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Influenza virus causes significant morbidity and mortality, with 5 million severely ill 
and between 250.000 and 500.000 deaths annually, in particular among elderly, 
immunocompromised and people with chronic diseases.

Circulating seasonal influenza strains belong to influenza A and B viruses and 
cause yearly epidemics. While influenza B viruses appear to be restricted to humans 
and seals, influenza A can infect a broad range of hosts including humans, birds and 
pigs. There is a constant threat of influenza A viruses crossing the species barrier and 
causing human pandemics that are associated with high morbidity and mortality rates. 
The influenza envelope contains two major glycoproteins, namely hemagglutinin (HA) 
and neuraminidase (NA). Based on diversity of the HA, influenza A can be divided 
into two major groups (Group 1 and Group 2) containing together 18 subtypes while 
influenza B can be divided into two lineages (Yamagata and Victoria). However, through 
mutations that readily accumulate in the HA molecule, a process that is described as 
antigenic drift, the antigenic variation within the HA increases even further. A more 
severe change in antigen composition mainly in influenza A viruses occurs when two 
influenza viruses infect the same cell and exchange gene segments. This process is 
described as antigenic shift and enables circulating seasonal strains to acquire HAs 
from zoonotic origin. 

HA-based seasonal influenza vaccines are currently the only available strategy to 
prevent influenza infection and mainly aim to induce antibodies directed to the receptor 
binding site located on the globular head of the HA molecule thereby blocking viral 
entry. These types of antibodies can be measured by the hemagglutination inhibition 
assay (HAI). The HA head region is in particular susceptible to antigenic drift and is 
the main reason why seasonal vaccines require to be updated almost annually to be 
effective. The ultimate goal in the influenza vaccine field is to develop a universal 
vaccine that protects against a wide range of seasonal and potential pandemic strains.

In contrast to the HA head region, the stem region is relatively conserved. During 
the last decade, several broadly neutralizing antibodies (bnAbs) directed against 
the stem region of the HA molecule have been isolated. A large proportion of 
the bnAbs, including CR9114, the only known antibody that binds to both influenza 
A and B viruses, use the VH1-69 heavy chain. It has been shown that the VH1-69 
heavy chain has a structural advantage regarding the ability to bind to the stem 
region. Developing new influenza vaccines that aim to induce such bnAbs stem-
directed antibody responses and provide broad protection is an important goal that 
now seems to be within reach.  

To effectively design the next generation of influenza vaccines, a basic 
understanding of the mechanisms driving the effectiveness of bnAbs stem-directed 
antibodies is essential. 

It has recently been shown that the Fc part of bnAbs contribute to the in vivo 
protection against influenza A viruses while that appears not to be the case for strain 
specific anti-head antibodies. In chapter 2 we demonstrate that robust Fc mediated 
ADCC activity was only achieved by monoclonal antibodies that do not prevent HA 
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from binding to its cellular sialic acid receptor and that receptor-blocking antibodies 
even inhibited ADCC activity induced by non-receptor-blocking monoclonal 
antibodies or mediated by human polyclonal sera. In addition, ADCC activity was 
reduced when a mutant HA unable to bind sialic acids was used as target on host 
cells. Together, these findings are explained by a model in which Fc interactions alone 
are not sufficient to efficiently mediate ADCC activity and additional interactions 
between HA on host cells and sialic acids on the surface of immune cells are required.

In chapter 3 we demonstrate that the antibody responses in healthy adults 
immunized one-time with a high dose of a trivalent seasonal virosomal influenza 
vaccine (TVV) correlated to protection against H5N1 infection by using a human-to-
mouse serum transfer and challenge model. Characterization of the antibody responses 
revealed that cross-neutralizing and cross-reactive HA-directed ADCC responses both 
correlated to protection. Comparable results were obtained in subjects that received 
an experimental virosomal H5N1 vaccine where high levels of stem-directed antibody 
responses correlated to ADCC activity. Together, these results indicate that bnAbs 
stem-directed antibody responses that are able to mediate ADCC activity play an 
important role in HA-mediated cross-protection and that vaccine strategies aiming to 
induce these type of responses have to be pursued. 

