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1. Influenza virus 

1.1 Epidemiology 

Influenza viruses are the major cause of respiratory infection disease. They are mainly divided 

into four genera: influenza A, influenza B, influenza C and influenza D. Influenza A viruses 

(IAV) are further divided into many different subtypes on the basis of the different types of 

hemagglutinin (HA) and neuraminidase (NA) expressed on the virus surface [1]. To date, 18 

subtypes of HA and 11 subtypes of NA have been found in humans and natural reservoirs such 

as wild aquatic birds and swine [2,3]. Some type A viruses may cross the species barrier and 

can occasionally cause pandemics in humans. Influenza B viruses are mainly circulating in 

humans and are divided into two different lineages, Victoria and Yamagata [4]. Annual 

mutations in IAV and influenza B viruses circulating in humans are correlated with annual 

epidemics. Influenza C viruses rarely circulate in humans, and only cause mild symptoms in 

children [5]. Recently, influenza D virus has been found in swine and cattle [6,7]. 

Annual influenza epidemics and occasional pandemics cause a big burden on human health. 

Annual seasonal influenza virus infection, caused by type A or type B viruses, can affect 5–10% 

of people worldwide, resulting in severe illness among 3–5 million people and around 290,000 

to 650,000 deaths [8]. Occasional pandemics, normally caused by transmission of a novel 

influenza virus from the natural reservoir to humans, are often associated with high morbidity 

and mortality. In the last century, four pandemics happened: in 1918 (Spanish flu, H1N1), 1957 

(Asian flu, H2N2), 1968 (Hong Kong flu, H3N2) and 1977 (Russian flu, H1N1). These four 

pandemics caused more than 50 million deaths [9]. The most recent influenza pandemic, the 

Pandemic (H1N1) 2009, was caused by a swine virus. It is estimated that as many as 284,500 

people succumbed to this virus during the first wave of infection [10,11]. Besides that, influenza 

also causes considerable economic losses. It has been reported that its annual economic burden 

in the United States is $87.1 billion [12]. In addition, some other influenza viruses circulating 

in animals, such as H5N1 and H7N9, occasionally cross the species barrier and are reported to 

cause a high degree of mortality in humans [13]. Due to their limited transmission ability 

between humans, these viruses cannot cause pandemics in humans right now. However, some 

other reports have shown that certain mutations in the HA and polymerases of these viruses 

could make airborne transmission of H5N1 virus possible [14]. 

1.2 Biology of influenza viruses 
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Influenza viruses belong to the Orthomyxoviridae family and are RNA viruses with a negative 

sense, single-stranded genome. There are eight RNA segments in IAV. These eight RNA 

segments encode at least 17 proteins the most prominent being: HA, NA, nucleoprotein (NP), 

matrix protein 1 (M1), matrix protein 2 (M2), RNA polymerase acidic protein (PA), basic 

protein 1 (PB1), basic protein 1-F2 (PB1-F2), basic protein 2 (PB2), non-structural protein 1 

(NS1), non-structural protein 2 (NS2; also known as nuclear export protein, NEP), and PA-X 

[15–17]. 

 

 

Fig 1: Structure of influenza virus. The figure represents the structure of influenza A virus 

with 8 RNA segments located inside the virus particle. (Figure cited from Nature Reviews 

(2018) 4:3). 

The influenza virus is normally spherical in shape, with a diameter of 80–120 nm [1,18]. The 

envelope of the virion is composed of an external lipid membrane, derived from infected cells. 

On the surface of the membrane, influenza glycoproteins such as HA and NA project like spikes. 

These glycoproteins are abundantly present on the virus surface. M2 protein also traverses the 

lipid membrane, however only with some copies [18]. Inside the virion envelope, a matrix of 

M1 protein encloses the viral core in which each segmented RNA together with multiple NP 

molecules and a single, trimeric polymerase complex (comprised of PB2, PB1 and PA 

proteinase) forms a viral ribonucleoprotein (vRNP) complex [1,19]. Like vRNPs, NS2 is also 

found inside the M1 matrix. PB1-F2 and NS1 are not found in viral particles and can only be 

found in virus-infected cells. 
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1.3 Evolution of influenza viruses 

Even when belonging to the same subtype, influenza viruses are genetically diverse. This may 

be due to the mechanisms responsible for their evolution. As RNA viruses, viral genomes incur 

high mutation frequency during virus replication. Meanwhile, due to a lack of “proofreading” 

capacity of the viral RNA polymerase, these generated mutations cannot be corrected. This can 

result in the accumulation of these mutations in the viral genome. Some of these mutations are 

silent or generate stop codons. However, some may occur in the antibody binding site of a virus 

protein such as HA. By accumulation of these mutations, an HA protein can “drift” from one 

form to another, meaning that it cannot be recognized by influenza-specific antibodies induced 

by previous influenza infections or vaccinations. This mechanism for the evolution of influenza 

viruses is called antigenic drift [20]. The novel strains generated by antigenic drift can cause 

seasonal epidemics. 

Secondly, as a segmented RNA virus, IAV can acquire some genome segments, such as HA 

and NA, from a different subtype of influenza virus. When humans or animals are infected with 

different human and animal viruses, the gene segments of different influenza viruses can be 

exchanged, resulting in the generation of a ‘reassorted’ virus. This phenomenon is called 

antigenic shift [1]. If there is no pre-existing immunity in humans against this shifted strain, 

and the shifted strain transmits easily from human to human, it can cause a pandemic, as was 

the case in 2009 for the pandemic (pdm) H1N1 virus. 

 

Fig 2: Influenza antigenic drift and shift.  Antigenic shift is shown by change in the RNA 

segments of virus, while antigenic drift is shown by change in the colour of HA head from red 

to green. (Figure cited from Nature Reviews (2018) 4:3). 
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2. Current influenza vaccines 

Vaccination is the most effective strategy to protect humans against influenza virus infection. 

