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Summarizing discussion: 
 
Influenza virus is an ever-mutating pathogen. In order to escape the host immune protection, the viral 
surface antigens undergo frequent genetic mutations and thus antigenic changes (1). This is particularly 
true for influenza A virus (IAV) which is the focus of this thesis. Antigenic shift and drift are the primary 
mechanisms through which IAVs evolve to evade adaptive immunity and they account respectively for 
yearly advent of epidemics caused by seasonal IAV strains and occasional occurrence of pandemics (2). 
Given that most individuals become infected with IAVs multiple times throughout the course of their 
lives, every subject in the human population will have a different background of IAV specific pre-existing 
immunity (3–5). 
In this scenario, in which the host meets multiple and more or less diverse IAVs in the course of his/her 
life, immune cross-protection plays a crucial role. Cross-protection is associated with the ability of 
immune cells (B and T cells) and antibodies to target epitopes belonging to different influenza virus 
strains and to protect the host against infection. Influenza specific cross-protective immunity is mostly 
dependent on the antigenic similarity between strains the host encountered in the past and newly 
encountered strains. For this reason, the analysis of antigenic and genetic differences between 
influenza strains is critical for prevention, surveillance and vaccine strain selection (6–9). 
A better understanding of cross-reactive and cross-protective immunity in the human population is also 
important for the development of so-called “universal vaccines” against influenza virus for which one 
approach could be to boost pre-existing antibodies targeting conserved viral epitopes to protective 
levels (5). These pre-existing antibodies are part of the immune memory developed by the host through 
previously encountered IAVs, which are known to affect the outcome of subsequent IAV infections and 
vaccinations. Yet, the exact mechanisms through which IAV immune memory shapes the immune 
response to subsequent encounters with this virus remain poorly understood. 
 
The ultimate goal of this thesis was to gain new insights into influenza specific pre-existing immunity 
and its implications for responses to newly encountered viruses or vaccines. This knowledge could be 
pivotal to understand how to improve influenza vaccination strategies in humans.  
A first step towards our goal was to summarize the current knowledge on the effector mechanisms of 
IAV specific antibodies. In chapter 2 we analyzed the most recent literature on this topic and described 
both neutralizing and the less well studied non-neutralizing antibody responses as equally important 
players in the protection from influenza virus infection.  
Neutralizing antibodies mostly target variable epitopes on influenza surface proteins and interfere with 
virus binding, fusion, or egress. Non-neutralizing antibodies instead preferentially target conserved 
epitopes: they confer protection through interaction of their Fc region with Fc receptors on immune 
effector cells (e.g. NK cells, macrophages) or the complement system. 
The first point of interest in chapter 2 is the existence of broadly neutralizing antibodies, thus antibodies 
which can neutralize several influenza virus strains or subtypes, all subtypes within one of the 2 
phylogenetic groups of IAV, virus subtypes of both phylogenetic groups or even all influenza A and B 
viruses [21,55]. Unfortunately, these antibodies are present in only very small amounts after infection 
or vaccination. Nevertheless, they remain of great interest since vaccines capable of inducing such 
broadly neutralizing antibodies would protect the population against multiple influenza strains and 
even against future pandemic strains.  
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The second major point of interest in chapter 2 is that influenza-specific antibodies which act via non-
neutralizing mechanisms can confer protection against influenza virus. These antibodies do not provide 
sterilizing immunity and use non-neutralizing effector mechanisms to fight viral infection:  
antibody-dependent cytotoxicity (ADCC), complement- dependent cytotoxicity (CDC) as well as 
antibody-dependent cellular phagocytosis (ADCP). Non-neutralizing antibodies had earlier been largely 
overlooked, but they are known to target different viral proteins including conserved ones like NP and 
M2. For this reason, they have the potential of being highly cross-reactive, thus opening new 
possibilities for the design of broadly protective vaccines. Integration of knowledge about non-
neutralizing antibodies and about the role of pre-existing antibodies will allow us to design improved 
vaccination strategies, able of providing broad protection and tailored for vulnerable groups in the 
population. The knowledge that antibodies not detected in current neutralization assays and non-
neutralizing antibodies are able to confer protection against influenza stresses the need to develop new 
assays with which these antibodies can be reliably measured.  

 
In chapter 3 we investigated the two assays which are currently used to measure IAV neutralizing 
antibody titers and to estimate vaccine effectiveness (VE). These assays are the hemagglutination 

