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1
ThE INFLuENzA VIruS ANd dISEASE BurdEN

The influenza virus is a negative strand RNA virus belonging to the Orthomyxovirus 
family. Influenza viruses have been divided into 3 types, namely; Influenza A, B and 
C viruses. In humans seasonal influenza epidemics are caused mainly by influenza 
A and B viruses (1). The influenza virus has two major envelope glycoproteins, 
hemagglutinin (HA) and neuraminidase (NA) (see structure of influenza virus 
in Figure 1). Within the type A influenza viruses 18 different subtypes of HA 
and 11 NA subtypes have been identified (2). The type A influenza viruses have 
therefore been further dived into subclasses, based on their combination of 
surface proteins (e.g. H1N1, H7N9 etc.). Dependent on their HA subtype usage 
the influenza A viruses have additionally been divided into two groups: group 
1 and group 2 influenza A viruses. The influenza B viruses are not divided into 
subclasses but rather into two lineages. To date two influenza A viruses (H1N1 
and H3N2) and two influenza B viruses, one from each linage co-circulate among 
humans and cause seasonal epidemics (3, 4) .

Every year influenza viruses cause epidemics leading to substantial morbidity 
and mortality. The World Health Organization (WHO) estimates about 3-5 million 
cases of severe illness and 250.000 -500.000 deaths per year are caused by 
influenza epidemics worldwide(6). While influenza can cause severe illness in any 
age group, those at highest risk are young children below the age of two and 
the elderly aged above 65 (6). Next to seasonal epidemics, influenza viruses 
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Figure 1. Structure of the Influenza virus. Illustration from Kaiser et al, Science 2006 (5). 

Reprinted with permission from AAAS.  

Every year influenza viruses cause epidemics leading to substantial morbidity and mortality. The 

World Health Organization (WHO) estimates about 3-5 million cases of severe illness and 

Figure 1. Structure of the Influenza virus. Illustration from Kaiser et al, Science 2006 (5). 
Reprinted with permission from AAAS. 
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from animal reservoirs pose a global threat for causing pandemic outbreaks. 
Pandemics are caused by viruses to which against there is no pre-existing 
immunity in the infected population (herd immunity). In recent years avian 
influenza viruses, such as H5N1 and H7N9, have crossed the species barrier and 
infected humans, leading to outbreaks with significant mortality(7, 8). Since the 
human-to-human transmission has fortunately been limited the emergence of 
these viruses did not cause pandemics. However, recent findings suggest that 
only a few mutations are needed for the virus to acquire good transmissibility 
from human-to-human (9).

INFLuENzA VACCINES ANd ThEIr COrrELATE OF 
PrOTECTION

To date, vaccination is the most effective way to prevent against severe illness 
caused by influenza. Every year the WHO predicts which circulating H1N1, H3N2 
and B strains are likely to be the most prevalent in the upcoming influenza 
season. Seasonal influenza vaccines aim to cover the circulating strains by 
including components of the recommended H1N1, H3N2 and 1 or 2 influenza 
B viruses. The approximate efficacy of seasonal influenza vaccine in adults is 
75% but drops significantly in the elderly population (10-12). Due to occasional 
mismatch between the circulating strain and the predicted vaccine strain the 
vaccine efficacy can however be substantially lower (13). The majority of seasonal 
influenza vaccines contain both the HA and NA component of the circulating 
strain(3). Depending on the type of influenza vaccine; Live attenuated influenza 
viruses, inactivated influenza viruses, subunit or split vaccines the vaccine 
also contain other influenza proteins. The dose of seasonal influenza vaccines 
administrated is however solely based on the HA content, and their protective 
efficacy is estimated by their antibody response binding to the globular head of 
the HA protein (14-18). 

The globular head of HA is involved in viral attachment to host cell, via sialic 
acids on cell-surface proteins (19-21). Antibodies directed against the viral 
receptor binding site, located on the globular head of HA, block attachment of 
the influenza virus to the host cell and consequently prevent infection (19-22). 
In the hemagglutination inhibition (HI) assay, viral attachment to host cells is 
mimicked by viral agglutination of red blood cells. Antibodies that block the 
interaction between virus and sialic acids inhibit the agglutination of red blood 
cells (hemagglutination inhibition, HI) (16, 23). The induction of antibodies that 
are able to inhibit hemagglutination is to date the only accepted in vitro correlate 
of vaccine mediated protection in humans (15). However, the globular head of 
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HA is susceptible to a high rate of genetic drift. This is caused by the selection 

pressure imposed by herd immunity and an error-prone replication cycle of the 

influenza virus (24-26). Due to the high variability in the globular head of HA 

the seasonal influenza vaccine strain composition needs to be updated almost 

annually. Once there is a larger than 4-fold drop in cross-reactive HI titer between 

the dominant circulating influenza strain and last year’s vaccine strain, the WHO 

recommends a change in vaccine composition (27).

It is generally believed that seasonal influenza vaccines  do not protect 

against pandemic influenza viruses as there is a large phylogenetic distance 

between the HA head domain of the vaccine strains and the pandemic strain, 

resulting in the absence of cross-reactive HI titers. Instead, strain specific 

pandemic vaccines are thought to be required (28). However, the production 

of pandemic influenza vaccines takes considerable time, resulting in in a critical 

lag-phase between the start of the pandemic spread and vaccine availability 

(29). As the human population grows and our cities expand the distance 

between animal reservoirs and the human population is likely to decrease, 

increasing the risk for zoonotic influenza viruses to cross the species barrier. 

To more effectively prevent both influenza epidemics and pandemics caused 

by zoonotic viruses the development of an influenza vaccine which can protect 

against a broad range of influenza viruses is of great importance. Ultimately 

such a vaccine should be universal, i.e. preferably confrere protection against 

all influenza viruses.

BrOAdLy PrOTECTIVE INFLuENzA VACCINES By 
CrOSS-rEACTIVE ImmuNITy

Cross-reactive immune responses, humoral as well as cellular, are immune 

responses that are considered to cover more than one strain. Thus, cross-

reactive antibodies and T-cells target influenza epitopes which are conserved 

between two or more influenza viruses.  Cross-reactive immune responses have 

been demonstrated to mediate protection against divergent influenza viruses, 

i.e. conferring cross-protection.  

Cross-reactive HA antibodies
The HA protein can be divided into a “head” domain and a “stem” domain. After 

the virus has attached to the host cell and entered via the endosomes, the HA 

stem undergoes a pH dependent conformational change which enables the virus 

to fuse its membrane with the host endosomal membrane (30). While the head 

domain contains the receptor binding site of the virus and is subjected to antigen 



14 Chapter 1

1
drift the stem domain of the HA protein is highly conserved, likely to maintain 
functionality of this fusion mechanism, see Figure 2A for HA conservation. 

In the last decade, several antibodies that target the conserved HA stem 
domain have been identified by using phage library technologies or cloning 
of human memory B–cells and plasmablasts (31-34). Due to the high degree 
of conservation in the HA stem, these antibodies are generally able to bind a 
broad range of hemagglutinins. In vivo, broadly binding HA stem antibodies 
have demonstrated protective efficacy against a broad range of influenza viruses 
(30-32, 35). While HA stem binding antibodies cannot be detected in the HI assay 
as they do not interfere with the receptor binding of the virus, they can inhibit 
influenza replication by other mechanisms. Their breadth of cross-reactivity has 
generally been measured by their ability to directly neutralize the influenza virus. 
HA stem binding antibodies can directly neutralize the influenza virus via at least 
3 mechanisms. Next to blocking the conformational change of the HA2 subunit, 
thereby preventing fusion of the viral and endosomal membrane (30, 34, 36), 
HA stem directed antibodies can also block the cleavage of the precursor HA 
protein (HA0) by steric hindrance (30, 37). For the influenza virus to be infectious 
the HA protein needs to be cleaved into two subunits, HA1 and HA2. HA0 protein 
is cleaved by serine proteases from the host, which generally takes place in the 
mucosal tract (38). As the cleavage site is located on the HA stem, antibodies 
directed against this region of the HA protein can block cleavage of HA0 thereby 
preventing the virus to be infectious. The third mechanism by which the HA stem 
directed antibodies can directly neutralize the influenza virus is by binding to 
the newly produced HA protein on the host cell surface and thereby block viral 
budding and egress (39). Last but not least, HA stem binding antibodies can 
interfere with the infection and replication of influenza viruses via Fc mediated 
effector mechanisms. In vivo, Fc mediated effector mechanisms such as ADCC 
have been demonstrated to enhance the cross-protective efficacy of HA stem 
directed antibodies (35, 37). 

While the dominant antibody response directed against the HA head is 
usually strain specific, a few broadly binding, neutralizing and non-neutralizing, 
antibodies targeting the HA head domain have also been identified (40-
42). Although the broadly neutralizing antibodies can directly neutralize the 
virus, it has recently been shown that their in vivo protective efficacy is partly 
dependent on Fc mediated effector mechanisms. In fact, also the broadly 
binding, non-neutralizing, HA head antibodies interfere with the viral life cycle 
via Fc mediated mechanisms(43). In Figure 2B a schematic of a trimeric HA 
protein and the binding site of the various anti-HA antibodies is presented. 
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Figure 2. The HA protein A) An H1 HA trimer is colored coded according to an amino-acid 

conservation index (red color corresponds to most conserved and blue color to least conserved) 

corresponding to all H1 HA strains B) Illustration of target domains for anti-HA antibody 

binding. Illustration modified from Brandenburg et al. PloS One, 2013(30).    

Cross-reactive antibodies against NA and M2 

The second most prevalent surface protein on the influenza virus is the NA protein. Although 

NA is also genetically variable, conserved NA epitopes have been identified (44, 45). The main 

mechanism by which NA specific antibodies protect against influenza is by inhibition of viral 

budding and egress (45). However, recently, studies have demonstrated that protection by 

broadly binding anti-NA antibodies in mice is dependent of Fc mediated effector 

mechanisms(43). The cross-protective efficacy of NA based vaccines has shown to be typically 

restricted to heterologous viruses of the same subtype (46, 47). A universal influenza vaccine is 

therefore likely not to be based solely on NA but could benefit from its incorporation. 

Figure 2. The hA protein. A) An H1 HA trimer is colored coded according to an amino-ac-
id conservation index (red color corresponds to most conserved and blue color to least 
conserved) corresponding to all H1 HA strains B) Illustration of target domains for anti-HA 
antibody binding. Illustration modified from Brandenburg et al. PloS One, 2013(30).   
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Cross-reactive antibodies against NA and M2
The second most prevalent surface protein on the influenza virus is the NA 
protein. Although NA is also genetically variable, conserved NA epitopes have 
been identified (44, 45). The main mechanism by which NA specific antibodies 
protect against influenza is by inhibition of viral budding and egress (45). 
However, recently, studies have demonstrated that protection by broadly 
binding anti-NA antibodies in mice is dependent of Fc mediated effector 
mechanisms(43). The cross-protective efficacy of NA based vaccines has shown 
to be typically restricted to heterologous viruses of the same subtype (46, 47). 
A universal influenza vaccine is therefore likely not to be based solely on NA but 
could benefit from its incorporation.

The third surface protein on the influenza virus is M2. Antibodies directed 
against the ectodomain of M2 (M2e) are generally non-neutralizing and 
consequently do not prevent infection. Instead protection induced by M2e 
is suggested to be mediated via Fc mediated mechanisms(48). M2e is highly 
conserved making it an interesting target for broadly protective vaccines(48-50). 
A few M2e based vaccines have been tested in phase 1 clinical trials for safety 
and immunogenicity however with variable results (51-53). A cartoon illustrating 
the mechanisms of action by anti- HA, -NA and -M2 antibodies is presented in 
Figure 3.

Cross-reactive cellular immune responses 
While cellular immune responses cannot prevent infection and thus cannot 
mediate sterile protection they can enhance the viral clearance and decrease the 
severity of disease.  Next to providing help to B cells, enabling high production 
of antibodies, CD4 and CD8 T cells can function as effector cells and kill infected 
cells. The internal influenza proteins NP and M1 are highly conserved (54, 55) 
and CD8 T-cell responses against these proteins are broadly reactive and have 
demonstrated to mediate heterosubtypic protection in pre-clinical animal models 
(56-58). In humans the presence of cross-reactive CD8 T-cell responses has been 
suggested to correlate with protection against severe illness after infection with 
pandemic H1N1 and H7N9 viruses (59). 

As discussed, cross-protection against influenza viruses can be mediated 
by a large number of mechanisms targeting various influenza proteins. For the 
development of novel, universal or broadly protective, influenza vaccines various 
approaches targeting the different influenza antigens and distinct stages of the 
viral life cycle are being researched.
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Figure 3. mechanism of action by hA, NA and m2 specific antibodies. Antibodies 
directed against the HA head (red), HA stem (green), NA (blue) and M2 (yellow) can mediate 
protection via a number of mechanisms. When the influenza virus enter the host antibodies 
directed against the HA head can prevent viral attachment to the host cell by blocking the 
interaction between HA and the sialic acids (step 1). Antibodies directed against the HA 
stem can further prevent fusion of the viral and endosomal membranes (step 2). Antibodies 
directed against the HA head, HA stem and NA can prevent budding and viral egress 
(step 3). HA-stem antibodies can prevent maturation of newly formed viruses by blocking 
cleavage of precursor HA0 (step 4). HA head, HA stem, NA and M2 specific antibodies 
can also indirectly neutralization the influenza virus via Fc mediated effector mechanisms 
(step  5). Illustration has been modified from F. Krammer et al(28). Illustration has been 
reprinted by permission from Macmillan Publishers Ltd: Nature reviews, Krammer et al(28), 
copyright 2015.
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ThESIS SCOPE: CrOSS-PrOTECTION By SEASONAL 
INFLuENzA VACCINES 

As the majority of the broadly protective vaccine approaches are in the early stages 
of development, it is fair to assume that it will take a number of years before any of 
these vaccines will be in a position to impact future pandemics. In this thesis, we 
explore whether the protective efficacy of a trivalent virosomal seasonal influenza 
vaccine (TVV) can be broadened and thereby increase pandemic preparedness 
until more broadly protective influenza vaccines may become available.

Despite the general belief that seasonal influenza vaccines only elicit strain 
specific antibodies, broadly neutralizing antibodies directed against conserved 
regions of the HA stem have been isolated from human serum after vaccination 
with seasonal influenza vaccines(32, 34, 37). Furthermore, a systematic meta-
analysis demonstrated that seasonal vaccines can in fact provide a degree of 
cross-protection also against non-matching circulating strains (10). Together, 
these findings suggest that the current seasonal influenza vaccines may confer 
a broader range of protection than previously anticipated. Next to HA many of 
current seasonal influenza vaccines contain also other influenza proteins such 
as NA, NP and M2 (60, 61). As earlier described, immune responses against 
these proteins have demonstrated the ability to mediate cross-protection. It 
is therefore plausible that immunity against these proteins could contribute 
to cross-protection mediated by seasonal influenza vaccines. The research 
described in this thesis focuses on further exploring whether adjusting the 
vaccination regimen can improve the cross-protective efficacy of TVV and the 
potential mechanisms behind such protection.

As the current correlate of protection, HI titer, only predict protection 
mediated by rather strain specific antibodies directed against the HA head, this 
assay will not accurately predict cross-protection mediated by antibodies against 
the HA stem or other conserved influenza proteins. Therefore, the HI assay will 
underestimate the cross-protective efficacy of seasonal influenza vaccines. Since 
there is no established correlate of protection for cross-protection, we elected 
not to estimate vaccine mediated protection from cross-reactive immunogenicity 
but rather from protective efficacy, as defined by survival in lethal challenge 
models. We subsequently determined which immunogenicity parameters were 
correlated to the protection observed in animal models.

In chapter 2-4 we explore the ability of 3 different vaccination regimens to 
broaden and improve the protective efficacy induced by a TVV using pre-clinical 
animal models: 

Chapter 2 examines the ability of a vaccination regimen comprising multiple 
immunizations to improve the cross-protective efficacy of TVV in mice. 
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Chapter 3 explores whether priming a TVV with vaccine homologous HA 

DNA can improve its efficacy of inducing heterologous H1N1 and heterosubtypic 
H5N1 protection in mice. The cross-protective efficacy of the heterologous 
prime/boost regimen is evaluated in parallel with the multiple vaccination 
regimen identified in chapter 2. 

Chapter 4 investigates the ability of improving the cross-protective efficacy 
of TVV by adjuvating with Matrix M. The adjuvated vaccination regimen is 
evaluated for cross-protection against avian H5N1, H7N7 and H7N9 influenza 
viruses in both mice and ferrets.

Leveraging two phase 1 clinical trials we in chapter 5-6 further evaluate the 
cross-reactivity and cross-protective efficacy of the humoral immune response 
elicited by seasonal and pandemic influenza vaccines in humans:

Chapter 5 assesses the cross-protective efficacy of TVV in healthy adults. 
By making use of a novel human-to-mouse serum transfer and challenge model 
we evaluated the cross-protective efficacy of the humoral immune response 
induced by 1, 2 and 3x TVV  in healthy adults.  

Chapter 6 further explores the role of ADCC in HA specific cross-reactivity and 
cross-protection induced by TVV and pandemic influenza vaccine in healthy adults.

Chapter 7 comprises a summary and discussion of the findings presented in 
this thesis. The results are discussed in the context of the influenza vaccine field 
and the future perspective of broadly protective influenza vaccines.
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ABSTrACT

Background. Current seasonal influenza vaccines are believed to confer 
protection against a narrow range of virus strains. However, their protective ability 
is commonly estimated based on an in vitro correlate of protection that only 
considers a subset of anti-influenza antibodies that are typically strain specific, 
i.e. hemagglutination inhibiting antibodies. Here we evaluate the breadth of 
protection induced with a seasonal trivalent influenza vaccine (composition 
H1N1 A/California/07/09, H3N2 A/Victoria/210/08, B/Brisbane/60/08) against 
influenza challenge in mice. 
methods. Balb/c mice were immunized once, twice, or three times with seasonal 
influenza vaccine to assess protection against heterosubtypic H5N1 influenza 
challenge, or homologous H1N1 influenza virus as a control. Passive transfer of 
immune serum was used to determine the contribution of humoral immunity to 
protection.
results. Multiple immunizations with seasonal influenza vaccine induced up 
to 80% protection against heterosubtypic H5N1 influenza challenge in mice 
without eliciting detectable H5N1 neutralizing antibodies. Comparable levels of 
protection were reached by passive transfer of immune serum, and protection was 
correlated with the titer of vaccine-induced, H5 cross-reactive, non-neutralizing 
antibodies that are at least in part directed against conserved HA epitopes. 
Conclusions. Here we demonstrate that seasonal vaccine has the ability to induce 
broad serum-mediated protection, and that the mechanism of this protection is 
different from the vaccine-induced homologous protection. 
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INTrOduCTION

Annual influenza epidemics are responsible for up to 5 million cases of severe 
illness and between 250 000 to 500 000 deaths as reported by the World Health 
Organization (WHO)(1). Seasonal influenza vaccines are the most effective way to 
reduce the impact of influenza epidemics identified to date. To cover the variety 
of circulating influenza strains seasonal influenza vaccines comprise components 
of an H1N1 virus, an H3N2 virus and either one or two Influenza B viruses. The 
inclusion of two influenza B strains is based on the typically low cross-protection 
observed between the two major lineages of influenza B virus(2) and as indicated 
by the Centers of Disease Control and Prevention(3).

The protective efficacy of seasonal influenza vaccines is commonly estimated 
by their ability to induce antibody response against the globular head of the 
influenza hemagglutinin (HA) protein(4-6). Antibodies that bind to the head 
of influenza HA inhibit infection by blocking attachment of influenza virus to 
sialic acid residues on host cell glycoproteins(7-10). These antibodies can be 
detected in an assay that mimics viral attachment to host cells, namely the 
agglutination of red blood cells by influenza virus. Antibodies that block the 
interaction between virus and sialic acids inhibit the agglutination of red blood 
cells (hemagglutination inhibition, HI)(11, 12). HI is currently the only accepted 
in vitro correlate of protection against influenza infection in humans(6) and 
as reported by the Food and Drug Administration (FDA)(13). Even though 
licensed seasonal influenza vaccines contain several influenza proteins(14), the 
vaccines are currently standardized solely on their HA content and anti-HA 
immunogenicity(15).

The globular head of influenza HA, however, is highly variable among different 
influenza strains. Error-prone replication of influenza virus, which is due to the 
lack of proof-reading activity of the viral polymerase(16), combined with selective 
pressure from pre-existing immunity cause a high rate of genetic drift, particularly 
in the HA head sequence(7, 8, 17, 18). To keep pace with the genetically drifted 
circulating strains, the composition of seasonal influenza vaccines is updated 
almost annually(19). Once there is a larger than 4-fold drop in cross-reactive HI 
titer between the dominant circulating influenza strain and last year’s vaccine 
strain, the WHO recommends a change in vaccine composition(20). Recent 
isolation of several broadly neutralizing human antibodies, directed against the 
more conserved parts of HA, indicates that HI mediating antibodies are not the 
only immunological mechanism able to prevent influenza virus infection(21-26). 
Vaccine strain selection based on the HI assay does not take into account these 
alternative protection mechanisms, and thus using solely the HI assay as an in 
vitro correlate likely underestimates the protective ability of a seasonal vaccine, 
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in particular against divergent strains. The in vitro immunological correlates of 
broad protection against genetically divergent strains have not yet been fully 
defined(27). 

Here we evaluated the ability of a licensed trivalent virosomal seasonal 
influenza vaccine (TVV) to elicit broad protection against influenza challenge in 
mice. We assess whether such protection can be correlated to other HA mediated 
protection mechanisms than HI. We show that repeated immunization of mice 
with seasonal influenza vaccine confers protection against lethal challenge 
with heterosubtypic H5N1 influenza virus. Using passive transfer studies we 
demonstrate that this protection is mediated by serum and correlates with 
recombinant H5 (rH5) binding antibodies in the absence of detectable H5N1 
specific HI, virus neutralizing antibodies and antibodies capable of mediating 
Antibody-Dependent-Cellular-Cytotoxicity (ADCC).

mEThOdS

Statement of Ethics
All mouse experiments were performed in accordance with Dutch legislation on 
animal experiments and approved by the appropriate institutional review board. 
In all experiments six-to-eight-week-old female Balb/c (H2d) mice (Charles River, 
Sulzfeld, Germany) were used. Mice were kept under specific pathogen-free 
conditions.

Immunization and Influenza Challenge

Active immunization

Groups of mice (n = 8 for H1N1 challenge study, n = 10 for H5N1 challenge study) 
received 1, 2 or 3 intramuscular (i.m.) immunizations with Inflexal® V (Crucell, 
Bern, Switzerland), a trivalent virosomal seasonal vaccine (TVV) (composition of 
the 2011–2012 season; H1N1 A/California/07/09, H3N2 A/Victoria/210/09 and B/
Brisbane/60/08; 3 µg HA per strain per immunization) at 3 week intervals. All final 
immunizations with vaccine were performed at the same time. Mice immunized 
with vaccine only once, received two immunizations with phosphate buffered 
saline (PBS) prior to vaccine. Mice immunized with vaccine twice, received one 
immunization with PBS prior to vaccine.  

Passive immunizations

To generate immune serum groups of mice (n = 50) were immunized according 
to the same scheme as described above. To generate naïve serum mice (n = 100) 
were injected 3× with PBS. Four weeks after final immunization blood was 
collected via heart puncture under isoflurane anesthesia (IsoFlo®, Abbott Park, IL, 
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USA) followed by cervical dislocation. Serum was collected after centrifugation 
for 4 minutes at 1699× g followed by 1 minute at 20817× g. The serum was 
isolated and frozen down at -20ºC. Mice (n=8) were passively immunized on 1 to 
3 consecutive days with immune serum (400µl, intraperitoneal (i.p.)) obtained 
from mice immunized 1×, 2× or 3× with seasonal influenza vaccine or with 
naïve serum. 

Influenza challenge

Mice were infected with influenza virus 4 weeks after the final immunization or 
24 hours after the final serum transfer. On the day of challenge a pre-challenge 
mouse blood sample was obtained via submandibular bleeding to assess pre-
challenge antibody titers. Mice were challenged intranasally (i.n.) (total 50 µl, 25 µl 
per nostril) with 25×LD50 of influenza virus under anesthesia with ketamine/xylazine 
(100 mg/kg ketamine (Nimatek® 100mg/ml, Eurovet, Cuijk, the Netherlands); 
20  mg/kg xylazine (Sedamun® 20mg/ml, Eurovet, Cuijk, Netherlands)). Virus 
stocks of mouse adapted H1N1 A/The Netherlands/206/09 (Viroclinics, 
Rotterdam, the Netherlands) and wild-type H5N1 A/Hong Kong/156/97 (Central 
Veterinary Institute, Wageningen University, the Netherlands) were grown on 
embryonated chicken eggs. Groups of mice receiving PBS (either 1× or 3×, and 
i.m. or i.p. depending on experimental design) were used as negative control 
and groups receiving 2× inactivated challenge virus i.m. or broadly protective 
monoclonal antibody (CR6261, 15mg/kg in PBS, either intravenously (i.v.), or i.m. 
depending on experimental design) 24 hours prior to challenge were used as 
positive controls for the challenge. After challenge mice were monitored for 
weight-loss and clinical score for up to 21 days or until a humane endpoint based 
on clinical score (clinical score 4). Clinical scores were defined as: 0 = no clinical 
signs, 1 = rough coat, 2 = rough coat, less reactive, passive during handling, 
3 = rough coat, rolled up, labored breathing, passive during handling, 4 = rough 
coat, rolled up, labored breathing, unresponsive. 

Statistics

Influenza challenge studies

Statistical differences between immunization regimens of seasonal influenza 
vaccine relative to negative control group receiving either 1× or 3× PBS i.m or 
i.p. (depending on experimental design) were evaluated for survival proportion, 
survival time, change in bodyweight and clinical score. Survival proportion 
and survival time after challenge were analyzed using Fisher’s exact test and 
log-rank test, respectively. Repeated measurements in the challenge phase 
(i.e. bodyweight and clinical scores) were summarized as a single outcome per 
animal using an Area Under the Curve (AUC) approach. Mice that succumb to 
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infection prior to day 21 are kept in the analysis at their last recorded bodyweight 
and clinical score 4 (i.e. last-observation-carried-forward). Body weight data 
are expressed as the change relative to the day 0 measurement, and added up 
over the 21 days of observation, to calculate AUC. An ANOVA on AUC’s was 
done with group as explanatory factor. Clinical scores were added up over the 
21 days of observation, to calculate AUC per mouse. Groups were compared 
using a generalized linear model with a cumulative logit distribution. All analyses 
followed a step-wise approach, starting by testing the group receiving 3× TVV 
or TVV immune serum against the PBS group and proceeding with testing the 2× 
TVV vs. PBS and 1× TVV vs. PBS groups only when the result in the prior step was 
statistically significant. For the studies in which the mice were challenged with 
H5N1 the analyses of the immunization regimens relative to PBS were analyzed 
using a Bonferroni adjustment for 2 comparisons. In passive transfer experiments 
the group of mice that received naïve serum i.p. served as a negative control 
group to demonstrate specificity from i.p. administered TVV immune serum.

The studies were considered valid only when there was a statistically significant 
difference in survival proportion (Fisher’s exact-test, 2-sided) between negative 
and positive challenge model control groups (data not shown for positive controls). 

Statistical analyses were performed using SAS version 9.2 (SAS Institute Inc. 
Cary, NC, USA) and SPSS version 20 (SPSS Inc., IL, USA). Statistical tests were 
conducted two-sided at an overall significance level of α= 0.05. Only p values 
less than 0.05 are reported.

Correlate of protection analysis

The Receiver Operator Characteristic (ROC) curve method was applied for 
assessing the correlation between serum titers and challenge outcome. For this 
purpose the survival status of each mouse and the corresponding ELISA titer in 
mouse serum pre-challenge was used to calculate the ROC curve. The area under 
the ROC curve was calculated and the null hypothesis was tested for equality to 
0.50 (no correlation with protection) with an asymptotic Mann-Whitney test.