Traditional seasonal influenza vaccines are trivalent inactivated vaccines (TIV) that cover the 

two circulating IAV virus strains (H1N1 and H3N2) and one influenza B strain. However, 

surveillance studies have reported that two antigenically distinct influenza B types circulate in 

the environment. They belong to the B/Yamagata and B/Victoria lineages. Therefore, 

quadrivalent vaccines (QIV) with two A strains and two B strains are now licensed. To 

determine which strains of influenza virus should be used in these vaccines, the World Health 

Organization (WHO) has established a global influenza network to monitor the influenza 

viruses circulating in the world. Every February (for the northern hemisphere) and September 

(for the southern hemisphere), influenza virus strains are reviewed to detect the virus strains 

circulating at that time. Based on the strains circulating, the WHO tries to predict the strains 

which are likely to circulate in the next influenza season. After prediction, these selected strains 

are cultured in fertilized chicken eggs for seasonal vaccine preparation. It takes months for these 

new vaccines to be available for humans. 

Licensed influenza vaccines are predominantly classified into two different groups: inactivated 

influenza vaccines and live attenuated influenza vaccines (LAIV). Inactivated influenza 

vaccines include whole inactivated virus, subunit, split, virosome and virus-like particle (VLP) 

vaccines. Whole inactivated influenza virus vaccine (WIV), produced by the inactivation of 

live influenza virus, was the first influenza vaccine used in humans [21]. Because of the side 

effects induced by WIV, it has been abandoned since the advent of split and subunit vaccines 

[22]. Improvements in the production and purification of WIV have decreased WIV-induced 

side effects, making this vaccine acceptable for use again. Split and subunit vaccines, consisting 

respectively of a mixture of all the viral proteins and of the surface proteins HA and NA only, 

were initially developed to overcome the side effects induced by WIV. Virosomes are 

reconstituted viral membrane envelopes which consist only of the membrane lipids with 

incorporated surface proteins of influenza virus. This type of vaccine is commercially available 

in some European countries [23,24]. A clinical study showed that virosome vaccination mainly 

induces an antibody immune response with comparable titers to those induced by subunit 

vaccines in humans [25]. VLP vaccines can be produced by co-expression of influenza proteins 

in insect cells, mammalian cells or plants [26,27]. Pandemic influenza VLP vaccines have been 

tested in clinical trials and have shown a good level of safety [27]. Annual inactivated influenza 

vaccines contain 15 µg of HA protein from each virus strain and are administrated parentally. 
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This type of vaccine is recommended for children of more than 6 months of age, the elderly and 

individuals with high-risk conditions [28]. However, only a modest effect of these vaccines is 

observed in the elderly; use of high-dose vaccines, containing 60 μg HA of each strain, is one 

of the strategies to overcome the low immunogenicity of the current vaccines in this age group. 

Adjuvants are another strategy to improve the immunogenicity of these vaccines and to spare 

the antigen used in vaccines. MF59, an oil-in-water emulsion containing squalene, Tween 80 

and sorbitan trioleate, has been licensed for human influenza vaccine. It is thought that MF59 

can increase the immunogenicity of vaccines by activating antigen-presenting cells (APCs) [29]. 

MF59 has been shown to increase the immunogenicity of seasonal influenza vaccine in the 

elderly and in children [30]. In addition, MF59 also been used in a vaccine against 2009 

pdmH1N1 virus [31]. Another oil-in-water emulsion, AS03, has also been used as an adjuvant. 

AS03 contains a surfactant, polysorbate 80, and two biodegradable oils, squalene and DL-α-

tocopherol, in PBS. It has been shown that the presence of α-tocopherol in AS03 enhances the 

immunogenicity of the vaccine by activating the innate immune system, particularly monocytes, 

and subsequently increasing antigen uptake and presentation [32]. AS03 is licensed in H5N1 

prepandemic and H1N1 pandemic influenza vaccines. It has been reported that AS03-

adjuvanted H5N1 vaccine not only induces a higher antibody immune response against a 

homologous virus strain in the vaccine compared to nonadjuvanted vaccine, but also induces 

cross-clade immunity to heterologous strains [24]. Similarly, AS03-adjuvanted 2009 pdmH1N1 

vaccine shows higher immunogenicity than nonadjuvanted H1N1 vaccines [33]. However, it 

has been reported that an increase in the incidence of narcolepsy was found in children and 

adolescents who were vaccinated with AS03-adjuvanted Pandemrix vaccine during the 

pandemic in 2009 and 2010 [34]. 

Current LAIV are produced by reverse genetics using predicted HA and NA genes together 

with a cold-adapted virus backbone. This backbone limits the replication of LAIV to a 

temperature below 33 °C, resulting in replication in the upper respiratory tract but not the lower 

respiratory tract [35]. When administered intranasally, LAIV can be detected from a nasal wash 

up to 7 days post-vaccination but is rarely isolated longer than 14 days post-vaccination in 

children [25]. This vaccine is only licensed for healthy individuals aged 2 to 49 or 59 years of 

age in the US and Canada, respectively. However, in Europe, LAIV is only recommended for 

children 2 to 18 years of age. A single dose of LAIV is recommended for healthy individuals 9 

to 49 years of age and healthy children 5 to 8 years of age who have previously been immunized 

with an influenza vaccination. Two doses of LAIV are recommended for healthy children 5 to 
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8 years of age receiving influenza vaccine for the first time [36]. It has been reported that LAIV 

is 92% efficacious at preventing antigenically matched influenza in children [36]. Recently, 

only poor efficacy of LAIV has been observed in children against the influenza A H1N1 and 

drifted H3N2 strains. Thus, use of LAIV as a human vaccine was not recommended in the USA 

in 2016 and 2017. Yet, the problems with low immunogenicity now seem to be solved and the 

vaccine is again recommended since January 2018.  