inhibition (HAI) assay and the virus neutralization (VN) assay. We investigated in how far the VN assay 
results correlate with those of the HAI assay and how far the two assays also result in nominally similar 
titers. To this end, we used two sets of human serum samples and determined VN titers against 
A/California/7/2009 (H1N1pdm) and A/Hong Kong/4801/2014 (H3N2), respectively, employing CPE, 
hemagglutination, ELISA, and qPCR as read-out methods. For each pair of assays, the titers obtained 
were compared by Pearson’s correlation analysis and further analyzed for equivalence using the Bland 
Altman method. In addition, antibody titers were determined by conventional HAI assay and results 
were compared to the results of the VN assays. Normalization of the determined titers to a standard 
serum was also investigated in order to understand whether a standard could be used to improve 
comparability between assays and read-outs. We found that agreement between nominal titers varied 
with assays/read-outs compared and virus strain used. Overall agreement was moderate and could not 
easily be improved by introduction of a correction factor (bias). Moreover, correlation of MN titers with 
HAI titers was high but agreement of nominal titers was moderate and could not be overcome by 
introduction of a virus strain-independent correction factor. Normalizing titers to a standard serum did 
not improve the comparability among different assays/read-outs either. 
These findings underline the need to choose only one consensus standardized assay to be used by 
different laboratories across the world to prevent inter-assay and inter-laboratory variation and to 
achieve comparability of antibody titers across the influenza field.  
The VN assay with ELISA readout would be, according to our observations, the most appropriate to be 
used as a HAI assay substitute and as a potential future consensus standardized method for VE 
evaluation. The reasons why the VN assays with the ELISA read-out is to be preferred over the other 3 
read-outs considered are the following: among the four VN assays analyzed in our study, the one with 
ELISA read-out is only moderately expensive and delivers results quickly and in a non-subjective way. 
Because of the fact that the reagents of the VN assay with ELISA readout are widely available and can 
easily be harmonized between different facilities, this assay would be an ideal candidate to use as an 
harmonized standard protocol in influenza laboratories around the world. Supporting this notion, a 
standard protocol already exists for MN-ELISA in the ‘‘Manual for the laboratory diagnosis and 
virological surveillance of influenza”, which might represent an effective starting point (10). 
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In chapter 4 we investigated influenza specific immunity and its evolution over time across different 
age groups of the general population in order to gain insights into IAV specific immune responses 
following sequential IAV exposure. We studied pre-existing immunity against IAV by assessing the 
antibody repertoire to 5 different IAV strains in 180 subjects from 3 different age cohorts: adolescents, 
adults and elderly. We quantified IAV binding (IgG), neutralizing, and neuraminidase (NA)-specific 
antibodies. In general, we observed that IgG antibody responses did not mirror neutralizing responses 
in our study, on the contrary the two appeared diametrically opposed.  
A first major finding in our study was the observation of birth date-related differences in antibody titers 
to different virus strain. This supports the notion of an imprinting effect of influenza specific neutralizing 
immune responses, already described multiple times in recent literature (11–17). We observed that for 
a given strain, neutralizing titers were highest in the age group imprinted with this strain. Also, within 
a certain age group, antibody titers were highest against the imprinting strain. An exception were the 
elderly subjects, who displayed the highest titers against a strain they encountered in the past and for 
most of their adult life, but not, strictly speaking against their imprinting strain. These results seem to 
give evidence for the antigenic seniority theory stating that antibody responses to the most senior 
strains are the result of frequent boosting and activation of pre-existing memory B cells rather than  
simply of a higher immune response to the first IAV strain encountered. Importantly, our results support 
previous findings according to which back-boosting alone should lead people to have the highest titers 
of antibodies to strains that they were exposed to earlier in their lives, because antibodies to these 
strains have had more opportunities to be subsequently boosted (4,18).  Our observations are in line 
with observations by Fonville et al that the highest antibody titers are not necessarily found against the 
strains circulating around the time of birth.  Fonville et al. find that over half the population has peak 
titers to a later strain, with the population average being highest to strains circulating when individuals 
were between 5 and 10 years old (4). This suggests  that the age of IAV imprinting may be more flexible 
than we expected (4,18). 
Finally, antigenic seniority does not only involve HA. In fact, in our study NA inhibiting antibodies against 
N1 (from H1N1pdm09) were higher in adolescents and elderly imprinted with N1-carrying strains than 
in adults who were imprinted with N2-carrying H3N2 strains. This suggests also in this case an 
imprinting immune effect.  
A second major finding of our study was that influenza immune memory did not appear to be an 
obstacle for the generation of a successful neutralizing immune response to a novel influenza pandemic 
strain. We observed that neutralizing antibodies, which are known to be strain specific and to mainly 
target the HA head, increased specifically against newly encountered strains in all age cohorts over a 5-
year interval. In particular, neutralizing antibody titers increased against H1N1pdm09, the strain which 
emerged between the two assessments for adults and elderly and shortly before the first assessment 
for the adolescents. Moreover, NA reactive antibodies significantly increased against H1N1pdm09 in all 
age cohorts over 5 year.  
These results suggest that the landscape of IAV specific antibodies follows the model of antigenic 
seniority, suggesting that influenza virus specific immunity tends to be most prominent towards 