Adjuvation of existing influenza vaccines has the potential to redirect antibody 
responses toward the conserved stem-region and thereby broaden the protective 
efficacy. A potent adjuvant that is known to enhance the humoral and cellular arms of 
the immune system is the saponin-based adjuvant Matrix-M. We evaluated the immune 
potentiating properties of Matrix-M combined with TVV to induce broadly protective 
immunity in mice and ferrets. In chapter 4 we demonstrate that mice immunized with 
TVV adjuvanted with Matrix-M were better protected against vaccine homologous 
strains. The protection against vaccine homologous strains was associated with 
improved HAI titers. Cross-reactive HAI titers against vaccine heterologous H1N1 
and H3N2 strains were absent. Nevertheless, Matrix-M adjuvanted TVV was able 
to protect mice from succumbing as a consequence of lethal challenge with these 
strains. In contrast, cross-reactive HAI titers against heterologous influenza B 
strains were induced by TVV+Matrix-M and translated to full protection without any 
disease symptoms. In chapter 5 we follow up on these results and explore whether 
Matrix-M adjuvanted TVV can provide protection against potential pandemic strains. 
The protection against heterologous strains induced by TVV+Matrix-M in mice was 
not limited to drifted seasonal strains, but extended to potential pandemic H5N1 
and H7N7 strains. However, in ferrets only partial protection against H5N1 and no 
protection against H7N9 was obtained. In mice cross-reactive HA-specific and NA-
specific antibody responses were enhanced by Matrix-M adjuvation indicating that 
they play a role in protection against the H5N1 and H7N7 strains.

Next to enhancing the humoral arm, Matrix-M is known to enhance the cellular arm 
of the immune system. In chapter 6 we determine the contribution of the different 
arms of the immune system to protection against H5N1 infection induced by 

TVV+Matrix-M in mice by serum transfer and T-cell depletion studies. We demonstrate 
that the protection in mice was partially mediated by serological responses. Dissecting 
these responses revealed that although the serum contained HA and NA cross-reactive 
antibodies, no detectable or low levels of neutralizing or stem-directed antibody 
responses were induced. The cross-reactive antibodies did mediate ADCC activity, 
again indicating a contribution of the Fc-part of the antibodies to protection against 
H5N1. The cellular arm of the immune system was also enhanced by the addition of 
Matrix-M as evidenced by the induction of cross-reactive HA- and NA-specific T-cell 
responses. Both CD4+ and CD8+ T cells contributed to protection as determined 
by T-cell depletion studies. Altogether, cross-protection against H5N1 induced by 
Matrix-M adjuvanted TVV required both the humoral and cellular arms of the immune 
system and the protection appeared to be independent of stem-directed antibody 
responses. In conclusion, Matrix-M adjuvanted TVV does broaden protection and has 
the potential to protect against vaccine mismatched seasonal strains and is a possible 
approach that can serve as an interim measure in the event of a pandemic outbreak, 
until a matched vaccine is available. 

To induce high levels of bnAbs stem-directed antibody responses, Matrix-M 
adjuvanted TVV may be a less optimal approach and other approaches may me 
more suitable. As discussed in chapter 7 there are several approaches that focus 
on redirecting the antibody response away from the immunodominant variable head 
domain towards the conserved stem region, such as glycan shielding or chimeric 
HAs consisting of exotic head domains and a conserved stem domain. An effective 
manner to prevent head-directed immune responses is to construct HA stem–based 
immunogens that lack the head domain. This approach has shown promising results 
in several preclinical animal models. 

There are numerous studies indicating that T-cell responses play an important 
role in the protection against influenza disease such as several studies demonstrating 
that T-cell responses in humans inversely correlate with disease severity. Based on 
the current knowledge, an effective universal stem-based influenza vaccine that elicits 
bnAb response may benefit when combined with a strong T cell–inducing component 
such as Matrix-M. 