These (adjuvanted) vaccines mainly provide protection by inducing strain-specific neutralizing 

antibodies. However, virus strains which have undergone antigenic drift or antigenic shift 

cannot be recognized by those strain-specific antibodies. Thus, these vaccines have to be 

updated annually. The efficacy of these vaccines is dependent on prediction of the strains which 

might circulate in the next flu season. Although many methods have been used to optimize this 

prediction, precise prediction remains difficult [37]. In fact, failure of the predicted strains to 

match the circulating strains occurs quite often for seasonal influenza vaccine, in these cases 

current vaccines show poor effectiveness. When a pandemic caused by antigenic shift is 

emerging, it will take around 6 months to prepare and distribute a pandemic influenza vaccine 

to humans, which is too late for a vaccine to provide protection during the first wave of the 

pandemic [38]. Thus, there is an urgent need to develop a universal influenza vaccine which 

can induce cross-protective immunity to variant influenza strains. 

3. Immune responses induced by live virus infection 

Natural influenza virus infection induces a potent antibody and cellular immune response 

against influenza virus infection. It has been reported that prior infection with live virus can 

provide heterologous or heterosubtypic protection against drifted virus or shifted virus in 

animals [39,40] In the following part, we will discuss these protective immune responses 

induced by live virus infection. Although the exact cross-protective mechanisms are not yet 

fully understood, identifying these immune responses induced by live virus infection is 

important for the development of novel vaccines that could provide cross-protection. 

3.1 Mucosal immune responses induced by influenza virus infection 

Considering that the upper respiratory tract (URT) is the primary site for influenza virus 

infection, antibody responses induced by live virus infection in this place may play an important 

role in protection against influenza virus infection.Secretory IgA (S-IgA) is the major antibody 

isotype detected at the mucosal site. It has been reported that S-IgA can prevent the pathology 

induced by virus infection in the URT [41]. Moreover, adoptive transfer of S-IgA to naïve mice 
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has been shown to provide protection against challenge with a homologous virus. These studies 

indicate that IgA does play an important role in protection against influenza. This may be due 

to the fact that S-IgA is a neutralizing antibody. It has been reported that IgA in nasal secretions 

can neutralize the HA of influenza virus [42,43]. 

A previous study showed that immunization with WIV confers partial cross-protection against 

drifted strains in wild-type mice; however, no cross-protection is observed in pIgR knockout 

mice (S-IgA deficient mice) [44]. This study suggests that S-IgA could also provide cross-

protection against IAV infection. Moreover, adoptively transferred S-IgA protects naïve mice 

against a drifted strain of IAV infection [45], which confirms the cross-protective capacity of 

S-IgA against IAV infection. Another study by Asahi et al showed that S-IgA antibody induced 

by a strain of influenza B virus infection provides cross-protection against infection with 

different strains of influenza B virus [46]. However, the mechanism responsible for cross-

protection of S-IgA against influenza A and B virus infection remains unknown. 

Interestingly, a recent study by He et al showed that anti-HA stalk antibodies (such as 6F12 and 

KB12) with human IgA backbones exhibit stronger neutralization ability than antibodies with 

human IgG backbones [47]. Moreover, another study, by Muramatsu et al, showed that when 

targeting the same epitope, IgA antibody exhibits greater capacity to cross-bind to different 

strains of influenza virus than IgG antibody in vitro. Electron microscopy in the latter study 

revealed that IgA may provide protection by suppressing the release of virus from infected cells 

[43]. In addition, a recent study showed that polymeric S-IgA, with a quaternary structure, 

exhibits stronger neutralizing ability against influenza virus than dimeric S-IgA [48]. These 

studies suggest that the structure of S-IgA antibody may be correlated with its cross-protective 

potency against influenza virus infection. 

In summary, S-IgA antibody can provide (cross-)protection against influenza virus infection. 

Although the exact mechanism responsible for cross-protection against influenza virus 

infection is not yet clear, its ability to contribute to cross-protection highlights the importance 

of developing an influenza vaccine which can induce a strong S-IgA antibody response. 

3.2 Serum antibody immune responses induced by influenza virus infection 

The serum antibody response plays an important role against influenza virus infection. Like 

influenza vaccines, live virus infection mainly induces neutralizing antibodies. These 

neutralizing antibodies predominantly mediate protection through blocking attachment of the 

virus to the target cell surface [49]. Most of these neutralizing antibodies target the variable part 

Introduction and scope of this thesis 

17 
 

of HA protein, providing no cross-protection against drifted or shifted strains. Neutralizing 

antibodies against the conserved stalk regions of HA have also been detected. These anti-HA 

stem neutralizing antibodies provide cross-protection [50]. In addition, it has been reported that 

adoptively transferred serum, in the absence of neutralizing antibody, also provides cross-

protection against different strains of influenza virus infection in an animal model [51], which 

indicates that non-neutralization antibodies may play an important role in cross-protection. 

Non-neutralizing antibodies may mediate protection via Fc receptor-dependent mechanisms 

such as antibody-dependent cellular phagocytosis (ADCP) [52,53], antibody-mediated 

complement activation [54] and antibody-dependent cellular cytotoxicity (ADCC) [55] 

(reviewed in [56]). Among these mechanisms, ADCC may be the most important one 

responsible for cross-protection. NK cells play an important role in ADCC. ADCC occurs when 

CD16 receptor expressed on NK cells binds with the Fc portion of IgG antibodies (IgG1 and 

IgG3) bound to antigens on virus-infected cells. This binding induces the activation of NK cells 

and the release of granzyme B and perforin, resulting in DNA fragmentation and apoptosis of 

the virus-infected cells. Activation of NK cells can also induce secretion of antiviral cytokines 

such as IFN-γ and TNF-α which have important antiviral activity. Non-neutralizing antibodies 

have been shown to provide some degree of cross-protection against influenza virus infection 

[57,58]. 

Non-neutralizing antibodies predominantly target conserved regions of influenza virus proteins. 

Of the 17 proteins encoded by influenza, few are conserved between different strains. It has 

been reported that 55 sequences of 9 to 58 amino acids located in PB1, PA, PB2, NP and M1 

proteins are conserved in 80–100% of avian and human IAV isolates [59]. Non-neutralizing 

antibodies against these conserved sequences have the potential to provide cross-protection 

against different virus strains. Viral antigens, considered to induce a cross-protective antibody 

immune response, are discussed below. 