imprinting strains and is inclined to be broadened with every new influenza virus encounter both by 
infection or vaccination. 
Fonville et al. in their extensive cohort study obtained very similar results than the ones we obtained. 
They indeed found no evidence for a predisposition to most prominent changes in the antibody 
response towards the imprinting strain of the subjects upon IAV infection or vaccination, but instead 
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observed the greatest increase in antibody titers to the most recently encountered strain. At the same 
time their observations are supported by our finding that, at a steady state, antibody reactivity tends 
to be highest against strains encountered early in life (4). A recent study from Lee et al. also provided 
evidence that the boosting of pre-existing antibodies was not, in any way, detrimental for protection 
and for development of a successful immune response to a novel virus strain (3). 
Our study contributed to a better understanding of influenza specific immune memory and its evolution 
during people’s life. More longitudinal studies assessing the impact of immune memory on infection or 
vaccination and vice versa are needed in order to understand how to best exploit pre-existing immunity 
to design better and smarter vaccination strategies in the future. The pre-existing immunity, thus the 
immunological background a vaccine encounters, can be an obstacle, when not taken into account 
properly, or a blessing, when resourcefully engaged. 
In chapter 5 we studied the evolution of IAV specific immune responses in a mouse model in the context 
of multiple IAV exposures by either infection or vaccination. Our aim was to elucidate whether 
sequential exposure to different IAV strains, either through live virus infection or through vaccination, 
induces cross-protective immunity and if so, to reveal the involved immune mechanisms. For this 
reason, in this study mice were sequentially infected with antigenically distinct virus strains: IAV group 
1 A/Puerto Rico/8/34 (H1N1) (PR8) and IAV group 2 A/Aichi/2/68 (H3N2) (X-31). Moreover, we 
sequentially immunized mice with whole inactivated influenza virus vaccine (WIV) or subunit vaccines 
(SU) derived from these two virus strains. 
We discovered that sequential infection with PR8 and X-31 provided solid cross-protection against 
challenge with H1N1pdm09 virus strain. Cross-protection was mediated by non-neutralizing cross-
reactive antibodies and CD8 effector memory T cells (TEM). Our results also show that sequential 
vaccination with WIV provided partial cross-protection for the mice. This cross-protection was 
mediated, at least partly, by cross-reactive antibodies and by CD8 central memory T cells (TCM). Finally, 
we observed that sequential vaccination with SU vaccine induced only a minimal amount of cross-
reactive antibodies and no T cell immunity and provided no cross-protection. 
The lower cross-protection observed after sequential WIV and subunit vaccination compared with 
infection can be attributed to a significantly lower amount of cross-reactive antibodies or to a narrower 
binding spectrum. Indeed, antibody titers elicited by WIV vaccination were 20-fold lower than titers 
elicited by infection. Moreover, only sequential infection could elicit antibodies to conserved internal 
viral proteins, such as NP and M2. The cross-reactive antibodies that conferred protection upon 
sequential infection of the mice did not work via neutralization, which suggests that they may work via 
one of the non-neutralizing antibody effector mechanisms (i.e ADCC). 
Our work was not the first to show that sequential infection with divergent influenza virus strains 
generates cross-reactive antibodies causing the immune response to refocus on conserved viral 
epitopes: these epitopes can be on the HA stem or on the NA on the surface of influenza virus (19). The 
absence of existing antibodies targeting the variable epitopes on the HA head on a divergent influenza 
strain prevents steric hindrance and immune-dominance. As a consequence, conserved epitopes are 
accessible and can activate memory B cells. For instance, it has been observed that infection with and 
vaccination against the H1N1pdm09 virus can induce antibodies directed against the HA stalk in 
humans because a novel HA head domain is being introduced to the immune system, which then 
refocuses the antibody response toward the more conserved stalk domain, against which the immune 
system already has memory (20–22). In the same line, Nachbagauer et al. recently observed in animal 
models how sequential infection with antigenically diverse IAV strains was able to elicit cross-reactive 
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antibodies targeting HA stalk epitopes. They observed that a single infection was able to generate HA 
stalk reactive antibodies, and a subsequent infection was able to boost them (5). 
Also other recent literature supports our findings that cross-reactive IAV antibodies are able to confer 
cross-protection in humans via neutralizing and non-neutralizing mechanisms (21,23–25). Lee et al. 
recently studied the serum antibody repertoire at a molecular level in sera of young adults before and 
after vaccination with trivalent seasonal influenza vaccine. After vaccination they found cross-reactive 
antibodies able to bind to both group 1 and group 2 HA proteins and they discovered that most of these 
showed a remarkable breadth of binding, recognizing not only H1 and H3 strains but also H2, H5, H7 
and H9 viruses (3). A fraction of the H1 + H3 cross-reactive antibodies was found to compete with the 
stalk-binding broadly neutralizing antibodies. A second fraction of H1 + H3 cross-reactive antibodies, 
identified in multiple donors, was shown to bind to a highly conserved epitope on the HA head and to 
confer prophylactic and therapeutic protection against challenge by both group 1 and group 2 IAV 
strains, despite complete lack of neutralization activity in vitro. Such antibodies were found to bind to 
the HA molecules on the surface of infected cells, and were hypothesized to act via Fc dependent 
mechanisms (ADCC, ADCP etc..) (3). 
In our study, after heterosubtypic sequential infection of the mice, cross-protection was mediated not 
only by non-neutralizing cross-reactive antibodies but also by CD8 TEM. Interestingly, in clinical studies 
TEM cells have been observed to be the most predominant memory T cell population in tissues and 

