infections is vaccination, but
the currently used influenza vaccines have many limitations. High mutability of the influenza virus
causes the vaccines to only have a short-term protective effect, and a lack of cross-protection
between different virus strains. Due to this, commonly used influenza vaccines are seasonal, and
only offer protection to the influenza viruses that are estimated to be circulating in population during
that specific year. Plethora of different, more efficient, influenza vaccines have been developed
during the last few decades. While no vaccine has been licensed that can completely overcome
the challenges of influenza, great strides have been taken towards the ultimate goal of developing
an efficient, universal, long-term, and broad-spectrum influenza vaccine which would be affordable
and easy to produce.
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pandemic, immune response to influenza, influenza vaccine, split virion vaccine, subunit vaccine,
vaccine adjuvant, epitope-based vaccine, M2e-based vaccine

The originality of this thesis has been checked with Turnitin OriginalityCheck-program.



TIVISTELMA

Niklas Laukkanen: Influessavirukset ja -rokotteet
Kandidaatin tutkielma

Tampereen Yliopisto

Bioteknologia ja biolaaketieteen tekniikka

6.2022

Influenssavirusperhe on monimuotoinen joukko hengitysteitd infektoivia viruksia, jotka voivat
tartuttaa useita eri eldaimid, mukaan lukien ihmisid. Influenssavirus on yleinen ja laajasti
ihmispopulaatioissa levittdytynyt patogeeni, joka aiheuttaa vuosittaisia kausiepidemioita.
Influenssatartunnan seuraukset voivat olla tappavia henkildille, joilla on heikentynyt
immuunijarjestelma, vanhuksille ja imevaisikaisille lapsille. Satunnaisesti influenssaepidemia voi
kasvaa maailmanlaajuiseksi pandemiaksi, tyypillisesti silloin, kun uusi influenssakanta ilmaantuu,
jolle ihmisilld ei ole vastustuskykya. Uuden influenssakannan ilmaantuminen johtuu korkeasta
mutaatiotahdista, joka on tyypillinen influenssaviruksille. Koska ihmispopulaatiot eivat omaa
aikaisempaa immuniteettia uutta kantaa kohtaan, pandeeminen influenssakanta voi olla tappava
jopa myds nuorille ja perusterveille.

Tehokkain menetelma estaa influenssatartuntoja talla hetkelld on rokotus, mutta nykyisesti
kaytetyissa influenssarokotteissa on paljon kehitettdvaa. Influenssavirusten mutaatioherkkyyden
takia rokotteet tarjoavat vain lyhytaikaista suojaa, ja suoja eri viruskantojen valilla on erittain
heikkoa. Tasta johtuen, yleisesti kaytetyt influenssarokotteet ovat kausittaisia, ja tarjoavat suojaa
vain niita influenssaviruksia vastaan, joiden on ennustettu kiertdvan vaestdssa juuri sina tiettyna
vuonna. Suuri joukko erilaisia, tehokkaampia, influenssarokotteita on kehitetty muutaman
viimeisen vuosikymmenen aikana. Vaikka yhtdan rokotetta, joka voisi taysin ratkaista
influenssavirusten aiheuttamat vaikeudet ei ole lisensoitu, suuria harppauksia on otettu kohti
perimmaista tavoitetta kehittdd tehokas, universaali, pitkd kestoinen ja laaja-alainen
influenssarokote, joka olisi edullinen ja helppo tuottaa.
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1. INTRODUCTION

Viruses and viral infections have been a blight for humanity for as long as humans have existed,
and even our non-human ancestors suffered from viral infections. Since virus outbreaks can be
disastrous for human populations, an immense amount of work has been done by research and
healthcare personnel to combat different viruses, and to invent prevention methods for virus pan-
demics. Thanks to modern medicine, an effective method to provide protection from viruses has

been developed: vaccination.

Influenza virus is widespread, found all over the world and known to all nations. It causes a respir-
atory illness in humans known with the same name, that burdens millions of people around the
world every year. Generally, influenza infection causes mild symptoms, such as fever, headache
and dry cough, and it can even be asymptomatic. However, influenza viruses can also cause se-
vere infections, such as viral pneumonia, which can even have a fatal outcome. The elderly, chil-
dren under the age of five and people with chronic illnesses or who are immunocompromised are
at a greater risk of a severe influenza infection. Most people encounter influenza viruses at some
time during their lives, yet they do not develop long term and comprehensive immunity against
them. Influenza viruses are highly prone to random mutations, and due to this high rate of muta-
tions, they are able to evade the immune system. The mutability of influenza viruses can lead to

devastating worldwide pandemics with high death tolls, as the history has shown.

