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7.1

Influenza infections are responsible for a large health and economic burden and 
vaccination is currently considered the best strategy to reduce influenza-related 
burdens. However, current seasonal influenza vaccines are only effective against 
vaccine matched strains and therefore need to be updated almost annually to match 
predicted circulating strains. In addition, influenza viruses from animal reservoirs can 
cause pandemic outbreaks associated with high mortality rates. Hence, developing 
new influenza vaccines that provide broad protection is an important goal. 

The identification of broadly neutralizing antibodies (bnAbs) that target conserved 
epitopes located on the HA molecule, raises hope that a broadly protective HA-based 
universal influenza vaccine is within reach. 

To be able to effectively design these influenza vaccines, an insight in 
the immunological mechanisms that drive protection against divergent influenza 
strains is of great value. While strain specific protection is considered to be mainly 
mediated by antibodies that target the variable globular head region of HA, 
preventing the virus from attaching to host cells, antibodies that target the conserved 
stem region of HA display broad reactivity. A subset of the stem-directed bnAbs is 
able to directly neutralize influenza viruses [1]; however, it has been shown that stem-
directed bnAbs require FcR engagement for optimal protection [2]. In contrast, strain-
specific head-directed antibodies are unable to efficiently engage Fc-FcR interactions 
and trigger robust antibody dependent cellular toxicity (ADCC) responses [2-5]. In 
Chapter 2 of this thesis we investigated the molecular mechanisms accountable for 
this observation and confirmed that broadly reactive stem-binding, but not strain-
specific head-binding, HA antibodies are able to induce robust ADCC activity [2,3]. In 
fact, we demonstrated that head-binding antibodies that inhibit interactions between 
the receptor binding site located on the HA head domain and the sialic acids on 
target cells block ADCC activity. Based on our experiments, we propose a model in 
which optimal HA-mediated ADCC activity is dependent on the interaction between 
HA on infected host cells and the sialic acids on immune cells.  

With the notion that effector functions of HA-directed antibodies play an important 
role in cross-protection against influenza, we further investigated ADCC activity 
induced by a single high dose of a conventional seasonal trivalent influenza vaccine 
or two doses of a pandemic influenza vaccine (Chapter 3).  A strong correlation 
between neutralizing antibodies, HA-stem binding antibodies and ADCC activity 
was observed. Importantly, we showed by a human-to-mouse serum transfer and 
challenge model that both the induction of stem-binding antibodies as well as ADCC 
activity induced by the high dose of seasonal vaccine correlated to protection against 
H5N1 challenge. 

Influenza vaccines that are able to induce bnAbs may have enormous benefits over 
current seasonal vaccines. Different strategies are currently being employed to induce 
bnAbs, such as stem-based immunogens or glycoshielding of the immune dominant 
HA head region. A straightforward method which can directly be applied in a clinical 
setting is the approach that uses multiple administrations of a seasonal influenza 
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vaccine with the aim to skew the immune response towards conserved regions, such 
as the HA stem domain. Although this approach has been shown to induce antibody-
mediated cross-protection in mice [6], in humans it did not boost cross-protection, as 
assessed by the human-to mouse serum transfer and challenge model [7]. 

Another strategy to induce bnAbs is to enhance the immunogenicity of current 
influenza vaccines with adjuvants. In Chapter 4-6, the effect of the saponin-based 
adjuvant Matrix-M on the induction of bnAbs by a trivalent virosomal influenza vaccine 
(TVV) is studied. 

We have shown in mice that adjuvation of TVV with Matrix-M™ not only enhanced 
protection against vaccine-matched strains, but also against heterologous H1N1, 
H3N2 and influenza B strains. While protection against heterologous H1N1 and H3N2 
did not correlate with the presence of HAI antibodies, cross-reactive HAI responses 
were induced against the influenza B strain not present in the vaccine.  These were 
associated with 100% survival after heterologous influenza B challenge, with no clinical 
signs or significant weight-loss (Chapter 4). The influenza B data suggest that proper 
adjuvation of the trivalent influenza vaccine may be an alternative for quadrivalent 
vaccines that contain influenza B derived-antigens from both lineages.  

In Chapter 5 we show that protection against H5N1 and H7N7 strains was achieved 
in mice after immunization with Matrix-M™ adjuvanted TVV and this was associated 
with cross-reactive HA and NA antibody responses. Also in ferrets, adjuvation of TVV 
resulted in improved protection against H5N1, although this was not observed for 
H7N9. An overview of the study results of chapter 3-5 are presented in Table 1.