HA stem region 

HA protein comprises two regions, a head (HA1) region that is highly variable in amino acids 

between different strains, and a stem (HA2) region that is conserved (51–80% homology 

between subtypes) between different strains. This indicates that the epitopes located in the 

conserved HA2 regions are promising targets for the development of cross-protective 

antibodies. Anti-HA stem antibodies can be detected following live virus infection by seasonal 

H1N1 and H3N2 virus in humans and in mice, though at a low level [60,61]. A large amount 
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has been shown to provide protection against challenge with a homologous virus. These studies 
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of anti-HA stem antibodies is found in individuals infected by pdmH1N1 influenza virus [61]. 

These anti-HA stem antibodies cannot be found in individuals vaccinated with inactivated 

influenza vaccines [61]. 

It has been reported that many HA stem-reactive antibodies bind broadly against many 

influenza virus strains and different subtypes. These anti-HA stem antibodies can provide cross-

protection by different mechanisms. First, these stem-reactive HA antibodies can bind to HA 

presented on the virus, and may be taken up together with the virus into cells; then, these 

antibodies can prevent the fusion of viral membrane with endosome membrane [62]. Second, 

HA proteins on virus particles have to be cleaved into HA1 and HA2 subunits to acquire 

infection ability. Many stem-reactive antibodies can bind to the cleavage site of HA0 and 

subsequently prevent cleavage to HA1 and HA2 by protease, thus preventing maturation of HA 

[63]. Furthermore, anti-HA stem antibodies can also clear virus-infected cells via ADCC or 

ADCP [50,52,64]. 

NA 

Like influenza HA protein, NA is also a surface glycoprotein. Compared to antibodies against 

HA, relatively little attention has been given to anti-NA antibodies. A recent study showed that 

an antibody to NA is also an independent correlate of protection [65]. NA protein can be divided 

into four different regions: an N-terminal cytoplasmic domain, a hydrophobic transmembrane 

domain, a thin hypervariable stalk and a global head domain (the enzymatic active site). The 

enzymatic active site is conserved among different subtypes, which indicates that anti-NA 

antibodies targeting the conserved enzymatic active site have the potential to induce cross-

protective immunity [66,67]. Anti-NA antibodies can be generated by natural infection and 

vaccination. A recent study by Chen et al showed that natural virus infection induces NA-

reactive B cells at a frequency similar to or greater than that of HA-specific B cells; however, 

influenza vaccines poorly induce NA-reactive B cells [68]. Moreover, in line with previous 

publications, it has also been reported that these anti-NA antibodies induced by prior natural 

influenza virus infection are correlated with cross-protective immunity in humans [68,69]. In 

mice, experimental infection with pdmH1N1 can also induce cross-reactive NA antibodies to 

H5N1 influenza virus [70]. These studies confirmed that natural influenza virus infection 

induces antibodies against NA which can provide cross-protection. Moreover, one group has 

reported that an NA antibody against the conserved epitope of NA is able to inhibit enzymatic 

activity of N1 to N9 of influenza A subtypes as well as NA of influenza B strains from both 

lineages [71]. 
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Anti-NA antibodies may provide protection by blocking NA enzyme activity to prevent the 

release of virus progeny from virus-infected cells. Anti-NA antibody bound to the NA 

expressed on the surface of virus-infected cells may help the clearance of virus-infected cells 

by NK cells via ADCC [67]. In addition, one study has speculated that anti-NA antibodies may 

interfere with the binding of HA to virus receptors expressed on the cell surface, thus preventing 

infection [72]. 

M2 protein 

The integral membrane protein M2 is present in the form of a homo-tetramer and forms a pH-

regulated proton channel which is involved in virus uncoating in the endosome and in virus 

maturation in the Golgi apparatus [73]. M2 also controls the movement of H+ ions into the 

virion interior, which causes dissociation of the M1 protein from the RNP core, resulting in the 

release of vRNPs into host cells [74]. M2e, the extracellular domain of the M2 protein, consists 

of only 23 amino acids and is highly conserved and abundantly expressed on the surface of 

virus-infected cells, which makes it an attractive target for influenza virus antibodies to induce 

cross-reactive immunity. 

Nevertheless, anti-M2e antibody is poorly induced and has short durability following influenza 

virus infection in humans [75]. This is probably due to the low level of expression of the protein 

on the virus surface or reduced immunogenicity compared to HA and NA proteins. In a mouse 

model, primary infection with influenza virus (A/Puerto Rico/8/1934; PR8) induced a weak 

anti-M2e antibody immune response [75]; however, the anti-M2e antibody response increased 

after a second infection with a mutant PR8 strain [76] and then significantly increased after a 

third infection with H3N2 virus [75,77]. It has been reported that seroprevalence of anti-M2 

antibodies increases with age. This may be due to the fact that humans are frequently infected 

by different influenza subtypes with increasing age. Recently, a robust recall antibody response 

to M2 was observed in individuals with pre-existing anti-M2 response after pandemic H1N1 

virus infection [78]. These experiments indicate that an anti-M2e antibody response can be 

induced by influenza virus infection and can be boosted by different strains of virus infection. 

It has been shown that these anti-M2e or anti-M2 antibodies are cross-reactive to different 

strains of influenza virus [78–80]. These cross-reactive antibodies can mediate cross-protection 

to influenza virus infection in animal models; however, their contribution to protection in 

humans is still not clear. 
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Understanding the mechanism of cross-protection induced by anti-M2 antibodies is critical for 

vaccine development. The protection offered by anti-M2 antibodies is mainly mediated by cell-

targeting activity but not virus neutralization activity [80]. A previous publication showed that 

Fc receptors are required for anti-M2e antibody to provide cross-protection [81]. Thus, a 

possible mechanism to mediate protection may be ADCC or complement-dependent 

cytotoxicity (CDC) [83–85]. 