Influenza vaccines have been developed for many decades, and there are already multiple different
types of vaccines available, but the same challenges still remain. Conventional influenza vaccines
are strain specific, provide only about six months of protection, and reduce the risk of iliness only

between 40% and 60%. (https://www.cdc.gov/flu/vaccines-work/vaccineeffect.htm; 03.06.2022)

While the vaccines are still useful, and the best way to prevent influenza infections, the conven-
tional vaccines are far from ideal. For this reason, many new vaccine technologies have been de-
veloped and are currently under development, that can possibly solve these challenges. While the
humanity will likely never be rid of virus as widespread and adaptive as influenza, improved vac-

cines can greatly lessen the burden influenza exhibits on population, economy, and individuals.


https://www.cdc.gov/flu/vaccines-work/vaccineeffect.htm

2. OVERVIEW OF INFLUENZA VIRUSES

Influenza viruses belong to the Orthomyxoviridae family, which includes total of seven genera.
There are four genera of influenza viruses, which all contain only one species: Alphainfluenzavirus
(IAV), Betainfluenzavirus (IBV), Gammainfluensavirus (ICV) and Deltainfluenzavirus (IDV). Differ-
ent influenza virus strains are named according to their genus, the host species from which they
were isolated, geographic site of the isolate, strain number, the year of isolation, and in the case of
IAV, the hemagglutinin (H) and neuraminidase (N) antigenic subtypes. Antigenic subtypes haven’t
been identified for IBV, ICV or IDV. Currently, there are 18 known types of hemagglutinin antigens
(HA), and 11 known types of neuraminidase antigen (NA), so 198 different types of IAV are theo-

retically possible (https://www.cdc.gov/flu/avianflu/influenza-a-virus-subtypes.htm; 17.05.2022).

Naming convention of IAV strains is HXNY, where the X the type of H, and the Y is the type of N.
Two most significant strains of IAV that currently circulate in human populations are H1IN1 and
H3N2. IBV is not usually classified into strains, but two distinct lineages, B/Victoria/2/87-like and
B/Yamagata/16/88-like, are known to infect humans (Kim, Webster and Webby, 2018).

All genera of Influenza viruses infect vertebrates, causing disease known as influenza in mammals,
and in the case of IAV, also in birds. Types IAV, IBV and ICV are known to infect humans, but there
are differences in the severity of the infection and transmission rates of the viruses. IAV causes the
most severe form of influenza and is responsible of most major influenza pandemics. IAV can infect
a variety of animals, but aquatic birds are considered the natural reservoir of IAV. The human
influenza A viral outbreaks are usually caused by the transmission of the virus from wild aquatic
birds to domestic poultry. IBV is almost exclusively a human pathogen, with only other know sus-
ceptible animal being seal (Phoca Vitulina) (Osterhaus et al., 2000). IBV mutates at 2-3 times lower
rate than IAV and is genetically less diverse. Because of this lack of diversity, a degree of immunity
to IBV is usually acquired in humans at a young age, but IBV still mutates frequently enough that
a lasting immunity against the virus does not form (Webster et al., 1992). ICV can infect humans,
dogs and swine, but it usually causes mild infections in humans and is detected more rarely than
the two other types. Because of this, ICV is not considered to present threat to public health. None-
theless, ICV can cause severe disease to young children, elderly, or people with health complica-
tions. IDV is known to only infect pigs and cattle and was only categorised as its own genus in 2016
(Su et al., 2017).

Influenza virus is a constantly evolving pathogen, which is why it is difficult to develop a vaccine
that could provide a long-lasting and comprehensive protection against influenza. This evolution
can occur through natural mutations in the viral genome, and due to the lack of proofreading mech-

anism of the RNA polymerase used by the virus, mutations happen frequently during the replication


https://www.cdc.gov/flu/avianflu/influenza-a-virus-subtypes.htm

cycle. Influenza viruses are also able to exchange genetic elements with each other, due to the
segmented nature of the influenza virus genome. When the same cell is infected by multiple influ-
enza viruses, newly forming virions can contain gene segments from different influenza strains,
and, thusly, a novel virus strain can emerge. Genetic exchange between different influenza genera

is not known to occur. (Kim, Webster and Webby, 2018)

3. VIRUS STRUCTURE AND MOLECULAR BIOLOGY

The genome of Influenza viruses consists of negative-sense single stranded RNA, like in all mem-
bers of Orthomyxoviridae family. The genome is split to linear segments, so that IAV and IBV have
8 segments and ICV has 7 segments. Each segment is associated with nucleoproteins, and to-
gether they form a viral ribonucleoprotein complex (VRNP). The genome is packed into virion, that
can be either spherical or filamentous, and is 80-120 nm in diameter. In addition to the genetic
material, the virion contains other proteins that are needed for replication of the viral RNA. The
virion also has an envelope, that is derived from the host cell membrane, into which virus glycopro-
teins and non-glycosylated proteins are incorporated. The major glycoprotein is HA, trimeric inte-
gral type | membrane protein, which is involved in virus attachment and envelope fusion with the
host cell. HA interacts with sialic acid in the host cell membrane and uses it as a receptor for
entering the cell. HA is the major antigen that is targeted by antibodies produced by the immunity
system. IAV and IBV also contain other important envelope protein, NA, which is a tetrameric inte-
gral type Il glycoprotein. NA is involved in the release of progeny virus from the infected cells, by
splicing sialic acids that bind the virion to the host membrane. Both HA and NA are key targets for

antiviral drugs and vaccines. (Dou et al., 2018)