Hemagglutination Inhibition Assay 
Nonspecific hemagglutination inhibitors were removed from sera by O/N 
incubation with Cholera Toxin (Sigma-Aldrich; St. Louis, MO, USA; diluted 1:25 
in PBS) at 37ºC in presence of turkey red blood cells (bioTRADING Benelux 
B.V., Mijdrecht, the Netherlands, 0.5% in PBS). Cholera toxin was subsequently 
inactivated by heat at 56ºC for 30 minutes. Sera were tested in duplicate 2-fold 
serial dilutions with an initial dilution of 1:8. Diluted sera were mixed with 8 
HA units of H1N1 A/California/07/09 (reassortant NYMC X-181) or H5N1 A/
Hong Kong/156/97 (reassortant rgPR8-H5N1) for 1 hour at RT. Turkey red blood 
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cells (1% in PBS) were added to the serum and incubated for 1 hour at room 
temperature (RT). Confirmed positive and negative sera were used as assay 
controls. HI titer is expressed as reciprocal of the highest dilution that completely 
inhibited hemagglutination. 

Virus Neutralization Assay 
Madin-Darby Canine Kidney (MDCK) cells were seeded in a 96-well plate 
at 15.000 cells/well in growth medium (Dulbecco’s Modified Eagle Medium 
(DMEM) containing 200 mM L-glutamine, 3 μg/ml trypsin and 1% (w/v) penicillin/
streptomycin stock solution, all Gibco, Invitrogen Ltd, Life Technologies, Paisley, 
UK) and allowed to attach for a minimum of 3 hours. Duplicate serial dilutions of 
heat-inactivated (30 minutes at 56ºC) serum samples (0.01–20%) were prepared 
in DMEM with or without trypsin/EDTA (0.6% of a 0.05% stock solution) and 
mixed with 112 TCID50 of H1N1 A/California/07/09 (reassortant NYMC X-181) or 
200 TCID50 of the H5N1 A/Hong Kong/156/97 (reassortant rgPR8-H5N1) virus 
per sample, respectively, for 1 hour at 37ºC, 10% CO2. Mixes were subsequently 
added to the MDCK cells and incubated for 18 hours at 37°C, 10% CO2. Cells were 
fixed with 80% acetone, labeled with mouse anti-NP (H16-L10-4R5, produced in-
house), followed by goat anti-mouse HRP-coupled antibody (KPL, Gaithersberg, 
MD, USA) for one hour each. TMB substrate (Roche, Basel, Switzerland) was 
added, and absorbance was read in a BioTek® reader (PerkinElmer, Groningen, 
the Netherlands) after 5–15 minutes. Monoclonal antibody mCR9114 (mouse 
IgG2a, produced in-house) and naïve mouse serum were used as positive and 
negative controls, respectively. Samples without detectable neutralization at the 
lowest dilution are indicated as the lowest dilution (i.e. background level). The 
IC50 values were calculated after 4-parameter logistic curve fit. 

HA specific ELISA
Recombinant HA (rHA) (0.05µg per well in PBS pH7.4) from H1N1 A/California/07/09 
(Protein Sciences Inc., CT, USA) or from H5N1 A/Hong Kong/156/97 (His-tagged 
HA manufactured in-house on HEK293F cells as truncated, soluble trimetric 
protein, purified by nickel affinity purification) were coated onto Maxisorp 
96-well plates (Nunc™, Thermo Scientific) O/N at 4°C. Plates were washed 
with PBS (Gibco®, Life Technologies™, Paisley, UK) containing 0.05% Tween-20 
(Calbiochem®, Merck Millipore, Darmstadt, Germany) (PBS-T) and subsequently 
blocked with PBS containing 2% dried skimmed milk (Difco™, BD, Breda, the 
Netherlands) for 1 hour at RT. Following a wash with PBS-T serum was added 
to the plate in duplicate, serially diluted (2- fold, 0.002–2%) and incubated for 
1hour at RT. Following a wash with PBS-T a 1:2000 dilution of Goat-anti-Mouse 
IgG-HRP (KPL, Gaithersburg, MD, USA) was added to the plate and incubated 
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for 1 hour at RT. After washing with PBS-T OPD substrate (Thermo Scientific, 
Bremen, Germany) was added to the plate. The colorimetric reaction was 
stopped after 10 minutes by adding 1M H2SO4. The optical density (OD) was 
measured at 492 nm and standard curves were created using a four parameter 
logistic curve. The OD of each sample dilution was then quantified against the 
standard curve and the final concentration per sample (in Elisa Units, EU/ml) 
calculated by a weighted average, using the squared slope of the standard curve 
at the location of each quantification as weight. Negative samples were set at 
the limit of detection (LOD), defined as the lowest sample dilution multiplied 
by the lowest standard concentration with an OD response above the lower 
asymptote of the standard curve and background. All ELISA titers presented in 
the figures have been transformed to log10 values.

CR9114 competition ELISA
Polyclonal rabbit-Anti His-tag Ab  (Genscript USA Inc., NJ, USA) was coated onto 
Maxisorp 96-well plates (Nunc™, Thermo Scientific) (0.031µg per well in PBS 
pH7.4) O/N at 4°C. Plates were washed with PBS (Gibco®, Life Technologies™, 
Paisley, UK) containing 0.05% Tween-20 (Calbiochem®, Merck Millipore, 
Darmstadt, Germany) (PBS-T) which was further used in all subsequent washes. 
Subsequently, the plates were blocked with PBS containing 2% dried skimmed 
milk (Difco™, BD, Breda, the Netherlands) for 1 hour at RT. Following a wash, 
His-tagged HA of H1N1 A/California/07/09 (0.05 µg per well) (produced in-
house on HEK293F cells) was added to the plate and incubated for 2 hours at 
RT. Following a wash, serum was added to the plate in duplicate and serially 
2-fold diluted (to final dilution of 2-0.004% serum) and incubated for 1hour at 
RT. Biotinylated CR9114(22) (0.001µg/well) (human IgG1, produced in-house) was 
added to the plate and incubated for 1 hour at RT. Following a wash with PBS-T 
a 1:1000 dilution of Streptavidin-HRP (Becton & Dickinson) was added to the 
plate and incubated for 1 hour at RT. After washing with PBS-T OPD substrate 
(Thermo Scientific, Bremen, Germany) was added to the plate. The colorimetric 
reaction was stopped after 10 minutes by adding 1M H2SO4. The optical density 
(OD) was measured at 492 nm. The percentage competition was calculated 
as follows; % competition= (A-P)/Ax100, where A is the maximum signal (OD) 
of CR9114 binding to rHA when no serum is present, P is the signal (OD) of 
CR9114 binding to rHA in presence of serum(28). Positive (CR9114) and negative 
(irrelevant antibody) controls showed 100% and 0% competition, respectively 
(data not shown).  
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rESuLTS

Seasonal influenza vaccine protects against homologous H1N1 
and heterosubtypic H5N1 challenge
Using lethal challenge with influenza viruses, we assessed homologous and 
heterosubtypic protection conferred by single and multiple immunizations with 
seasonal influenza vaccine (trivalent virosomal vaccine Inflexal® V, season 2011–
2012) (TVV). Mice were immunized once, twice, or three times (1×, 2× or 3×) with 
seasonal influenza vaccine followed by a lethal infection with vaccine homologous 
H1N1 A/Netherlands/602/09 or H5N1 A/Hong Kong/156/97. All immunizations 
with seasonal influenza vaccine protected 100% of mice from death after 
homologous H1N1 challenge (p < 0.001 relative to PBS using Fisher’s exact test, 
p < 0.001 using log rank test), although mice developed slight and transient 
disease symptoms (bodyweight loss and clinical scores p < 0.001 relative to PBS) 
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Figure 1: 

Figure 1. Seasonal influenza vaccine protects against homologous h1N1 and hetero-
subtypic h5N1 challenge in mice.  
Mice were immunized with seasonal influenza vaccines (1-3xTVV) or with PBS (vehicle). 
Kaplan-Meier survival curves (left), mean bodyweight change (middle) and median clinical 
score (right) graphs following challenge with A) H1N1 A/Netherlands/602/09 (n = 8) and 
B) H5N1 A/Hong Kong/156/97 (n = 10 for vehicle, 1x TVV and 3x TVV; n = 9 for 2x TVV). 
Asterisk indicates statistically significant difference (exact p-values reported in the Results). 
For Kaplan-Meier curves asterisk indicates statistically significant difference as calculated 
using log rank test. Error bars indicate 95% confidence interval (bodyweight) or interquar-
tile range (clinical scores).
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(Figure 1A). A single immunization with seasonal influenza vaccine did not protect 
mice from death after challenge with heterosubtypic H5N1 influenza (Figure 1B). 
Two and three immunizations with seasonal influenza vaccine, however, resulted 
in 67% and 80% survival, respectively (p = 0.006 and 0.001 relative to PBS using 
Fisher’s exact test), prolonged survival time (p = 0.031 and p < 0.001 relative 
to PBS using log rank test), reduced bodyweight loss (p = 0.007 and p < 0.001 
relative to PBS) and clinical scores (both p < 0.001 relative to PBS). 

H5N1 binding antibodies but not H5N1 neutralizing antibodies 
are detectable after immunization with seasonal vaccine
In order to characterize the mechanism of protection, we evaluated the antibody 
response induced by the seasonal vaccine to its standardized component, HA. 
Antibodies directed to “vulnerable” spots in HA, either the receptor binding 
domain in the globular head or parts of the HA stem, mediate direct neutralization 
of influenza virus (29). Neutralizing antibodies binding to the globular head 
of influenza HA prevent viral attachment to target cells and can be detected 
using the HI assay (9). Other antibodies, such as the ones binding to conserved 
regions in the HA stem, can neutralize the virus by preventing viral release from 
endosomes, egress or both (22, 30, 31). Both types of neutralizing antibodies, 
i.e.  head and stem binding, can be detected using virus neutralization assays 
(VNA). Using a rHA binding assay, all antibodies that target the HA molecule, 
including antibodies that do not have direct neutralizing activity, can be detected. 

Using VNA, HI and rHA binding (ELISA) assays we determined the 
neutralizing and binding antibody titers against vaccine homologous H1N1 

Table 1. h5N1 binding but not neutralizing antibodies are detectable after immunization 
with seasonal vaccine 

Vaccination 
regimena

h1N1 A/California/07/09 h5N1 A/hong Kong/156/97

hI
titerb

VNA
titerc

rh1 ELISA
(Eu/ml)d

hI
titerb

VNA
titerc

rh5 ELISA 

(Eu/ml)e

Naive serum <8 <10 <0.024 <8 <10 <0.049

1x TVV 16 401 3.23 <8 <10 0.10

2x TVV 32 2900 16.5 <8 <10 1.04

3x TVV 128 18700 43.6 <8 <10 2.39

a Immune serum (pool of 50 mice) collected from mice immunized with seasonal influenza vaccine 
(1×, 2×, 3× TVV) or with PBS (naïve serum, pool of 100 mice). 
b HI, Hemagglutination inhibition, lower limit of detection: serum dilution titer <8
c VNA, Virus neutralization assay, lower limit of detection: serum dilution titer <10
d rH1 A/California/07/09, lower limit of detection: 0.024 EU/ml
e rH5 A/Hong Kong/156/97, lower limit of detection: 0.049 EU/ml
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and heterosubtypic H5N1 virus strains, using serum generated for passive 
immunization experiments. As expected, the vaccine elicited HI, VNA and rH1-
binding antibody titers against homologous H1N1 virus (Table 1), and these 
titers increased after repeated immunizations. While neutralizing antibodies 
against H5N1 virus were not detectable (neither in the HI nor in the VNA assay), 
increasing titers of rH5 binding antibodies were detected with increasing number 
of immunizations. 
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Figure 2: 

 

Figure 2. Vaccine immune serum transfer confers protection against homologous 
influenza challenge. 
Mice (n = 8) were passively immunized 1x with seasonal influenza vaccine immune serum 
(Tr 1-3xTVV) or with PBS (vehicle). Mice were challenged with A-B) H1N1 A/Nether-
lands/602/09 or C-D) H5N1 A/Hong Kong/156/97. A) Kaplan-Meier survival curves. B) 
Pre-challenge ELISA titer against rH1 A/California/07/09. C) Kaplan-Meier survival curves. 
D) Pre-challenge ELISA titer against rH5 A/Hong Kong/156/97. Log 10 transformed ELISA 
titers (with group median) are shown in B and D. For Kaplan-Meier curves asterisk indicates 
statistically significant difference as calculated using log rank test (exact p-values reported 
in the Results).
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Seasonal vaccine elicited H5N1 protection is serum mediated
To determine whether the observed protection against lethal H5N1 challenge 
following repeated immunizations with seasonal influenza vaccine is associated 
with humoral response, we performed passive immunization by transferring 
400 µl serum from immunized mice to naïve mice and subsequently challenged 
the recipient mice with influenza virus. 

In order to confirm that serum transfer is a feasible approach to detect a 
protective response, we first challenged recipient mice with H1N1. Immune 
serum obtained from mice immunized 2× or 3× with seasonal influenza vaccine 
conferred protection against vaccine-homologous H1N1 A/Netherlands/602/09 
challenge (p < 0.001 relative to PBS using Fisher’s exact test, p < 0.001 relative 
to PBS using log rank test, reduced bodyweight loss, p < 0.001 relative to 
PBS, reduced clinical scores, p < 0.001 relative to PBS) (Figure 2A and S1.A). 
Immune serum from 1× seasonal influenza vaccine did not confer protection 
against homologous H1N1 A/Netherlands/602/09 but reduced clinical scores 
(p < 0.001 relative to PBS). The lack of protection in mice receiving 400 µl serum 
from 1× immunized animals is likely due to the more than 2-fold lower antibody 
titer in the recipient animals compared to the actively immunized animals: the 
median rH1 titer was 1.24 EU/ml in mice receiving the serum from 1× immunized 
animals (Figure 2B) while the median titer was 3.23 EU/ml in serum of 1× actively 
immunized mice (Table 1). 
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Figure 3. Triple transfer of vaccine immune serum raises recipient antibody titers to the 
level of active immunization. 
High titer seasonal influenza vaccine immune serum was passively transferred into naïve 
mice (n = 8) on 3 consecutive days. rHA ELISA titer were measured at baseline in naïve 
serum (Naive) and post each transfer (Tr1-Tr3). A) rH1 A/California/07/09  B) rH5 A/Hong 
Kong/156/97. Log 10 transformed ELISA titers (with group median) are shown.
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Protection against H5N1 was not observed after transferring immune serum 
from mice immunized 1×, 2×, or 3× with seasonal influenza vaccine (Figure 2C 
and S1.B). In addition, rH5 binding antibodies could not be detected in serum 
of recipient mice (Figure 2D). We hypothesized that, in analogy to the reduced 
antibody titers and, consequently, reduced protection in the passive transfer 
experiment with H1N1 relative to active immunization, the single transfer of 
400  µl serum is not sufficient to yield H5N1 protective antibody titers in the 
serum of recipient mice. Therefore, we performed an experiment to evaluate 
the effect of increasing the antibody titer in recipient animals by transferring 
400 µl high titer seasonal influenza vaccine immune serum on three consecutive 
days (triple transfer). As shown in Figure 3, antibody titers increased with each 
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Figure 4. Cross-reactive rh5 A/hong Kong/156/97 binding antibody titer correlates 
with protection against h5N1 challenge. 
Mice (n = 8) were passively immunized 3x with seasonal influenza vaccine immune serum (3Tr 
1-3xTVV) or with PBS (vehicle). Mice were challenged with H5N1 A/Hong Kong/156/97. A) 
Kaplan-Meier survival curves. B) Pre challenge ELISA titer against rH5 A/Hong Kong/156/97. 
C) Receiver-operator characteristic (ROC) curve, ROC area = 0.874, 95% confidence interval 
(CI) 0.692–1, p < 0.05. Log 10 transformed ELISA titers (with group median) are shown in 
B. For Kaplan-Meier curves asterisk indicates statistically significant difference as calculated 
using log rank test (exact p-values reported in the Results).
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consecutive transfer, both for homologous rH1 titer and cross-binding rH5 titer. 
The statistical analysis showed a linear relationship between the number of 
passive transfers and HA Ab titer in recipient mouse. The HA Ab titer in the 
recipient mice was significantly higher when receiving immune serum 3 times 
compared to 1 time (p < 0.001). 

Next, we evaluated whether mice receiving triple transfer of the immune 
serum (obtained after one, two or three immunizations with seasonal vaccine) 
were protected against challenge with H5N1. While triple transfer of immune 
serum obtained after one or two immunizations with seasonal influenza vaccine 
did not confer protection after challenge with heterosubtypic H5N1 influenza 
virus, the triple transfer of immune serum obtained after three immunizations 
protected 75% of the recipient mice, with prolonged survival time (p = 0.015 
relative to PBS), reduced bodyweight loss (p = 0.009 relative to PBS) and clinical 
scores (p < 0.001 relative to PBS) (Figure 4A and S2). The degree of protection 
after triple transfer was comparable to the protection after active immunization. 
We confirmed that multiple serum transfers increased rH5 binding antibody 
titer relative to a single serum transfer in recipient mice (Figure 4B and 2D). 
Serum transfer-mediated protection against heterosubtypic H5N1 challenge 
correlated significantly (p < 0.05, ROC analysis) with the level of rH5 binding 
antibody titers in recipient mice (Figure 4C). However, since bodyweight loss 
appeared to be more severe in the passive transfer experiment, we cannot 
exclude a contribution of cellular immunity to protection following active 
immunization. 

Multiple immunizations with seasonal influenza vaccine induces 
HA stem directed antibodies 
We aimed to determine whether the H5 cross-reactive antibodies that are 
induced by multiple vaccination were directed against conserved epitopes in 
the HA stem. For that purpose, we assessed whether the immune serum could 
compete with the binding of a well characterized human broadly neutralizing 
mAb CR9114(22), which is directed against a conformational conserved epitope 
in the HA stem. Our results show that repetitive immunization induces antibodies 
that are able to compete with CR9114 for binding to the stem (Figure 5). These 
antibodies could at least in part be responsible for the observed cross-protection 
against H5N1 influenza challenge.
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dISCuSSION 

Here we show that multiple immunizations with a licensed, non-adjuvated, trivalent 

seasonal influenza vaccine confer protection against lethal heterosubtypic H5N1 

influenza challenge in mice. We demonstrate that humoral immunity is a major 

mechanism of protection, since significant protection was reached by passive 

transfer of immune serum. The protection against H5N1 challenge correlated 

with the titer of vaccine-induced rH5 binding antibodies.

Trivalent seasonal vaccines were shown to confer a degree of heterosubtypic 

protection in animal models previously. Seasonal vaccines based on whole 

inactivated virus(32) or inactivated split virions(33, 34) administered in a prime-

boost regimen elicited partial heterosubtypic protection against H5N1. A triple 

immunization regimen with inactivated split virion vaccine was investigated 

by Ichinohe et al. using the nasal tract as route of immunization(35). In that 

study, heterosubtypic protection was only observed when the vaccine was 

supplemented with an adjuvant. Several studies have assessed the ability of 

adjuvants to increase the level of cross-protection. Song et al. showed the ability 

of a monovalent whole inactivated virus vaccine to confer both heterosubtypic 

protection within both group 1 and 2 of influenza A when supplemented with 

influenza M2-expressing virus like particles (VLPs)(36). In ferrets, FluVax® was 

shown to confer 50% protection against heterosubtypic H5N1 as a stand-alone 

vaccine in a prime-boost regimen while 100% protection was observed when 

Figure 5. multiple immunizations with seasonal influenza vaccine induces hA stem 
directed antibodies.  
CR9114 competition ELISA using serum (pool of 10 mice) collected from mice immunized 
with seasonal influenza vaccine (1-3xTVV) or with PBS (vehicle).  Percentage competition is 
presented as mean of duplicates at each serum dilution step.  
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Ampligen® was added as adjuvant(33). We here demonstrate that a seasonal 
influenza vaccine, registered for use in humans can, without any adjuvation elicit 
heterosubtypic protection using standard (intramuscular) route of administration 
and that the correlate of this protection resides in serum. 

The broad protection by seasonal influenza vaccine is not only observed in 
mice and ferrets but may also occur in humans. A recent meta-analysis has shown 
that seasonal vaccines provide a level of cross-protection against non-matching 
circulating strains(37). In addition, B cells producing broadly neutralizing 
antibodies against influenza have been isolated from humans after seasonal 
influenza vaccination, indicating that seasonal vaccines may elicit protective 
responses against divergent influenza strains (21-24, 26, 38). This suggests that 
seasonal influenza vaccines, in addition to inducing strain specific antibodies, 
can also induce broadly protective immunity in humans. In a previous study we 
demonstrated that a single vaccination of humans with seasonal vaccine induces 
serum-mediated protection against H5N1 influenza(39). The fact that we needed 
three immunizations to achieve protection against H5N1 in mice may be due to 
the lack of previous exposure to influenza in mice i.e. the lack of pre-existing 
immunity. 

Consistent with previous publications(32, 33) we did not detect H5N1 
neutralizing antibodies in mice after immunization with seasonal vaccine, which 
suggests that these antibodies either were not elicited or were below limit of 
detection of the assay. The lack of heterosubtypic HI titer in our experiments 
was expected, considering the large difference in HA head between H1 and H5 
strains, and in agreement with previous studies(33). Seasonal vaccine did elicit 
detectable rH5 binding antibodies, which correlated with H5 protection, as well 
as the antibodies able to compete with broadly neutralizing HA stem specific 
CR9114 antibody(22). Antibodies binding to conserved regions of influenza HA 
appear to be more efficient at mediating activation of natural killer (NK) cells 
through Fc receptor interaction than antibodies binding to the globular head 
and they require ADCC activity for optimal in vivo efficacy against influenza 
challenge in mice(40). Using mouse-adapted surrogate ADCC bio-reporter 
assay we could not detect H5-specific, Fc-receptor activating antibodies in 
the sera from immunized mice (data not shown). Therefore, it is conceivable 
that the heterosubtypic protection demonstrated here may be mediated by a 
combination of neutralizing mechanisms which individually are difficult to detect 
in separate in vitro assays due to insufficient assay sensitivity. 

Inactivated and live attenuated seasonal influenza vaccines do not only 
contain the HA protein but also the NA protein of the vaccine influenza 
strains. A number of studies have investigated the role of NA in protection 
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against influenza(33, 38, 41, 42) and its ability to induce cross-protective 
immunogenicity. Although NA-specific humoral immune responses have 
shown to be cross-protective, the induction of such antibodies by a seasonal 
influenza vaccine is less investigated. Rockman et al.(33) suggested that 
heterosubtypic protection, in the absence of cross-reactive HA antibodies, 
is correlated to NA antibodies. Although our seasonal vaccine contains NA 
and induces high vaccine homologous N1 antibody titers, we could not detect 
H5 NA cross-binding antibodies (data not shown). It is therefore unlikely that 
cross-protection in our studies is mediated by NA-reactive antibodies. In 
the current study we have focused on the humoral response against the HA, 
the only standardized vaccine component, to assess the ability of licensed 
influenza vaccines to confer heterosubtypic protection. We do not exclude the 
possibility that immune responses to other influenza proteins (such as NP and 
M2e), which are present in influenza vaccines but not at standardized amounts, 
can also contribute to the heterosubtypic protection. 

The passive transfer of serum does not take into account the contribution 
of cellular immunity to protection against influenza. T cells have been shown 
to play an important role in the protection against the disease(43, 44) and 
a number of conserved T-cell epitopes have been identified in influenza 
proteins(45, 46). Whole inactivated virus(47) as well as vector-based vaccines(48, 
49) conferred cross-protection in animal models through induction of cross-
reactive CTL responses. It was recently demonstrated that cross-protection 
against symptomatic influenza in humans lacking cross-neutralizing antibodies 
correlated to CD8+ T cells specific for conserved viral epitopes(50). Although 
we cannot exclude a contribution of cellular immunity in our active immunization 
experiments, similar levels of protection were reached in passive transfer 
experiments compared to active immunization, indicating that humoral immunity 
is an important mechanism of protection. 

In conclusion, we demonstrate that a seasonal influenza vaccine has the ability 
to elicit broad serum-mediated protection and that this protection correlates 
with HA cross-reactive antibodies. The protection against the heterosubtypic 
strain is substantially weaker than protection against homologous strain and 
modifications to the formulation, such as the use of adjuvants, could further 
enhance the protective breadth of seasonal vaccines. 
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Supplementary figures: 

Figure S1: 

A.        H1N1 A/Netherlands/602/09 

B.        H5N1 A/Hong Kong/156/97 
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Figure S1. Vaccine immune serum transfer reduces disease symptoms after homolo-
gous influenza challenge. 
Mice (n = 8) were passively immunized 1x with seasonal influenza vaccine immune serum 
(Tr 1-3xTVV) or with PBS (vehicle). Mean bodyweight change (left) and median clinical score 
(right) graphs following challenge with A) H1N1 A/California/07/09. Mean bodyweight loss 
for immune serum of 1xTVV is significantly higher than vehicle control (p = 0.001), likely due 
to significantly increased survival time (p < 0.001). B) H5N1 A/Hong Kong/156/97. Asterisk 
indicates statistically significant difference (exact p-values reported in the Results). Error 
bars indicate 95% confidence interval (bodyweight) or interquartile range (clinical scores).
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Figure S2. Triple transfer of vaccine immune serum reduces disease symptoms after 
h5N1 challenge. 
Mice (n = 8) were passively immunized 3x with seasonal influenza vaccine immune serum 
(3Tr 1-3xTVV) or with PBS (vehicle). Mean bodyweight change (left) and median clinical 
score (right) graphs following challenge with H5N1 A/Hong Kong/156/97. Asterisk indicates 
statistically significant difference (exact p-values reported in the Results). Error bars indicate 
95% confidence interval (bodyweight) or interquartile range (clinical scores).
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Figure S2: 
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ABSTrACT

Background. A number of different approaches aimed at broadening the 
cross-protective ability of seasonal influenza vaccines are being explored 
today. Priming a seasonal vaccine with three administrations of DNA encoding 
H1 HA corresponding to the HA in the seasonal vaccine has been shown to 
confer protection against heterologous H1N1 influenza. Here we evaluated the 
heterosubtypic protection induced by a seasonal influenza vaccine when primed 
with H1 HA DNA and, in parallel, when given as a homologous prime/boost 
regimen.
methods. Balb/c mice were immunized three times with vaccine homologous 
H1 HA DNA prior to a boost with seasonal influenza vaccine (season 2009/2010; 
Northern Hemisphere), or immunized three times with the seasonal influenza 
vaccine. To assess cross-protection, mice were subsequently challenged with 
either heterologous H1N1 or heterosubtypic H5N1 influenza virus. 
results. The level of heterologous H1N1 protection elicited by the seasonal 
influenza vaccine was enhanced by priming with H1 HA DNA. In contrast, priming 
with H1 HA DNA did not enhance the level of heterosubtypic H5N1 protection. 
The heterologous prime boost regimen showed to be less efficient than multiple 
immunizations with seasonal vaccine in conferring protection against H5N1. 
Neither the DNA-priming vaccination regimen, nor the homologous prime/
boost regimen induced detectable H5N1 cross-reactive anti-HA or anti-NA 
antibodies. Homologous prime /boost vaccination did induce higher levels of 
anti-NP antibodies.
Conclusion. Here we demonstrate that priming a seasonal influenza vaccine with 
vaccine homologous H1 HA encoding DNA enhances the level of heterologous 
H1N1 but not heterosubtypic protection induced by the vaccine alone. 
Homologous prime/boost vaccination resulted in higher levels of heterosubtypic 
protection. Of the immunogenicity parameters tested for both heterologous 
and homologous prime/boost regimens only anti-NP responses follow the same 
pattern as heterosubtypic protection.