peripheral blood (26–30). Importantly, TEM cells are crucial  for sustaining the frequency of  tissue 

resident memory (TRM) CD8 T cells in the lungs following influenza infection (29–32). TRM cells, in turn, 

contribute to local protective immunity against reinfection with the same or heterologous viruses by 
remaining at the site of the primary infection (32–34). TRM cells expressing CD69 and CD103, can 
effectively eliminate infected cells in the lungs, thus limiting the progression of the disease (34). 
 
 

Challenges: harnessing immune history to fight influenza virus 
 
Original antigenic sin (OAS) and antigenic seniority (AS) both focus on immune memory rather than de 
novo immune responses to describe the fight against a new influenza strain. According to both OAS and 
AS, when the human host encounters a new influenza virus strain, the resulting immune response 
involves the activation of memory B cells (MBCs) resulting in ‘back- boosting’ of antibody responses 
against past influenza strains. Yet, unlike OAS, the AS theory supports the notions of continued affinity 
maturation of influenza-specific MBCs and activation of naïve B cells specific for newly encountered 
influenza virus strains. The term “imprinting” is sometimes used as a synonym for antigenic seniority. 
Moreover, this term sometimes  simply accounts for the bias to use immune memory instead of de 
novo immune responses, although “imprinting” can also refer to  the fact that the first influenza strain 
we encounter during childhood can confer partial life-long protection against strains belonging to the 
same phylogenetic group (17,35). 
The pattern of humoral immunity we observed in this thesis, both in humans and in a mouse model, 
followed the antigenic seniority pattern. As such our data support and confirm previous observations 
regarding influenza specific pre-existing immunity and its impact on subsequent encounters with this 
virus ( Figure 1) (17,36). According to the antigenic seniority model, neutralizing antibody titers are at 
any point in time highest against the strains one encountered early in life. Upon encountering a new 
influenza strain, the humoral immune response in humans shows two types of responses. On the one 
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hand, neutralizing antibodies specific for the new strain are produced as a consequence of naïve B cell 
activation. On the other hand, as suggested by Fonville et al., pre-existing antibodies generated against 
past strains are boosted as a result of activation of memory B cells and their differentiation to long lived 
plasma cells (2–4,14,37). The detailed picture emerging from the ‘antibody landscapes’ as described by 
Fonville et al. confirmed that the original antigenic sin theory is incomplete, and that upon exposure to 
influenza virus, back-boosting of pre-existing antibodies affects all strains encountered by an individual 
in the past. (4,18). The results shown in this thesis support their findings. Indeed, as Guthmiller et al 
rightly suggested, the term ‘immune imprinting’ should be defined as the “bias to use immune 
memory”, independent of whether that immune memory was induced by the first IAV an individual was 
exposed to or an antigenically novel IAV that an individual was exposed to later in life (35). 
Several challenges currently separate us from employing vaccination strategies capable of harnessing 
the potential of existing immune memory.  
The first challenge would be to decide what kind of vaccines should be preferred and developed in the 
future in order to efficiently exploit AS. What epitopes of influenza virus would the future vaccines need 
to target? Should antigenically advanced strains be preferred to antigenically non-advanced strains in 
the vaccine formulations? 
A first possible vaccination strategy for the future would be to immunize subjects with antigenically 
novel influenza strains, to which the population is mostly naïve. Fonville et al. observed that the use of 
an antigenically advanced virus, thus an antigenically drifted strain compared to the past strains, was 
able to induce antibodies against both new and previous strains. These results indicate that pre-
emptive vaccine updates, with antigenically advanced strains, may improve influenza vaccine efficacy 
in previously-exposed individuals by generating a greater immune response to the novel antigens, as a 
result of reduced antigen masking (4). 
A second potential vaccination strategy for the future would involve the design of a universal influenza 
vaccine. Most of the universal vaccine platforms currently try to redirect the immune response towards 
conserved epitopes of the virus. The most researched vaccine platforms attempt to generate IAV 
antibodies specific for the HA stalk. These approaches show that stalk-specific antibodies can be 
generated by vaccination (38–40). Nevertheless, the optimal strategy for boosting of stalk-specific 
antibodies is unclear. In fact, some studies suggest that the key for obtaining these antibodies is having 
divergent HA heads in the prime vaccination and subsequent vaccinations while the HA stalk is kept the 
same (39,41,42). As opposed to this observation, the models created by Sarkisyan et al. predict that 
using the same or different HA heads is not a critical factor in the boosting of stem-specific antibodies 