The viral entry happens through HA by receptor-mediated endocytosis. The main target of infection
in humans is the respiratory epithelium because it is the only site where HA molecule is effectively
cleaved, which is needed to generate infectious virus particles. Other cell types can also be in-
fected, including many types of immune cells found in the respiratory pathways, like alveolar mac-
rophages. Since influenza virus infects cells in the respiratory track, it is also where the clearest
symptoms of influenza can be seen. The virus is internalized into the host cell by an endosome, in
which the low pH causes the fusion between viral and cell membranes, which in turn causes viral
RNPs to be released into cytoplasm. RNPs are transported into nucleus, by nuclear export proteins,
where virion transcriptase complex synthesizes mRNA used to produce new viral proteins. mRNA
synthesis requires priming with capped RNA fragments, that are generated from hosts own nuclear

RNA species by viral endonuclease activity. Produced complimentary RNA acts as a template for



new viral RNA synthesis. Viral mRNA is transported into cytoplasm, where protein synthesis oc-
curs. Synthesised virus proteins are either secreted through the Golgi apparatus onto the cell sur-
face, if they are envelope proteins such as HA or NA, or transported into nucleus to form new viral
genome particles with viral RNA. In the cell membrane, the virus proteins cluster together, causing
the membrane to bulge. Viral RNPs and core proteins enter the bulge and form the virion. The
mature virus buds from the cell membrane, enveloped in host phospholipid membrane, and the
viral replication cycle is complete (Fig. 1). (https://talk.ictvonline.org/ictv-reports/ictv_9th_re-

port/negative-sense-rna-viruses-2011/w/negrna_viruses/209/orthomyxoviridae; 06.03.2022)
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Figure 1. Replication cycle of IAV (Neumann, Noda and Kawaoka, 2009).

Influenza A and B viruses have 10 essential viral proteins, in addition to strain-dependent acces-
sory proteins (Fig. 2). Matrix 1 (M1) proteins make up the capsid that the viral envelope is attached
to. The membrane contains HA and NA, but also in a lesser extent matrix 2 (M2) protein. Non-
structural proteins (NS1 and NS2) function inside the host cell. NS1 inhibits host antiviral immune
responses by supressing the expression of mMRNAs that code antiviral proteins. NS2 is a nuclear
export protein, that transports RNPs out of the nucleus after synthesis (Jung and Lee, 2020). Inside
the capsid, viral RNA is wrapped around viral nucleoproteins (NP) and bound by viral polymerase,

a heterotrimeric protein, that consists of PB1, PB2 and PA. This complex forms the vVRNP, of which


https://talk.ictvonline.org/ictv-reports/ictv_9th_report/negative-sense-rna-viruses-2011/w/negrna_viruses/209/orthomyxoviridae
https://talk.ictvonline.org/ictv-reports/ictv_9th_report/negative-sense-rna-viruses-2011/w/negrna_viruses/209/orthomyxoviridae

there are a total of eight in IAV and IBV virion. Typically, the vVRNPs are in a configuration where
one VRNP is in the middle and others are in a circle around it. Viral envelope also contains mem-
brane proteins from the host cell, that differ between different cell types. Inactive precursor of HA,
HAO, must be cleaved into two different domains for protein to function. HA1 subunit is larger, which
contains the receptor-binding site for sialic acid, that is responsible for cellular entry. HA2 subunit
contains the fusion peptide, that in the low pH of endosome makes the viral and endosomal mem-
branes fuse together, which releases the viral genome into the host cell. HA1 subunit is more avail-
able to immune system, so it also has a higher sequence variability. HA2 is considerably more
conserved, so it has potential as a good antigen for production of antibodies that could recognize
multiple subtypes of HA. (Dou et al., 2018)
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Figure 2. The Structure of IAV (Jung and Lee, 2020).
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4. THE BURDEN OF INFLUENZA EPIDEMICS AND PAN-
DEMICS

Influenza viruses cause acute respiratory inflammation in infected humans, with common symp-

toms being high fever, body aches, headache, fatigue, and general respiratory symptoms, such as
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sore throat, cough, and runny nose. While the common symptoms of influenza aren’t usually very
severe and improve after several days, the disease can cause more serious complications, of which
the most common is viral pneumonia. Influenza can be the primary cause of the severe pneumonia,
or it can be caused by a secondary bacterial infection that follows the influenza infection. In worst
cases, the patient may suffer from viral and bacterial pneumonia simultaneously. Influenza is also
associated with a high predisposition to bacterial sepsis and acute respiratory distress syndrome,
which is a type of a respiratory failure characterised by quickly spreading inflammation in the lungs.
The respiratory epithelium is the only site of the human body where HA molecule is cleaved effec-
tively, which is needed for the generating infectious virus particles. The pathophysiology of influ-
enza is caused by lung inflammation caused by direct viral infection combined with lung inflamma-
tion caused by immune responses against the virus. This inflammation can spread systematically,

and might lead to multiorgan failure. (Kalil and Thomas, 2019)