Although a clear broadening of protective responses was achieved by adjuvation 
with Matrix-M, we did not detect CR9114-competing antibodies, cross-reactive HAI-
inducing antibodies or high levels of cross-reactive neutralizing antibodies. However, 
cross-reactive HA-specific and NA-specific antibody responses were induced and 
the antibodies were able to mediate ADCC activity. Serum transfer studies showed 
that these cross-reactive antibodies could, at least partially, protect mice against 
H5N1 challenge. 

Besides inducing cross-reactive antibody responses, Matrix-M™ adjuvation also 
induced cross-reactive HA and NA specific T-cell responses. T-cell depletion studies 
revealed that both CD4+ and CD8+ T-cells contribute to the observed protection 
against H5N1 in mice (Chapter 6) 

In most of our studies mouse models were used, therefore we might underestimate 
the efficacy of Matrix-M adjuvanted TVV. As extensively discussed in the introduction 
of this thesis, there are strong indications that antibodies derived from the VH1-69 
gene are important for cross-protection [11-16]. A limitation for studying cross-
protective antibody responses in mice is that there is no mouse ortholog of the human  
VH1-69 gene. 

All mouse and ferret studies presented in this thesis were performed in influenza 
naïve animals. It has been shown in humans that immune history affects the antibody 
response but also lowers adjuvant effectiveness [17]. It will be important to evaluate 

vaccine strategies that aim to induce bnAb responses in pre-exposed animal models 
or in the human population.

Pedersen et al reported that in humans, adjuvation of an H5N1 virosomal vaccine 
with Matrix-M enhanced antibody responses, including cross-reactive H5N1 HAI 
responses, and skewed T-cell responses towards a balanced Th1/Th2 response. 
However, although the levels of CD4+ T cells were increased, no CD8+ T-cell responses 
were detected [18]. We showed that the protection against H5N1 in mice was at least 
partially dependent on CD8+ T-cell responses (chapter 6). 

How the restricted induction of CD8+ T cells, the absence of a mouse ortholog of 
the human VH1-69 gene or the fact that most humans are influenza pre-exposed will 
affect the efficacy of Matrix-M adjuvanted TVV in humans remains to be elucidated.

Altogether, our results show that adjuvation of seasonal influenza vaccines with 
Matrix-M™ enhances different arms of the immune response and broadens protection, 
even though a direct effect on bnAbs in mice was not observed. The adjuvation of 
current trivalent seasonal influenza vaccines is an approach that may be an alternative 
for quadrivalent vaccines, but can also serve as an interim measure in the event of 
a pandemic outbreak, until a matched vaccine is available. 

For a truly universal vaccine that aims to elicit high levels of stem-directed bnAbs, 
Matrix-M adjuvation of current trivalent influenza vaccine is most likely not the most 

Table 1. Effect of Matrix-M™ on preclinical studies examining heterologous protection following 
seasonal vaccination. Tabulated summary of challenge studies described in chapters 4 and 5 of this 
thesis [8,9]. Mice received vehicle control (PBS), or were prime (1x) or prime–boost (2x) immunized 
with trivalent virosomal vaccine (TVV) or TVV+Matrix-M™ (MM), followed by heterologous lethal 
influenza challenges H1N1, H3N2 or B as indicated. Percentages indicate survival proportion at day 
21 after challenge. Ferrets received vehicle control (PBS) or were prime–boost immunized with TVV 
or TVV+MM, followed by heterologous sub-lethal challenge as indicated. A ‘+’ indicates a statistically 
significant effect and a ‘-‘ indicates no statistically significant effect on reduction of lung viral loads; 
na:  not applicable. Table adapted from Cox et al, Future Virology, 2016 [10].

Vaccine strains Challenge Strain

1x immunization

PBS TVV TVV+MM

Mice
H1N1 A/California/07/09

H3N2 A/Victoria/210/09

B/Brisbane/60/08

H1N1 A/Brisbane/59/07 0% 0% 80%
H3N2 A/Hong Kong/1/68 0% 10% 100%
B/Florida/04/06 0% 30% 100%

2x immunization

H5N1 A/Hong Kong/156/97 0% 20% 70%
H7N7 A/Chicken/NL/62155710/03 0% 0% 60%

Ferrets
H1N1 A/California/07/09  
H3N2 A/Victoria/361/11 

B/Massachusetts/2/12

H5N1 A/Indonesia/5/2005 na - +
H7N9 A/Anhui/1/2013 na - -



142 143

SU
M

M
A

R
IZIN

G
 D

ISC
U

SSIO
N

 

SU
M

M
A

R
IZIN

G
 D

ISC
U

SSIO
N

 

7.17.1

optimal approach and epitope-based vaccine formulations could be more successful. 
However, an epitope-based vaccine probably requires a potent adjuvant to be able 
to induce high levels stem-directed bnAbs. Matrix-M would be a perfect candidate 
adjuvant for that purpose.
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