following immunization with HA (43). Their model predicts that following immunization with HA, the 
two critical parameters for boosting cross-reactive stem-specific immunity are the antigen dose and 
pre-existing immunity. On the one hand, having a higher dose of antigen can overcome antibody 
masking, and this leads to a stronger boost of stem-specific cross-reactive responses. On the other 
hand, they observed that pre-vaccination antibody titers negatively correlated with increase in antibody 
titers towards HA after vaccination. 
NA, next to the HA stalk, represents an interesting target for influenza vaccination given that NA is more 
conserved than HA and NA specific immunity can be significantly cross-reactive. Indeed, it has been 
shown that infection-elicited NA-reactive antibodies display broad binding activity, even comprising the 
entire history of influenza A virus circulation in humans, including the original pandemic strains of both 
H1N1 and H3N2 subtypes (24). 
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The second challenge would be to understand when and how often to vaccinate against influenza 
virus. Recent literature about influenza immune imprinting raises questions about whether early 
vaccination in naïve children may be able to alter imprinting from natural infection(17,44).  
A potential way to exploit IAV group imprinting would entail early vaccination with both groups of IAV 
in naïve children. However, the consequences of a strategy that exposes IAV-naïve children to group 1 
(H1N1) and group 2 (H3N2) antigens at the same time are unpredictable. On the one hand, this strategy 
could have a positive ‘double-imprinting’ effect and induce highly cross-reactive immune responses 
capable of protecting the individual against a variety of IAV strains later in life. On the other hand, it 
could prevent strong imprinting against either group and the real  imprinting would happen at the 
moment of the first natural infection (17) 
Given the fact that every new encounter can boost antibodies to the past strains and generates immune 
responses against the new strain encountered, repeated vaccination could be a tool to induce a 
repertoire of memory B cells able to bind a broad target of influenza virus strains. Upon every new 
influenza encounter this repertoire would consequently be boosted and broadened (Fig.1). 
In summary, on basis of previous literature, repeated vaccination with many antigenically very diverse 
influenza virus strains may generate long lasting broad immunity (17,45). This type of immunity would 
be able to confer protection against a broad repertoire of influenza virus strains. Given the exposure to 
antigenically very diverse strains (i.e. H1N1pdm09 and H5N1), the memory immune response would be 
boosted against conserved HA epitopes such as the stalk or the RBD as shown before (46). Next to this, 
novel immune responses would be generated against many different strains, thus broadening the 
memory B cell repertoire (3,45). Indeed, this strategy may allow for further affinity maturation of 
influenza-specific MBCs and for the generation of antibodies against both conserved and less conserved 
viral epitopes, as suggested by recent literature and could represent the key to protection of the 
population against multiple existing strains and emerging pandemic strains (4,45,47) .		
The long-term effects of repeated vaccination are still not completely understood. On the one hand, it 
has been observed that individuals who receive serial vaccination are better protected against influenza 
infection compared to non-vaccinated individuals (48). Nevertheless, it has also been observed that 
repeated annual vaccination reduces the induction of plasmablast responses compared to single 
vaccination (49) and a longitudinal study observed first time vaccinees were better protected than 
people vaccinated more than once (50). More longitudinal studies are required to understand whether 
repeated vaccination with antigenically distant strains in subsequent years and/or early vaccination in 
young children could represent a successful strategy for the future. 
The third challenge would be to evaluate whom to vaccinate against influenza virus. A growing body of 
evidence is showing us that imprinting with an influenza virus belonging to a certain phylogenetic group 
can help protecting the host from novel pandemic strains belonging to the same group (11,17). This 
phenomenon, known as group matched imprinting, has important implications in terms of pandemic 
preparedness. Group-matched imprinting, like other broadly protective IAV immune responses, is 
expected to protect against severe disease but not necessarily against infection. Demographic and 
serologic data can provide rough estimates of which age groups would be at highest risk for severe 
disease should particular novel HA subtypes emerge. These data could advise on region or age-group 
specific protocols for infection prevention or control. For instance, vaccination campaigns in case of a 
pandemic could start with that age group in the population that happens to have an IAV imprinting with 
a strain belonging to a different IAV group than the one to which the pandemic strain belongs. 
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Figure 1: Evolution of influenza specific immunity during the human lifespan 