Infected individuals can transmit influenza viruses through respiratory droplets and aerosols, which
are produced by coughing, sneezing, talking and even by breathing. Through interaction and prox-
imity, the virus spreads from a person to another. When the spread of the virus is rapid, infecting a
large number of hosts in a given population in a short period of time, it can be called an epidemic.
When the epidemic spreads across a large area, such as multiple continents, or even worldwide,
it can be considered a pandemic. Seasonal epidemics and sporadic pandemics are typical for in-
fluenza, with epidemics happening every year during the colder months, and there has been four
major influenza pandemics since the beginning of 20th century. The most significant pandemic was
the so-called Spanish influenza (H1N1) in the years 1918 — 1919, which might be the deadliest
pandemic in human history. The estimates of worldwide deaths caused by the pandemic vary
widely, with some estimates being 50 — 100 million deaths, and other “merely” 17,4 million deaths
(Spreeuwenberg, Kroneman and Paget, 2018). The mortality rate among the infected is believed
to have been more than 2,5%, which is significantly higher than the rate of 0,1% in the other influ-
enza pandemics (Taubenberger and Morens, 2006). What made this pandemic so unusual, was
that it mainly killed young adults, rather than the usual infants and the elderly. Asian influenza,
which belonged to H2N2 subtype, killed 1 — 4 million people during 1957 — 1958, mainly in Asia
and USA. While its death toll is meagre compared to the Spanish influenza, it’s still considered to
be one of the deadliest pandemics in history. Hong Kong influenza pandemic of 1968 — 1969 was
caused by a new strain, H3N2, that descended from H2N2 by antigenic shift. Its death toll was
comparable to Asian influenza. The Russian influenza of 1977 — 1979 was the most benign influ-
enza pandemic of the century, killing estimated 700 000 people worldwide. It was caused by H1N1
strain virus, that is speculated to have been released to population because of laboratory accident,
since its genetic sequence was almost identical to that of decades-old strains (Rozo and Gronvall,

no date). The latest influenza pandemic happened in 2009, when four strains of HIN1 subtype
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mutated together to form a virus that human population did not have pre-existing immunity against.
More than 18 000 deaths were laboratory-confirmed, but the number of actual deaths is probably
much higher because of the lack of healthcare and surveillance in many countries. More in-depth
estimate gives range of 151 700 — 575 400 worldwide deaths during the first year that the virus
circulated (Dawood et al., 2012).

Despite of multiple serious pandemics during the last century and yearly vaccinations, influenza is
a great annual burden for society. Seasonal influenza viruses cause 3-5 million cases of severe
illness and 290,000-650,000 respiratory deaths every year globally (Kim et al., 2022).

5. IMMUNE RESPONSES TO INFLUENZA

The human immune system can be divided into two subsystems. The innate immune system, which
consists of both physical barrier of the body, such as the skin and mucous membranes, and many
types of cells that can eliminate microbes and other foreign substance from the body. The innate
immune system generally works in a similar way in all healthy people, and its function doesn’t
change in response to previous microbe infections. The other system is the acquired immune sys-
tem, which is based on the function of lymphocytic immune cells. The defining feature of acquired
immune system is that it can adapt to combat pathogens that have already been met, with the
production of special cells that can recognise specific pathogens very quickly during the secondary
infection, called memory cells. The function of memory cells makes it possible to acquire a specific

immunity against pathogenic microbes, such as viruses.

Innate immune responses and T-lymphocyte responses are significant in protection against influ-
enza viruses and are essential for the induction of the most relevant way the human body fights
against the influenza virus, which is through the antibodies produced by B-lymphocytes. In the
initial phase of infection, alveolar macrophages and monocytes are activated when specific recep-
tors, such as Toll-like receptors TLR3, TLR7 or TLR8, recognise the single stranded RNA of influ-
enza virus. Activation leads to proinflammatory cytokine response, and alveolar macrophages start
to limit the viral spread by phagocytosis of opsonised virus particles and apoptotic infected cells,
and by regulating the adaptive immune response with cytokines. Natural killer (NK) cells are
needed to eliminate virus-infected cells. They recognise these cells by HA proteins that are pre-
sented in their surface, bound to NKp44 and NKp46 receptors. Dendritic cells are a critical link
between innate and acquired immune systems. Dendritic cells present peptides from viral proteins
to both new, “naive”, and memory T-lymphocytes, which initiates the acquired immune response,

that leads to further activation of the humoral immune response. (Bahadoran et al., 2016)
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B-lymphocytes produce antibodies against pathogens, also known as immunoglobulins (Ig), that
can be categorised by differences in structure. Human immunoglobulins occur as IgA, IgD, IgE,
IgG and IgM. Immunoglobulins function by recognising structures that are complimentary to their
antigen-binding site. By binding to the antigen, immunoglobulins make it possible for other parts of
the immune system to also recognise the antigen as a foreign substance, which will lead to elimi-
nation of the substance, for example by phagocytosis. Allimmunoglobulins can bind to similar types
of antigens, being able to recognise epitopes consisting of peptides or polysaccharides, but differ-
ent classes usually activate different parts of the immune system. IgA, 1gG, and IgM have major
roles in immunity against influenza viruses. IgA is the most common antibody in mucous mem-
branes, such as the upper respiratory tract, which is often the influenza viruses’ path into the body.
In the lower respiratory tract IgG is the most common antibody, like in most other parts of the body.
IgM has a key role in early response to influenza virus, since it can be secreted into mucosal sur-
faces, and it interacts strongly with complement, a group of proteins that belong to the innate im-

mune system. (Krammer, 2019)