NP protein 

Influenza NP protein is abundantly expressed in the inside of virus particles and is highly 

conserved. After infection, NP protein can be expressed on the surface of virus-infected cells 

in vitro or epithelial cells of the airway of influenza virus-infected mice, and serves there as a 

suitable target for anti-NP antibodies [84,85]. Anti-NP antibodies can be found in human and 

animal serum samples after IAV infection [51,75,86,87]. Moreover, a second and a third 

heterosubtypic strain infection can also boost anti-NP antibody response in mice [75]. 

These virus infection-induced anti-NP antibodies are cross-reactive to different strains of 

influenza virus [51,87]. Passive transfer of a large amount of anti-NP antibodies can induce 

cross-protective immunity to heterosubtypic influenza virus infection in mice [90,91]. These 

studies suggest that anti-NP antibodies may play an important role in cross-protection. However, 

how anti-NP antibodies contribute to cross-protection is still not yet clear. It has been reported 

that the Fc receptor on leukocytes is crucial for cross-protective immunity induced by NP 

antibodies [89]. A recent publication by Jegaskanda et al showed that NP antibodies can 

crosslink Fc receptors and activate NK cells [90]. These findings suggest that anti-NP 

antibodies may mediate cross-protection against different strains of influenza virus via ADCC. 

4. T-cell immunity induced by influenza virus infection 

4.1 Primary T-cell immune response 

Besides antibody immune response, influenza virus infection also induces CD4 and CD8 T-cell 

immune responses. Decades ago, a publication by Wells et al showed that nude mice (T cell-

deficient mice) are more susceptible to influenza virus infection than wild-type mice due to 

higher lung virus titers, lung pathology and mortality [91], which suggests that primary T-cell 

immune response plays an important role against influenza virus infection. 

Epithelial cells located in the respiratory tract are the main targets for influenza virus infection. 

Once infected with influenza virus, these epithelial cells start to produce inflammatory 
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cytokines such as IFNα, TNF, interleukin (IL)-1α, IL-6, IL-8, monocyte chemoattractant 

proteins (MCPs) and macrophage inflammatory proteins (MIPs). Some of these cytokines 

attract dendritic cells (DCs) to the site of infection, where these cells become activated. These 

activated DCs capture viral antigens and mature into APCs [92]. 

DCs can capture viral antigens via two distinct pathways. The first pathway is through the direct 

infection of APCs by influenza virus. After influenza infection, viral antigens can be 

synthesized in the cytosol of APCs. Proteasomes in the cytosol degrade viral proteins into small 

peptides. After transportation into the endoplasmic reticulum (ER), these small peptides are 

presented on MHC class I molecules. Then, these MHC class I peptide complexes are 

transferred to the surface of the APCs. The second pathway is through phagocytosis of virus 

particles or infected dead cells. Viral antigens are degraded into small peptides in 

endosomes/liposomes and presented on MHC class II molecules. In this process, some viral 

antigens can also be presented on MHC class I molecules, known as cross-presentation [93]. 

After that, these DCs migrate to drain lymph nodes within 48 h post-infection, where they can 

activate influenza-specific T cells. 

Through engagement of MHC–peptide complexes with T-cell receptors (TCRs) located on 

naïve CD8 and CD4 T cells, those naïve CD8 and CD4 T cells, respectively, circulating in the 

secondary lymphatic organs are activated. 

4.1.1 Primary CD8 T-cell immune response 

Naïve CD8 T cells circulate in secondary lymphoid organs, where they survey for foreign 

antigens. Once activated, CD8 T cells start a process of proliferation and differentiation, 

resulting in the production of a large amount of CD8 effector cells in lymph nodes [92]. These 

effector CD8 T cells start to migrate to lung tissue around day 6 post-infection and can provide 

immediate protection from virus infection. On day 10 post-infection, virus in the lungs is almost 

cleared, and effector CD8 T cells peak [94]. 

Decades ago, a study by Bender et al showed that β2M(−/−) mice also exhibit delayed viral 

clearance and increased mortality compared to β2M(+/−) mice after virus infection [95]. This 

study suggests that primary CD8 T cells play an important role in the defense against influenza 

virus. CD8 T cells can provide protection by a combination of different mechanisms. First of 

all, when TCRs on influenza-specific cytotoxic T lymphocytes (CTLs) interact with MHCI–

peptide complexes expressed on virus-infected cells, CTLs can produce cytotoxic molecules 

such as perforin and granzymes. Perforin can form pores in target cells, which facilitates 
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granzymes to go inside virus-infected cells and then initiate their apoptosis [96]. Secondly, TCR 

engagement of MHC–peptide complexes can enhance the expression of the death domain 

receptor FasL on CTLs. FasL then promotes the apoptosis of virus-infected cells by binding 

with Fas protein expressed on these cells [96]. A recent study showed that another receptor, 

TNF-related apoptosis-inducing ligand (TRIAL), expressed on CD8 T cells also contributes to 

apoptosis of virus-infected cells by the interaction of TRIAL with its ligand (DR5) [97]. Thirdly, 

CD8+ T cells can also produce a variety of proinflammatory cytokines such as TNF-α and IFN-

γ [98]. These cytokines play an important role in controlling virus infection [99]. 

These enhanced CD8 effector T cells in the lung also have the potential to induce lung 

pathology due to inflammation. Thus, these potent CD8 effector T cells should be 

downregulated after virus clearance. To do this, CD8 effector T cells can also express IL-10, a 

potent negative factor of inflammation [100]. In this way, potent CD8 effector T cells balance 

the protection and lung damage induced by inflammation. 

4.1.2 Primary CD4 T-cell immune response 

Like CD8 T cells, naïve CD4 T cells also circulate in secondary lymphoid organs. Once 

activated by viral antigen presented on APCs, CD4 T cells start to proliferate and acquire 

antiviral effector functions, and then migrate to the infection site. The differentiation of CD4 T 

cells is primarily determined by the cytokine environment in which they are formed. Depending 

on the production of signature cytokines, IFN-γ, IL‑4 and IL‑17, CD4 T cells can be divided 

into three different subsets: T helper 1 (Th1), Th2 and Th17 cells. Influenza virus infection can 

generate Th1 and Th2 responses but is biased towards Th1 immune response. After infection, 

virus-specific Th1 cells mainly produce IFN-γ, TNF and IL-2. Th1 cells enhance 

proinflammatory cellular immunity and provide protection against lethal influenza virus 

infection. Th2 cells mainly produce IL-4, IL-5 and IL-13. The main function of Th2 cells is to 

promote non-inflammatory immune responses and induce the production of antibodies. 