A first scenario (a-d) shows subsequent exposure to antigenically related but slightly drifted strains. In 

this case, the majority of antibodies will target variable epitopes of influenza virus proteins. The reason 

for this is that pre-existing memory B cells will still recognize, even if with poor affinity, the drifted 

epitopes. They will be activated and travel to germinal centers, where they will give rise to long lived 

plasma cells (51,52) . Naïve B cells will be activated through binding with the “new” drifted epitopes of 

the virus. Because of partial antigen masking by pre-existing antibodies targeting non-drifted epitopes, 

the newly activated naïve B cells will be less numerous than they would in an influenza naïve individual.  

A different scenario (e) applies for subsequent exposure to an antigenically different strain compared to 

the imprinting strain (highly drifted strain or heterosubtypic strain). In this case, on the one hand, the 

majority of antibodies that will be boosted will be the ones targeting conserved epitopes of viral proteins 

(i.e. HA stem, HA RBD). Indeed, no pre-existing memory B cell or antibody would be able to bind the 

drifted epitopes (of the homosubtypic strain) or the altogether new epitopes (of the heterosubtypic 

strain). Accordingly, a significant number of naïve B cells targeting the novel non-conserved epitopes (i.e 

the HA head) will be activated. These naïve B cells will be able to bind easily to the variable epitopes 

because of limited antigen masking, given the lack of existing immunity to the new antigens. 
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We can conclude that there are still many challenges that we will have to meet, in order to harness and 
exploit immune history to fight influenza virus. Also, it has to be realized that the impact of pre-existing 
immunity on the immune response to influenza virus infection and vaccination can be both positive or 
detrimental. An example of the positive impact of immune memory on infection with both seasonal 
and novel pandemic strains is ‘matched protective HA imprinting’ (22,35,37). This kind of imprinting 
implies that  an individual’s first IAV infection would confer lifelong protection against severe disease 
from HA subtypes in the same phylogenetic group (17,53). An example of the positive impact of immune 
memory on IAV vaccination is the fact that immune memory generated by IAV vaccination allows for 
the maintenance and maturation of MBCs targeting conserved influenza virus epitopes and potentially 
may provide a certain degree of protection from divergent influenza strains. 
An example of the negative impact of immune memory on IAV infection and vaccination is antigen 
masking, which results in poor or low affinity responses. Epitope-masking accounts for the fact that 
repeated vaccination can result in decreased vaccine effectiveness in the second year of consecutive 
vaccination. This phenomenon is most likely caused by pre-existing serum antibodies that mask virus 
antigens and hide them from B cell receptors, in this way impairing B cell activation (43,54–58). 
 
Opportunities and future perspectives: vaccination strategies to overcome or exploit influenza virus 
pre-existing immunity 
 
We know that pre-existing immune memory can be acquired via vaccination or infection. As a 
consequence, we have the opportunity to intervene by shaping or skewing influenza immune memory 
through influenza vaccination. In spite of the many challenges mentioned in the previous paragraph 
with respect to design of vaccination strategies which exploit pre-existing immunity, several new 
vaccine platforms are emerging in the field of influenza. 
“Split” and “subunit” vaccines are currently the most frequently used IAV vaccine formulations and they 
contain respectively all the proteins of influenza virus and only the surface proteins of the virus (59). 
These vaccines efficiently generate humoral immune responses and CD4+ T cell responses but induce 
CD8+ T cell responses inefficiently (60–62). Moreover, these vaccines elicit strain specific immunity 
since they present to the immune system mostly the variable surface proteins of the virus (32,35). 
In order to solve this issue and elicit broad immune responses, a “universal vaccine” should redirect the 
immune response to conserved but often less immunogenic viral epitopes: the HA stalk, the receptor 
binding domain on HA, viral membrane proteins such as the NA and M2 proteins or internal viral 
proteins such as NP and M1. Antibodies that target conserved epitopes cannot prevent initial infection 
since they cannot exert a virus neutralization function. Nevertheless, these antibodies can still provide 
protection against IAV infection, potentially also against newly emerging influenza virus strains, mainly 
by Fc-mediated effector mechanisms (63,64) (see chapter 2). A universal vaccine would also aim at 
eliciting cellular immune responses, which are known to be cross-reactive (32). Several vaccine 
platforms that generate antibodies against conserved antigens are at varying levels of development, 
including vaccines that utilize high doses of HA, chimeric HA antigens, headless HA antigens, 
computationally optimized broadly reactive antigen (COBRA)-generated HA proteins, M2e based 

vaccines, Nanoparticle-based vaccines. 
One way to target conserved viral epitopes on HA would be the vaccination with computationally 
optimized broadly reactive antigen (COBRA) HA proteins. The COBRA technology pieces together the 
most conserved sequences for HA across an influenza subtype to generate an HA antigen that 
represents a kind of conserved HA prototype for a given virus subtype (65,66). Notably, immunization 
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with COBRA- generated H1 antigens generated from HA sequences representing 100 years of 
circulating influenza viruses have been observed to induce broadly-reactive H1 antibodies that 
protected mice against pre-2009 pH1N1 strains as well as pH1N1(67) These observations support the 
notion that a vaccine that combines subtypic COBRA HA antigens can protect against current and 
antigenically drifted IAV strains. 

The ideal universal influenza vaccine would be able to preferentially induce antibodies against the 
conserved influenza antigens, such as the conserved HA stalk. Two stalk-based vaccine platforms are 
currently being developed and make use of chimeric HA antigens or headless HA antigens (68)(69). In 
the first platform the group of F. Krammer designed a chimeric HA vaccine aiming to redirect the 
immune response to the HA stalk (38). In order to do so, they developed a sequential chimeric HA (cHA) 
vaccination strategy. cHAs consisted of group 1 or group 2 stalk domains in combination with head 
domains from avian influenza virus subtypes. In the phase I clinical trial for these chimeric 
hemagglutinin-based vaccines, the vaccination was found to be safe and to boost a broad, durable and 
functional immune response targeting the conserved, immune-subdominant stalk of the group 1 HA. 
While these results are encouraging, this vaccination strategy failed to achieve a fully “universal effect” 
also covering IAV from group 2. However, the development of group 2 and influenza B mosaic vaccine 
candidates is currently ongoing (39,40). 
The second platform is based on vaccination with a headless HA construct (70,71). The advantage of 
this platform is that the immunodominant head domain is completely missing from the HA. The 
disadvantage resides in the fact that producing stable stalk-only HAs remains challenging. So far stable 
constructs have been reported for group 1 but not for group 2 or influenza B (70,71). 
Stalk-biased vaccine platforms overcome antigenic variation and imprinting by boosting antibody 
responses against conserved epitopes on the HA stalk. However, it remains possible that continous 
immune pressure on the HA stalk may drive mutations in the HA stalk leading to viral escape mutants, 
making stalk-biased vaccines eventually obsolete.  