The fast pace of influenza viruses’ evolution makes it a difficult pathogen for the immune system
to deal with. The immune systems of host animals create evolutionary pressure for the virus to
constantly evolve its surface proteins. There are two key mechanisms that the influenza virus can
use to change its antigenic composition. Antigenic drift is a process where point mutations in the
viral genome cause minor changes to key antigen epitopes. Mutations that do not prevent the pro-
tein from functioning, but cause the virus to be undetected by the immune system, can quickly
become widespread in the virus strain due to natural selection. Antigenic shift is the process where
co-infection of the same host cell by multiple different influenza viruses leads to reassortment of
gene segments for the progeny virions. This can result in a complete exchange of genes coding
HA or NA, so that the new virion can have a novel HA/NA composition, which pre-existing immunity
won’t recognize. This is problematic for humans when a virus that infects an animal crosses with a
virus that is able infect humans, producing a novel virus that the population only has a limited
immunity against. Antigenic shift only occurs for IAV, for it has an extensive animal reservoir of
virus strains, that the other genera lack. While these mechanisms have evolved to allow the virus
to evade the natural immunity, they also work against vaccines that use HA or NA as antigens.
(Kim, Webster and Webby, 2018)

All proteins produced by the viral genome of influenza are potential targets for antibody response,
but some of these proteins are more easily accessible to the immune system than others. Majority
of influenza antibodies target the surface protein HA. There is also lower level of responses to NA
and internal proteins, but since the HA is the most immunodominant of the influenza antigens,
antibodies against it are the most numerous. Most antibody activity targets the head domain of HA,

and since the head domain contains the receptor-binding domain, these antibodies can also block
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the interaction between the virus and host cell receptor, exhibiting potent virus neutralization and
HA inhibition. Unfortunately, the head domain of HA is very susceptible to antigenic drift, and thus
the elicited antibodies are not long-term or broad-spectrum. The other domain of HA, the stalk
domain, is more conserved, and therefore stalk-specific antibodies can bind to broad range of virus
subtypes. These antibodies are widely prevalent, but at very low levels. NA performs some viral
activities, such as breaking the bonds with sialic acid that binds the budding virion to the host cell,
that can be inhibited by NA-reactive antibodies. It is not yet clear, why the HA head domain is more
immunodominant than the HA stalk domain, and HA more than NA. There are other viral proteins,
such as the ion channel protein M2 and internal viral proteins, which could become accessible to
the immune system after the host cell dies. The question is, if any of these proteins could be used

to produce more universal influenza vaccines. (Krammer, 2019)

The limitation of the conventional influenza vaccines is that generally they only induce efficient
humoral immune responses, but not cell-meditated immune responses. The epitopes mainly tar-
geted by the immunoglobins are located on the surface proteins HA and NA, and usually these are
the epitopes that undergo the most antigenic drifting. Due to this, the vaccine provides protection
only against the specific strain of influenza that is used to produce the vaccine, and might not
protect from the other strains, because they could have small differences in the structure of their
HA and NA. The cell-mediated immunity against influenza has more heterotypic cross-reactivity,
since the proteins recognized by the T-cells are typically more conserved internal proteins, such
as M1 or NP, so itis likely that T-cells would be able to recognize different subtypes or drift variants
of influenza viruses after the primary infection. Therefore, T-cells are important for a broad and
long-lasting immunity against influenza viruses. There are two types of T-cells, CD4+ and CD8+
cells, differentiating in both phenotype and effector functions. CD4+ T-cells, also called helper T-
cells (Th), support the function of B-cells and CD8+ cells, helping the acquired immune system
working correctly during both when there’s an ongoing infection and when there’s not. Different
types of Th cells regulate the functions of different parts of the immune system, thus it matters
whether the vaccine induces Th1 or Th2 type response. CD8+ cells are called killer T-cells, and
their most relevant function is to eliminate cells that have been infected. Since both types of T-cells
are important for the function of acquired immune system, vaccines should be able to induce func-

tion of both for high rate of protection against influenza viruses. (Jansen et al., 2019)
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6. CURRENT INFLUENZA VACCINES

To combat influenza infections, many different types of vaccines have been developed over the
decades. The conventional vaccines can be split into live attenuated virus vaccines and inactivated
whole virus vaccines, which both have challenges that the more modern types of vaccines can
solve. Live attenuated virus vaccines contain functional, but less-virulent form of the virus, pro-
duced either by natural occurring mutations in the virus genome, or by repeatably passing virus
through virus-susceptible cells, in a process that makes the virus less virulent. These vaccines are
good for inducing immunity, but since the virus can still replicate in the vaccinated person, there is
a risk that the virus can potentially evolve its genome to be once again capable to spread from
person to person, and as such, live attenuated virus vaccines can present a potential risk for public
health. In the whole virus inactivated vaccines, the used viruses are completely deprived of viru-
lence and transmissibility, while still containing all the viral surface antigens. More modern vac-
cines, such as split-virion and subunit vaccines, provide comparable immunity and have even

higher safety profile.