However, Th2 cells are not protective against lethal influenza virus infection [101]. 

Th17 T cells have also been detected in mice infected by influenza virus [102]. Th17 cells 

mainly produce IL-17 and IL-22. The roles of Th17 cells against influenza virus infection are 

not well understood. Most recent studies have focused on the role of IL-17 signaling during 

influenza virus infection. A study by Wang et al reported that IL-17 signaling can provide 

protection against a high level of pathogenic H5N1 virus infection, which is correlated with B-

cell recruitment to mouse lungs [103]. However, some other studies have reported that IL-17 
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signaling may contribute to immunopathology during influenza virus infection [102]. A study 

by McKinstry et al directly investigated the role of Th17-producing CD4 T cells during 

influenza virus infection. This study showed that adoptively transferred Th17 CD4 T cells can 

protect mice from a low lethal dose of PR8 virus infection, and this protection is independent 

of IFN-γ, B-cell helper function, perforin-mediated cytotoxicity and IL-17A [104]. In addition, 

IL-22 produced by Th17 T cells plays an important role in tissue repair (reviewed in [105]). 

Influenza virus infection also results in the generation of antigen-specific T follicular helper T 

cells (Tfh) [106]. Instead of circulating in peripheral sites, Tfh cells mainly stay at the 

boundaries of B-cell zones within lymph nodes. It is thought that Tfh cells play an important 

role in germinal center formation, isotype switching, affinity mutation of antibody response and 

memory B-cell formation [102]. Tfh cells can also express IFN-γ and IL-4, thus stimulating the 

production of Th1-related IgG2a and Th2-related IgG1 antibodies in mice. However, whether 

these cells can form a memory phenotype remains unknown. 

4.2 T-cell memory immune response 

After clearance of the virus in the lungs, most effector T cells undergo apoptosis. Only around 

5–10% of them form long-living memory cells. Upon reinfection with the same pathogen, these 

memory T cells undergo a strong clonal expansion and differentiate into effector T cells quickly 

to provide protection. 

Memory cells are heterologous in terms of phenotype. Based on the expression of CCR7 and 

CD62L on the cell surface, memory T cells can be divided into two different subtypes: low 

CCR7- and CD62L-expressing effector memory T cells (Tem) and high CCR7- and CD62L-

expressing central memory T cells (Tcm). Tem mainly circulate between the blood and 

nonlymphoid tissues. During antigen recognition, Tem can rapidly provide protection like new 

effector cells. Tcm predominantly circulate in the secondary lymphoid organs by using CCR7 

and CD62L to cross endothelial venules. Tcm cells have also been found accumulated in the 

bone marrow [107]. Upon antigen recognition, Tcm cells undergo a rapid and robust 

proliferation and differentiation and then migrate to the site of infection. Recently, another 

subtype of memory T cell, resident memory T (Trm) cells, was identified based on the 

expression of CD103 and CD69. After clearance of influenza virus in the lungs, these lung Trm 

cells remain in the lungs instead of returning to the circulation. It has been reported that the 

precursors of Trm cells are Tem cells [108]. 

The importance of memory CD8 T cells during influenza virus infection has been studied in 
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granzymes to go inside virus-infected cells and then initiate their apoptosis [96]. Secondly, TCR 

engagement of MHC–peptide complexes can enhance the expression of the death domain 
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animals. It has been reported that adoptively transferred memory CD8 T cells can protect mice 

from influenza virus infection [109]. 

Memory CD4 T cells can provide protection against influenza virus infection by different 

mechanisms [110]. The best-known function of CD4 T cells is to provide help for B cells via 

the production of cytokines and costimulatory signals, which not only facilitate B-cell 

activation and differentiation but also assist with isotype switching to generate protective 

neutralizing antibodies. Another important role for memory CD4+ T cells is to provide help in 

the generation of effector and memory CD8+ T cells [105]. In addition to providing help for B 

cells and CD8 T lymphocytes, CD4 T cells also induce protective immunity through intrinsic 

mechanisms. Firstly, like CD8 T cells, CD4 T cells can directly kill influenza virus-infected 

cells in a perforin-dependent manner [111,112]. Secondly, memory CD4 T cells can provide 

protection by secretion of cytokines such as IFN-γ themselves to attract the innate cells to the 

infection site [110,113]. 

5. Targets of the T-cell immune response: potential for cross-protection 

Influenza virus encodes at least 17 proteins, as mentioned above. Each of these proteins may 

contain lots of different peptide epitopes. Despite this, cellular immunity is reported to focus 

on only a limited number of epitopes. This phenomenon is called immunodominance. Knowing 

which peptides are likely to be immunodominant would be helpful for understanding cellular 

immunity against influenza virus infection. To understand the peptides presented in human 

MHC class I molecules, some studies directly eluted peptides from purified peptide–MHC class 

I complexes and then analyzed these peptides by sequencing or mass spectrometry [114]. Based 

on this method, it was reported that most of the influenza peptides presented on human MHC 

class I molecules are derived from conserved internal viral proteins [115]. Recently, a 

systematic screening approach, which is more accurate and robust compared to the elution-

based method, has been used to identify the immunodominant peptides against influenza virus. 