Another conserved influenza virus protein, possibly suitable as target for a universal vaccine is the 
ectodomain of the M2 potein (M2e). M2e is an exposed region of the M2 protein, expressed on the 
surface of IAV infected cells and found in small amounts on the membrane of the virus itself. M2e 
however is poorly immunogenic, and only a small part of infected people develop M2e specific 
antibodies (72–74). Multiple strategies have been used to render M2e more immunogenic, and these 
include M2e displaying virus-like particles (VLPs), tetramerizing leucine zippers, fusion to toll-like 
receptor (TLR) ligands, and mucosal adjuvants. There are in fact various M2e constructs and these M2e-
based platforms have been shown to elicit both humoral and cell mediated immunity (73,74).  
Several clinical trials looking at the safety and efficacy of M2e-based vaccines in humans have been 
performed or are currently ongoing (73,74). For example, an M2e-flagellin fusion vaccine developed by 
VaxInnate Corp. was tested in phase I trials in healthy young adult volunteers. The study reported the 
vaccine to be safe only at low doses (0.3 and 1.0 µg) and after the second dose of vaccine 
seroconversion was reported for 96% of the subjects (75). 
 
Nanoparticle-based vaccine platforms are yet another strategy that can be employed to develop a 
universal influenza vaccine when conserved influenza virus antigens are displayed on the surface of the 
nanoparticles. Nanoparticles displaying conserved and less conserved influenza virus proteins (full HA, 
HA-stalk, M2e) have already been developed. This platform has been shown to provide heterosubtypic 
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cross-protection against heterologous viruses in animal models and to elicit both humoral and T cell 
immunity (76–78) . An example is a study from Yassine et al. where an HA stalk–only nanoparticle 
vaccine immunogen was created able to elicit antibody mediated heterosubtypic protective immunity 
against H5N1 disease in mice and ferrets (79). Vaccination of mice and ferrets with this vaccine elicited 
broadly cross-reactive antibodies that completely protected mice and partially protected ferrets against 
lethal heterosubtypic influenza virus challenge (79).  
In 2020, Novavax reported positive results for their Phase 3 clinical trial study with NanoFlu™, a 
recombinant HA protein nanoparticle influenza vaccine. This vaccine represents the currently most 
advanced nanoparticle-based vaccine (76,79,80) 
 
mRNA vaccines have been recently seen to elicit both a humoral and a cellular immune response in 
humans (81). Very recently, in only one year since the outbreak of the COVID-19 pandemic, two mRNA-
based vaccines encoding the spike protein of SARS-CoV-2, BNT162b2 and mRNA-1273, were granted 
the first authorization for emergency use, while another mRNA vaccine, CVnCoV, reached phase 3 
clinical testing.  
Two main types of mRNA vaccines have been developed against influenza virus infection: non-
replicating mRNA vaccines and self-amplifying mRNA vaccines (82), Both approaches are in the pipeline 
respectively at Moderna Therapeutics (Cambridge, MA, USA), EpiVax (Providence, RI, USA) and CureVac 
AG (Tübingen, Germany). Moderna is working on a non-replicating mRNA vaccine with modified 
nucleosides incorporated into lipid nanoparticles (LNP). Recently, their first mRNA vaccines against 
potentially pandemic avian H10N8 and H7N9 influenza viruses were shown to be safe and immunogenic 
in healthy adults in a phase 1 randomized clinical trials (82). 
mRNA vaccines have the noteworthy potential to be used in the context of influenza immunization to 
elicit cross-reactive immune responses. In order to reach the aim of cross-reactive immunity the target 
of the mRNA influenza vaccine would need to be a conserved viral epitope (i.e HA stalk, HA RBD).  
RNA-based influenza vaccines offer important advantages over other vaccine platforms: they are 
relatively safe (RNA molecules cannot integrate in the host genome), they avoid anti-vector immunity 
thus allowing for repeated administration, and production can be fast and scalable (82,83).  
 