Anna Roos, Ramon Roozendaal, Sarra Damman- Riahi, Jessica Vreugdenhil, 
Joost Vaneman, Liesbeth Dekking, Martin Koldijk, Jaap Goudsmit 
and Katarina Radošević

Published in Journal of Vaccines and Vaccination 
2015 November 21, 6:299 
DOI:2157-7560.1000299 
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INTrOduCTION

Annual influenza epidemics are responsible for up to 5 million cases of severe illness 
and 250 000 to 500 000 deaths as reported by the World Health Organization 
(WHO)(1). Seasonal influenza vaccines are the most effective way to reduce the 
impact of influenza epidemics. To keep pace with the genetically drifted circulating 
strains the composition of seasonal influenza vaccines must be updated almost 
annually(2). The development of an influenza vaccine which confers protection 
against a wide range of influenza viruses is therefore of great importance. 

The efforts to generate broadly protective influenza vaccines have largely 
focused on designing vaccine compositions and regimens able to induce immune 
responses, either humoral, cellular or a combination thereof, against proteins 
that are conserved across divergent strains of influenza(3, 4). Novel influenza 
vaccines that aim to elicit cross-protective T-cell responses are often based on 
highly conserved viral proteins such as nucleoprotein (NP)(5-7) and matrix protein 
1 (M1)(8), while vaccines that aim to induce broad humoral immunity have largely 
focused on surface exposed viral proteins such as hemagglutinin (HA)(9-13), 
neuraminidase (NA)(14, 15) or matrix protein 2 (M2)(16-18). Though HA and NA are 
highly variable proteins, they contain conserved epitopes that can elicit broadly 
protective antibodies(19-24), and as such are very interesting targets in the quest 
for universal influenza vaccines. B cells producing HA-specific broadly neutralizing 
antibodies (bnAbs) have been isolated from human volunteers after vaccination 
with seasonal vaccines(21, 25, 26), indicating that HA in seasonal vaccines can form 
the basis for developing a broadly protective immune response. While HA is the 
key immunogen in all current seasonal vaccines, and is used for vaccine dosing and 
evaluation of the seasonal vaccine potency, the majority of current vaccines also 
contain other viral proteins, such as NA, M2 and NP(27, 28), albeit amounts thereof 
are neither quantified nor standardized. The immune response to these proteins 
may potentially contribute to cross-protective ability of seasonal influenza vaccines. 

Different approaches aimed at broadening cross-protective ability of seasonal 
influenza vaccines are being explored(29-31). We reported previously (32) that 
multiple immunizations with seasonal influenza vaccine of season 2011-2012 can 
enhance the heterosubtypic (H5N1) protection in mice. In other approaches, 
seasonal influenza vaccine has been administered together with adjuvants(31, 
33, 34) or primed with DNA vectors(30). Wei et al.(30) demonstrated that 
heterologous H1N1 protection can be induced in both mice and ferrets by 
priming a seasonal vaccine with three administrations of DNA encoding H1 HA 
corresponding to the H1 present in the seasonal influenza vaccine (H1-DNA). 
The safety and efficacy of this vaccination regimen, expanded to include DNAs 
encoding H3 and B HA, is being further explored in healthy human volunteers(35). 
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In the current study, we expanded the evaluation of a heterologous prime/
boost vaccination regimen (H1-DNA, followed by seasonal influenza vaccine) 
to induce heterosubtypic protection against H5N1. In parallel, we assessed 
the breadth of protection and immunogenicity induced by a seasonal influenza 
vaccine of season 2009/2010 when given in a homologous (e.g. 3x seasonal 
vaccine)(32) or heterologous prime/boost vaccination regimen. 

mATErIAL ANd mEThOdS

Statement of Ethics
All mouse experiments were performed in accordance with Dutch legislation 
on animal experiments and approved by DEC Animal Sciences Group, 
Wageningen UR when performed at CVI Lelystad and an independent Animal 
Ethics Committee (TNO, Zeist, The Netherlands) (permit number 3387) when 
performed at TNO Triskelion. In all experiments six-to-eight-week-old female 
Balb/c (H2d) mice (Charles River, Sulzfeld, Germany) were used. Mice were kept 
under specific pathogen-free conditions.

Immunization and Influenza Challenge

Immunization

Groups of mice (n = 10 or 8 for challenge studies, n = 8 for immunogenicity study) 
received either: 1x or 3x intramuscular (i.m.) immunizations with Inflexal® V (Crucell, 
Bern, Switzerland), a trivalent virosomal seasonal vaccine (TVV) (composition 
for the 2009-2010 season: H1N1 A/Brisbane/59/07, H3N2 A/Brisbane/10/07 
and B/Brisbane/60/08) (TVV09)  (3 µg HA per strain per immunization); 3x i.m. 
immunizations with DNA encoding RSV_F_A2 protein (15 µg per immunization) 
followed by an i.m. immunization with TVV09; 3x i.m. immunizations with 
DNA encoding HA of H1 A/Brisbane/59/07 (15 µg per immunization); 3x i.m. 
immunizations with DNA encoding HA of H1 A/Brisbane/59/07 (15 µg per 
immunization) followed by one i.m. immunization with TVV09; or 4x with PBS 
(Gibco®, Life TechnologiesTM, Paisley, UK). Immunizations were scheduled at 
3  week intervals. All final immunizations with vaccine were performed at the 
same time. Mice immunized only once with TVV09, received three immunizations 
with PBS prior to vaccine. Mice immunized either 3x with TVV09 or 3x with DNA 
encoding H1 HA A/Brisbane/59/07 received one immunization with PBS prior to 
vaccine. In Table 1 a schematic overview of the immunization regimens for the 
various vaccine groups is presented. The constructs used in these experiments 
were based on the pcDNA2004 (Neo-) plasmid backbone containing either RSV-
F-A2 or H1 A/Brisbane/59/07 cDNA inserts. 
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In immunogenicity experiments blood and spleens were harvested four weeks 
after final immunization. Blood was collected via heart puncture under isoflurane 
anesthesia (IsoFlo®, Abbott Park, IL, USA) followed by cervical dislocation and 
collection of the spleen. Serum was collected after centrifugation for 4 minutes 
at 1699× g followed by 1 minute at 20817× g. The serum was isolated and stored 
at -20ºC.

Influenza challenge

For challenge experiments mice were infected with influenza virus 4 weeks after 
the final immunization. On the day of challenge a pre-challenge blood sample (to 
assess pre-challenge antibody titers) was obtained via submandibular bleeding. 
Mice were challenged intranasally (i.n.) with 25×LD50 of influenza virus (total 50 µl, 
25 µl per nostril) under anesthesia with ketamine/xylazine (100 mg/kg ketamine 
(Nimatek® 100 mg/ml, Eurovet, Cuijk, the Netherlands); 20 mg/kg xylazine 
(Sedamun® 20 mg/ml, Eurovet, Cuijk, Netherlands)). Virus stocks of H1N1 A/
Puerto Rico/8/34 (ATCC-VR-95, American Type Culture Collection, Manassas, 
VA, USA), H1N1 A/WSN/33 (Central Veterinary Institute, Wageningen University, 
the Netherlands) and wild-type H5N1 A/Hong Kong/156/97 (Central Veterinary 
Institute, Wageningen University, the Netherlands) were grown on embryonated 
chicken eggs. Groups of mice receiving 4x PBS i.m. were used as negative 
control and groups receiving broadly protective monoclonal antibody (CR6261, 
15 mg/kg in PBS intravenously (i.v.) 24 hours prior to challenge) were used as 

Table 1.

description
Vaccine group

day

0 21 42 63 91
d,e

PBS PBS PBS PBS PBS Challenge

TVV09 TVV09c Challenge

3xTVV09 TVV09c TVV09c TVV09c Challenge

H1-DNA H1- DNAb H1- DNAb H1- DNAb Challenge

RSV-DNA/TVV09 RSV-DNAa RSV-DNAa RSV-DNAa TVV09c Challenge

H1-DNA/TVV09 H1- DNAb H1- DNAb H1- DNAb TVV09c Challenge

a RSV-DNA: pcDNA2004(Neo-) containing RSV-F-AS cDNA insert. Dose: 15µg i.m./ immunization
b H1-DNA: pcDNA2004(Neo-) containing H1 A/Brisbane/59/07 cDNA insert. Dose: 15µg i.m./ 
immunization
c TVV09: Seasonal Influenza vaccine, Inflexal ® V, of season 2009-2010. Dose 3µg HA/strain/ 
immunization 
d For immunogenicity experiments mice were sacrificed at day 91 and serum and spleens were 
collected. For influenza challenge experiments mice were challenged  at day 91
e Challenge: 25xLD50 of H1N1A/Puerto Rico/8/34, H1N1 A/WSN/33 or H5N1 A/Hong Kong/156/97



54 Chapter 3

3

positive control for the challenge. After challenge mice were monitored daily for 
weight-loss and clinical score for up to 21 days or until a humane endpoint based 
on clinical score or found dead. The challenge experiments were performed 
at two different locations at which different clinical score systems were used.  
The H1N1 A/WSN/33 and H5N1 A/Hong Kong/156/97 challenge studies were 
performed at CVI Lelystadt at which a 4-point clinical scoring system was used: 
0 = no clinical signs, 1 = rough coat, 2 = rough coat, less reactive, passive during 
handling, 3 = rough coat, rolled up, labored breathing, passive during handling, 
4 = rough coat, rolled up, labored breathing, unresponsive. CS4 was defined 
as moribund based on unresponsiveness and used as a humane endpoint. The 
H1N1 A/Puerto Rico/8/34 challenge study was performed at TNO Triskelion at 
which a 5-point clinical scoring system was used: 0 = no clinical signs, 1 = rough 
coat, 2 = rough coat, labored respiration 3 = rough coat, labored respiration, 
hunched posture and/or blepharospasm, 4 = rough coat, labored respiration, 
hunched posture, blepharospasm, lethargic and/or thin/dehydrated, 5 = lethargic 
behavior (CS4) is observed during four consecutive observations leading to 
euthanasia. CS5 was used as humane endpoint. 

Statistics

Influenza challenge studies

Differences between immunization regimens relative to negative control group 
receiving 4× PBS i.m. were statistically evaluated using survival proportion, 
survival time, change in bodyweight and clinical scores. Survival proportion 
and survival time after challenge were analyzed using Fisher’s exact test and 
log-rank test, respectively. Repeated measurements in the challenge phase 
(i.e. bodyweight and clinical scores) were summarized as a single outcome per 
animal using an Area Under the Curve (AUC) approach where missing values for 
animals that died early were imputed with a last-observation-carried-forward 
method. Body weight data are expressed as the change relative to the day 0 
measurement. The AUC was then defined as the summation of the area above and 
below the baseline. An ANOVA on AUC’s was done with group as explanatory 
factor. Clinical scores were summarized as AUC per mouse and groups were 
compared using a generalized linear model with a cumulative logit distribution 
to compare area under the curves for ordinal variable. Statistical analysis was 
planned upfront and adjustments for multiple comparisons were done using a 
Bonferroni correction for (i) the H1N1 A/Puerto Rico/8/34 challenge: H1-DNA/
TVV09= 4 comparisons, TVV09= 2 comparisons (clinical score data for this 
group were not adjusted), (ii) the H1N1 A/WSN/33 challenge: for all groups 
4 comparisons, (iii) figure 1C H5N1 A/Hong Kong/156/97 challenge: H1-DNA/
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Figure 1. Priming seasonal influenza vaccine with h1-dNA enhances protection against 
heterologous h1N1 but not against heterosubtypic h5N1 challenge. 
Mice ( n = 10 ) were immunized either 1x with Inflexal 2009 (TVV 09), 3x with H1 HA 
DNA (H1-DNA), 3x with RSV DNA followed by a boost of Inflexal (RSV-DNA/TVV09), 3x 
with H1-DNA followed by a boost of Inflexal (H1-DNA/TVV09) or 4x PBS (PBS). Shown are 
Kaplan-Meier survival curves (left) and mean bodyweight change (right) graphs following 
challenge. Mice were challenged with A) H1N1 A/Puerto Rico/8/34 B) H1N1 A/WSN/33 
C) H5N1 A/Hong Kong /156/97, Error bars indicate 95% confidence interval (bodyweight).

TVV09= 4 comparisons, TVV09= 2 comparisons (clinical score data for this group 
were not adjusted), (iv) figure 2 H5N1 A/Hong Kong/156/97 challenge: for all 
groups 2 comparisons. The studies were considered valid only when there was 
a statistically significant difference in survival proportion (Fisher’s exact-test, 
2-sided) between negative and positive challenge model control groups (data 
not shown for positive controls). 
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Figure 2. h1-dNA/TVV09 confers only partial protection while three times TVV09 
protects against heterosubtypic h5N1 challenge. 
Mice were immunized either 3x with Inflexal 2009 (3xTVV09), 3x with H1 HA DNA followed 
by a boost of Inflexal 2009 (H1-DNA/TVV09) or 4x PBS (PBS) followed by challenge with 
H5N1 A/Hong Kong/156/97 (n = 8 for PBS and 3x TVV09; n = 7 for H1-DNA/TVV09). Ka-
plan-Meier survival curves (left) and mean bodyweight change (right). Error bars indicate 
95% confidence interval (bodyweight).

Statistical analyses were performed using SAS version 9.2 (SAS Institute Inc. 

Cary, NC, USA) and SPSS version 20 (IBM, USA). Statistical tests were conducted 

two-sided at an overall significance level of α= 0.05. Only p values less than 

0.05 are reported in the Result section. A summary of all statistical tests and 

respective p values are presented in supplementary Table S1.

Virus Neutralization Assay 
Madin-Darby Canine Kidney (MDCK) cells were seeded in a 96-well plate 

at 15.000 cells/well in growth medium (Dulbecco’s Modified Eagle Medium 

(DMEM) containing 200 mM L-glutamine, 3 μg/ml trypsin and 1% (w/v) penicillin/

streptomycin stock solution, all Gibco, Invitrogen Ltd, Life Technologies, 

Paisley, UK) and allowed to attach for a minimum of 3 hours. Duplicate serial 

dilutions of heat-inactivated (30 minutes at 56ºC) serum samples (0.01–20%) 

were prepared in DMEM with or without trypsin/EDTA (0.6% of a 0.05% 

stock solution) and mixed with 120 TCID50 of H1N1 A/Brisbane/59/07 or 200 

TCID50 of the H5N1 A/Hong Kong/156/97 (reassortant rgPR8-H5N1) virus per 

sample, respectively, for 1 hour at 37ºC, 10% CO2. Mixes were subsequently 

added to the MDCK cells and incubated for 18  hours at 37°C, 10% CO2. 

Cells were fixed with 80% acetone, labeled with mouse anti-NP (H16-L10-4R5, 

produced in-house), followed by goat anti-mouse HRP-coupled antibody 

(KPL, Gaithersberg, MD, USA) for one hour each. TMB substrate (Roche, 

Basel, Switzerland) was added, and absorbance was read in a BioTek® reader 
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(PerkinElmer, Groningen, the Netherlands) after 5–15  minutes. Monoclonal 

antibody CR6261 (human IgG2a, produced in-house) and naïve mouse 

serum were used as positive and negative controls, respectively. Samples 

without detectable neutralization at the lowest dilution are indicated as the 

lowest dilution (i.e. background level). The IC50 values were calculated after 

4-parameter logistic curve fit. 

T-cell ELISPOT
For ELISPOT analysis of T-cell responses ten amino acids overlapping 15-mer 

peptides covering the whole HA protein sequence of H1 A/Brisbane/59/07, 

a total of 104 peptides, were used (Pepscan, Lelystad, The Netherlands). For 

analysis of the total T-cell response against the full length H1 A/Brisbane/59/07 

a pool of all 111 peptides was made (total pool). For analysis of T-cell response 

against a known 9-mer epitope IYSTVASSL(36), highly conserved among number 

of strains, including H1 A/Brisbane/59/07 and H5 A/Hong Kong/156/97, two 

15-mer peptides containing this epitope were used. The concentration per 

peptide was 0.4mg/ml, diluted in DMSO. 

Ninety-six-well multiscreen plates (Millipore, Bedford, MA), coated overnight 

with rat anti-mouse IFNγ (Pharmingen, San Diego, CA) (1µg per well in PBS 

pH7.4), were washed with Dulbecco’s PBS (Life Technologies, Gaithersberg, MD) 

containing 0.05% Tween-20 (D-PBS/Tween) and blocked with D-PBS containing 

5% FBS for 2 hours at 37 °C. Splenocytes were prepared in R10 medium 

(RPMI 1640 (Gibco/Invitrogen, Breda, The Netherlands) containing 10% heat 

inactivated FBS (HyClone, Logan UT), 1% Pen/Strep (Gibco/Invitrogen, Breda, The 

Netherlands), 1% MEM non-essential amino acids (Gibco/Invitrogen, Breda, The 

Netherlands) and 13 μM 2-mercaptoethanol (Fluka Chemie, Buchs, Switzerland) 

and plated in duplicates at 5 × 105 cells/well and 2 × 105 cells/well in a 100-μl 

reaction volume containing 2 μg/ml 15-mer peptides (total pool or  two 15-mer 

peptides). Following 18 hour incubation at 37 °C, the plates were washed with 

D-PBS/Tween and incubated for 1.5 hour with a biotinylated rat anti-mouse IFNγ 
(Pharmingen, San Diego, CA). Plates were washed and incubated for 1.5 hour 

with streptavidin–alkaline phosphatase (Southern Biotechnology Associates, 

Birmingham, AL). Upon final washing, specific staining was developed with nitro 

blue tetrazolium-5-bromo-4-chloro-3-indolyl-phosphate chromogen (Pierce, 

Rockford, IL), stopped by washing with tap water, air dried, and analyzed using 

an AELVIS ELISPOT reader (AELVIS GmbH). The cell concentration for which the 

average of spot forming units (SFU)/well was within the linear range, 50-225 

spots/well, was selected. The average SFU/well count was adjusted to SFU’s per 

106 cells in accordance with cell dilution.
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ELISA
Recombinant protein (0.05µg per well in PBS pH7.4) (i) HA of H1N1 A/
Brisbane/59/07 (Protein Sciences Inc., CT, USA), H1N1 A/Puerto Rico/8/34 
(Protein Sciences Inc., CT, USA) or of H5N1 A/Hong Kong/156/97 (manufactured 
in-house on HEK293F cells), (ii) NP of H1N1 A/Puerto Rico/8/34 (Sino Biologics 
Inc. Beijing, China), or (iii) NA of H1N1 A/Brisbane/59/07 (manufactured 
in-house on HEK293F cells) or of H5N1 A/Hong Kong/156/97 (manufactured 
in-house on HEK293F cells) were coated onto Maxisorp 96-well plates (Nunc™, 
Thermo Scientific) O/N at 4°C. Plates were washed with PBS (Gibco®, Life 
Technologies™, Paisley, UK) containing 0.05% Tween-20 (Calbiochem®, Merck 
Millipore, Darmstadt, Germany) (PBS-T) and subsequently blocked with for rHA 
and rNP ELISA; PBS containing 2% dried skimmed milk (Difco™, BD, Breda, the 
Netherlands) and for rNA ELISA; PBS containing 2% BSA (Sigma-Aldrich, USA) 
for 1 hour at RT. Following a wash with PBS-T serum was added to the plate. 
The serum was in duplicate serially diluted (2- fold, 0.002–2%) and incubated for 
1 hour at RT. Following a wash with PBS-T a 1:2000 dilution of Goat-anti-Mouse 
IgG-HRP (KPL, Gaithersburg, MD, USA) was added to the plate and incubated 
for 1 hour at RT. After washing with PBS-T OPD substrate (Thermo Scientific, 
Bremen, Germany) was added to the plate. The colorimetric reaction was 
stopped after 10 minutes by adding 1M H2SO4. The optical density (OD) was 
measured at 492 nm and standard curves were created using a four parameter 
logistic curve. The OD of each sample dilution was then quantified against the 
standard curve and the final concentration per sample (in Elisa Units, EU/ml) 
calculated by a weighted average, using the squared slope of the standard curve 
at the location of each quantification as weight. Negative samples were set at 
the limit of detection (LOD), defined as the lowest sample dilution multiplied 
by the lowest standard concentration with an OD response above the lower 
asymptote of the standard curve and background. All ELISA titers presented in 
the figures have been log10 transformed.

rESuLTS

Priming seasonal influenza vaccine with H1-DNA enhances 
protection against heterologous H1N1 but not against 
heterosubtypic H5N1 challenge 
We first tested whether a trivalent virosomal seasonal influenza vaccine of 
season 2009/2010 (TVV09) primed three times with DNA encoding vaccine 
homologous H1 HA (H1-DNA) can provide heterologous H1N1 protection in 
mice. Albeit not significant, a single immunization with TVV09 alone elicited 



59
H5N1 protectioN after Homologous  

aNd Heterologous prime/Boost vacciNatioN

3

partial survival (40%) against heterologous H1N1 A/Puerto Rico/8/34 with 
significantly prolonged survival time (p = 0.003 compared to PBS) and with 
reduced clinical scores (p = 0.001 compared to PBS). When primed with H1-DNA, 
TVV09 elicited a significant increase in survival proportion compared to non-
vaccinated mice (60% survival, p = 0.043 compared to PBS) with prolonged 
survival time (p = 0.044 compared to PBS), reduced bodyweight loss (p = 0.050 
compared to PBS) and reduced clinical scores (p < 0.001 compared to PBS) 
(Figure 1A and S1.A).

To confirm the effect of DNA priming in another heterologous challenge 
model, we assessed protection by H1-DNA/TVV09 upon challenge with 
H1N1 A/WSN/33. Two additional groups were included in this experiment to 
further delineate the contribution of H1-DNA to protection: one group of mice 
was immunized with H1-DNA only and another group three times with DNA 
encoding an irrelevant antigen (RSV_F_A2 protein) (RSV-DNA) followed by 
a boost of TVV09 (RSV-DNA/TVV09). H1-DNA/TVV09 induced 70% survival 
after H1N1 A/WSN/33 challenge (not statistically significant), with prolonged 
survival time (p = 0.038 compared to PBS) and reduced clinical scores (p = 0.001 
compared to PBS) (Figure 1B and S1.B), confirming protective ability of the 
heterologous prime/boost vaccination regimen. Partial survival seen in groups 
immunized with H1-DNA or RSV-DNA/TVV09, 60% and 50% respectively, was 
neither significant in survival proportion or reduction of disease symptoms. 
Thus, the improved level of cross-protection achieved with the heterologous 
prime/boost regimen requires specific antigen-expressing DNA as a prime 
and is not due to possible non-specific effect of DNA administration. The 
level of heterologous H1N1 cross-protection induced by the H1-DNA/TVV09 
vaccination regimen was comparable to the cross-protection induced by three 
vaccinations with TVV09 (3xTVV09) (Figure S2), a regimen previously shown to 
be broadly protective (32).

To further evaluate whether the heterologous prime/boost vaccination 
regimen could elicit also heterosubtypic protection we challenged mice 
immunized with TVV09 alone or H1-DNA/TVV09 with H5N1 A/Hong 
Kong/156/97. Partial protection against H5N1 was elicited already by TVV09 
alone with a significant increase in survival proportion, survival time and 
reduced clinical scores compared to PBS-vaccinated mice (p = 0.022, 
p = 0.015 and p = 0.005, respectively). Priming TVV09 three times with 
H1-DNA did not improve the heterosubtypic cross-protection induced by 
TVV09. H1-DNA/TVV09 induced partial survival, 44%, albeit not statistically 
significant, with reduced clinical scores (p=0.007 relative to PBS) (Figure 1C 
and S1.C).
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H1-DNA/TVV09 confers partial protection while three times 
TVV09 protects against heterosubtypic H5N1 challenge 
A homologous prime/boost vaccination regimen in which a TVV of season 2011-
2012 was given 3 times was previously shown to elicit 80% survival against H5N1 
challenge(32). Here, we assessed the ability of the TVV of season 2009 to induce 
protection against H5N1 when given in either a homologous or heterologous 
prime/boost immunization regimen.

Consistent with our previous experiment, the H1-DNA/TVV09 vaccination 
regimen partially protected mice. The survival proportion of 43% was not 
significantly increased compared to PBS but clinical scores were reduced 
(p = 0.021 compared to PBS). A homologous prime/boost regimen consisting 
of 3xTVV09, however, induced significant survival (80%, p = 0.003 compared 
to PBS) with prolonged survival time (p < 0.001 compared to PBS), reduced 
bodyweight loss and clinical score (p = 0.001 and p < 0.001 compared to PBS, 
respectively) (Figure 2 and S3). 

Neither neutralizing antibodies nor cross-reactive T cells reflect 
heterosubtypic protection induced by H1-DNA/TVV09 and 3xTVV09 
To elucidate possible mechanism of heterosubtypic protection, we characterized 
the neutralizing antibody and HA T-cell responses induced with H1-DNA/TVV09 
and 3xTVV09 regimens against heterosubtypic (challenge) influenza strain (H5N1) 
and the TVV09 H1N1 strain (A/Brisbane/59/07). Neither vaccination regimen 
elicited detectable cross-neutralizing antibodies, while both vaccination regimens 
induced high titers of vaccine homologous H1N1 neutralizing antibodies, with 
H1-DNA/TVV09 regimen eliciting approximately 5.3-fold  higher mean titer 
compared to 3xTVV09 (Figure 3A). With respect to HA specific T-cell response, 
only the H1-DNA/TVV09 regimen elicited a T-cell response against both a highly 
conserved T-cell epitope in the stem of the HA (IYSTVASSL, conserved in both H1 
and H5) and the total pool of peptides from HA of A/Brisbane/59/07 (Figure 3B). 
Thus, neither cross-neutralizing antibodies nor HA-specific T-cell responses can 
explain the high heterosubtypic protection seen by 3xTVV09 versus suboptimal 
protection obtained with H1-DNA/TVV09 vaccination regimen. 