Currently widely used seasonal influenza vaccines are either live attenuated or inactivated vac-
cines. Traditionally these vaccines are trivalent, which means that they are produced to provide
protection from three different seasonal influenza viruses. Current trivalent vaccines contain the
IAV strains that currently circulate in human populations, H1N1 and H3N2, and one of the two IBV
lineage virus. In some countries, quadrivalent vaccines that contain both IBV lineage viruses are
also available. The selection of the virus strains used for seasonal vaccines must be done annually.
The recommended composition of viruses is updated by World Health Organization (WHO), based
on information gathered by Global Influenza Surveillance and Response System (GISRP). GISPR
is a worldwide partnership of 141 national influenza centres in 111 countries and ten WHO collab-
orating centres and regulatory laboratories. GISRP data is collected by continuous collection and
analysis of influenza virus samples, so that the components of the vaccine can be changed to
reflect the most frequent |AV and IBV viruses currently in circulation.

(https://www.euro.who.int/en/health-topics/communicable-diseases/influenza/vaccination/types-

of-seasonal-influenza-vaccine; 05.06.2022)

Virosome vaccines, split-virion vaccines, subunit vaccines and recombinant viral vectored vaccines
are more advanced commonly used influenza vaccines. Virosome vaccines contain virosomes,
reconstituted virus envelopes that contain HA, NA, and viral phospholipids. Since virosomes retain
viral membrane fusion and cell-binding capabilities, virosome vaccines have higher immunogenic-
ity than subunit and split-virion vaccines. Split-virion vaccines are based on inactivated whole virus

vaccines, as the virion particles are split open by splitting agents or specific conditions. Only the
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active antigenic components of the virus are preserved, which stimulates maximum antibody pro-
duction while reducing the potential side effects caused by other components of the virion particle.
Subunit vaccines do not contain the whole virions, unlike live attenuated or inactivated viruses, but
only the purified antigens. Due to this, subunit vaccines are safer and more stable than the con-
ventional vaccines. The HA and NA proteins are extracted and even further purified and concen-
trated. Subunit vaccines are safe, but currently not ideal because of the relatively low immunogen-
icity, and the high doses needed, which contribute to high manufacturing costs. Problem of the
virosome, split-virion and subunit vaccines, similarly to inactivated whole vaccines, is that they
mainly induce B cell-induced humoral immunity, and not T cell mediated cellular immunity, which
is the area that the future vaccine development should focus on. A very promising new technology
is live viral vectored vaccines, that use genetic engineering methods to incorporate the RNA coding
antigenic proteins of influenza virus into the genome of some other type of virus. This recombinant
virus is then incorporated into a vaccine, whole and functional, and injected into the subject. The
recombinant virus continuously proliferates in the vaccinated host, which provides a high level of
expression of influenza’s antigenic proteins, so that the vaccine induces both specific anti-influenza
immune effects, and nonspecific innate immune effects. Since the recombinant virus can use the
host cellular machinery for expressing the antigenic proteins, a large amount of antigens are avail-
able to immune system. The high expression of antigen leads to relatively rapid antibody produc-
tion, thus, enabling a long-lasting immunity. Commonly used viruses as a viral vectors for influenza
protein antigens are adenovirus, arenavirus, Newcastle disease virus, baculovirus and herpesvirus,
but other viruses could also be potentially used as a vector. Different vectors have their own ad-
vantages, and many different viral vectored vaccines have been studied, and been proven to be
safe and efficient. However, further studies are required to assess the long-term safety and effec-
tiveness of the vaccines, and the greatest challenge in influenza vaccine development, frequent

antigenic shifting, and drifting, still remains. (Chen et al., 2021)

Most influenza vaccines are administered as intramuscular injections, but live attenuated influenza
vaccines, such as FluMist Quadrivalent, are administered as nasal spray, which is another potential
avenue of administration for influenza vaccines. Since the influenza viruses infect humans through
the mucosal epithelium of the upper respiratory track, vaccines administered by this way can mimic
the natural infection better than injected vaccines, and thusly induce broader immune responses.
Antibodies located on the mucosa of the epithelium, which are mainly IgA and IgG antibodies, are
the major immune components that provide protection against influenza viruses. IgA that has been
secreted by mucosal plasma cells can neutralise potential pathogens before it can enter the body,
and prevent the infection, while the IgA in serum neutralize pathogens that manage to cross the
mucosal epithelium. Secreted IgA also differs from IgA of the serum since it has an extra polypep-

tide, so called secretory component. Induction of secreted IgA during the primary infection is a
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mucosal immune response, which provides a wide cross-protection from multiple subtypes of in-
fluenza. Mucosal immune response is induced by the natural infection and mucosal vaccines, but
not by injected vaccines, which is a one of the limitations of the conventional vaccines. The atten-
uated virus contained in the intranasal vaccines has been cold-adapted, meaning that it can repli-
cate at lower temperatures of around 25°C better than the wild-type virus, but cannot replicate at
37°C. This means that the virus can replicate only in the upper respiratory tract, but not in the lower
respiratory tract, including lungs, which means that the virus can’t cause influenza-like iliness. The
minimally invasive vaccine delivery method may be a good approach to mass immunization, since
it is not associated with pain, and might make it more tolerable for some people to get the vaccina-
tion. (Gianchecchi et al., 2019)