With this approach, overlapping peptides from influenza proteins are used to stimulate human 

peripheral blood mononuclear cells (PBMCs), which shows that immunodominant epitopes are 

located predominantly in M1 and NP proteins [116]. Sandt et al reported that virus-specific 

CD8 T cells induced by seasonal influenza virus infection show considerable cross-reactivity 

to H7N9 virus [117]. Moreover, the Immune Epitope Database (IEDB) (www.iedb.com) 

records 245 CD8+ T-cell epitopes for IAV. Among these epitopes, 77% (43% from NP, 18% 

from M1 and 16% from PB1) are derived from conserved internal proteins; 703 CD4+ T-cell 

epitopes for IAV are recorded in IEDB, only 30% of which are derived from conserved proteins 
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(16% from NP and 14% from M1). It has been reported that conserved proteins, such as M1 

and NP, are the immunodominant targets for CD4 T-cell immunity [116,118,119] 

Collectively, these studies show that most of the predominant peptides presented by MHC class 

I and II molecules during an influenza infection are derived from conserved influenza proteins, 

implying that CD8 and CD4 T cells recognizing these peptide epitopes have the potential to 

provide cross-protection against different strains of influenza virus. 

6. Memory T cells are important for cross-protective immunity 

Many studies have shown that memory CD8 T cells induced by live virus infection play an 

important role in cross-protection against different strains of virus infection [120]. Kreijtz et al 

reported that prior H3N2 influenza virus infection protects mice from H5N1 virus challenge 

[121]. Guo et al showed that the depletion of memory T cells (CD4 or CD8 T cells) induced by 

H3N2 virus infection significantly impairs cross-protection against pdmH1N1 virus infection 

in mice [40]. Hillaire et al demonstrated that adoptively transferred memory CD4 and CD8 T 

cells, but not B cells, induced by prior H3N2 virus infection are responsible for cross-protection 

against pdmH1N1 virus infection in mice. Besides that, researchers have also found that CD8 

T cells induced by seasonal influenza virus infection can clear pdmH1N1 virus infection in 

macaques [122]. 

Consistent with these findings in animals, some studies in humans have also identified the 

cross-protective potential of CD8 T cells. By stimulating human PBMCs with overlapping IAV 

peptides, it was found that CD8 T cells generated by seasonal IAV infection can cross-react 

with H5N1 variant, pdmH1N1 variant or H3N2 variant [116]. Moreover, Sridhar et al reported 

that a higher frequency of pre-existing T cells to conserved CD8 epitopes is correlated with less 

severe illness during pdmH1N1 virus infection in humans [123]. Another study, by Wang et al, 

also reported that memory CD8 T-cell immunity is correlated with recovery from H7N9 

infection in humans [124]. 

Besides memory CD8 T cells, memory CD4 T cells induced by live virus infection also play an 

important role in cross-protection. It has been shown that CD4 T cells specific for conserved 

epitopes induced by seasonal live virus infection provide cross-protection against H1N1pdm09 

in mice [125]. Depletion of CD4 T cells before influenza virus re-challenge results in reduced 

cross-protective immunity [40]. Furthermore, it has been demonstrated that the presence of 

memory cross-reactive CD4 T cells is correlated with cross-protection against 2009 pdmH1N1 

virus infection in humans [126]. 
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7. Cooperation between cross-protective immune mechanisms 

As mentioned above, cross-reactive antibodies, cross-reactive CD4 T cells and cross-reactive 

CD8 T cells are involved in cross-protection against different types of influenza virus infection. 

However, the extent to which these cross-reactive immunities contribute to cross-protection is 

not yet clear. Recent studies indicate that these cross-reactive immune mechanisms cooperate 

to provide optimal cross-protection. 

Non-neutralizing antibodies in combination with virus-specific memory CD8 T cells can 

provide cross-protection against heterosubtypic influenza virus challenge [58,88] A study by 

Laidlaw et al showed that influenza-specific CD8 T cells or non-neutralizing antibodies alone 

are ineffective at providing cross-protection, but virus-specific CD8 T cells and non-

neutralizing antibodies together elicit effective cross-protection [58]. Moreover, the study by 

Wu et al even indicated that influenza-specific lung CD8 Trm, but not Tcm, cells cooperate 

with non-neutralizing antibodies to provide optimal cross-protection [127]. However, how non-

neutralizing antibodies cooperate with memory CD8 T cells to provide protection remains 

unknown. In the first study, the authors demonstrated that the cooperation may be dependent 

on alveolar macrophages or other lung phagocytes. 

Hillaire et al showed that adoptive transfer of both memory CD4 and memory CD8 T cells to 

naïve mice can provide better cross-protection against pdmH1N1 virus infection than adoptive 

transfer of memory CD4 or CD8 T cells alone. Depletion of memory CD8 T cells and memory 

CD4 T cells together results in more severe weight loss than depletion of memory CD8 or 

memory CD4 T cells alone upon pdmH1N1 virus challenge in mice [40]. These studies indicate 

that memory CD4 T cells together with memory CD8 T cells provide better cross-protection 

then each of them alone. This makes sense because we already know that memory CD4 or CD8 

T cells can provide cross-protection alone by different mechanisms. Besides that, memory CD4 

T cells, compared with primary CD4 T cells, can induce a faster and more robust B-cell 

antibody response due to the expression of CD40L and the secretion of cytokines like IL-4 and 

IFN-γ [128]. Another study indicated that memory CD4 T cells can also promote the 

recruitment of memory CD8 T cells to the site of infection to control early virus infection by 

increasing local expression of CC-chemokine receptor 5 (CCR5) ligands [129]. It has also been 

hypothesized that memory CD4 T cells can accelerate naïve CD8 response to virus infection 

through more rapid licensing of APCs and through faster production of cytokines like IL-2 

[102]. 

Introduction and scope of this thesis 

27 
 

Interestingly, Carragher et al showed that polyclonal NP antibodies can protect T cell-sufficient 

µMT mice but not T and B cell-deficient Rag1−/− mice from influenza virus infection [88]. 

This study indicated that non-neutralizing antibodies also cooperate with other naïve 

lymphocyte cells to provide cross-protection against influenza virus infection. However, it is 

still not yet clear how these naïve lymphocyte cells cooperate with non-neutralizing antibodies 

to provide cross-protection. 

Collectively, many different mechanisms can provide cross-protection against influenza virus; 

therefore, it is difficult to attribute cross-protective immunity in vivo to a single mechanism. 