High titers of antibodies against NP, but not against H5 HA 
or NA, are elicited with both vaccination regimens and reflect 
observed difference in heterosubtypic protection
We further characterized the humoral immune responses induced with the two 
vaccination regimens by measuring the total IgG response against HA, NA 
and NP in the pre-challenge serum. Pre-challenge antibody titers were used 
to assess the relationship between humoral immunogenicity and challenge 
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Figure 3. Neither neutralizing antibodies nor cross-reactive T cells reflect heterosub-
typic protection induced by h1-dNA/TVV09 and 3xTVV09. 
Characterization of humoral and cellular immune response induced by 3x Inflexal 2009 
(3xTVV09), 3x H1 HA DNA followed by a boost of Inflexal 2009 (H1-DNA/TVV09) or 4x 
PBS (PBS), 4 weeks after final immunization (n = 8). A) Neutralizing Ab titer against H5N1 
A/Hong Kong/156/97 and H1N1 A/Brisbane/59/07. B) INF-γ secreting T cells measured in 
ELISPOT against a pool of 2 15-mer peptides carrying conserved epitope; IYSTVASSL and 
a pool of 15-mer peptides of HA of H1N1 A/Brisbane/59/07. Group medians are shown.

outcome. Neither H1-DNA/TVV09 nor 3xTVV09 elicited significant rH5 A/
Hong Kong/156/97 binding antibodies (except in 2 out of 8 mice from 3xTVV09 
group) (Figure 4A). Both regimens elicited high titer antibodies against vaccine 
rH1 (A/Brisbane/59/07). The mean rH1 titer elicited with H1-DNA/TVV09 
was approximately 5.3-fold higher than the corresponding titer elicited with 
3xSV09. Neither H1-DNA/TVV09 nor 3xTVV09 elicited significant rN1 A/Hong 
Kong/156/97 binding antibody titers (Figure 4B). A moderate titer of antibodies 
against vaccine rN1 (A/Brisbane/59/07) was detected after 3xTVV09, but not after 
H1-DNA/TVV09. Since HA and NA specific assays did not appear to correlate with 
the observed protection against H5N1, we assessed the level of NP antibodies. 
As NP is highly conserved between influenza A group 1 virus (e.a. an amino acid 
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Figure 4. high titers of antibodies against NP, but not against h5 hA or NA, are elicited 
with both vaccination regimens and reflect observed difference in heterosubtypic pro-
tection. 
Characterization of humoral immune response induced by 3x Inflexal 2009 (3xTVV09), 3x 
H1 HA DNA followed by a boost of Inflexal 2009 (H1-DNA/TVV09) or 4x PBS (PBS) in 
pre-challenge serum of mice challenged with H5N1 A/Hong Kong/156/97 (Immunogenicity 
of animals in challenge is reported; n = 8 for PBS and 3x TVV09; n = 7 for H1-DNA/TVV09). 
Binding Ab titer measured in ELISA against A) rHA of H5N1 A/Hong Kong/156/97 and rHA 
of H1N1 A/Brisbane/59/07 B) rNA of H5N1 A/Hong Kong/156/97 and rNA of H1N1 A/
Brisbane/59/07 C) rNP of A/Puerto Rico/8/34 (due to lacking serum n = 5 for PBS; n = 5 for 
3x TVV09; n = 6 for H1-DNA/TVV09). Group medians are shown. 
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homology above 90%) we did not differentiate between vaccine homologous 
and challenge strain NP. Pre-challenge serum of mice immunized with H1-DNA/
TVV09 contained moderate level of anti-NP antibodies, and comparable to the 
level observed after single immunization with TVV09 (data not shown) while the 
mean titer of anti-NP antibodies elicited with 3xTVV09 was approximately 11.4-
fold higher (Figure 4C). 

dISCuSSION

In this study we confirm the previous finding(30) that the breadth of heterologous 
protection elicited with seasonal influenza vaccine can be enhanced by priming 
the vaccine with DNA expressing vaccine-corresponding H1 HA. In addition, we 
demonstrate that this regimen is less efficient than multiple immunizations with 
seasonal vaccine in conferring protection against heterosubtypic H5N1. Among 
tested immune parameters only the anti-NP antibody titer followed the pattern 
of the protection between the two vaccination regimens.

Influenza specific antibodies can protect against influenza infection via a number 
of different immunological mechanisms. Neutralizing antibodies can prevent viral 
attachment to target cells(37, 38), inhibit release from endosomes(22, 37, 39) 
or block egress (37, 40). Binding antibodies can mediate protection via indirect 
mechanisms such as antibody-dependent cellular cytotoxicity (ADCC) or antibody-
dependent complement mediated cytotoxicity (ADCMC)(18, 41). Influenza specific 
T-cells play a role in clearing infected cells and thereby limit the virus spread and 
host morbidity(4, 42-44). While vaccine- or infection-elicited protection against 
closely related viruses predominantly relies on hemagglutination-inhibiting 
antibodies that block the viral attachment to sialic acid receptors at cell surface, 
the protection against distant viruses is less well understood. It is likely that for 
different vaccines different mechanisms contribute to heterosubtypic protection, 
depending on the vaccine composition, formulation and schedule.

DNA plasmids as vectors for antigen delivery have been used in several 
fields to enhance the level and the breadth of the immune response(45-47). The 
mechanism underlying the increased breadth of the humoral immune response 
induced when priming with DNA is suggested to be due to the increased 
number and diversity of induced CD4 T cells which can increase the expansion 
of antigen specific B cells(45, 48, 49). In the influenza field, this strategy has 
been implemented primarily for pandemic H5N1 vaccines(50-52) but also in 
the development of cross-protective seasonal influenza vaccines(30) (35). In 
our hands, priming virosomal seasonal influenza vaccine with DNA expressing 
vaccine-corresponding H1 HA enhanced the heterologous protection in two 
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different influenza challenge models, confirming the results from Wei et al.(30) 
for a split influenza vaccine. However, when evaluating the regimens’ ability to 
confer heterosubtypic protection we found that priming the virosomal vaccine 
with H1-DNA did not improve the vaccines ability to confer H5N1 protection. 
Though eliciting a higher cross-reactive HA specific T cell response than the 
homologous prime/boost regimen neither H1-DNA/TVV09 nor 3xTVV09 elicited 
detectable cross-reactive HA Ab responses. Nevertheless, the homologous 
prime boost regimen, 3xTVV09, was able to confer a higher level of survival after 
challenge with the heterosubtypic H5N1 strain. 

We reported previously that vaccinating mice with TVV11 according to the 
same homologous prime/boost regimen induced a comparable level of survival 
against H5N1. Unlike 3xTVV09, the protection induced by3xTVV11 correlated 
with the vaccine mediated H5 HA binding antibodies induced. The difference 
seen in protective capacity and immunogenicity between TVV09 and TVV11 is 
likely due to difference in vaccine composition. These results further emphasize 
the difficulty in predicting the cross-protective capacity of a seasonal influenza 
vaccine based solely on immunogenicity.

In the current study, T-cell immunity was elicited only with H1-DNA priming, 
so the superior protection against H5N1 by homologous vaccination could not be 
explained by HA-directed cellular immunity. Though we cannot rule out the level 
of cellular immunity against NA, our historical data indicate that these seasonal 
influenza vaccines do not induce NA-directed T-cell immunity. In combination 
with a lack of HA and NA cross-reactive antibodies, these findings suggest 
that responses to seasonal vaccine components other than HA or NA may 
contribute to the heterosubtypic H5N1 protection. Highly conserved influenza 
core proteins, such as nucleoprotein (NP), have frequently been investigated for 
their ability to induce cross-protection(5, 7, 53, 54). While primary mechanism 
of protection was considered to be via CD8 effector cells, a role for anti-NP 
antibodies has recently been suggested(55, 56). Vaccine candidates containing 
NP have recently been shown to induce cross-protection in mice, and passive 
transfer experiments of anti-NP IgG have confirmed the ability of NP antibodies 
to confer protection(55-57). Here we demonstrate that anti-NP antibodies are 
elicited by both vaccination regimens and it is possible that they contribute 
to the heterosubtypic (H5N1) protection conferred with vaccination modules 
comprised of TVV09. The anti-NP titer induced with the heterologous prime/
boost vaccine (H1-DNA/TVV), the regimen that conferred weaker protection 
against H5N1, was lower and  comparable to the titer level elicited with a single 
vaccination with TVV (data not shown). This was as expected considering that 
DNA used for priming encodes only HA and not NP.  
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As we did not measure NP-specific T cells, we cannot formally prove that 
they do not play a role in the heterosubtypic protection elicited with 3xTVV09. 
However, considering that 3xTVV09 was not very efficient in eliciting HA-specific 
T cells, and our historical data indicating that this type of vaccines does not induce 
strong NP-specific T cells (data not shown), we consider it unlikely that NP T cells 
play a significant role for 3xTVV09 vaccine-mediated heterosubtypic protection. 
It is also unlikely that NP-specific T cells played a role in protection elicited with 
H1-DNA/TVV09 considering that the DNA encoded only HA and not NP. 

The exact mechanism by which NP-specific antibodies mediate protection 
is not completely understood. In recent studies it has been established that 
NP is presented on the surface of virus-infected cells during budding of new 
viruses(58, 59) and the mechanism by which the anti-NP antibodies mediate 
protection has been shown to be FcγR dependent(57). Furthermore, Jegaskanda 
et al.(60) have shown, using NK-cell activation assay, that a trivalent inactivated 
influenza vaccine induce NP-mediated ADCC responses. Thus, it is possible that 
antibodies directed against influenza NP contribute to the heterosubtypic H5N1 
protection observed in our study through these mechanisms. 

In conclusion, we demonstrate that priming a seasonal influenza vaccine with 
HA encoding DNA and thereby improve its cross-reactive HA T-cell response 
does not improve its ability to cross-protect against H5N1 influenza virus.  Despite 
the lack of detectable cross-reactive HA and NA Ab titers a homologous prime 
/boost regimen of the vaccine improved its ability to confer cross-protection 
against H5N1. While HA and NA immunogenicity appears to play a minor role, 
NP-binding antibodies are the only immunogenicity parameter tested, which 
follows the same pattern as the heterosubtypic protection between the two 
studied vaccination regimens. We suggest that adding NP encoding DNA in 
the combination vaccine schedule may be an interesting approach to further 
broaden the protective activity of this heterologous prime/boost vaccine 
regimen in future studies.
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SuPPLEmENTAry TABLE

Table S1. Summary of results from the statistical comparison between vaccination 
regimens and negative control group in influenza challenge studies

Figure
Vaccination 
regimen

Challenge 
strain

p value a

Survival 
Proportion

Survival 
Time Bodyweight

Clinical 
Score

1A H1-DNA/
TVV09

H1N1 A/
Puerto 
Rico/8/34

0.043 0.044 0.050 <0.001

TVV09 H1N1 A/
Puerto 
Rico/8/34

0.173 0.003 1,0 0.001

1B H1-DNA H1N1 A/
WSN/33

0.679 0.809 0.543 0.254

RSV-DNA/
TVV09

H1N1 A/
WSN/33

1,0 1,0 1,0 1,0

H1-DNA/
TVV09

H1N1 A/
WSN/33

0.279 0.038 0.266 0.001

3xTVV09 H1N1 A/
WSN/33

0.092 0.017 0.003 <0.001

1C H1-DNA/
TVV09

H5N1 A/Hong 
Kong/156/97

0.130 0.479 1.0 0.007

TVV09 H5N1 A/Hong 
Kong/156/97

0.022 0.015 0.999 0.005

2 H1-DNA/
TVV09

H5N1 A/Hong 
Kong/156/97

0.154 0.118 0.157 0.021

3xTVV09 H5N1 A/Hong 
Kong/156/97

0.003 <0.001 0.001 < 0.001

a Statistical analysis performed by comparing vaccine regimens to negative control group, PBS. 
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Supplementary figure: 

Figure S1: 

  

Figure S1. Mice ( n = 10 ) were immunized either 1x with Inflexal 2009 (TVV09), 3x with H1 
HA DNA (H1-DNA), 3x with RSV DNA followed by a boost of Inflexal (RSV-DNA/TVV09), 3x 
with H1-DNA followed by a boost of Inflexal (H1-DNA/TVV09) or 4x PBS (PBS). Shown are 
graphs of median clinical scores following challenge. Mice were challenged with A) H1N1 
A/Puerto Rico/8/34 B) H1N1 A/WSN/33 C) H5N1 A/Hong Kong /156/97, Error bars indicate 
interquartile range.
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Figure S3. Mice were immunized either 3x with Inflexal 2009 (3xTVV09), 3x with H1 HA 
DNA followed by a boost of Inflexal 2009 (H1-DNA/TVV09) or 4x PBS (PBS) followed 
by challenge with H5N1 A/Hong Kong/156/97 (n = 8 for PBS and 3x SV09; n = 7 for 
H1-DNA/TVV09). Shown is median clinical scores following challenge with H5N1 A/ Hong 
Kong/156/97. Error bars indicate interquartile range.
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Figure S2. Mice (n = 10) were immunized either 3x with Inflexal 2009 (3xTVV09), 3x with 
vaccine homologous H1 HA DNA followed by a boost of Inflexal 2009 (H1-DNA/TVV09) or 
4x PBS (PBS) followed by challenge with H1N1 A/WSN/33. A) Kaplan Meier survival curves. 
3xTVV09 and H1-DNA/TVV09 confers - prolonged survival time (respectively p= 0.017 
and p=0.038, compared to PBS, log rank test) B) Mean bodyweight change, error bars 
indicate 95% confidence interval. 3xTVV09 confers significant reduction in bodyweight loss 
(p = 0.003 compared to PBS). C) Median clinical score. Error bars indicate interquartile 
range. 3xTVV09 and H1-DNA/TVV09 confers significant reduction in clinical score (respec-
tively p < 0.001 and p=0.001, compared to PBS). The vaccine and control groups presented 
in figure 1C and S1 were all performed in the same experiment.  
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ABSTrACT

There is a constant threat of zoonotic influenza viruses causing a pandemic 
outbreak in humans. It is virtually impossible to predict which virus strain will 
cause the next pandemic and it takes a considerable amount of time before 
a safe and effective vaccine will be available once a pandemic occurs. In 
addition, development of pandemic vaccines is hampered by the generally 
poor immunogenicity of avian influenza viruses in humans. An effective pre-
pandemic vaccine is therefore required as a first line of defense. Broadening 
of the protective efficacy of current seasonal vaccines by adding an adjuvant 
may be a way to provide such first line of defense. Here we evaluate whether 
a seasonal trivalent virosomal vaccine (TVV) adjuvated with the saponin-based 
adjuvant Matrix-M (MM) can confer protection against avian influenza H5 and 
H7 virus strains in mice and ferrets. We demonstrate that mice were protected 
from death against challenges with H5N1 and H7N7, but that the protection was 
not complete as evidenced by severe clinical signs. In ferrets, protection against 
H7N9 was not observed. In contrast, reduced upper and lower respiratory tract 
viral loads and reduced lung pathology, was achieved in H5N1 challenged 
ferrets. Together these results suggest that, at least to some extent, Matrix-M 
adjuvated seasonal virosomal influenza vaccine can serve as an interim measure 
to decrease morbidity and mortality associated with a pandemic outbreak.

Anna Roos*, Freek Cox*, Nicole Hafkemeijer, Matthijs Baart, Jeroen Tolboom, 
Liesbeth Dekking, Koert Stittelaar, Jaap Goudsmit, Katarina Radošević 
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INTrOduCTION

Influenza is a negative strand RNA virus that can be classified into influenza 
A, B and C viruses. While influenza B and C mainly infect humans, influenza A 
infects a broad range of hosts including humans, birds and pigs (1). The influenza 
envelope contains two major glycoproteins, namely hemagglutinin (HA) and 
neuraminidase (NA). To  date,  18 different HA subtypes and 11 different NA 
subtypes have been identified  (2). There is a constant threat of influenza A 
viruses crossing the species barrier and causing human pandemics such as the 
pandemic outbreaks of H1N1 in 1918, H2N2 in 1952, H3N2 in 1968 and again 
an H1N1 in 2009 (3, 4)[3]. Currently, descendants of the pandemic H3N2 and 
H1N1 strains of 1968 and 2009, respectively, and two influenza B strains circulate 
among humans and cause seasonal influenza epidemics (5).

Other subtypes of influenza A such as H5 and H7 viruses are classified as 
potential pandemic threats. The highly pathogenic avian influenza (HPAI) H5N1 
virus is circulating in poultry in several countries in South-East Asia and in Egypt. 
From 2003 up till 2013 633 confirmed cases of human H5N1 infection have 
been reported of which 377 people have died resulting in a case fatality rate 
of 60% (6). The avian H7N9 influenza A virus caused an epidemic outbreak in 
humans in China early 2013. Of the first 133 confirmed human cases,  43 people 
died resulting in case fatality rate of 32% (7). Although for both these viruses 
human- to-human transmission has not been confirmed, the risk remains that 
this may occur. While the current H7N9 strains today show limited ability to be 
transmissible via droplets and aerosols (to become airborne) (8), recent studies 
have shown that only 5 mutations are required for an H5N1 virus to become 
airborne (9, 10). These results emphasize that pre-pandemic preparedness is 
essential to ward off these threats.

Vaccination is considered the best way to prevent influenza infection and 
associated morbidity and mortality. Seasonal influenza vaccines and most 
pre-pandemic candidate vaccines are based on HA and NA mainly with the 
aim to induce antibodies directed to the receptor binding site located on the 
globular head of the HA and to prevent the interaction with host cells, thereby 
blocking viral entry. The globular head of the HA is, in particular, highly variable 
(11, 12), and therefore these classical influenza vaccines are mainly effective 
against closely related strains. Pandemic vaccines are known to be of lower 
immunogenicity than seasonal influenza vaccine (13-15) and they require a high 
antigen dose formulation or the addition of an adjuvant to be effective (16-19). 
Vaccine preparedness is essential for a pandemic outbreak and production of 
a strain specific pandemic vaccine in response to an outbreak may take too 
long. An alternative way may be to develop a vaccine that can protect against a 
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broad range of potential pandemic strains to lower pandemic influenza related 
morbidity and mortality. Adjuvation of seasonal influenza vaccines has the 
potential to extend their protective efficacy to pandemic strains (20-22). 

Matrix-M (MM) is a potent saponin-based adjuvant that consists of a mixture 
of two purified and well characterized saponins (fraction-A and fraction-C) (23). 
Compared to the original formulation that contained both fractions in a single 
particle (24), the individual particle formulation has been shown to exhibit both 
improved adjuvant activity and safety profile in humans (19). In the current study 
we evaluate the immune potentiating properties of MM in combination with a 
virosomal trivalent seasonal vaccine (TVV). In addition, we investigate whether 
TVV+MM is able to induce protection against potentially pandemic H5 and H7 
virus strains in mice and ferrets. 

rESuLTS

Cross-reactive antibody responses are enhanced by 
Matrix-M-adjuvation
To investigate the immune potentiating properties of MM, mice were immunized 
once or twice with TVV or TVV combined with MM (TVV+MM). Four weeks later 
individual serum samples were collected and vaccine homologous and challenge 
strain matching HA-specific antibody responses were determined. One and 
two immunizations with TVV alone yielded in statistically significant vaccine 
homologous H1 titers as compared to the vehicle control group (p<0.001 for 
both). The addition of MM increased the H1-specific antibody titers (p<0.001 
for both compared to 1x and 2x TVV) (Figure 1A). A similar pattern of antibody 
responses were observed against vaccine homologous H3 demonstrating that 
immunizations with 1x or 2x TVV resulted in statistically significant induction of 
H3-spefific antibody titers as compared to the vehicle control group (PBS injected 
mice) (p<0.001 for both). The H3-specific antibody response was enhanced by 
adjuvation of TVV with MM (p<0.001 for both compared to 1x and 2x TVV) 
(Figure 1B). Next we assessed whether the improved vaccine homologous H1 
and H3-specific antibody responses would translate in induction of cross-reactive 
antibody responses against the HA of avian H5 and H7 strains. Immunization 
with TVV alone did not result in significant levels of cross-reactive H5-specific 
antibody titers as compared to the vehicle control group. However, a single 
immunization with MM adjuvated TVV was sufficient to induce significantly higher 
antibody titers against H5 compared to the vehicle control group (p<0.001). A 
second immunization with TVV+MM further enhanced the H5-specific antibody 
response (p=0.002 compared to 1xTVV+MM) (Figure 1C).
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Figures: 

Figure 1: 

Figure 1. TVV+mm induces cross-reactive h5 and h7 antibody responses. 
Mice (n=9-10/group) were immunized 1x or 2x with TVV with or without MM. 27 days later 
(1 day before challenge) individual serum samples were obtained and tested for (A) vaccine 
homologous recH1 of A/California/07/07, (B) vaccine homologous recH3 of the A/Victo-
ria/210/09-like A/Perth/16/09 (98.8 % homologous), (C) recH5 of A/Hong Kong/156/97, 
and (D) recH7 of A/Netherlands/219/03 (99.6% homologous to the challenge strain A/
chicken/Netherlands/621557/03) antibody responses. Serum pools of mice (n=50/group) 
that received 1x or 2x TVV+MM or no immunization (-) were tested for (E) vaccine homol-
ogous recN1 A/California/04/09 and (F) recN1 of A/Hong Kong/156/97 reactive antibody 
responses. Black bars indicate medians of log-10 transformed ELISA titers (EU). Asterisks 
indicate statistically significant differences compared to the vehicle control group (*p<0.05, 
**p<0.01, ***p<0.001, according to the materials and methods section).
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Two immunizations with TVV+MM were required to induce significantly higher 
cross-reactive antibody titers against H7 as compared to the vehicle control 
group (p=0.001), while immunizations with TVV alone or 1x TVV+MM did not 
result in detectable H7-specific antibody responses (Figure 1D)

Next to the HA-specific antibody responses we also assessed the vaccine 
homologous and cross-reactive N1-specific antibody response in serum pools 
of mice immunized 1x or 2x with TVV+MM in comparison with pooled serum of 
naïve mice. Immunizations with TVV+MM resulted in vaccine homologous N1-
specific antibody responses (Figure 1E). Interestingly, cross-reactive antibodies 
to the N1 of A/Hong Kong/156/97 (H5N1) were induced after immunizations with 
TVV+MM (Figure 1F).

Matrix-M-adjuvated TVV protects mice against avian H5 and H7 
influenza strains 
Next, we investigated whether adjuvation of TVV with MM induces protection 
against avian H5 and H7 strains. Mice were challenged with a lethal dose of 
influenza virus A/Hong Kong/156/97 (H5N1) or A/Chicken/Netherlands/621557/03 
(H7N7) four weeks after the final immunization and monitored for 21 days for 
survival, body weight and clinical scores.

After the lethal H5N1 challenge, all mice that received a single immunization 
with TVV alone succumbed to the infection, while a single immunization with 
TVV+MM partially protected the mice against death, although not significantly 
compared to PBS (p=0.421). Two immunizations with the non-adjuvated vaccine 
did not improve survival proportions (p=0.947 compared to PBS) whereas two 
immunizations with TVV+MM significantly increased survival proportions after 
H5N1 challenge compared to the vehicle control (p=0.006) (Figure 2A and 
D). Accordingly, body weight-loss and clinical scores were significantly lower 
compared to PBS (p<0.001 for both) (Figure 2E and 2F).

Next, we assessed whether TVV+MM was able to induce protective 
immunity against influenza virus H7N7. One or two immunizations with TVV 
or a single immunization with TVV+MM did not protect mice against death 
after H7N7 challenge (Figure 3A). However, two immunizations with TVV+MM 
resulted in 60% survival, reaching statistical significance compared to the 
vehicle control (p=0.022) (Figure 3D). Comparable with the H5N1 results, 
protection against H7N7 was accompanied by substantial body weight loss 
and serious clinical signs (Figure 3E and F). While mice that received two 
immunizations with TVV+MM showed significantly reduced clinical signs 
(p<0.001), the body weight change did not significantly differ from the vehicle 
control group (Figure 3E and F). 
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Figure 2: 

Figure 2. TVV+mm protects mice against avian h5N1. 
Mice (n=9-10/group) were immunized 1x or 2x with TVV with or without MM. Four weeks 
later, mice were challenged with 25xLD50 wild-type A/Hong Kong /156/97 (H5N1) and 
monitored for 21 days for survival, body weight loss and clinical symptoms. Graphs 
represent the Kaplan-Meier survival curve (A and D) or mean bodyweight change with 95% 
confidence interval (B and E) or mean clinical scores with interquartile range (C and F). 
Asterisks indicate statistically significant differences compared to the vehicle control group 
(*p<0.05, **p<0.01, ***p<0.001, according to the materials and methods section).

To exclude that the observed protection in both models was induced by MM 
alone, mice were injected 3-times with 10µg MM alone with 3 week intervals 
and challenged with H5N1 or H7N7 4 weeks after the last administration. All 
mice succumbed to the lethal challenges (data not shown) indicating that MM 
enhances vaccine induced protection and does not induce a-specific protective 
immunity by itself.

Matrix-M-adjuvated TVV partial protects ferrets against H5N1, 
but not against H7N9 
Next we investigated whether protection against H5 and H7 strains in ferrets 
could be achieved by immunizations with TVV+MM. Ferrets were immunized 
twice with TVV or TVV+MM followed by sub-lethal challenge with either A/
Indonesia/5/2005 (H5N1) or A/Anhui/1/2013 (H7N9). During an observation 
period of 4 days, body weight and body temperature were monitored and daily 
throat swabs were obtained to assess infectious virus titers. Four days after 
the challenge, ferrets were sacrificed and infectious lung viral titers and lung 
pathology were measured. 
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Figure 3: 

Figure 3. TVV+mm protects mice against avian h7N7. 
Mice (n=10/group) were immunized 1x or 2x with TVV with or without MM. Four weeks 
later, mice were challenged with 25xLD50 H7N7 A/Chicken/Netherlands/62155710/03 
and monitored for 21 days for survival, body weight loss and clinical symptoms. Graphs 
represent the Kaplan-Meier survival curve (A and D) or mean bodyweight change with 95% 
confidence interval (B and E) or mean clinical scores with interquartile range (C and F). 
Asterisks indicate statistically significant differences compared to the vehicle control group 
(*p<0.05, **p<0.01, ***p<0.001, according to the materials and methods section).

Immunizations with TVV+MM resulted in a statistically significant 4.5-fold 
reduction in H5N1 infectious viral titers in the lung compared to animals injected 
with PBS only (p=0.011) (Figure 4A). In addition, ferrets immunized with TVV+MM 
showed statistically significant reduced throat viral titers compared to the viral 
titers in the throats of animals receiving PBS (p<0.001) (Figure 4B).

Ferrets injected with TVV or MM alone did not show a statistically significant 
reduction of viral loads in the lung or throat compared to vehicle control, while 
control animals that were immunized with the homologous inactivated H5 virus 
showed a strong reduction in lung and throat viral titers (p<0.001 for both) 
(Figure 4A and B). 

In agreement with the reduced viral load in the lungs of TVV+MM immunized 
animals, the mean lung weight (a measure of lung inflammation) in that group 
was significantly lower than the mean lung weight of PBS injected animals 
(p<0.001) (Figure 4D). These observations were in accordance with the observed 
lung lesions which were lower in the TVV+MM immunized animals compared to 
the PBS control animals (p=0.002), although they did not significantly differ from 
animals injected with MM only (p=0.262) (data not shown). 
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Figure 4: 

Figure 4. Ferrets are partially protected against highly pathogenic h5N1 after TVV+mm 
vaccination. 
Groups of 7-8 ferrets received two intramuscular injections with TVV, TVV+MM, PBS, PBS+MM 
or inactivated H5H1 virus as positive control (Control). 4 weeks later the animals were chal-
lenged with a sub-lethal dose of 104 TCID50 of influenza A H5N1 A/Indonesia/05/2005. 
Ferrets were monitored for 4 consecutive days and sacrificed at day 4 post challenge. (A) 
Infectious viral load in lung tissue (B) infectious throat viral load (day 1 to 4), (C) percentage 
of body weight change during the observation period and (D) lung weight as determined 
after sacrifice. Dots indicate individual animals and horizontal lines represent group means 
(A and D). Lines represent group mean with 95% confidence interval (B) or the interquartile 
range (C). Asterisks indicate statistically significant differences compared to PBS injected 
animals (*p<0.05, **p<0.01, ***p<0.001, according to the materials and methods section).

The reduced infectious viral load in the lungs and throat of TVV+MM immunized 
animals was not associated with reduced body weight loss (Figure  4C) or body 
temperature compared to the PBS control animals (S1 Figure A), indicating that 
the immunized animals were not completely protected from disease during the 
observation period. TVV+MM immunized ferrets showed a statistically significant 
increase in body temperature across the observation period compared to the group 
receiving MM alone or PBS (p=0.011 and 0.028 respectively), although they did not 
differ in body temperature compared to ferrets immunized with TVV alone (p=0.548). 