The conventional influenza vaccines traditionally use viruses cultivated in embryonated eggs, with
a method that was initially invented in 1935. This method made it possible to acquire high virus
concentrations required of the vaccine manufacturing. Over time the method has been improved,
and the embryonated eggs are still used in production of the vaccines, even though it is possible
to also cultivate influenza viruses in cell cultures. While the egg-based method works well to de-
velop vaccines relatively cheaply, the method has significant known drawbacks. One is that egg-
based vaccines can cause allergic reaction to albumin, common type of protein found on human
blood plasma. Another one is that there is a limited supply of embryonated eggs, which means that
during a pandemic the supply might not satisfy the demand, and cause delays to vaccine produc-
tion. However, the greatest drawback is that consecutively passaging the virus in embryonated
eggs can lead to the virus adapting to the egg environment with mutations to the antigenic site,
which leads to altered antigenicity, and therefore to reduced vaccine efficacy. Development of cell-
culture-based vaccine production technologies allows the influenza vaccine development to grad-
ually move away from egg-based methods, but the high production costs and the low virus con-

centration yields still prevent the complete moving on from eggs. (Kim et al., 2022)

All'in all, the efficacy of the influenza vaccines used over the last decade was not very high, with
the average protection rate of only 42%, and usually even lower rate in young children and the
elderly. These vaccines primarily induce Th2 immune response, which is needed for the production
of the specific antibodies that provide immune protection against the administered influenza virus
strains. Th2 immune response is generally the most relevant T-cell immune response contributing
to the efficacy of a vaccine, but since influenza virus is a respiratory virus, Th1 and mucosal immune
responses are also important in preventing influenza infections. A better influenza vaccine would
induce both Th1 and Th2 immune responses in a balanced manner, activating cell-mediated, hu-

moral and mucosal secretory IgA immune responses across all of the age groups. (Kim et al., 2022)
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7. VACCINE DEVELOPMENT

The selection of the right antigenic particles is not the only important part of vaccine development.
For the creation of an effective vaccine, other chemical compounds, called adjuvants, might also
need to be incorporated into the vaccine. Adjuvants are biological and chemical compounds that
enhance the immune responses to the antigen presented by the vaccine. Not all influenza vaccines
contain adjuvants, especially older, more conventional vaccines, but studies have shown the use-
fulness of adjuvants to influenza vaccine development. The benefit of adjuvants is in reduction of
antigen dose, while still maintaining a good immunogenicity profile. This so called “dose-sparing”
effect can increase the productive capacity of the vaccine, and making the vaccine rapidly available
for human use, which is of great importance in case of pandemic emergency. Already used adju-
vant in influenza vaccines is MF59, which is an oil-in-water emulsion of squalene oil and two sur-
factants, polysorbate 80 and sorbitan trioleate. Squalene is naturally occurring substance, that is
found in the liver of many animals, including humans. When compared to vaccines without MF59,
vaccines containing it are associated with higher rates of local side-effect, such as pain at the
injection site, but usually the reaction are still mild and transient. Another already used adjuvant is
ASO03, also oil-in-water emulsion, containing polysorbate 80, squalene and bioavailable form of
vitamin E. Both MF59 and AS03 promote immune cell recruitment to the injection site, uptake of
antigen, and its transport to lymph nodes. There is also a wide variety of adjuvants currently under
study worldwide, which include TLR ligands, micro- and nanoemulsions, immunostimulators and
cytokines. Since influenza vaccines are administered yearly, it is important to develop adjuvants
that safe for repeated administration, since some adjuvants can remain in the body for a long time.
Adjuvanted influenza vaccines should be typically given to individuals aged 65 years or more, who
are the ones who benefit most from the enhanced immunogenicity provided by the adjuvant.
(Durando et al., 2011) (Kim et al., 2022)

The influenza vaccine development has for a long time strived for a vaccine that could be effective
against all the relevant subtypes of influenza, and which would offer a more long-term protection.
The protective effect of modern influenza vaccines declines significantly after 6 months, and even
after 3 months in older population, because of the rapid antigenic shifting in the major antigenic
proteins of influenza virus. Since the influenza virus evolves very quickly, and there are also virus
strains circulating among animals, there is always the risk of a new strain emerging, one that the
current vaccines aren’t effective against, and, thus, a new pandemic is born. An ideal influenza
vaccine would be both universal against a wide variety of subtypes and provide a long-term pro-
tection. Currently, thanks to decades of ceaseless work of vaccine development, that dream is