A universal influenza vaccine would represent a true step forward if it would also efficiently elicit cell 
mediated immunity and not only humoral immunity. Indeed, given the fact that T cells can target 
internal and therefore conserved viral proteins (NP,M1 etc..) presented by APCs, T cell-mediated 
immunity can be very cross-reactive and confer homosubtypic and heterosubtypic immunity (32). 
Viral vector vaccines, for example, enable antigen expression within cells and induce a robust cytotoxic 
T cell response (84). Vector-based vaccines use a virus, such as for example the adenovirus, as a vector 
to express viral proteins of interest (85). The use of vector-based vaccines can be quite advantageous. 
Most viral vectors present attenuated or even deficient replication and are therefore considered 
generally safe. Additionally, viral vectors can easily be propagated to high virus titers and it is relatively 
easy to insert genes encoding antigens of choice into the vector. When the viral proteins expressed by 
the vector are conserved, this vaccination platform can have the potential to be a universal vaccine. 
A modified vaccinia Ankara (MVA) vector vaccine is a good example for such vaccine platform. A 
recombinant, replication-deficient MVA vector expressing the conserved influenza antigens 
nucleoprotein (NP) and matrix 1 (M1) as a fusion protein has reached clinical trial phase IIb evaluation. 
The primary objective of the ongoing phase IIb study is to assess the efficacy of MVA-NP+M1 co-
administered with licensed inactivated quadrivalent influenza vaccine in adults older than 65 years (86). 
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Peptide-based vaccines also have been shown to elicit B and T cell immunity against influenza virus in 
animal models (87). These vaccines consist of small-peptide antigens. However, these peptides are 
poorly immunogenic and need to be delivered with additional immune-stimulating agents such as 
adjuvants or delivery carriers (88). Peptide-based influenza vaccines focus on conserved antigens such 
as matrix 2, nucleocapsid, matrix 1 and the stalk of hemagglutinin proteins. These antigens can trigger 
cross-protective immunity against different influenza strains.  
An example of peptide influenza vaccines is FlunisynTM, a chemically synthesised vaccine that consists 
of six different 35-mer conserved epitopes of influenza A NP, M, PB1 and PB2 proteins. Another 
example is FLU-v, a synthetic polyepitope peptide vaccine composed of conserved T cell epitopes (from 
M1, M2 and NP). Despite not entirely encouraging clinical findings of the phase IIb trial, FLU-v is 
believed to be a potential universal influenza vaccine because it induces a higher frequency of cellular 
responses than natural infections. This is likely due to the presence of T cell epitopes derived from 
influenza internal antigens in FLU-v peptide vaccine formulation(88).  
Multimeric-001 (M-001) developed by BiondVax Pharmaceuticals is a single recombinant protein 
containing 9 conserved epitopes of the HA, nucleoprotein, and matrix 1 proteins of both the influenza 
A and B virus strains. M-001 went all the way to phase 3 clinical trial. Nevertheless, results from Phase 
3 Clinical Trial of the M-001 unfortunately did not demonstrate a statistically significant difference 
between the vaccinated and placebo groups in reduction of influenza illness and severity (89,90). 
 
A very important implication of employing a universal vaccine is that protection will likely need to be 
provided by non-neutralizing antibodies or by cell mediated immunity. In either case, it will become 
necessary for regulatory agencies such as the European Medicine Agency (EMA) and the U.S Food and 
Drug Administration (FDA) to re-think the assays that are currently in use to measure vaccine potency. 
Vaccine potency is currently measured using assays able to quantify antibodies targeting the HA head 
which can prevent the binding of influenza virus to the sialic acid receptor on the surface of the cells: 
HAI assays or VN assays (see chapter 3). These assays cannot measure the type of immunity likely 
elicited by the so-called universal vaccine. The assays needed to measure such immunity should be able 
to measure ADCC, ADCP, ADCD and T cell immunity. These responses are much more challenging to 
measure compared to neutralizing responses, and standardized protocols for these assays are currently 
non-existing. 
 
Concluding remarks: 
 
The major take home message of this thesis is the following: non-neutralizing antibodies, though often 
overlooked, play an important role in influenza specific immunity. From our observations in chapter 4 
we learned that non-neutralizing antibodies represent a large fraction of the total antibody repertoire 
in the human population. Moreover, our findings in chapter 5 clearly show that non-neutralizing 
antibodies elicited by influenza infection can confer at least partial protection from influenza infection 
in mice. Based on our observations, in the future it would surely be worthwhile to design vaccines which 
could potently enhance non-neutralizing antibodies to, at least to some extent, protective levels in 
humans. It is therefore encouraging news that the emerging vaccination strategies appear more and 
more to aim at eliciting the more cross-reactive non-neutralizing antibodies and T cell immune 
responses, with the goal to obtain a more cross-reactive vaccine. 
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Since non-neutralizing antibodies are often cross-reactive, they are already present in most individuals. 
Vaccination thus does not need to elicit de novo responses as is the case for neutralizing antibodies, 
but rather can boost existing responses. Influenza specific pre-existing immunity should be researched 
further in future studies in order to be able to establish the right timing for vaccine administration and 
the type of vaccine to be administered accordingly to both the age and the nature of pre-existing 
immune memory of the subjects.  
The road towards more effective and protective vaccination strategies for influenza virus is still long, 
and it may require using a combination of different vaccine platforms. Nevertheless, we are learning 
that the key to succeed globally in the fight against pathogens is collaboration within the scientific 
community, scientific collaboration between academia and industry, and finally support and 
partnership among countries.  
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