The protective effect observed in ferrets immunized with TVV+MM and 
challenged with H5N1, was not observed in TVV or TVV+MM immunized ferrets 
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that were challenged with a sub-lethal dose of the H7N9 virus. In these animals, 
no significant reduction in viral load in the lung or throat was found. Accordingly, 
body weight change, body temperature, lung weights or lung lesions in animals 
immunized with TVV+MM did not differ from vehicle controls (Figure 5A-D and 
S1 Figure B).
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Figure 5: 

Figure 5. Ferrets are not protected against highly pathogenic h7N9 after TVV+mm 
vaccination. 
Groups of 7-8 ferrets received two intramuscular injections with TVV, TVV+MM, PBS, 
PBS+MM or inactivated H7N9 virus as positive control (Control). 4 weeks later the 
animals were challenged with a sub-lethal dose of 105.5 TCID50 of influenza A H7N9 A/
Anhui/1/2013. Ferrets were monitored for 4 consecutive days and sacrificed at day 4 post 
challenge. (A) Infectious viral load in lung tissue (B) infectious throat viral load (day 1 to 4), 
(C) percentage of body weight change during the observation period (D) lung weight as 
determined after sacrifice. Dots indicate individual animals and horizontal lines represent 
group means (A and D). Lines represent group mean with 95% confidence interval (B) or 
the interquartile range (C). Asterisks indicate statistically significant differences compared 
to PBS injected animals (*p<0.05, **p<0.01, ***p<0.001, according to the materials and 
methods section).
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dISCuSSION

Pandemic or epidemic outbreaks of highly pathogenic influenza A viruses have 
caused significant morbidity worldwide. To be prepared for such outbreaks it 
remains a high priority to develop vaccines that can protect against a broad 
range of influenza virus strains. In the current study we demonstrate that a 
virosomal trivalent seasonal vaccine adjuvated with the saponin-based adjuvant 
Matrix-M provides partial protection to mice in stringent challenge models with 
HPAI H5N1 and H7N7 strains. In ferrets TVV+MM significantly reduces viral 
load after H5N1 challenge. However, viral loads are not reduced in TVV+MM 
immunized ferrets that are challenged with the H7N9 strain.  

The potential of MM in combination with a pandemic H5N1 virosomal influenza 
vaccine candidate has previously been evaluated in mice (25, 26) and humans 
(19, 27). In both species, MM demonstrated a vaccine dose sparing effect, an 
advantage of an effective adjuvant. Furthermore, these studies showed that 
adjuvation with MM induced cross-reactive HI responses against heterologous 
H5N1 where the non-adjuvated pandemic candidate vaccine failed (19, 25-27). 

Here we show that adjuvation with MM enhances vaccine homologous and 
heterosubtypic HA and NA-specific antibody responses. In addition, a prime-
boost administration of TVV+MM provides protection against avian H5N1 and 
H7N7 strains in mice. Immunizations with TVV+MM lowered the disease symptoms 
as evidenced by reduced clinical scores in both models and reduced weight-
loss in the H5N1 challenge model as compared to the vehicle control group. 
However, disease symptoms in immunized mice were substantial. In agreement 
with these results, comparable heterosubtypic protection, that was accompanied 
by weight-loss, was observed in mice that received an experimental H1N1-based 
vaccine formulated as immune stimulating complexes (ISCOMs), also a saponin-
based adjuvant system (20, 21).

Ferrets are considered a good animal model system to study influenza 
vaccine effectiveness against influenza because the α(2-6) sialic acid receptor 
distribution in the respiratory tract of humans and ferrets (the upper airway 
epithelia) has been shown to be comparable (28). Furthermore, similar 
pattern of avian H5N1 and human H3N2 virus epithelial attachment has been 
demonstrated (29) and ferrets show human-like clinical signs such as sneezing, 
fever, and nasal discharge after influenza challenge (30). Therefore we have 
evaluated the potential of TVV+MM to induce protection against potentially 
pandemic H5N1 and H7N9 virus strains also in a ferret challenge model. 
Ferrets were challenged intratracheally with sub-lethal challenge doses to 
allow comparison of lung pathology and lung viral loads. TVV+MM immunized 
ferrets were not protected against H7N9 virus challenge, but were partially 
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protected against H5N1 virus as evidenced by both reduced lung- and 
throat viral loads and reduced lung weights compared to the vehicle control 
group. However, the TVV+MM immunized group of ferrets lost body weight 
similar to the PBS injected control group and had elevated body temperature 
compared to FI-H5N1 control group. In a different ferret model, Rockman et al. 
demonstrated that two immunizations with a split trivalent seasonal influenza 
vaccine (Fluarix composition of season 2005/06) adjuvated with alum or 
ISCOMATRIX protected ferrets from death and prevented severe clinical signs 
and body weight loss after intranasal administration of a lethal dose of H5N1 
(A/Vietnam/1203/04). Vaccination had no significant impact on viral shedding 
as measured by nasal washings (22). There are many variables between the two 
studies that may explain the contradictory observations such as the challenge 
strain and doses used, the vaccine composition, the adjuvants used and routes 
of administration. Despite the differences between the ferret models, in both 
studies the H5N1 infection with the H5N1 challenge viruses was not prevented, 
but partial protection was obtained. This indicates that seasonal influenza 
vaccines adjuvated with a saponin-based adjuvant can be used to reduce 
morbidity and mortality during a pandemic outbreak.

In order to improve influenza vaccines the understanding of the immunological 
parameters that mediate broad protection is crucial. 

HA-specific antibodies that target the head-part of the HA and prevent 
the virus from attaching to the host cell are considered to mediate protection 
against vaccine matched strains. However, the homology between the vaccine 
strains and avian challenge strains are low and it is unlikely that head specific 
antibodies play a role in the observed protection. Recently, it has been shown 
that broadly neutralizing monoclonal antibodies that target the conserved stem 
region of the HA molecule confer protection in mice (31-35) and in ferrets (36). 
The presence of broadly neutralizing stem-binding antibodies may explain the 
observed HA-specific cross-reactive antibody response and could (partially) 
explain the protection against avian H5 and H7 influenza strains in our study. 

There is less focus on the role of antibodies against NA, however, NA-specific 
antibodies can also confer heterologous protection in mice and ferrets (22, 37-39) 
by preventing descendant viruses to egress and thereby inhibiting virus spread 
(40) or by mediating infected cell clearance via Antibody Dependent Cellular 
Cytotoxicity (ADCC) (41, 42). It is conceivable that the cross-reactive N1-specific 
antibodies play a role in protection against H5N1. None of the NA subtypes in 
the vaccine match with the NA subtype of the H7 challenge strains (subtype N7 
or N9), and this may explain why protection against the H7N9 strain was absent 
in the ferret model and less apparent in the H7N7 model in mice. The precise 
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mechanism of protection against avian influenza strains induced by TVV+MM in 
mice is currently being evaluated.

In conclusion, Matrix-M adjuvation enhances the antibody response in 
mice and broadens the protective efficacy of a seasonal virosomal vaccine and 
provides protection against HPAI H5N1 and H7N7 influenza strains in mice and 
reduces viral loads in H5N1 challenged ferrets. Together, our data suggests that 
Matrix-M adjuvation can serve as an interim measure to decrease morbidity 
and mortality associated with pandemic outbreaks prior to the availability of 
matched vaccine.

mATErIALS ANd mEThOdS

Statement of Ethics
All mouse and ferret experiments were performed in accordance with Dutch 
legislation on animal experiments and approved by the DEC Consult (Independent 
ethical institutional review board).

Mouse challenge studies
Six-to eight-week-old female BALB/c (H-2d) mice (specific pathogen-free) 
were purchased from Harlan (Boxmeer, The Netherlands) for the H5N1 study 
(performed at ViroClinics Biosciences, Rotterdam, The Netherlands) or from 
Charles River laboratories (Sulzfeld, Germany) for the H7N7 study (performed 
at Central Veterinary Institute (CVI), Lelystad, The Netherlands). The H1N1 A/
California/07/09, H3N2 A/Victoria/210/09 and B/Brisbane/60/08 monovalent 
virosomes were prepared by Crucell (Berne, Switzerland) using conventional 
procedures (43). In brief, the monovalent virosomes were mixed to obtain a 
trivalent virosomal vaccine (TVV) containing 3ug/100µl of HA per strain. Matrix-M 
(MM, 10µg/dose, Novavax AB, Uppsala, Sweden) was mixed with TVV just 
before immunization. For the H5N1 study, mice were anesthetized by isoflurane 
(IsoFlo, Abbott Park, IL, USA) while for the H7N7 study mice did not receive any 
anesthesia following 1x or 2x intramuscular (i.m.) injections with TVV, TVV+MM, 
MM only or PBS (total volume 100µl, 50µl per hind leg) 3 weeks apart. Blood 
samples were collected one day before injection and at one day before challenge 
(pre-challenge) 4 weeks after the last immunization to assess vaccine induced 
serum antibody responses. One day before H5N1 or H7N7 virus challenge, mice 
were placed in a BSL-3 isolator unit. Four weeks after the final immunization 
mice were anesthetized by intraperitoneal (i.p.) administration of 100mg/kg 
ketamine (Nimatek 100mg/ml, Eurovet, Cuijk, The Netherlands) in combination 
with 20mg/kg xylazine (Sedamun 20mg/ml, Eurovet) (CVI) or isoflurane (IsoFlo, 
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Abbott Park) (Viroclinics). Mice were challenged with 25xLD50 H5N1 A/Hong 
Kong/156/97 (Viroclinics,) or H7N7 A/Chicken/Netherlands/621557/03 (CVI) via 
the intranasal route (a total of 50µl, 25µl per nostril). 

Our experience with Influenza challenge models suggests that using 
alternative humane endpoints, such as bodyweight loss would lead to 
underestimation of protection. The amount of bodyweight loss before animals 
reach clinical score 4 is variable. Therefore we used clinical score 4 as a humane 
endpoint to accurately assess protection by vaccination. We explicitly discussed 
this issue with our Ethical Review Board, and they agreed to allow clinical score 
4 as a humane endpoint.  

After challenge, mice were monitored daily for weight loss, clinical score and 
survival for 21 days or until humane endpoint (clinical score 4). Clinical scores were 
defined as: 0 = no clinical signs, 1 = rough coat, 2 = rough coat, less reactive, 
passive during handling, 3 = rough coat, rolled up, labored breathing, passive 
during handling, 4 = rough coat, rolled up, labored breathing, unresponsive. 

Although mice were monitored at least once a day to assess whether they 
reached the humane endpoint, we could not prevent that a large proportion of 
the mice died (44% in the H5N1 challenge and 99% in the H7H7 challenge model) 
as a consequence of influenza related illness in our very stringent H5 and H7 
models. No gross pathology was performed to establish the exact cause of death. 
Mice that died before reaching humane endpoint  were scored as clinical score 4. 
Mice that reached humane endpoint were sacrificed by cervical dislocation under 
isoflurane anesthesia as well as mice that were still alive at the end of the study.

HA-and NA-based ELISA
To assess HA- and NA-specific binding antibody levels in serum samples, 
recombinant (rec) HA (Protein Sciences Inc., CT, USA) and recNA of H1N1 A/
California/07/09 (produced on HEK293F cells) or recHA or recNA of H5N1 A/Hong 
Kong/156/97 (Both produced on HEK293F cells) or recH7 A/Netherlands/219/03 
(Protein Sciences Inc.) were coated at a concentration of 0.5µg/ml onto Maxisorp 
96-well plates (Nunc, Thermo Scientific) O/N at 4°C. Plates were washed with 
PBS (Life Technologies, Paisley, UK) containing 0.05% Tween-20 (Merck Millipore, 
Darmstadt, Germany) (PBS-T) and subsequently blocked with PBS containing 2% 
dried skimmed milk (Becton Dickinson, Breda, the Netherlands) for the HA-based 
ELISA or with PBS containing 2% bovine serum albumin (BSA; Sigma) (PBS/BSA) 
for the NA-based ELISA for 1 hour at RT. Following a wash with PBS-T, serum of 
individual mice (HA ELISA) or serum pools (NA ELISA) were added to the plate 
in duplicate, serially diluted (2- fold, 0.002�2%) and incubated for 1 hour at RT. 
Following a wash with PBS-T a 1:2000 dilution of goat-anti-Mouse HRP conjugated 
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(KPL, Maryland, USA) was added to the plate and incubated for 1 hour at RT. After 
washing with PBS-T, OPD substrate (Thermo Scientific) was added to the plate. 
The colorimetric reaction was stopped after 10 minutes by adding 1M H2SO4. The 
optical density (OD) was measured at 492 nm and standard curves were created 
using a four parameter logistic curve. The OD of each sample dilution was then 
quantified against the standard (HA standard: human CR9114 (34) with a mouse 
IgG2a Fc-part, NA standard: mouse Monoclonal Antibody, clone 6G6 (Immune 
Technology Corp., New York, USA)) and the final concentration per sample (in 
ELISA Units, EU/ml) calculated by a weighted average, using the squared slope 
of the standard curve at the location of each quantification as weight. Negative 
samples were set at the limit of detection (LOD), defined as the lowest sample 
dilution multiplied by the lowest standard concentration with an OD response 
above the lower asymptote of the standard curve and background.

Statistical analysis mouse challenge models 
The serological data were analyzed by comparing between immunizations with 
TVV with or without Matrix-M relative to the vehicle control group receiving 
PBS. Data were log-transformed and comparisons between groups were made 
using the Wilcoxon rank-sum test with adjustment for multiple comparisons 
(2 fold Bonferroni for comparisons with PBS a stepwise approach testing first 2x 
and then 1x vaccination) (S1 Table). Additionally, the effect of two immunizations 
compared to one immunization and the effect of Matrix-M compared to TVV 
alone were determined. Data was log-transformed and comparisons between 
groups were made using the Wilcoxon rank-sum test with adjustment for multiple 
comparisons (4-fold Bonferroni).

For the challenges, the vaccine groups were compared to the vehicle control 
group for survival proportion, change in bodyweight and clinical scores. For 
survival proportion after challenge, a Fisher’s exact test was performed. For 
bodyweight loss and clinical score analysis, repeated measurements in the 
challenge phase were summarized as a single outcome per animal using an 
Area Under the Curve (AUC) approach where missing values for animals that 
died before day 21 were imputed with a last-observation-carried-forward 
method. Body weight data are expressed as the change relative to the day 0 
measurement. The AUC was then defined as the summation of the area above 
and below the baseline. An ANOVA on AUC’s was done with group as explanatory 
factor. Clinical scores were summarized as AUC per mouse and groups were 
compared using a generalized linear model with a cumulative logit distribution 
to compare area under the curves for ordinal variable. The efficacy of the various 
treatment groups were compared to the vehicle treated control group using a 
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Bonferroni adjustment for 2 comparisons (TVV +/- Matrix-M) followed by a step-
wise approach (starting with the 2 immunizations and conditionally testing 1 
immunizations if the previous step was statistically significant).

Statistical analyses were performed using SAS version 9.2 (SAS Institute Inc. 
Cary, NC, USA) and SPSS version 20 (SPSS Inc., IL, USA). Statistical tests were 
conducted two-sided at an overall significance level of α= 0.05.

Ferret challenge studies
Seronegative (as determined by HI responses against circulating H1N1, H3N2 and 
B influenza strains as well as the challenge strains and antibodies against Aleutian 
disease virus) 12 month old outbred female ferrets (Mustela putorius furo) were 
obtained from Triple F (Sayre, PA, USA) and kept at the central animal facilities 
of Intravacc, Bilthoven, The Netherlands (standard housing)(Viroclinics). Ferrets 
received the TVV Inflexal V of season 2012/13 containing antigen of H1N1 A/
California/07/09, H3N2 A/Victoria/361/11 and B/Massachusetts/2/12 (15µg/500µl 
HA per strain). Adjuvated TVV was obtained by adding 50µg of MM per dose 
just before immunization. Ferrets were immunized two-times i.m. with TVV or 
TVV+MM 3 weeks apart with 500µl vaccine (250µl per hind leg). Control groups 
received 500µl PBS or formaldehyde inactivated (FI) H5N1 or H7N9 challenge 
virus corresponding to 30µg total protein per dose formulated with 50µg MM 
by the same route. One day before H5N1 or H7N9 virus challenge, ferrets were 
placed in a BSL-3 isolator unit. Blood samples were collected at day 0 and 21 
(pre-immunization) and at day 42 and day 49 (pre-challenge) to assess vaccine 
induced serum antibody responses (data not shown). Ferrets were anesthetized 
with 4-8mg/kg ketamine and 0.1mg/kg medetomidine before intratracheal 
inoculation with 104 TCID50 A/Indonesia/5/05 or 105.5 TCID50 A/Anhui/1/13 (H7N9) 
in 3 ml PBS. The challenge doses were based on studies showing substantial 
levels of virus replication in the upper and lower respiratory tract, as well as 
lung pathology, but no mortality during a 4-day follow-up period (44-46). During 
the observation period of 4 days, body weight, body temperature and daily 
throat swabs were obtained to assess infectious virus titers. Temperature was 
recorded every 10 minutes by an interperitonally implanted temperature probe 
(DST milli-T logger; Star-Oddi, Reykjavik, Iceland). Four days after the challenge, 
ferrets were sacrificed by terminal bleeding under anesthesia with 4-8mg/kg 
ketamine and 0.1mg/kg medetomidine. 

Virus replication in upper and lower respiratory tract of ferrets
Nasal and throat swabs were taken daily during the 4-days observation period. 
After euthanasia samples of the right nasal turbinate and the right lung (four 
sections from each of the four (cranioventral, craniodorsal, caudoventral and 
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caudodoral) lobes) were collected. Levels of viral RNA in the swab samples were 
determined by influenza A Matrix gene-specific TaqMan quantitative PCR (qPCR) 
(47). Infectious virus load in qPCR positive swabs, nasal turbinates and lung tissue 
were determined by virus titration on Madin-Darby canine kidney (MDCK) cells (47). 
Data were expressed as log TCID50 per gram of tissue or per ml in case of swabs.

Ferret lung pathology
After sacrifice, the extent of pulmonary consolidation was assessed based on 
visual estimation of the percentage of affected lung tissue. Lungs were weighed 
and relative lung weight was calculated as proportion of the body weight on the 
day of sacrifice (18). 

Statistical analysis ferret challenge models
The TVV+MM group was compared to the PBS group for lung infectious virus 
titer (expressed as log10 TCID50/g) (primary outcome), the absolute and relative 
lung weight at day 4 of the challenge phase, the temperature recording, the daily 
measured infectious virus titer in throat swabs and the daily measured bodyweight. 

Secondary comparisons were performed between TVV+MM and TVV 
to assess the added value of MM and between TVV+MM and MM alone and 
PBS and MM alone to assess effects of the adjuvant itself. Furthermore, TVV 
was compared to PBS to assess possible protective effects of non-adjuvated 
vaccine. The positive controls, FI-H5N1 or FI-H7N9 formulated with MM were 
compared to PBS group. An analysis-of-variance with treatment group as factor 
was performed followed by post-hoc t-tests. All comparisons were tested two-
sided at the 5% significance level without adjustment for multiple comparisons.

Daily measurements were summarized per animal as AUC of the change relative 
to the day 0 measurement. The body temperature recording was summarized 
per animal as an AUC of the temperature change relative to the average in the 
challenge phase up to the actual challenge and an analysis-of-variance with 
treatment group as factor was applied to the (summarized) secondary outcomes. 
In the analysis-of-variance a transformation on the outcome values was used if it 
improved the normality of the data. Lung pathology, as scored by percentage of 
affected area that contained lesions, was analyzed with the Wilcoxon test.

Statistical analyses were performed using SAS version 9.4 (SAS Institute Inc. 
Cary, NC, USA) and SPSS version 20 (SPSS Inc., IL, USA).
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Table S1: Summary of statistics analyses of H5N1 and H7N7 mouse challenge and antibody 
responses  

Table summarizes p-values of survival proportion, body weight loss and clinical scores and the 
antibody responses of experimental groups as compared to vehicle control group (PBS) in the 
H5N1 and H7N7 mice challenge experiments. Statistical analysis was performed as described in 
the material and methods section. TVV = Trivalent Virosomal Vaccine. MM = Matrix-M. 
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Table S2: Summary of H5N1 and H7N9 ferret challenge statistics 

 

Table summarizes p-values of all performed comparisons in the H5N1 and H7N9 ferret 
challenge studies. Statistical analysis was performed as described in the material and methods 
section. TVV = Trivalent Virosomal Vaccine. MM = Matrix-M. FI= Formaldehyde inactivated.
Table summarizes p-values of all performed comparisons in the H5N1 and 
H7N9 ferret challenge studies. Statistical analysis was performed as described 
in the material and methods section. TVV = Trivalent Virosomal Vaccine. 
MM = Matrix-M. FI= Formaldehyde inactivated.
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Figure S1. Summary of temperature monitoring in h5N1 and h7N9 challenged ferrets
Groups of 7-8 ferrets received two immunizations with TVV, TVV+MM, PBS, PBS+MM or 
inactivated virus as positive control (Control) by the intramuscular route. Four weeks later 
animals were challenged with a sub-lethal dose of 104 TCID50 of influenza A H5N1 A/
Indonesia/05/2005 or 105.5 TCID50 of influenza A H7N9 A/Anhui/1/2013. Temperature 
was measured every 10 minutes for 4 consecutive days and was summarized per animal as 
area under the curve (AUC) after H5N1 challenge (A) or H7N9 challenge (B). Dots indicate 
individual animals and horizontal lines represent group means. Lines indicate the 95% CI of 
the mean. Asterisks indicate statistically significant differences compared to PBS injected 
animals (*p<0.05, **p<0.01, ***p<0.001, according to the materials and methods section).
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ABSTrACT

Current influenza vaccines are believed to confer protection against a narrow 
range of virus strains. The identification of broadly influenza neutralizing 
antibodies (bnAbs) has triggered efforts to develop vaccines providing ‘universal’ 
protection against influenza. Several bnAbs were isolated from humans recently 
vaccinated with conventional influenza vaccines, suggesting that such vaccines 
could, in principle, be broadly protective. Assessing the breadth-of-protection 
conferred to humans by influenza vaccines is hampered by the lack of in vitro 
correlates for broad protection. We designed and employed a novel human-to-
mouse serum transfer and challenge model to analyze protective responses in 
serum samples from clinical trial subjects. 

One dose of seasonal vaccine induces humoral protection not only against 
vaccine-homologous H1N1 challenge, but also against H5N1 challenge. This 
heterosubtypic protection is neither detected, nor accurately predicted by in 
vitro immunogenicity assays. Moreover, heterosubtypic protection is transient 
and not boosted by repeated inoculations. Strategies to increase the breadth 
and duration of the protective response against influenza are required to obtain 
‘universal’ protection against influenza by vaccination. In the absence of known 
correlates of protection for broadly protective vaccines, the human-to-mouse 
serum transfer and challenge model described here may aid the development 
of such vaccines. 
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INTrOduCTION

Influenza virus infections are a major public health concern, with seasonal 
epidemics and occasional pandemics causing significant morbidity and mortality 
(1). The main preventive countermeasure is vaccination. Current influenza vaccines 
primarily induce antibodies that bind to the globular head domain of the major 
viral surface glycoprotein, hemagglutinin (HA) and interrupt the viral life cycle by 
blocking attachment to sialic acid receptors on host cells (2-6). However, as most 
of the globular head domain is highly variable, antibodies targeting this region 
are typically highly strain-specific. In the past five years, human antibodies have 
been isolated that target the stem region of HA instead of the globular head and 
that neutralize influenza viruses by blocking viral entry rather than attachment to 
the host cell (7-12). As their epitopes are highly conserved among various influenza 
virus subtypes, these stem-binding antibodies have heterosubtypic neutralizing 
activity. Studies conducted after the initial identification of these broadly 
neutralizing antibodies (bnAbs) have shown that they are less rare than initially 
believed (13) and that infection with the 2009 pandemic H1N1 virus frequently 
elicited B cells producing stem-reactive antibodies (14-16). Importantly, various 
reports indicate that B cells producing bnAbs were also induced in humans 
following vaccination with the 2009 pandemic H1N1 influenza vaccine (15, 
17-20), which supports the possibility of designing vaccines that elicit bnAbs and 
provide broad protection against influenza. Various approaches to the design of 
such ‘universal’ vaccines are being explored, such as the creation of ‘headless’ 
HA immunogens (21, 22) and novel immunization strategies (23, 24). The fact 
that several bnAbs were isolated from humans recently vaccinated with seasonal 
vaccines (7, 8, 10-12, 25) suggests that conventional trivalent influenza vaccines 
are also able to induce bnAbs and could, in principle, confer heterosubtypic 
protection. However, assessing the breadth of protection provided by such 
vaccines, or any (novel) vaccine modality, in humans is complicated by the fact 
that the only established in vitro correlate of protection exclusively considers the 
level of antibodies that prevent attachment. We have designed a novel human-to-
mouse serum transfer and challenge model to overcome this limitation. Transfer 
of post-vaccination serum protects mice against vaccine homologous H1N1 
challenge, which is strongly correlated to hemagglutination inhibiting antibody 
titers.  We further show that the seasonal vaccine induces protection not only 
against vaccine-homologous H1N1 challenge, but also, albeit transiently, against 
heterosubtypic H5N1 challenge. 
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rESuLTS 

Design of human-to-mouse serum transfer and challenge model
Human serum samples, collected before and after vaccination, were obtained from 
a vaccine safety trial in which 25 healthy volunteers received repeated injections 
with the standard dose (15 µg HA of each strain per vaccination) of seasonal 
trivalent influenza vaccine that included influenza strains A/California/07/2009 
(H1N1), A/Victoria/210/2009 (H3N2), and B/Brisbane/60/2008 (TVV). The vaccine 
induced a humoral immune response that fulfilled the regulatory criteria for 
seasonal vaccine immunogenicity (Figure S1). To assess the humoral protective 
activity elicited by the vaccine, the serum samples were analyzed for their 
protective ability in lethal H1N1 and H5N1 mouse challenge models as well as for 
the presence of H1N1 and H5N1 specific antibodies using various immunological 
in vitro assays (Figure 1).
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Figures: 

Figure 1: 

  

Figure 1. Schematic representation of study design. 
In a safety and immunogenicity clinical trial (Inf-V-A017), serum was obtained from 25 human 
subjects before and 4 weeks after vaccination (pre- and post- vaccination serum). To assess 
the protective activity of the sera, 400 µl of each serum sample was transferred to each 
of two individual mice which were challenged 24 h later with 25xLD50 of vaccine homol-
ogous A/Netherlands/602/2009 (H1N1) or heterosubtypic A/Hong Kong/156/97 (H5N1) 
virus, respectively. In parallel, human sera were characterized for virus-specific immune 
responses using the hemagglutination inhibition (HI) assay, virus neutralization assay (VNA), 
and antibody dependent cellular cytotoxicity (ADCC) assay.
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For the challenge studies, we employed a novel serum transfer model in 
which each individual human serum sample is transferred to an individual mouse 
before challenge with influenza virus. In this way, a substantial number of serum 
samples can be evaluated in a single challenge study while retaining sufficient 
statistical power. In addition, transferring individual serum samples (as opposed 
to pooled serum) enables the monitoring of changes in immune response and 
protective ability of the serum from individual donors over time. 

Seasonal vaccine induces heterosubtypic humoral protection
In the current study, we transferred 400 µl serum drawn from each volunteer 
immediately prior to and one month after vaccination to individual 
mice and subsequently challenged these mice with mouse-adapted A/
Netherlands/602/2009 (H1N1 virus; closely related to the H1N1 component 
of the vaccine) or A/Hong Kong/156/97 (H5N1) virus. As shown in Figure 2, a 
significantly larger proportion of mice that received post-vaccination serum 
survived challenge with vaccine-homologous A/Netherlands/602/2009 (H1N1) 
virus compared to mice that received pre-vaccination serum (68% vs 20%, 
sign test p<0.05), demonstrating that the vaccine induced a humoral response 
that was protective against a closely related virus. The post-vaccination serum 
also conferred significantly higher protection against heterosubtypic H5N1 
challenge than pre-vaccination serum (signed-rank test p=0.031), albeit only just 
significant. This finding demonstrates the ability of seasonal influenza vaccine 
to elicit a humoral immune response in humans that mediates cross-reactive, 
heterosubtypic protection. 

Body weights and clinical scores show that serum transfer does not 
completely prevent disease in the recipient mice, but the significant reductions 
in body weight loss and clinical disease symptoms confirm the protective 
effect of post-vaccination human sera in both challenge models (Figure 2). The 
survival of a few mice that received pre-vaccination serum may reflect previous 
exposure of the corresponding serum donors to related influenza strains, or (as 
this explanation is unlikely for H5N1) the presence of cross-reactive antibodies 
in serum elicited by previous exposures to divergent influenza viruses. Another 
possible explanation might be a low level of non-specific protection by human 
serum in the model. 