closer to becoming reality.
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One potential vaccine technology to solve these challenges is epitope-based influenza vaccines.
Different parts of complete protein antigen, called epitopes, have a different degree of immunodom-
inance. But, in the case of influenza, the more strongly immunodominant epitopes are also very
variable. More conserved epitopes are weakly immunogenic, and, thus, in a vaccine with the whole
antigenic protein, the immune response develops strongly towards the epitopes that will likely be
mutated in the virus population in a short amount of time. However, if the vaccine only contains the
conserved epitopes, there won’t be immunogenic competition against them, and a stronger immune
response will be produced. Epitope vaccines use conserved proteins such as NP or M1 from inside
the virion, or conserved regions of surface proteins. Selection of the best epitopes can be done
with the help of specialized algorithms. The antigen can be delivered with vectors that have both
high safety and immunogenicity, using the methods of vector vaccines. There are currently three
epitope vaccines in development, M001 (BiondVax Pharmaceuticals Ltd., Jerusalem, Israel), Flu-
V (hVivo, London, UK) and FP-01.1 (Immune Targeting Systems Ltd., London, UK), and two vector
using vaccines, MVA-NP+M1 (Vaccitech Ltd., Oxford, UK) and ChAdOx1-NP+M1 (University of
Oxford, UK). Also, there is the rMVA-k1-k2 vaccine, developed by the Federal Medical-Biological
Agency, Moscow, Russia. This vaccine uses modified Ankara strain smallpox vaccinia viruses as
vectors containing epitopes of HA, NP and M1 proteins. HA epitopes were used to induce humoral
immunity, and the NP and M1 epitopes for T-cell mediated cellular immunity. While the humoral
immunity caused by the vaccine is low, like with other epitope vaccines, the vaccine was able to
provide protection against multiple 1AV subtypes, and worthy of further research as a universal

influenza vaccine. (Mintaev et al., 2022)

Another promising vaccine is M2e-based IAV vaccine. M2 has a highly conserved amino acid se-
quence, which makes it a potential antigen for a universal influenza vaccine. M2e refers to the
ectodomain of M2-protein, 23 amino acids long domain on the surface of the virion. There is only
a small amount of M2 present in virions, but M2 is abundant on the surface of the infected host cell.
Normally, M2e induces only very weak and short-term immune responses after infection, which is
a possible reason why M2 has high sequence conservation. M2e is normally too non-immunogenic
to be useful for vaccine development, but it is possible to convert M2 into a more immunogenic
antigen by manipulating it, and a lot of research has been done on the subject. Some examples of
these methods are fusing M2e with carrier particles, administering it with certain adjuvants, or by
trying to increase peptide density by fusing M2e antigens into tandem form. Influenza structure
protein NP is one promising carrier for M2e, for it also has a relatively conserved structure, and it
can function as antigen for cytotoxic T-cells. Thusly, recombinant M2e-NP fusion protein can be
expected to induce Th- and killer T-cell responses. Intranasal administration of M2e vaccine is also
possible, which is another advantage of the vaccine for mass vaccination campaign. Because of

how highly conserved the antigen is, it can be expected that the vaccine will protect against any
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epidemic, and might protect even against novel pandemic strains. Several clinical studies have
shown that M2e-based vaccines are immunogenic and safe in humans, but more development is

needed before this universal influenza vaccine becomes reality. (Tan et al., 2021)

8. CONCLUSIONS

Influenza viruses undergo a lot of antigenic drift and shift, which makes influenza viruses such a
persistent challenge for the humanity. Multiple different infectious strains circulate in human popu-
lations, and even more strains are found in various different animals. Animal influenza strains could
potentially jump to humans after an antigenic shift, so there is always a risk of zoonotic influenza
virus emerging. While the currently circulating strains aren’t generally too serious threats to public
safety, a novel strain, produced either by mutation or zoonosis, could cause a devastating world-
wide pandemic. The potential ramifications of a new influenza pandemic are well known because
of the multiple deadly pandemics that have occurred within the last century. Because of how dis-
astrous influenza pandemics can be, an excessive amount of work has been done by researchers
and healthcare professionals to prevent or mitigate the spread of influenza. The most effective
known way of preventing influenza infections is vaccination, which both protects the individual from
the onset of iliness and prevents them from passing on the virus to others. Influenza vaccines have
been on continuous development for many decades, and major advancements have been achieved
on the field. The conventional, live attenuated virus- and inactivated whole virus influenza vaccines
have proven to lower the rate of infections during the seasonal influenza epidemics, but are also
far from perfect. The greatest limitations of current influenza vaccines are the short duration of the
provided protection, and the lack of cross reactivity between different influenza strains. Both of
these limitations are caused by the fact that influenza vaccines typically use a highly variable pro-
tein domains as the antigen. It is highly likely that virus particles of different strains have enough
variations between these domains, that immunization against one strain doesn’t protect from the

other strain.

Many different vaccine technologies have been developed to overcome these limitations, such as
use of different protein antigens, adjuvants, or methods of administration of the vaccine. Using
more conserved viral proteins as the antigen could provide protection from a wider range of virus
strains, and could allow development of a universal influenza vaccine, one that is effective against
all different types of influenza viruses. Influenza vaccine development also focuses on improving
vaccine production methods. It is crucial that during a pandemic the vaccine production can keep

up with the demand, that the potential side effects of vaccination can be minimalized, and that new
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vaccines against novel influenza strains can be developed with less time. Data gathered by multi-
national organizations such as WHO, is critical in understanding which strains of influenza are
circulating in the population, and how these strains are changing over time. Until a universal influ-
enza vaccine is developed and available to the general population, the developers of seasonal

influenza vaccines must try to remain one step ahead of the influenza viruses.
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