Recent studies indicate that these cross-reactive immunities cooperate to provide cross-

protection. Although how these cross-reactive immunities cooperate is not yet clear, an 

influenza vaccine that could induce cross-reactive antibodies, cross-reactive CD4 T-cell 

immunity and cross-reactive CD8 T-cell immunity would be a promising approach for the 

development of a universal influenza vaccine. 

8. Scope of this thesis 

In the previous, we listed cross-protective mechanisms induced by live virus infection. To what 

extent these cross-protective immune responses contribute to cross-protection is so far unknown. 

The aim of the studies described in this thesis was to understand the different cross-protective 

immune mechanisms induced by live virus infection and vaccination, to determine their 

respective role in protection from infection by diverse influenza virus strains, and to elucidate 

how these immune responses can be induced, enhanced or altered. A detailed knowledge of 

these aspects will allow us to better understand how different immune mechanisms contribute 

to cross-protection and further guide the design of novel “universal” influenza vaccine. Indeed, 

in our studies, we already developed novel “universal” candidate vaccines and evaluated them 

in animal models. 

In chapter 2, we compare the cross-reactive immune responses against H1N1pdm09 virus 

evoked by sequential infection with seasonal virus with those induced by sequential vaccination 

with WIV or SU vaccine derived from these viruses in mice, through which we would like to 

determine which immune response is essential for cross-protection. 

Large amounts of WIV are required to induce cross-reactive CTLs. To reduce the dose of WIV 

used in vaccination, some adjuvants are used to increase the cellular responses induced by WIV 

vaccination. However, when adjuvanted with alum, only an antibody immune response can be 

induced [130]. An adjuvant which could enhance the generation of cellular immune response 
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would benefit the cross-protection induced by WIV vaccination. In chapter 3, the main 

objective was to carry out a head-to-head comparison of liposome- and protein-based adjuvants 

along with WIV vaccines to assess cross-protection in mice and select the best candidates based 

on their performance in terms of cross-protection provided and cross-reactive immune 

responses induced by these vaccine candidates. 

In chapter 2, our results indicate that both antibody immune response and cellular immune 

response are required for better cross-protection. In chapter 4, we developed a modified 

influenza virosome vaccine consisting of the membrane proteins of influenza virus with toll-

like receptor 4 ligand monophosphoryl lipid A (MPLA) incorporated in the membrane, and 

conserved influenza NP protein conjugated on the membrane. We investigated whether these 

modified virosomes could favor the activation of APCs and facilitate access of NP protein to 

the MHC class I pathway, and then successfully induce CTLs in mice. 

Immune responses in mice differ to those in humans. Difference in the immune response 

between mice and humans makes the direct translation of these findings in mice to humans 

challenging. A recent study even indicates that the immune response in laboratory mice is 

different to those in wild mice. Moreover, sequential infection with herpes viruses, influenza 

and a helminth can shift the immune response in laboratory mice to that in wild mice. 

Furthermore, sequential infection in laboratory mice reduces antibody production after 

vaccination against yellow fever virus. These studies indicate that infection history can alter the 

pre-vaccination status of laboratory mice and subsequently influence the immunogenicity of 

vaccines. Thus, in chapter 5, we determined whether infection of laboratory mice with 

Streptococcus pneumoniae could influence the immune response induced by WIV vaccination. 

Compared with mice, the cotton rat is a good model to study the pathogenesis of influenza 

infection. Although the cotton rat has also been used as an animal model to study the 

effectiveness of influenza vaccine, viral titer in the lungs is the only parameter used for vaccine 

evaluation. To determine whether some other parameters could be used to determine the 

effectiveness of influenza vaccine in cotton rats, in chapter 6 we vaccinated cotton rats with 

WIV, and then challenged them with pdmH1N1 virus. 

Lastly, in chapter 7, we summarize and discuss the results obtained in this thesis.  
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would benefit the cross-protection induced by WIV vaccination. In chapter 3, the main 

objective was to carry out a head-to-head comparison of liposome- and protein-based adjuvants 

along with WIV vaccines to assess cross-protection in mice and select the best candidates based 

on their performance in terms of cross-protection provided and cross-reactive immune 

responses induced by these vaccine candidates. 

In chapter 2, our results indicate that both antibody immune response and cellular immune 

response are required for better cross-protection. In chapter 4, we developed a modified 

influenza virosome vaccine consisting of the membrane proteins of influenza virus with toll-

like receptor 4 ligand monophosphoryl lipid A (MPLA) incorporated in the membrane, and 

conserved influenza NP protein conjugated on the membrane. We investigated whether these 

modified virosomes could favor the activation of APCs and facilitate access of NP protein to 

the MHC class I pathway, and then successfully induce CTLs in mice. 

Immune responses in mice differ to those in humans. Difference in the immune response 

between mice and humans makes the direct translation of these findings in mice to humans 

challenging. A recent study even indicates that the immune response in laboratory mice is 

different to those in wild mice. Moreover, sequential infection with herpes viruses, influenza 

and a helminth can shift the immune response in laboratory mice to that in wild mice. 

Furthermore, sequential infection in laboratory mice reduces antibody production after 

vaccination against yellow fever virus. These studies indicate that infection history can alter the 

pre-vaccination status of laboratory mice and subsequently influence the immunogenicity of 

vaccines. Thus, in chapter 5, we determined whether infection of laboratory mice with 

Streptococcus pneumoniae could influence the immune response induced by WIV vaccination. 

Compared with mice, the cotton rat is a good model to study the pathogenesis of influenza 

infection. Although the cotton rat has also been used as an animal model to study the 

effectiveness of influenza vaccine, viral titer in the lungs is the only parameter used for vaccine 

evaluation. To determine whether some other parameters could be used to determine the 

effectiveness of influenza vaccine in cotton rats, in chapter 6 we vaccinated cotton rats with 

WIV, and then challenged them with pdmH1N1 virus. 

Lastly, in chapter 7, we summarize and discuss the results obtained in this thesis.  
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