In vitro immunogenicity assays are correlated with homologous 
protection but fail to predict heterosubtypic protection
The immunogenicity and protective ability of influenza vaccines are generally 
estimated from the results of the in vitro hemagglutination inhibition (HI) 
assay. Therefore, we determined the HI titers of the human serum samples 
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against homologous A/California/07/2009 (H1N1) and heterosubtypic A/Hong 
Kong/156/97 (H5N1) viruses, and performed correlation analysis of the HI 
titers with survival of the mice following the corresponding challenge, using 
the Receiver-Operator Characteristic (ROC) curve method (Figure 3). The HI 
titers against A/California/07/2009 (H1N1) virus increased with vaccination 
(p<0.001) and correlated with survival after A/Netherlands/602/2009 (H1N1) 
challenge (ROC area 0.78, p<0.05), confirming that HI is an in vitro correlate 
of homologous protection in our passive transfer model. No HI titers against 
A/Hong Kong/156/97 (H5N1) virus could be detected in any of the serum 
samples. This is according to expectations, given that the HI assay only detects 
antibodies directed to the highly variable globular head of the HA molecule, 
so that neither vaccination with vaccine containing A/California/07/2009 
(H1N1) nor previous exposure to circulating viruses is likely to induce H5-
specific antibodies. This result does however illustrate the inadequacy of 
the HI assay to estimate the protective ability of a vaccine against divergent 
influenza strains. 

139 

 

Figure 2: 

  

Figure 2. Serum from humans immunized with seasonal influenza vaccine protects mice 
against vaccine homologous h1 and heterosubtypic h5 influenza challenge.
Kaplan-Meier survival curves (left), mean body weight change (middle) and median clinical 
score (right) graphs are shown for mice that received either pre- or post-vaccination serum 
(grey and blue lines, respectively) following lethal challenge with (A) H1N1 or (B) H5N1 
virus. Error bars indicate 95% confidence interval (body weight) or interquartile range 
(clinical scores). Average bodyweight loss and median clinical score data are presented 
with last observation carried forward for mice that succumb to infection. Post-vaccination 
serum confers significant protection against H1N1 and H5N1 influenza challenge relative to 
pre-vaccination serum. P<0.05 = *, p<0.01=**, p<0.001=***.
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Therefore, we also determined the neutralizing activity of the serum samples 
against A/California/07/2009 (H1N1) and A/Hong Kong/156/97 (H5N1) viruses 
using a virus neutralization assay (VNA) (Figure 4). In contrast to the HI assay, 
the VNA assay is not selectively sensitive for the activity of antibodies that 
target the head region of HA, but able to detect the activity of any neutralizing 
antibody directed against HA, or even neuraminidase, the other major surface 
glycoprotein of influenza viruses. Like the HI titers, the VNA titers against A/
California/07/2009 (H1N1) increased following vaccination (p<0.001) and 
correlated significantly with protection (ROC area 0.80, p<0.05). This is not 
surprising, considering that the antibodies targeting the head domain of HA 
(and thus capable of mediating HI) are a major part of the total virus-neutralizing 
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Figure 3. Serum hI titers correlate with protection against h1N1 but not h5N1 
challenge.
HI titers against (A) A/California/07/09 (H1N1) and (C) A/Hong Kong/156/97 (H5N1) were 
determined. Titers for mice that survive challenge (open circles) and mice that succumb to 
infection (closed circles) are presented separately for pre-vaccination (pre) and post-vac-
cination (post) sera. Assay background level is indicated with dashed line in panels A and 
C. Vaccine homologous H1 HI titers are higher in post-vaccination serum (p<0.001, t-test), 
while H5 HI titers are undetectable. Receiver-operator characteristic (ROC) curves were cal-
culated to assess the correlation (B) between HI titers against A/California/07/09 (H1N1) 
virus and survival following A/Netherlands/602/09 (H1N1) challenge, and (d) between HI 
titers against A/Hong Kong/156/97 (H5N1) virus and survival following A/Hong Kong/156/07 
(H5N1) challenge. H1N1 HI correlates with protection against homologous H1N1 challenge 
(ROC area = 0.78, p<0.05, 95% confidence interval (CI) 0.64-0.92). ns, not significant.
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Figure 4: 

  

Figure 4. Serum VNA titers correlate with protection against h1N1 but not h5N1 challenge. 
VNA titers against (A) A/California/07/09 (H1N1) and (C) A/Hong Kong/156/97 (H5N1) were 
determined. Titers for mice that survive challenge (open squares) and mice that succumb to 
infection (closed squares) are presented separately for pre-vaccination (pre) and post-vacci-
nation (post) sera. Assay background level is indicated with dashed line in panels A and C. 
Vaccine homologous H1 VNA titers are higher in post-vaccination serum (p<0.001, t-test). 
H5 VNA titers are detectable in some pre-vaccination samples and are higher in post-vac-
cination serum (p<0.001, t-test). ROC curves were calculated to assess the correlation (B) 
between A/California/07/09 VNA and protection against A/Netherlands/602/09 challenge 
and (d) between A/Hong Kong/156/97 VNA and protection against A/Hong Kong/156/07 
challenge. H1N1 VNA correlates with protection against homologous H1N1 challenge (ROC 
area = 0.80, p<0.05, 95% CI 0.66-0.94). The positive correlation between H5 VNA and H5 
protection does not reach statistical significance (ROC area = 0.66, 95% CI = 0.496-0.82).

antibody response (26, 27). Interestingly, neutralizing antibodies against more 
conserved epitopes were also present, as indicated by the fact that neutralizing 
titers against A/Hong Kong/156/97 (H5N1) virus were detectable in most serum 
samples (Figure 4C). Although these titers slightly increased after vaccination 
(p<0.001), the correlation between these VNA titers and survival following H5N1 
challenge was not statistically significant.

Recently, cross-reactive antibody-dependent cellular cytotoxicity (ADCC) 
has been implicated as a mechanism that reduces the severity of divergent 
influenza virus infections (28). Furthermore, ADCC has been shown to contribute 
to the in vivo antiviral activity of broadly neutralizing HA stem-binding 
antibodies (11, 12). We therefore assessed the levels of virus-specific ADCC 
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in human serum before and after vaccination, and analyzed the correlation 
with survival in the mouse challenge model (Figure 5). Detectable ADCC 
titers against A/California/07/2009 (H1N1) and A/Hong Kong/156/97 (H5N1) 
were present in pre-vaccination serum samples, and both increased after 
vaccination (p<0.001) (Figure 5A, C). Virus-specific ADCC titers correlated with 
survival after challenge with A/Netherlands/602/2009 (H1N1) (ROC area 0.71, 
p<0.05) and A/Hong Kong/156/97 (H5N1) (ROC area 0.67, p<0.05) (Figure 5B, 
D). However, whereas titers increased following vaccination, there was a large 
overlap in titers between protected animals and those that succumbed to 
infection, which ruled out accurate prediction of the challenge outcome based 
on ADCC level. Like HI and VNA titers, ADCC titer is therefore not suitable as 
a correlate of protection assay. 
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Figure 5: 

  

Figure 5. Serum AdCC titers weakly correlate with protection against h1N1 and h5N1 
challenges.
ADCC titers against (A) A/California/07/09 (H1N1) and (C) A/Hong Kong/156/97 (H5N1) 
were determined. Titers for mice that survive challenge (open triangles) and mice that 
succumb to infection (closed triangles) are presented separately for pre-vaccination (pre) 
and post-vaccination (post) sera. Assay background level is indicated with dashed line in 
panels A and C. Vaccine homologous H1 ADCC titers are higher in post-vaccination serum 
(p<0.001, t-test). H5 ADCC titers are detectable in pre-vaccination samples and increase 
significantly after vaccination (p<0.001, t-test). ROC curves were calculated to assess 
the correlation (B) between H1N1 ADCC titer and protection against homologous H1N1 
challenge (ROC area = 0.71, p<0.05, 95% CI 0.55-0.87) and (d) between H5N1 ADCC titer 
and protection against H5N1 challenge (ROC area = 0.67, p<0.05, 95% CI 0.505-0.84). 
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Heterosubtypic protection is not boosted by subsequent 
immunizations
Our novel serum transfer model provides a tool for studying heterosubtypic 
protection by seasonal influenza vaccines despite the lack of a predictive in vitro 
correlate for the protection of serum-recipient mice following heterosubtypic 
(H5N1) challenge. In order to determine whether the level of heterosubtypic 
protection can be enhanced by repeated vaccinations with the same vaccine, 
we applied the human-to-mouse serum transfer and challenge method to serum 
samples drawn one month after a second vaccination and one month after a third 
vaccination (Figure 6A). Whereas the level of protection against H1N1 challenge 
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Figure 6: 

  

Figure 6. heterosubtypic protection by post-vaccination serum is not boosted by sub-
sequent immunizations and is lost after the second vaccination.
(A) Serum was obtained from 25 human subjects immediately prior to the first vaccination 
and 4 weeks after each of three vaccinations (pre-vaccination, 1x, 2x, and 3x, respectively). 
(B) Human-to-mouse serum transfer was used to assess humoral protection against vaccine 
homologous H1N1 A/Netherlands/602/09 and heterosubtypic H5N1 A/Hong Kong/156/97 
influenza viruses. To assess the protective activity of the sera, 400µl of each serum sample 
was transferred to each of two individual mice which were challenged 24h later with 
25xLD50 of vaccine homologous A/Netherlands/602/2009 (H1N1) or heterosubtypic A/
Hong Kong/156/97 (H5N1), respectively. All post-vaccination groups show comparable 
protection against H1N1 challenge. There is a significant difference in protection against 
H5N1 among different vaccination groups (exact logistic regression, p=0.035).
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conferred by serum samples drawn after the second and third vaccinations was 
comparable to that of the serum samples drawn after the first vaccination, the 
protective effect against H5N1 challenge of serum samples drawn after the first 
vaccination was lost one month after the second vaccination (Figure 6B, Figure S2B, 
S2C). This finding was corroborated with the change in mouse body weight after 
challenge when analyzed for serum samples from individual donors (Figure S2D).

Neither the H1N1-specific nor the H5N1-specific HI, VNA and ADCC titers 
changed significantly after the second and third vaccinations (Figure S3). The 
homologous H1N1 in vitro assay results are in agreement with H1N1 in vivo 
challenge data and both indicate that repeated vaccination with the seasonal 
vaccine at 1-month intervals does not significantly enhance the homologous 
humoral protection obtained after single vaccination. In contrast, the 
heterosubtypic H5N1 protection and its transient nature detected in vivo using 
the serum transfer and challenge model are not predicted by the in vitro assays 
(Figure 6B, Figure. S3). 

dISCuSSION 

Using a novel human serum transfer and mouse influenza challenge model, we 
demonstrate that passive protection of mice with serum from humans vaccinated 
with trivalent seasonal influenza vaccine recapitulates relevant features of human 
protection against homologous influenza. Moreover, vaccination of healthy 
adults not only induces humoral protection against a vaccine-homologous H1N1 
virus, but also against a highly pathogenic avian strain of the H5N1 subtype. This 
finding is remarkable because current seasonal influenza vaccines are generally 
believed to induce protective immunity only to virus strains closely related to the 
ones included in the vaccine. 

This belief is in part based on use of the HI assay to assess the immunogenicity 
and protective ability of influenza vaccines. Although this assay is a good indicator 
of the virus-neutralizing activity of antibodies targeting the head region of the HA 
glycoprotein, and a reasonable correlate of protection against vaccine-homologous 
influenza strains (29), it does not detect neutralizing antibodies targeting the stem 
of the HA molecule or other antibody-mediated protective mechanisms such as 
ADCC. Therefore, it underestimates the protective ability of an influenza vaccine, in 
particular against phylogenetically distant strains. In line with this notion, a recent 
systematic meta-analysis has shown that seasonal vaccines can in fact provide 
cross-protection against non-matching circulating strains (30). 

Interestingly, the heterosubtypic H5N1 protection observed in our study was 
not boostable by repeated vaccination, but waned and was lost within two months. 
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As all volunteers received multiple doses of vaccine, we do not know whether the 
heterosubtypic protective activity of the sera following vaccination is intrinsically 
short-lived, or was abrogated by the subsequent vaccination. A similar transient 
cross-reactive antibody response was observed by Corti et al. (11) in a donor that 
was first infected with A/California/04/09 (H1N1) and vaccinated two months later 
with a vaccine containing the same virus. Whereas most HA-specific antibodies 
derived from B cells isolated one week after infection bound to both H1 and H5 
(89.7%), antibodies derived from B cells 1 week after subsequent vaccination were 
largely vaccine H1-specific (98.2%). Analogous to the model by Li et al. (18), in 
which vaccination or infection with a novel (pandemic) virus strain is proposed to 
induce more cross-reactive memory B cells specific for conserved epitopes than 
vaccination or infection with a seasonal virus, one could imagine that the first shot of 
a seasonal vaccine re-activates more cross-reactive memory B cells than subsequent 
vaccinations with the same vaccine and that these repeated vaccinations shift the 
response towards strain-specific epitopes. Thus, antibodies to the stem region of 
influenza could potentially be involved in the observed heterosubtypic protection. 

To assess the immune responses of the trial participants in vitro, we used 
the HI, VNA and ADCC assays. These commonly used assays were selected 
because each measures a different mechanism of viral neutralization and their 
combination presumably enables quantification of broad and effective humoral 
immune response. Serum titers of antibodies measured with all three in vitro assays 
correlated with protection, as characterized by survival and reductions in body 
weight loss and clinical scores, following homologous H1N1 challenge. Thus, we 
confirm that HI, which is a known in vitro correlate of protection against homologous 
influenza in humans, is also identified as a correlate of homologous protection in 
passive transfer. Only ADCC titers correlated significantly with protection against 
H5N1 (albeit too weakly to predict challenge outcome). Our novel serum transfer 
and challenge model can be used to further dissect the humoral components that 
contribute to protection. However, whereas the serum-mediated H5N1 protection 
and its transient nature were revealed using the serum transfer and challenge model, 
these effects would have been missed based on results of the in vitro assays only. 
These findings underscore that different antibodies with different mechanisms of 
action play a role in protection against different influenza strains. As a consequence, 
no single in vitro assay may accurately assess the protective activity, particularly of 
novel vaccine modalities designed to confer broad protection.

Mouse passive transfer models have been used previously to assess the 
protective activity of human serum samples (15, 31-33). However, the design 
applied here in which each individual human serum sample is transferred to 
an individual mouse allows for the evaluation of a substantial number of serum 
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samples in a single challenge study while retaining sufficient statistical power. 
Furthermore, this design enables not only the evaluation of protective responses 
per group and per time point but also the monitoring of changes in immune 
response and protective ability of serum from individual donors at different time 
points. In this study, the humane endpoint following challenge was – similar 
to the mouse LD50 determinations for both challenge viruses – defined on a 
clinical score as a measure of discomfort, rather than on a certain percentage 
of bodyweight loss. However, other humane endpoints will be equally suited for 
the read out in serum transfer challenge experiments as long as they match with 
the endpoint used in the MLD50 determination of the challenge virus. 

Clearly, protection of mice after passive serum transfer and subsequent 
challenge will not translate one-to-one to protection in humans, as factors such 
as the amount of serum transferred and the dose of challenge virus used will 
influence the absolute level of protection in mice. Moreover, the overall protective 
ability of an influenza vaccine may be underestimated by measuring only the 
protective ability of its humoral component. However, this approach could, for 
example, be used to evaluate the protective abilities of novel (universal) vaccines 
in phase I trials and enable the selection of the most promising candidates for 
further clinical studies, in the absence of known in vitro correlates of protection. 

In conclusion, using a human serum transfer and mouse challenge model 
we demonstrate that single immunization with a seasonal influenza vaccine is 
able to elicit an H5N1 protective humoral response in humans. This protective 
response is not boosted by subsequent immunization with the same vaccine 
and wanes within months. We conclude that strategies to  increase the breadth 
and duration of the protective response elicited by conventional vaccines, such 
as adjuvants (34-36) or novel vaccination schedules involving DNA priming (37, 
38), or altogether novel vaccine modalities are required to obtain ‘universal’ 
protection against influenza through vaccination, and that the human-to-mouse 
serum transfer and challenge model described here can assist the development 
of either of these strategies. 

mATErIALS ANd mEThOdS

Human sera
Serum was obtained from a vaccine safety and immunogenicity trial (INF-V-
A017, EudraCT #2012-001693-28). Twenty five healthy male and female adult 
human subjects (18-50 years of age on the day of enrolment) were randomly 
selected to receive a vaccination regimen consisting of three consecutive 
intramuscular vaccinations with Inflexal® V, a trivalent seasonal influenza vaccine 
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of the 2011/2012 composition (A/California/07/2009, H3N2 A/Victoria/210/2009, 
and B/Brisbane/60/2008; 15µg HA per strain per vaccination)(TVV). Repeated 
vaccination was performed to evaluate boosting ability of the seasonal vaccine. 
The study was performed between influenza seasons to minimize the risk of 
influenza infection during the study, which could affect read-out. Subjects 
who had previously been vaccinated with a seasonal influenza vaccine for the 
2011-2012 were excluded from participation. The study was approved by the 
‘Universitair Ziekenhuis Antwerpen Comité voor Medische Ethiek’ ethical 
review board. Written informed consent was obtained from all subjects prior 
to enrolment.

Influenza challenge
Human serum (400 µl) was transferred to recipient mice (female BALB/c, 6-8 weeks 
old) via intraperitoneal injection 24 hours prior to challenge with influenza virus. 
On the day of challenge, a pre-challenge mouse blood sample was obtained 
via submandibular bleeding to assess for successful human serum transfer 
(Supplementary Figure S2A). Successful transfer was assessed on the basis of 
the correlation between rH1 A/Cal/07/09 specific antibody titers in the human 
serum and mouse pre-challenge serum. Recipient titers are tightly correlated 
with the corresponding human titer, and approximately 8-fold lower due to 
serum dilution. When recipient titers were >100 fold below the corresponding 
human serum titers this was considered as a failed transfer (dashed line). Mice 
for which the serum transfer was unsuccessful were excluded from the correlate 
of protection analysis. Stocks of H1N1 A/Netherlands/602/09 (Viroclinics) and 
H5N1 A/Hong Kong/156/97 (Central Veterinary Institute, Wageningen University) 
were grown on embryonated chicken eggs. Anaesthetized mice were challenged 
intranasally with 25xLD50 virus in a total volume of 50 µl. Groups of mice (n=8) 
receiving either PBS or a broadly protective monoclonal antibody (CR6261, 
15mg/kg in PBS) intramuscularly (H1N1 study) or intravenously (H5N1 study) 
were used as negative and positive controls for challenge models, respectively 
(Supplementary Figure  S2B and S2C). Challenges were considered valid when 
there was a statistically significant difference in survival proportion (Fisher’s exact-
test, 2-sided) between the control groups (data not shown). Body weight and 
clinical score were monitored daily for up to 21 days or until a humane endpoint 
(clinical score 4), to limit animal discomfort. Clinical scores were defined as: 
0 = no clinical signs, 1 = rough coat, 2 = rough coat, less reactive, passive during 
handling, 3 = rough coat, rolled up, labored breathing, passive during handling, 
4 = rough coat, rolled up, labored breathing, unresponsive. All mouse studies 
were approved by DEC Consult (Independent ethical institutional review board). 
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Hemagglutination Inhibition Assay
Non-specific agglutination inhibitors were removed from serum samples by 
overnight incubation with Neuraminidase Cholerae at 37oC (Sigma-Aldrich; St. 
Louis, Missouri, USA, 50mUnits, 100µl/50 µl serum), which was subsequently 
inactivated by incubation with sodium citrate (75 µl, 2.5%) for 30 minutes at 
56oC. PBS (25 µl) (Gibco, Life Technologies; Carlsbad, California, USA, pH 7.4) 
and human red blood cells (from Human Whole Blood Type O, 250 µl, 2.5% in 
PBS; Seralab; West Sussex, UK) were added to obtain a final sample dilution of 
1:10. Samples were incubated for 1 hour at room temperature and spun down 
at 10.000 x g for 5 minutes. Twofold serial dilutions of the supernatant in PBS 
were prepared in duplicate, mixed by agitation with 8 HA units (25 µl) of H1N1 
A/California/07/2009 (reassortant NYMC X-181) or H5N1 A/Hong Kong/156/97 
(reassortant rgPR8-H5N1) virus and incubated for 1 hour at room temperature. 
Confirmed positive and negative sera were used as assay controls. Human red 
blood cells (50 µl, 0.75% in PBS) were added to all wells, mixed by agitation 
and incubated for 1 hour at room temperature. The HI titer of a given serum 
sample was determined as the reciprocal of the highest dilution where no 
hemagglutination inhibition was observed. 

Virus Neutralization Assay 
Madin-Darby Canine Kidney (MDCK) cells were seeded in a 96-well plate at 
15.000 cells/well in growth medium (DMEM containing 200 mM L-glutamine, 
3 µg/ml trypsin and 1% (w/v) penicillin/streptomycin stock solution, all GIBCO/
Invitrogen) and allowed to attach for at least 3 hours. Duplicate serial dilutions of 
heat-inactivated (30 minutes at 56oC) serum samples (0.01–20%) were prepared 
in DMEM with or without trypsin/EDTA (0.6% of a 0.05% stock solution) and 
mixed with 112 TCID50 of H1N1 A/California/07/09 (reassortant NYMC X-181) or 
200 TCID50 of the H5N1 A/Hong Kong/156/97 (reassortant rgPR8-H5N1) virus 
per sample, respectively, for 1 hour at 37°C, 10% CO�. Mixes were subsequently 
added to the MDCK cells and incubated for 18 hours at 37°C, 10% CO2. Cells 
were fixed with 80% acetone, labeled with mouse anti-NP (H16-L10-4R5, 
produced in house), followed by goat anti-mouse HRP-coupled antibody (KPL, 
Gaithersberg, USA) for one hour each. TMB substrate (H1N1) or ABTS substrate 
(H5N1) (Roche, Basel, Switzerland) was added, and absorbance was read in a 
BioTek reader (PerkinElmer) after 5–15 minutes. Monoclonal antibody CR9114 
(human IgG1, produced in house) and macaque serum were used as a positive 
and negative controls, respectively. Samples without detectable neutralization 
at the lowest dilution are indicated as the lowest dilution (i.e. background level). 
The IC50 values were calculated after 4-parameter logistic curve fit.
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Antibody Dependent Cellular Cytotoxicity Assay
A549 cells were seeded in clear and white bottom 96-well plates (15.000 cells/
well) and were infected the next day with 3.6 x 103 TCID50/well of H1N1 A/
California/07/2009 (reassortant NYMC X-181) or H5N1 A/Hong Kong/156/97 
(reassortant rgPR8-H5N1) virus in infection medium (DMEM, containing 200 mM 
L-glutamine, 0.1 µg/ml trypsin, and 1% (w/v) penicillin/streptomycin stock solution, 
all GIBCO/Invitrogen). Plates were incubated at 37°C, 10% CO2 for 18 -20 hours. 
The clear bottom plate was subjected to direct immunofluorescence staining 
to confirm infection levels. The cells were fixed with 80% acetone, followed by 
labeling with AlexaFluor488-labeled anti-NP staining (hybridoma H16-L10-4R5) 
and DAPI to stain cell nuclei (results not shown). White bottom plates were used 
for a commercially available ADCC reporter assay (PROMEGA, G7010). Serum 
samples were serially diluted in assay buffer (RPMI, 4% ultra-low IgG FBS, 1% 
(w/v) penicillin/streptomycin stock solution, all GIBCO/Invitrogen) and added to 
the infected cells after medium was removed. Jurkat reporter cells (9x104/well) 
stably expressing human FcγRIIIa (V158 variant) and an NFAT response element 
driving expression of firefly luciferase were added to the infected target cells, and 
incubated at 37°C for 6 hours. Bio-GloTM Luciferase Assay reagent (PROMEGA) 
was added according to manufacturer’s instructions, and luminescence was 
measured after 10 min using a TriLux plate reader (PerkinElmer). Monoclonal 
antibody CR9114 (human IgG1, produced in house) and macaque serum were 
used as positive and negative controls, respectively. Indicated background 
levels are the lowest dilutions used in the assay. The EC50 values were calculated 
after 4-parameter logistic curve fit. 

rH1 A/California/07/09 ELISA
Multisorp (Nunc) 96-well flat bottom plates were coated overnight with rH1 A/
Cal/07/09 (Protein Science Inc., 0.5 µg/ml), washed and blocked. Wells were 
incubated with duplicate serial dilutions of human serum or mouse pre-challenge 
serum for 1h at room temperature, and washed. Well were incubated with anti-
human IgG (Jackson ImmunoResearch) or anti-mouse IgG (KPL) conjugated to HRP 
for 1h at room temperature, washed and developed using OPD substrate (Thermo 
Fischer Scientific). OD was read at 492 nm using a Powerwave Synergy plate 
reader (Biotec), and compared to standard curve of CR9114 (produced in house), 
for calculation of elisa units using a slope based weighted average approach.

Statistical Methods
According to the design of the study, serum taken pre- or post-vaccination 
from each individual donor is transferred to a single mouse. This procedure is 
done for each challenge strain. The mouse responses corresponding to each 
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human donor are then compared between different time points and summarized 
across donors (block design). In addition, the survival of mice across donors is 
correlated with antibody titers measured in human serum using different assays. 
Since serum from all individual donors was used for the transfer studies, this 
design allows the conclusions to be generalized to the population of subjects 
randomized into the clinical trial.

Influenza challenge studies
Mouse survival up to day 21 is analyzed with the sign test of the difference in 
survival state (0 = died, 1 = survived) between each pair of mice receiving the post- 
and pre-vaccination serum of the same human donor, respectively. Differences 
in survival duration are calculated similarly but tested with the Wilcoxon signed-
rank test. On the AUC body weights, analysis-of-variance is done with vaccination 
group and human donor as explanatory factors. The AUC body weight is the 
area under the curve (AUC) of the change in body weight relative to the baseline 
body weight from day 0 up to day 21 after the challenge, with the last observed 
body weight carried forward if a mouse died / was euthanized during the study. 
Clinical scores are summarized per mouse as percentage of days at each score 
level and analyzed by cumulative logistic regression with score level, vaccination 
group and human donor as explanatory factors and mouse as subject factor. In 
figure 6, survival status is analyzed using exact logistic regression with number 
of vaccinations and human donor as factors, implicitly matching mouse survival 
by human serum donor.

Correlate of protection analysis
Receiver-Operator Characteristic (ROC) curve methodology is applied for 
calculating the protection by serum titers. For this purpose, the survival status of 
each mouse and the corresponding assay titer in human serum samples from the 
pre- and post-vaccination groups is used to calculate the ROC curve. The area 
under the ROC curve is calculated and the null hypothesis is tested for equality 
to 0.50 (no information or no correlation with protection) with an asymptotic 
Mann-Whitney test.

Serological assays
For assays performed on the human serum samples, the log titers at the pre- 
and post-vaccination visits are compared using analysis-of-variance (ANOVA) 
with visit and human donor as factors. Titers at the detection limit are analyzed 
as censored observations. The post-hoc t-tests are adjusted with a 3-fold 
Bonferroni correction. Titers at the detection limit are analyzed as censored 
observations. 
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Figure S2. Influenza challenge after human-to-mouse serum transfer sensitively identifies 
vaccine induced changes in protective ability at different timepoints and for individu-
al subjects (A) Reproducible recovery of human antibody titers in pre-challenge serum. 
Transfer efficiency can be observed by tight correlation between rH1 A/Cal/07/09 binding 
antibodies in mouse pre-challenge serum relative to the corresponding human pre- or 
post-vaccination serum (pre, 1x, 2x, 3x) (grey and blue, respectively) When recipient titers 
were >100 fold below the corresponding human serum titers this was considered as a 
failed transfer (dashed line), in which case data were excluded from correlation analysis. (B, 
C) Kaplan-Meier survival curves, mean body weight change, and median clinical score are 
shown from left to right for mice that received pre- or post-vaccination serum (pre, 1x, 2x, 
3x) (grey and blue, respectively) following lethal challenge with (B) H1N1 or (C) H5N1 virus. 
Error bars indicate 95% confidence interval (body weight) or interquartile range (clinical 
scores). Average bodyweight loss and median clinical score data are presented with last 
observation carried forward for mice that succumb to infection. (D) Extrapolated area under 
the curve (AUC) body weight mouse data are depicted per human subject for pre-vaccina-
tion, 1x, 2x, and 3x vaccination serum. The extrapolated AUC body weight is the area under 
the curve (AUC) of the change in body weight relative to the baseline body weight from 
day 0 up until day 21 after the challenge. The body weight of mice that succumb prior to 

Figure S1. The European Medicines Agency (EMA) specifies that seasonal vaccines have 
to meet at least one of the three following criteria for each of the influenza strains that they 
contain. Vaccination should result in seroprotection in at least 70% of healthy adult human 
subjects (defined as a hemagglutination inhibition (HI) titer >40), seroconversion in at least 
40% of healthy adult human subjects (defined as a >4 fold increase in HI titer), or an average 
increase (geometric mean) of the HI titer >2.5 fold. Plots show the percentage of subjects 
that reach seroprotection (left) and seroconversion (middle), and the average increase in 
HI titer relative to pre-vaccination serum (right). Regulatory thresholds are indicated by a 
green dashed line. The trivalent virosomal vaccine Inflexal® V used in these studies is immu-
nogenic and meets regulatory guidelines for all three influenza strains.
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Figure S2: 

  

the end of the study is extrapolated using linear exponential decay based on the first and 
last recorded body weights. Each line represents a single subject. Protection against H1N1 
is maintained, while protection against H5N1 wanes and is lost one month after the second 
vaccination. P<0.05 = *, p<0.01=**, p<0.001=***.
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Figure S3. Virus challenge strain–specific HI, VNA and ADCC titers remain constant after 
first immunization. HI, VNA and ADCC titers against (A) H1N1 A/California/07/09 and (B) 
H5N1 A/Hong Kong/156/97 are depicted for pre-vaccination serum and sera obtained 
after 1x, 2x, and 3x vaccinations. Dashed lines indicate background levels in the respec-
tive assays. The titers at all three post-vaccination visits are statistically significantly higher 
(p < 0.001) than at the pre-vaccination visit for all assays except for HI H5N1 where all titers 
fall below the detection limit.
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ABSTrACT

Broadly neutralizing hemagglutinin (HA) stem directed antibodies have been 
identified in humans vaccinated with seasonal influenza vaccine and have been 
suggested to mediate in vivo protection via antibody-dependent-cellular-
cytotoxicity (ADCC). Here we evaluated the ability of a virosomal seasonal and 
a pandemic influenza vaccine, respectively, to induce cross-neutralizing and 
cross-reactive ADCC responses in healthy adults, and their ability to confer 
heterosubtypic protection. Healthy adults were vaccinated once with a high 
dose virosomal trivalent seasonal influenza vaccine, or twice with a virosomal 
pandemic H5N1 vaccine. We demonstrate that both virosomal seasonal and 
pandemic influenza vaccines induce cross-neutralizing antibodies that correlate 
with HA-stem binding antibodies and ADCC activity. Using a human-to-mouse 
serum transfer and challenge model we demonstrate for the first time that such 
antibody titers, as induced by seasonal influenza vaccine, correlate with survival 
after heterosubtypic challenge and can predict protection.
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INTrOduCTION

Annually influenza viruses cause significant morbidity and mortality with 5 million 
cases of severe illness and between 250,000 and 500,000 deaths. To date, 
seasonal influenza vaccines are the most effective approach to lower the impact 
of influenza epidemics(1). Seasonal influenza vaccines are standardized based on 
their hemagglutinin (HA) content and characterized by their anti-HA mediated 
immunogenicity (2-4). Their protective efficacy is largely determined by the vaccine 
mediated serum hemagglutination inhibition (HI) antibody titer (5, 6). HI mediating 
antibodies bind near to the receptor binding site located on the globular head of 
the HA molecule and prevent interactions with host cells, thereby blocking viral 
entry (7-10). In part due to the pressure of pre-existing immunity, influenza type A 
viruses undergo a high rate of genetic drift, particularly in the HA head domain (11-
14). When genetic drift results in at least a 4-fold drop in the HI titer between the 
predicted upcoming circulating strain and the vaccine strain, the composition of 
the vaccine is updated(15). Next to epidemics caused by seasonal influenza viruses, 
highly pathogenic zoonotic influenza viruses such as avian H5N1 viruses pose a 
global threat of causing influenza pandemics (16, 17). The protective efficacy of 
current influenza vaccines is narrow, and therefore, more effective, broadly 
protective influenza vaccines are needed. Numerous vaccine strategies are being 
evaluated for the development of a broadly protective influenza vaccine (18-20). 

Several HA-specific broadly neutralizing antibodies (bnAb) have been 
discovered in the last decade (21-25). The majority of these bnAb’s are directed 
against the relatively conserved stem region of the HA protein (21-23, 26). 
While most HA-specific neutralizing antibodies are directed towards the 
immunodominant globular head region stem-antibodies are found at a lower 
frequency (27). To date a number of vaccine strategies to elicit high antibody 
titers against the HA-stem (28) including headless HA and chimeric HA are being 
explored  (29-31). However, also current influenza vaccines can elicit broadly 
neutralizing antibodies directed to the HA-stem (32). While seasonal influenza 
vaccines in general only marginally boost such antibody responses (33, 34), it has 
been reported that humans exposed to the lately emerged pandemic H1N1A/
California/07/09  virus (H1N1pdm) developed antibody responses that were 
mainly directed against the HA-stem (35-37). 

Besides broadly neutralizing HA antibodies, Jegaskanda et al. recently 
demonstrated the presence of cross-reactive HA-specific antibody-dependent 
cellular cytotoxicity (ADCC)-mediating antibodies in human serum (38). ADCC 
has been suggested to play a role in controlling influenza infection in non-human 
primates (39) and can play a role in HA-mediated cross-protection (32). However, 
the ability of seasonal influenza vaccines to elicit cross-reactive HA-specific 
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ADCC-mediating antibody responses is less well understood. In influenza-naïve 
animals, seasonal influenza vaccines have not been able to induce detectable 
cross-reactive HA ADCC-mediating antibody responses (40, 41), but vaccination 
with seasonal influenza vaccine significantly boosted pre-existing cross-reactive 
HA ADCC-mediating antibody titers in healthy adults (42).

Using pre- and post-vaccination samples obtained from two distinct clinical 
trials, we evaluated the ability of a virosomal seasonal and a pandemic influenza 
vaccine, respectively, to elicit cross-neutralizing and cross-reactive HA ADCC-
mediating antibody responses in humans. Furthermore, using a human-to-
mouse serum transfer challenge model, we also evaluated how each of these 
parameters correlate to serum mediated heterosubtypic protection.

mATErIAL ANd mEThOdS

Statement of Ethics
The clinical trials were approved by the regional ethical review boards; Universitair 
Ziekenhuis Antwerpen Comité voor Medische Ethiek, Committee for Medical 
Research Ethics, Northern Norway (REK Nord) and the Norwegian Medicines 
Agency. Informed consent was obtained from subjects prior to inclusion in the 
clinical trials. 

Experiments in mice were performed in accordance with Dutch legislation 
on animal experiments. The experiment was performed at CVI Lelystad and 
approved by DEC Animal Sciences Group, Wageningen UR. 

Human Sera/Plasma

High dose Seasonal Influenza Vaccine

In clinical trial Inf-V-A017 (EudraCT #2012-001693-28, ClinicalTrials.gov 
NCT01617239 ), 25 healthy male and female adults 18-50 years of age were 
vaccinated intramuscularly with an experimental high dose vaccine comprising 3 
doses of the licensed trivalent virosomal seasonal influenza vaccine, Inflexal® V 
(Berna Biotech), from season 2011/2012 (composition: H1N1 A/California/07/09, 
H3N2 A/Victoria/210/09, and B/Brisbane/60/08, 15 µg HA per strain)(TVV). The 
study was performed in between influenza seasons to reduce the risk of the 
enrolled subject being exposed to influenza during the trial. Subjects who had 
received seasonal influenza vaccination for season 2011/2012 prior to enrollment 
were excluded from participation. 

The vaccine-mediated humoral immune response was characterized by 
analyzing serum samples obtained from each of the subjects prior to vaccination 
(pre-vaccination serum) and 4 weeks post-vaccination (post-vaccination serum).
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Pandemic H5N1 Influenza Vaccine

In clinical trial  EudraCT no. 2008-006940-20, ClinicalTrials.gov NCT00868218 
15 healthy adult male and female adults aged 20-49 years were vaccinated 
intramuscularly in a prime-boost regimen at day 0 and 21 with a non-adjuvated 
virosomal H5N1 A/Vietnam/1194/2004 vaccine, (30  mg HA/ immunization). 
The subjects had never received an H5-based vaccine prior to enrollment. 
The vaccine-mediated humoral immune response was measured using plasma 
samples collected from each subject at day 0 (unvaccinated), 21 (post-prime) and 
42 (post-boost)(43). 

Influenza Challenge
The ability of the humoral immune response elicited by the high-dose seasonal 
influenza vaccine to confer heterosubtypic protection was assessed in a human-
serum-to-mouse challenge model as previously described (42). In brief, from 
each of the 25 subjects in the Inf-V-A017 study, 400ul serum per time point was 
transferred via intraperitoneal injection into an individual, six-to-eight-week-old 
naïve female Balb/c (H2d) mouse (Charles River, Sulzfeld, Germany)., i.e. 1 mouse 
per serum sample. Twenty-four hours after receiving the serum, the mice were 
subsequently, under anesthesia, challenged intranasally with 25xLD50 of H5N1 A/
Hong Kong/156/97 (Central Veterinary Institute, Wageningen University). Mice 
were kept under specific pathogen-free conditions. 

To confirm successful transfer of human serum into the naïve mice a correlation 
analysis between the recombinant H1 HA (rH1) A/California/07/09 antibody 
titer measured in the human serum and in the pre-challenge mouse serum was 
performed. If the titer measured in the mouse pre-challenge serum was >100-
fold lower than the titer in the corresponding human serum, the transfer was 
considered to have failed and the respective mouse was excluded from the 
correlate-of-protection analysis.

To assess the validity of the influenza challenge, groups of mice (n=8) were 
injected with mAb CR6261 (21) (15 mg/kg in PBS i.v. 24 hours prior to challenge) 
or PBS as positive and negative controls respectively. Only when a statistically 
significant difference between the survival proportions (Fisher’s exact-test, 
2-sided) induced in the negative versus positive control group was demonstrated, 
was the influenza challenge considered valid (data not shown). 

Mice were monitored daily for symptoms of disease by measuring body 
weight and assessing clinical score. The mice were monitored up to 21 days 
or until a humane endpoint (clinical score 4) was reached. Clinical scores are 
defined as: 0 = no clinical signs, 1 = rough coat, 2 = rough coat, less reactive, 
passive during handling, 3 = rough coat, rolled up, labored breathing, passive 
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during handling, 4 = rough coat, rolled up, labored breathing, unresponsive.  
A schematic overview of the human-serum-to-mouse challenge model and the 
control groups is presented in figure 1 (Figure 1).  
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Figure 1. Schematic figure of human-serum-to-mouse challenge model.

Hemagglutination Inhibition Assay
Serum samples from high-dose seasonal vaccine recipients were analyzed for 
hemagglutination inhibition (HI) titers against both H1N1 A/California/07/09 
(reassortant NYMC X-181) and H5N1 A/Hong Kong/156/97 (reassortant rgPR8-
H5N1) using human red blood cells according to previously described protocol, 
Roozendaal et al. (42). Plasma samples obtained from subjects vaccinated 
with pandemic influenza vaccine were analyzed for HI titers against H1N1 A/
California/07/09 using turkey red blood cells according to a previously described 
protocol, Roos et al. (44). Confirmed positive and negative human or sheep serum 
was used as controls (data not shown).  Each sample was tested in duplicate. 
The HI titer was determined as the reciprocal of the highest dilution where no 
hemagglutination inhibition was observed. 
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Virus Neutralization Assay 
Pre- and post-vaccination serum or plasma samples from vaccinated subjects 
were analyzed for neutralizing antibody titers using a virus neutralization assay 
(VNA)  as earlier described (42). Heat-inactivated serum and plasma were mixed 
with 112 TCID50 of H1N1 A/California/07/09 (reassortant NYMC X-181) or 200 
TCID50 of the H5N1 A/Hong Kong/156/97 (reassortant rgPR8-H5N1) virus followed 
by incubation with MDCK cells Neutralizing antibody titers were expressed as 
IC50 values, calculated after 4-parameter logistic curve fit. Indicated background 
levels are the lowest dilutions used in the assay. 

CR9114 Competition ELISA
Serum and plasma samples were analyzed for HA-stem binding antibodies 
using a CR9114 competition ELISA assay as described (29). Serum/plasma 
was ioncubated with either His-Tagged HA of A/California/07/09 or A/Hong 
Kong/156/97 (produced and purified in-house).  Biotinylated human IgG1 CR9114 
(45) was produced and purified in-house. The IC50

 values of the CR9114 competing 
antibody titers induced by the pandemic influenza vaccine were calculated after 
4-parameter logistic curve fit. Due to the lower level of CR9114 competing 
antibodies induced by the seasonal influenza vaccine, it was not possible to fit 
a 4-parameter logistic curve and a slope OD method was used. Positive and 
negative controls consisted of competition with monoclonal antibodies CR9114 
(45) and CR8020 (22) respectively (data not shown).

Surrogate Antibody-Dependent Cellular Cytotoxicity (ADCC) 
Reporter Assay 
ADCC-mediating antibody responses were measured using a surrogate ADCC 
reporter assay according to previously described protocol(29).

A549 epithelial cells (ATCC CCL-185) were transfected with plasmid 
DNA encoding H1 A/California/07/09 HA or H5 A/Hong Kong/156/97 using 
Lipofectamine 2000 (Invitrogen Waltham, Massachusetts, USA) in Opti-MEM 
(Invitrogen). Transfected cells were mixed with heat-inactivated  serum or plasma 
sample dilutions and ADCC Bioassay effector cells gene(46)) (Promega, Madison, 
Wisconsin, USA) at a target-effector ratio of 1:4.5. Monoclonal antibody CR9114 
(human IgG1, produced in-house) and plasma from influenza naïve macaques 
were used as a positive and negative controls, respectively (data not shown). 
Indicated background levels are the lowest dilutions used in the assay. The EC50

 

values were calculated after 4-parameter logistic curve fit. 
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Human NK-cell Activation Assay
ADCC-mediating antibody responses were also evaluated with a human NK-cell 
activation assay, using a protocol similar to that described by Jegaskanda et al 
(38). In brief, 96-well MaxiSorp U-bottom ELISA plates (NuncTM, Thermo Scientific) 
were coated with 600 ng recombinant HA of H5N1 A/Hong Kong/156/97 (rH5) 
(in-house produced).  Heat inactivated serum was added to the plate at a 
starting dilution of 1:10 followed by 2-fold serial dilutions. Healthy human donor 
PBMCs, at a density of 1x10^6 cells/well were added to the plate. Frozen PBMCs 
were used due to unavailability of fresh PBMCs at the volume and time needed. 
The PBMCs were processed from fresh buffy coats (Australian Red Cross Blood 
Bank) using Ficoll (GE Healthcare, Paramatta, NSW, Australia) and subsequently 
frozen at a concentration of 5x10^6 cells/ml. On the day of the experiment, the 
PBMCs were thawed, counted and re-suspended in medium. Following 5 hour 
incubation with anti-human CD107a-APC (BD), Golgi Stop (Becton and Dickinson) 
and BFA (Sigma Aldrich) Anti-human CD3 PerCP (Becton and Dickinson), anti-
human CD56 PE-Cy7 (Becton and Dickinson) and 0.5 M EDTA (Invitrogen) was 
added. After fixation and permeabilization the cells were incubated with anti-
human INFγ AF700 (Becton and Dickinson) . The cells were acquired on a LSRII 
flow cytometer (Becton and Dickinson). The NK-cells were gated as CD3-CD56+ 
cells. NK-cells expressing the degranulation marker CD107a and producing INFγ 
were regarded as activated NK-cells. 

As the NK-cell activation assay is susceptible to inter- and intra-assay variation 
and NK-cell activation can be donor-dependent, PBMCs from 3 buffy coats were 
used and the samples were re-tested in total 6 times. Due to the constraints of 1) 
cell number availability per donor and 2) the sample size limitation of the assay 
for the reason of inter-assay variation, we were not able to screen all individual 
serum samples for pre- and post-vaccination in one assay. We therefore pooled 
the serum from all 25 subjects per time point (pre- and post-vaccination). 
The NK-cell activation titer induced by the serum pools was determined by 
performing an analysis combining the results from all 6 experiments. A four-
parameter logistic curve was fitted for each dilution series of antigen/antibody 
stimulated PBMCs. Background NK-cell activation in the absence of antigenic 
stimulation was set as the average percentage of CD107a and INFγ double 
positive cells when the PBMCs were added to plates coated with PBS alone. The 
NK-cell activation titer was defined as a 0.75% increase in the serum dilution of 
CD107a and INFγ double positive cells on the fitted curve compared with the 
CD107a, INFγ double positive cell background level. The 0.75% increase above 
background was chosen so that a titer could be calculated for all samples.
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Statistical Analyses

Influenza Challenge Study

Serum-mediated protection against H5N1 A/Hong Kong/156/97 was analyzed 
using the same method as previously reported by Roozendaal et al. (42). In brief, 
mouse survival was analyzed up to day 21 using the Sign Test of the difference in 
survival state between each pair of mice receiving the post- and pre-vaccination 
serum of the same human donor, respectively. Differences in survival duration 
were calculated similarly but tested with the Wilcoxon signed-rank test. On the 
AUC bodyweights, analysis-of-variance was done with vaccination group and 
human donor as explanatory factors. Clinical scores were summarized per mouse 
as percentage of days at each score level and analyzed by logistic regression 
with score level, vaccination group and human donor as explanatory factors and 
mouse as subject factor.

Correlate of Protection Analysis

To determine a potential correlation between protection and the serum 
antibody titers, we made use of the Receiver-Operator Characteristic (ROC) 
curve methodology. The ROC curve was calculated by using the survival status 
of each individual mouse and the antibody titer measured in the corresponding 
human serum sample. A correlation between the antibody titer and survival 
was determined by the area under the ROC curve. Using an asymptotic Mann-
Whitney test, the null hypothesis was tested for equality to 0.50 (no information 
or no correlation with protection).

Serological Assays

For assays using human sera or plasma, the log titers at the pre- and post-
vaccination visits were compared using an analysis-of-variance model, with 
visit and human donor as factors. Titers at the detection limit were analyzed as 
censored observations.  

For the human NK-cell activation assay, a mixed model was used with serum 
pools as fixed effects and with experiment, dilution series and residual error as 
random effects. The post- vaccination serum pool was compared with the pre-
vaccination serum pool and the p-value was adjusted with a 6-fold Bonferroni 
correction (additional post-vaccination serum pools were analyzed in parallel 
with the post-vaccination serum samples presented here).

Linear Correlation

Correlations between vaccine-mediated antibody titers measured in different 
serological assays were calculated using the Spearman rank correlation model.
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Cross-neutralizing H5N1 antibody titer induced by a high-dose 
seasonal influenza vaccine in humans correlates with serum 
mediated H5N1 protection in mice
A high-dose seasonal influenza vaccine induced a significant increase in vaccine 
homologous H1N1pdm HI antibody titers compared to pre-vaccination titer in 
human volunteers (p<0.001, Fig S1). 

Antibody-mediated cross-protective capacity of the vaccine was assessed 
by transferring pre- and post-vaccination serum into naïve mice which were 
subsequently challenged with a lethal dose of H5N1 A/Hong Kong/156/97 virus. 
A significantly larger proportion of the mice that received post-vaccination 
serum survived the challenge compared to mice receiving pre-vaccination 
serum (p= 0.002 Figure 2A). Although mice that received post-vaccination 
serum developed severe symptoms of disease, they had a significantly smaller 
reduction in body weight loss and lower clinical scores compared to mice that 
received pre-vaccination serum (p=0.002 and p<0.001 respectively, Figure S2). 

While no cross-reactive H5N1 HI-mediating antibodies were detected in either 
pre- or post-vaccination serum (Figure 2B), a significant increase in H5N1 VNA 
titers were detected in post-vaccination serum compared to pre-vaccination serum 
(p<0.001, Figure 2C). To evaluate whether the vaccine-mediated cross-neutralizing 
antibodies to H5N1 (A/Hong Kong/156/97) virus correlated with serum mediated 
heterosubtypic protection, we used the Receiver-Operator Characteristics (ROC) 
curve analysis method. The H5N1 VNA titers correlated significantly with survival 
against the H5N1 challenge (area = 0.73 and p <0.05, Figure 2D). 

Vaccine mediated cross-reactive ADCC responses correlate 
to HA-stem directed, cross- neutralizing antibodies and 
heterosubtypic H5N1 protection in mice
The presence of cross-neutralizing antibodies that are not capable of inhibiting 
hemagglutination suggests that these antibodies, at least in part, are directed to 
the HA-stem region. To assess whether the high-dose seasonal influenza vaccine 
induced HA-stem antibodies, we measured the ability of the sera to compete 
with the broadly neutralizing stem-specific CR9114 mAb (45). CR9114 competing 
antibodies in the post-vaccination serum were significantly increased, compared 
to pre-vaccination titers (p<0.001, Figure 3A). A ROC analysis revealed that 
the CR9114-competing antibody response correlated significantly with serum-
mediated survival against H5N1 (area = 0.87 and p < 0.05, Figure 3B). Correlation 
analysis furthermore demonstrated that the post-vaccination CR9114-competing 
antibody response also correlated with the post-vaccination VNA response 
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Figure 2: 

   

Figure 2. Cross-neutralizing h5N1 Ab titer induced by a high-dose seasonal influenza 
vaccine in humans correlate to serum-mediated h5N1 protection in mice.
(Human) serum drawn pre- and post-vaccination (presented in grey and blue respectively) was 
transferred into naïve mice, followed by a lethal challenge with H5N1 A/Hong Kong/156/97. 
Shown are Kaplan-Meier survival curves (A). The neutralizing antibody response against 
H5N1 A/Hong Kong/156/97 (rgPR8-H5N1) was determined by HI assay (B) and VNA assay 
(C). Pre- and post-vaccination titers are presented separately, and with closed circles for 
mice that succumbed to challenge and open triangles for mice that survived the challenge. 
Group means are shown. A receiver-operator characteristic (ROC) curve was calculated to 
assess the correlation between survival and VNA titers (D). * = p < 0,05

(p = 0.0175, Figure 3C), suggesting that indeed HA-stem antibodies contribute 
to cross-neutralization. 

Broadly neutralizing HA-stem antibodies have also been shown to mediate 
protection against influenza viruses in vivo via Fc-mediated mechanisms (47). In 
a surrogate reporter assay we measured the titer of cross-reactive ADCC against 
the HA of H5N1 (A/Hong Kong/156/97). The high-dose seasonal influenza vaccine 
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Figure 3. Vaccine-mediated cross-reactive AdCC responses correlate to hA-stem 
directed, cross-neutralizing antibodies and heterosubtypic h5N1 protection in mice. 
CR9114-competing Ab titers were determined in pre- and post-vaccination serum (A).  A re-
ceiver-operator characteristic (ROC) curve was calculated to assess the correlation between 
survival and CR9114 competition titers (B). Linear regression between the post- vaccina-
tion CR9114 competition titer and the VNA titer is plotted. Correlation determined with 
Spearman rank correlation method_(C ). In a surrogate ADCC assay, the H5 HA ADCC-me-
diating Ab titers were determined in pre- and post-vaccination sera (D). A receiver-operator 
characteristic (ROC) curve was calculated to assess the correlation between survival and H5 
HA ADCC-mediating Ab titer (E). Linear regression between the post- vaccination CR9114 
competition titer and the H5 HA ADCC-mediating Ab titer is plotted. Correlation deter-
mined with Spearman rank correlation method_(F). H5 HA-specific activation of human 
NK-cells measured by CD107a  and INFγ expression,  mean titer with 95% confidence 
interval (G). In (A) and (D), pre- and post-vaccination titers are presented separately and 
with closed circles for mice that succumbed to challenge and open triangles for mice that 
survived challenge. Group means are shown. * = p < 0.05
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significantly increased the cross-reactive ADCC-mediating antibody response 
compared to pre-vaccination responses (p<0.001, Figure 3D). A ROC analysis 
demonstrated that the ADCC-mediating antibody response also correlated 
with the serum-mediated survival against H5N1 virus challenge (area = 0.84 
and p<0.05, Figure 3E). Correlation analysis furthermore demonstrated that 
the H5-specific ADCC-mediating antibody response correlated strongly with 
the CR9114-competing antibody response induced by vaccination (p = 0.001, 
Figure  3F), suggesting that ADCC, at least in part, is mediated by HA-stem 
directed antibodies.

Next, we employed an influenza-specific NK-cell activation assay using 
primary human PBMC to verify the ADCC-mediating antibody responses 
measured in the surrogate reporter assay and measured a significant increase 
in NK-cell activation (CD107a and IFN-g positive) to rH5 HA protein in the post-
vaccination compared to in the pre-vaccination serum (p < 0.05, Figure 3G). This 
data further confirms the results of surrogate ADCC assay, by using primary NK 
cell from healthy donors.

HA-stem directed antibodies induced by pandemic H5N1 
influenza vaccine in humans correlate to vaccine-mediated cross-
reactive H1 ADCC responses
Cox et al. have previously shown that the H5N1 A/Vietnam/1194/04 virosomal 
vaccine administered to volunteers in our study is able to induce homologous 
H5N1 A/Vietnam/1194/2004 neutralizing antibodies (43, 48). Here, we measured 
cross-neutralizing HI and VNA antibody responses against heterosubtypic 
H1N1pdm induced by the pandemic H5N1 vaccine. Since, the clinical trial was 
conducted prior to the pandemic Influenza A(H1N1)pdm09 outbreak, subjects 
can be considered naïve to the virus. Indeed, while no cross-reactive HI antibody 
responses were detected in pre- and post-vaccination serum to the H1N1pdm 
virus (Figure 4A), a significant increase in neutralizing antibodies against 
H1N1pdm were detected after a single vaccination (p=0.008) compared to the 
pre-vaccination titer. Neutralizing antibody titers did not increase further after the 
second vaccination, but rather decreased in some subjects. Subsequently, also 
day 42 neutralizing titers were not significantly higher than the pre-vaccination 
neutralizing titer (Figure 4B). 

In agreement with the results obtained with the seasonal influenza vaccine, 
the absence of cross-reactive HI titers could suggest that the cross-neutralizing 
antibody response is mediated by HA-stem antibodies. To evaluate the presence of 
HA-stem antibodies, we analyzed pre- and post-vaccination serum in the CR9114 
competition ELISA. A single H5N1 vaccine administration resulted in a significant 
increase in CR9114-competing antibodies compared to the pre-vaccination (day 
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Figure 4. hA-stem directed antibodies induced by pandemic h5N1 influenza vaccine in 
humans correlate to vaccine-mediated cross-reactive h1 AdCC responses. 
Serum drawn at day 0, 21 and 42 (presented in grey, light green and dark green respective-
ly) was characterized for anti-HA immunity. Neutralizing antibody response against H1N1 
A/California/07/09 (NYMC X-181) was determined in a  HI assay (A) and VNA assay (B). 
CR9114-competing Ab titers were measured in an ELISA (C).  Linear regression between 
the CR9114 competition titer and the VNA titer at day 21. Correlation determined with 
Spearman rank correlation method (D). In a surrogate ADCC assay, the H1 HA ADCC-me-
diating Ab titers were determined (E). Linear regression between the CR9114 competi-
tion titer and the H1 HA ADCC-mediating Ab titer at day 21. Correlation determined with 
Spearman rank correlation method (F). Group means are shown. * = p< 0.05

0) titer (p<0.001, Figure 4C). The CR9114-competing antibody response was 
not boosted by a second vaccination, but remained comparable to the levels 
obtained after the first vaccination and was overall significantly higher than 
the pre-vaccination titer (p < 0.0001). Comparable to the seasonal influenza 
vaccine, there was a significant correlation between the CR9114-competing 
antibody response and the H1N1pdm-neutralizing antibody response at day 21 
(p = 0.0307, Figure 4D). Due to the larger number of samples with undetectable 
VNA titer at day 42, the correlation between the VNA and CR9114-competing 
antibody titer was not significant after the second immunization.
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A single H5N1 vaccination induced cross-reactive H1N1pdm ADCC responses 
that were higher than the responses in the pre-vaccination samples (p=0.001, 
Figure 4E). Similar to the CR9114-competing antibody responses, no booster 
effect was observed after the second vaccination, but the titer remained 
significantly higher than the pre-vaccination titer (p =0.0010). A significant 
correlation was demonstrated between the vaccine induced CR9114-competing 
antibody titers and the ADCC responses induced at day 21 (p = 0.0003, 
Figure  4F). A significant correlation between the CR9114-competing antibody 
titers and the ADCC responses was also seen at day 42.

dISCuSSION

We have demonstrated the ability of seasonal and pandemic virosomal influenza 
vaccines to induce HA-specific, cross-reactive ADCC-mediating antibody 
responses in humans. These ADCC-mediating antibodies correlate with CR9114-
competing HA-stem binding antibody responses and cross-neutralizing antibody 
response. The functional antibody titers measured in serum furthermore 
correlate with survival of mice following lethal H5N1 challenge after serum 
transfer, suggesting that besides virus neutralization, ADCC responses may play 
a role in the observed protection.

Neutralizing antibodies that target the conserved stem region of HA have 
received a lot of attention as a pathway for the generation of a universal 
influenza vaccine. These antibodies have been demonstrated to cross-neutralize 
influenza A and/or B strains in vitro by blocking the conformational change of 
HA, thereby preventing endosomal escape and viral propagation (49).  Recent 
data from Di Lillo et al. demonstrated that these HA-stem antibody require, in 
a dose-dependent manner, FcγR interactions to mediate protection in vivo (47). 
As classical influenza neutralization assays predominantly assess neutralization 
involving the Fab region of the antibody and do not take into account Fc-
mediated mechanisms, these assays cannot fully mimic the mechanisms by which 
HA-stem antibodies mediate protection.

Since in vitro ADCC assays have not been formally established to correlate 
with vaccine-mediated cross-protection, we elected not to estimate vaccine- 
mediated protection from cross-reactive immunogenicity but rather determine 
the actual level of protection. By using a novel human serum transfer and 
mouse challenge model we have previously demonstrated that a single dose of 
seasonal influenza vaccine in healthy adults was able to confer serum-mediated 
protection against H5N1 in mice (42). Although there was a positive correlation 
between survival and the cross-neutralizing antibody titers, the relationship 
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was not significant or predictive for survival. By vaccinating with a higher dose 
of seasonal influenza vaccine, the current study confirms that cross-protective 
efficacy occurs and we demonstrate a strong correlation between antibody titer 
and survival. We furthermore demonstrate a significant boost in cross-reactive 
antibodies as measured in VNA, CR9114 competition ELISA and ADCC assays. 
In the absence of detectable cross-reactive HI antibodies, it is fair to assume 
that the majority of neutralizing HA-specific antibodies are directed against the 
HA stem. This is supported by the demonstrated correlation between the cross-
neutralizing antibody titer measured by VNA and HA-stem binding antibody titer 
measured by CR9114 competition ELISA. A stronger correlation was however 
demonstrated between the HA-stem binding antibodies and ADCC-mediating 
antibody responses. A conceivable explanation might be that not all HA-stem 
antibodies are neutralizing, but are able to mediate ADCC (50). Both, the VNA 
and ADCC-mediating antibody titers significantly correlated with the vaccine-
mediated protection, and thus, could both be used as predictors of serum-
mediated survival against H5N1 virus infection.  

In contrast to seasonal influenza vaccines, pandemic vaccines based 
on HA of non-circulating strains, have been suggested to more effectively 
boost cross-reactive antibody responses (35). Here, we confirm these earlier 
findings by demonstrating that a virosomal, pandemic H5N1 vaccine boosts 
pre-existing cross-neutralizing H1N1pdm antibody responses. The pandemic 
H5N1 vaccine induced higher levels of CR9114-competing antibodies than the 
seasonal influenza vaccine. Interestingly, the primary response of H1N1pdm 
neutralizing antibodies and CR9114-competing antibodies could not be 
boosted with a second H5N1 immunization, which is comparable to previous 
findings (33, 51). These results provide further support for the concept that 
repeated vaccinations with the same vaccine directs the response towards 
strain-specific epitopes, predominantly located in the immune dominant 
globular head of HA (33). This is illustrated by an increase in homologous H5N1 
HI antibody responses after two doses of a H5N1 vaccine as has previous 
been shown (43). Using pooled serum from the same pandemic vaccine trial 
(EudraCT no. 2008-006940-20) containing high HA-stem neutralizing antibody 
titers, Nachbagauer et al. demonstrated serum-mediated protection against a 
lethal challenge with H9N3 chimeric virus in mice (51). Besides confirming the 
high levels of HA-stem reactive antibodies, our results show that cross-reactive 
ADCC-mediating antibodies may have contributed to the observed protection 
against the H9N3 virus. 

Cross-protection against influenza viruses has been shown to be highly 
complex and may involve a number of mechanisms, including immune responses 
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against other influenza proteins than HA. While we do not exclude the possible 
contribution of cross-reactive immunity against other influenza proteins, such 
as NA, we have in this manuscript focused on the vaccine-mediated antibody 
response against HA, their functionality and possible role in mediating protection.

CONCLuSION

We have demonstrated that a seasonal and pandemic influenza vaccine can 
induce HA cross-reactive ADCC mediating antibodies. For the first time we show 
that such antibody titers correlate with survival after heterosubtypic challenge 
and can predict protection in a passive mouse transfer model. Although the 
current study does not allow us to formally conclude which mechanism is involved 
in serum transferable protection, our results suggest that HA-stem binding 
antibodies play a role, likely through neutralization and/or ADCC. Further work 
is needed to better understand these mechanisms to facilitate development of 
the next generation of broadly protective influenza vaccines.
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Figure S2. Immune human serum induced by a high-dose seasonal influenza vaccine 
protects mice against H5N1 challenge. 
Serum drawn pre- and post-vaccination (presented as grey and blue respectively) was trans-
ferred into naïve mice followed by a lethal challenge with H5N1 A/Hong Kong/156/97. 
Shown are mean bodyweight change (A) and median clinical score (B). Error bars indicate 
95% confidence interval (bodyweight) or interquartile range (clinical scores). * = p< 0.05

Figure S1. High-dose seasonal influenza vaccine induces vaccine-homologous H1N1 HI 
titers in humans
Pre- and post-vaccination serum was analyzed for neutralizing antibody response against 
H1N1 A/California/07/09 (NYMC X-181) in an HI assay. Group means are shown. * = p < 0.05
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Every year influenza viruses cause significant morbidity and mortality. Next to 
the seasonal influenza viruses, highly pathogenic zoonotic influenza viruses to 
which there is no herd immunity, pose a great threat. To date, the most effective 
way to prevent influenza infection is via vaccination. Considerable research is 
being undertaken to develop influenza vaccines that can elicit cross-reactive 
immune responses that broadly protect against both heterosubtypic influenza 
A and B viruses. While some of these vaccine candidates are being tested in 
clinical trials, the majority are still in early stage development, and it will be 
several years before they could conceivably reach the market. Contrary to long-
held beliefs, currently available trivalent seasonal influenza vaccines (TIV) have 
been shown to elicit a degree of cross-reactive immunity, which appears to be 
at odds with the fact that they are expected to induce strain-specific protection. 

In this thesis we explore the ability of trivalent virosomal seasonal influenza 
vaccines, TVV, to confer heterologous and heterosubtypic cross-protection. 
With the aim to enhance the effectiveness of available influenza vaccines until 
a universal influenza vaccine becomes available, we explored whether adjusting 
the vaccination regimen of a licensed seasonal vaccine improves its ability to 
confer cross-protection.

FINdINGS PrESENTEd IN ThIS ThESIS

Throughout chapters 2-4 of this thesis we evaluated 3 different approaches 
to broaden and improve the cross-protective efficacy of TVV. In chapter 2 
we demonstrated that the cross-protective efficacy of TVV increases with the 
number of vaccinations. After three consecutive immunizations TVV is close to 
fully protective against a lethal challenge with heterosubtypic H5N1 in naïve 
mice, as defined by survival. By passive transfer of immune serum into naïve 
mice, we demonstrated that cross-protective efficacy is at least in part serum 
mediated and correlated to the vaccine induced cross-reactive HA antibody titer. 
In chapter 3 we evaluated the cross-protective efficacy of TVV when given in 
a heterologous prime-boost regimen. We demonstrated that priming TVV with 
DNA encoding vaccine homologous HA improves the cross-protective efficacy 
of TVV against heterologous H1N1 strains. However, priming with DNA did not 
improve the cross-protective efficacy of TVV against heterosubtypic H5N1. In 
chapter 4 we co-administered TVV with an ISCOM-based adjuvant, Matrix M, 
and demonstrated an elevated cross-protective efficacy of TVV in mice and 
ferrets. After two immunizations TVV + Matrix M could induce protection or 
partial protection against heterosubtypic H5N1 and H7N7 in mice. Adjuvation 
enabled TVV to also protect ferrets against H5N1, but not H7N9.  
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In chapter 5 we used the repeated vaccination approach to assess whether 
cross-protective immunity could also be elicited in humans. By using a human-
to-mouse passive transfer challenge model we investigate the protective efficacy 
of the humoral immune response elicited after 1, 2 and 3 vaccinations with TVV 
in healthy adults. We showed that that a single vaccination with TVV significantly 
boosted homologous protection against H1N1 A/California/07/09. This protective 
efficacy was not further boosted by repeated vaccination but was maintained 
over the period of observation. Intriguingly, we also demonstrated that a 
single vaccination with TVV mediated a significant increase in heterosubtypic 
protection against H5N1. This protection is however, transient, irrespective of 
further vaccinations.

The humoral immune response against HA is thought to play an important 
role in serum-mediated protections. A mechanism by which broadly reactive 
antibodies against HA are thought to mediate cross-protection in vivo is ADCC. 
In chapter 6 we evaluated the ability of both TVV and a pandemic influenza 
vaccine to induce cross-reactive ADCC-mediating antibody responses in humans. 
We demonstrated that a single vaccination with a high dose TVV or a pandemic 
influenza vaccine elicited a significant increase in cross-reactive HA-specific 
ADCC-mediating antibody titer. This antibody titer was strongly correlated with 
the broadly neutralizing antibody titer and serum-mediated cross-protection 
against H5N1.

In Table 1 we have summarized the results generated in chapter 2-6 on the 
protective efficacy of TVV when given according to various vaccination regimens in 
different species. Presented is the level of survival after either vaccine homologous, 
heterologous or heterosubtypic influenza challenge. In mice the cross-protective 
efficacy of TVV can be enhanced when administered according to either of the 
vaccination strategies evaluated, however with different efficacy and breadth. In 
ferrets protection against group 2 influenza viruses is less apparent. The cross-
protective efficacy seen in mice after repeated vaccination is observed in humans 
after a single vaccination, potentially due to a boost of pre-existing immunity.

dISTINCT rEGImENS OF TVV rESuLT IN CrOSS-
PrOTECTION WITh dIFFErENT mEChANISm OF ACTION

With the recent finding that seasonal influenza vaccines can boost the HA stem 
directed antibody titer in humans much focus has been directed towards cross-
reactive, HA specific immunity when studying the cross-protective efficacy of 
TIV. In chapter 2-4 we have assessed three different strategies which all could 
boost the HA specific immunity induced by TVV. 
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Table 1.

Species Vaccine homologous heterologous heterosubtypic
h1N1

A/California/07/09

h1N1 

A/Pr/8/34

h1N1

A/WSN/33

h5N1

A/hK/156/97

h7N7i/

h7N9j
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3x TVV  100%c  80%d   80%c,d 

       

1x TVV + DNAa    60%d 70%d   44%d, 43%d

       

1x TVV + MM      20%e  0%e

2x TVV + MM      70%e  60%e

         

  2x TVV      ‐f,g  ‐f,g

2x TVV + MM      +f,h  ‐f,g

         

  1x TVV (15ug HA)b  64%c    45%c 

1x TVV (45ug HA)b      50%c 

2x TVVb  55%c    25%c 
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In a repeated vaccination regimen of naive animals the immune response 
is likely to be boosted in direct correlation with the number of vaccinations. 
With no pre-existing memory B-cells, the primary immunization activates a 
germinal center (GC) response. Depending on the interval between consecutive 
vaccinations, the GC’s may still be present, and a second or third immunization 
will enhance the ongoing GCs, thereby increasing the antibody titer. 

In our experiments we saw an increase in cross-protective efficacy according 
to the number of vaccinations. Though we have not been able to identify the 
correlate of protection the humoral response is likely to play a key role in vaccine-
mediated cross-protection, as confirmed by passive transfer experiments. TIVs 
predominantly elicit HA-head reactive antibodies, and frequently only low titers 
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1x TVV + MM      20%e  0%e

2x TVV + MM      70%e  60%e

         

  2x TVV      ‐f,g  ‐f,g

2x TVV + MM      +f,h  ‐f,g

         

  1x TVV (15ug HA)b  64%c    45%c 

1x TVV (45ug HA)b      50%c 

2x TVVb  55%c    25%c 

3x TVVb  62%c    10%c 

Note: a= DNA encoding vaccine homologous HA, b = passive transfer of human immune serum 

into naïve mice, c = TVV from season 2011/2012, d = TVV from season 2009/2010, e = TVV from 

season 2010/2011, f = TVV from season 2013/2014, g = no significant reduction of viral load in 

either the lung or throat, h = significant reduction of viral load in lungs and throat, i= challenge 

model, j = ferret challenge model 

Homologous  Heterologous Heterosubtypic
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of broadly neutralizing antibodies directed against the HA stem are detected(1). 
In fact, in naïve animals a single vaccination with a TIV alone has not been able 
to elicit detectable broadly neutralizing HA stem directed antibodies. Even after 
triple vaccination we did not detect cross-reactive antibodies in the VNA or CR9114 
competition ELISA. Cross-reactive HA antibody titers were however detected in 
the ELISA, increasing with the number of immunizations, indicating the presence 
of low HA stem directed antibody titers. These cross-reactive HA antibody titers 
correlated with the serum mediated protection induced by TVV suggesting that 
a seasonal influenza vaccine can induce HA antibody mediated cross-protection. 

Co-administration with adjuvants is a strategy known to boost the 
vaccine mediated immune response, as demonstrated by earlier studies co-
administrating TIV with MF59(2). Adjuvating TVV with Matrix M demonstrated 
not only a significant increase in the anti-HA cross-reactive immune response but 
also significantly enhanced and broadened the cross-protective efficacy of TVV. 
While the cross-protective efficacy of TVV + MM extended to protection against 
heterosubtypic group 2 viruses in mice this was less apparent when assessing 
the cross-protective efficacy using ferrets as animal model. With the ferret model 
being considered a better model than mice for mimicking a human influenza 
infection, these results could indicate a less robust protection against group 
2 influenza viruses mediated by the vaccine. However, it should be noted that 
the cross-protective efficacy was assessed using two different H7 viruses and a 
direct comparison between the two challenge and animal models should not be 
made. Follow up studies should more extensively map the breadth of group 2 
protection mediated by TVV+ MM. However, for a universal influenza vaccine, 
robust cross-protection against influenza B and group 2 viruses as well as group 
1 viruses is needed. CR9114 is a monoclonal Ab which targets the stem region of 
HA and can broadly protect against both influenza A and B viruses(3). In recent 
studies by Cox et al.(8) it was demonstrated that although Matrix M enhances 
the cross-reactive immune response elicited by TVV, no CR9114-like antibodies 
were induced. It has been suggested that certain adjuvants not only boost, but 
broaden cross-reactive antibody responses (9, 10). It would, in follow up studies, 
be interesting to assess whether a different adjuvant than Matrix M could further 
broaden the response mediated by TVV to also induce CR9114-like antibodies. 

An approach specifically aiming at boosting the HA specific antibody 
response is the heterologous prime-boost regimen earlier described by Nabel 
et al.(8) in which TIV is primed with DNA encoding vaccine homologous H1 HA. 
While the regimen enhanced the cross-reactive T-cell response induced by TVV, 
no cross-reactive antibodies against H5 HA were detected in post-vaccination 
serum. This is in contrast with earlier published results which showed detectable 
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cross-neutralizing antibodies in a pseudo-particle assay. It is possible that this 
difference is due to the vaccine composition or type of vaccine. However, the lack 
of improved protection against heterosubtypic H5N1 compared to TVV alone 
also suggests that this strategy is not a robust approach to broadly improve the 
cross-protective efficacy of TIVs. To better steer the antibody response toward 
the conserved HA stem, one could likely improve the heterologous prime-boost 
regimen by having the DNA encoding a divergent HA from that in the seasonal 
influenza vaccine. To broaden the cross-protective efficacy not only against 
group 1 viruses, follow up studies could assess the effect of DNA priming with a 
mix of divergent influenza A, group 1 and 2, and influenza B antigens.

Cross-protection against divergent influenza viruses can be mediated via 
several mechanisms targeting not only the HA protein but also other influenza 
proteins. With TVV’s also incorporating influenza proteins such as NA, M2 and 
NP it is plausible that cross-reactive immune responses directed against these 
proteins could contribute to cross-protection mediated by TVV. Earlier studies 
have demonstrated that by co-administrating a TIV with NA(4)  protein the cross-
protective efficacy of TIV could be improved. Though the triple vaccination 
regimen of TVV in chapter 2 demonstrated to correlate with the vaccine mediated 
cross-reactive HA antibody titer, a TVV from a different season was able to confer 
a comparable level of cross-protection however without inducing detectable 
cross-reactive HA antibodies. Instead, antibodies against NP appeared to play 
a key role in mediating the observed cross-protection for this vaccine. NP is 
a highly conserved internal influenza protein known to induce strong cross-
reactive T-cell responses(5). Intriguingly, recent literature has suggested that also 
antibodies against NP can play a role in cross-protection via Fc-mediated effector 
mechanisms (6, 7). This confirms the findings that not only HA specific immunity 
can mediate cross-protection. Interestingly, these findings suggest that the level 
of cross-protective efficacy as well as the mechanism of action is dependent on 
the vaccine composition. To fully understand the differences between the cross-
protective efficacies mediated by the different TVV compositions, the mechanism 
of action associated with protection needs to be further elucidated. Such studies 
could involve serum as well as cellular depletion studies.
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CAN SEASONAL INFLuENzA VACCINES mEdIATE 
CrOSS-PrOTECTION IN humANS ANd dOES SuCh 
PrOTECTION COrrELATE WITh ThE LEVEL OF BrOAdLy 
NEuTrALIzING ANTIBOdIES AGAINST ThE hA STEm?

The ability to induce cross-reactive antibodies against HA has been shown to 
be strongly dependent on the immunological memory of an individual. The pre-
existing B-cell memory will shape the antibody response against a vaccine and 
its ability to induce cross-reactive anti-HA antibodies. In the literature it has been 
reported that when vaccinating with a novel antigen such as a pandemic virus, 
relatively higher levels of broadly neutralizing anti-HA antibodies are elicited(8). 
When vaccinating with antigens that have been circulating among the human 
population for a longer period of time, cross-reactive antibody responses are 
not elicited. 

By vaccinating with a standard dose TVV we demonstrated a significant 
boost in both the vaccine homologous antibody response and the cross-reactive 
antibody response against heterosubtypic H5N1. Unlike observations in naïve 
mice, repeated vaccination did not further boost the cross-reactive antibody 
responses. A similar pattern was seen when assessing the cross-reactive immune 
response elicited by a pandemic influenza vaccine, confirming the result and 
supporting the concept recently presented by Andrews et. al.(9); that repeated 
vaccination steers the response against the immune-dominant strain specific 
HA head. The majority of subjects who participated in the clinical trial had low, 
or no pre-existing HI antibody titer against the H1N1 vaccine strain; pH1N1 A/
California/07/09. In the presence of low pre-existing serum titers, vaccinating 
with a novel antigen preferentially re-activates cross-reactive memory B cells.  
By the second immunization with the same vaccine, B cells directed against 
strain-specific epitopes in the HA head will be preferentially activated. 

Though the presence of cross-reactive HA antibodies and their ability to be 
induced by TIV has been established, little is known about their cross-protective 
efficacy. We demonstrated that the humoral immune response elicited after a 
single vaccination in humans conferred protection against H5N1 in mice. The 
protective efficacy of the humoral response was not boosted by repeated 
vaccination, but was instead transient. While we have not been able to identify 
the mechanism of protection, we did identify a positive correlation with the 
cross-reactive antibody titer induced. For broadly reactive antibodies bearing 
the ability to protect against heterosubtypic viruses, focus has been on broadly 
neutralizing antibodies directed against the HA stem. In vitro, these antibodies 
have shown to neutralize the influenza virus by blocking the conformational change 
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of HA, thereby preventing endosomal escape and viral propagation. When given 
at a high enough concentration, these antibodies mediated protection in vivo 
via direct neutralization. At lower or suboptimal concentrations, Fc-mediated 
mechanisms such as ADCC have shown to play a key role in antibody-mediated 
protection(10). 

By vaccinating once with a high dose TVV we confirm the cross- protective 
efficacy observed after a single immunization with a standard dose. The serum 
mediated protection against H5N1 significantly correlated with both the HA 
stem-directed, neutralizing and ADCC-mediating antibody response. The 
read-out of several of the humoral assays tested for correlation were strongly 
correlated making it difficult to determine whether any of these parameters is 
actually a mechanistic correlate rather than a co-correlate of protection, and 
whether the assays capture distinct subsets correlated to the overall magnitude 
of the immune response. 

We have here focused on HA stem-directed antibodies for mediating cross-
protection. Cross-reactive, HI negative antibodies directed against the HA head 
have also been described and have recently been shown to mediate ADCC(11). 
As with vaccine mediated HA stem antibodies, little is known about the cross-
protective efficacy of these HI-negative antibodies and the ability of vaccines 
to induce them. To confirm the identity of the serum component that actually 
mediates protection, future studies will depend on serum transfer studies, using 
serum depleted of certain antibody specificities.

While a large part of our study cohort gain serum-transferable cross-
protective efficacy after a single vaccination which is thereafter gradually lost, 
other subjects were not able to transfer cross-protection at any time point 
throughout the vaccination regimen. Subjects who were able to mediate cross-
protection prior to vaccination either retained their cross-protective efficacy, or 
it was gradually lost. Intriguingly, there were also subjects who did not transfer 
any cross-protection prior to vaccination, but gained serum transfer protective 
efficacy after 3 vaccinations.  To understand the differences in vaccine-mediated 
cross-protective efficacy between these subjects, the mechanism of protection 
first needs to be identified. It is possible that differences in cross-protective 
efficacy between individuals could be explained by genetic differences in the 
VH1-69 germline. Many of the broadly neutralizing HA stem-directed antibodies 
such as CR9114 use the VH1-69 gene to encode the heavy chain variable 
region(12). However, these antibodies are not produced by all individuals: 
Pappas et al. demonstrated the requirement for 1) an allele polymorphism of 
VH1-69 encoding phenyl alanine at position 54 and 2) a tyrosine at position 98 in 
the HCDR3, for antibody development (12). Recently Avnir et al. demonstrated a 
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VH1-69 polymorphism dependent effect on the broadly neutralizing HA antibody 

repertoire induced after vaccination with an H5N1 vaccine(13). It would therefore 

be important to in follow up studies to map the allelic polymorphism in the 

VH1-69 locus of the subjects in our cohort To further understand whether such 

polymorphism have had an impact on the broadly reactive HA stem directed 

antibody repertoire induced by TVV. Should there be a correlation between 

allele polymorphism and the cross-protective efficacy of the vaccine mediated 

antibody response, this should be considered in the context of seasonal 

vaccination campaign. To ensure the ability of the vaccine to mediate protection 

against divergent influenza viruses, patients would have to be screened for 

VH1-69 genotype prior to vaccination, which would be very challenging and 

costly to implement. At a research level, analyzing the B-cell repertoire before 

and after vaccination one could possibly generate a better understanding of 

underlying serological memory and its role in the dynamic antibody response 

induced after vaccination. 

FuTurE PErSPECTIVE

While we demonstrated cross-protective efficacy against H5N1 of the humoral 

immune response induced by TVV in humans, such cross-protective efficacy is 

only likely to be possible in the setting of low pre-existing immunity against the 

HA antigen of the vaccine. For a future HA-based universal influenza vaccine 

to be fully effective in inducing broadly protective antibodies (covering both 

influenza A and B strains) against the HA stem, it will need to 1) overcome pre-

existing memory and immune dominance of the variable HA head and 2) induce 

VH1-69 based broadly influenza reactive, or similar antibodies. 

Immunizing with a novel HA antigen could technically overcome pre-

existing memory. However, if a full length HA protein is incorporated into 

the design, a second immunization with the vaccine is likely to boost the HA 

head-directed antibody response. Novel strategies which are currently being 

evaluated for their ability to steer the immune response towards the HA 

stem epitopes, thereby circumventing pre-existing immunity involve chimeric 

(14) and truncated (headless) HA proteins (15). In chimeric HA proteins the 

conserved stem is kept constant while coupled to an “exotic“ HA head domain. 

Consecutive vaccinations with such a construct will, however, require variants 

of the chimeric protein, coupling the stem domain to HA head regions of 

divergent origin. For headless HA proteins the vaccine construct could remain 

constant.  For both strategies it will be important to assess whether exposure 
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to influenza viruses after vaccination will affect the pool of cross-reactive 
memory B cells. 

Many of the broadly reactive HA stem-directed antibodies such as CR9114 
are encoded by the VH1-69 germline. These antibodies are highly mutated, 
suggesting that they have undergone repeated somatic mutations. Current 
strategies aim to induce CR9114-like antibodies by presenting the immune 
system with the epitope to which the VH1-69 antibodies bind. However this may 
not be the optimal strategy to select for these antibodies, since the epitope 
to stimulate the germline of these antibodies might look different than the 
epitope to which they bind after continuous somatic hypermutation. It would 
be worthwhile for future studies to investigate the selection of broadly influenza 
reactive antibodies based on the VH1-69 germline.

As mentioned earlier, cross-protection can be mediated by several 
mechanisms and universal influenza vaccines targeting cross-protective immune 
responses against more conserved influenza proteins are under investigation. It 
is possible that the most promising strategy for a universal influenza vaccine will 
be to combine these approaches, inducing cross-protective immunity which can 
both prevent infection, and mediate clearance of infected cells. Thus, increased 
presence and control of NA and internal influenza proteins such as NP and M1 in 
seasonal influenza vaccines could therefore be an attractive approach to further 
enhance and standardize their protective efficacy against influenza viruses highly 
divergent from those in the vaccine. Finally, the challenges that lie ahead for 
broadly protective influenza vaccines include overcoming and understanding 
pre-existing immunity and inducing long-lived immunity.
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CrOSS-PrOTECTION By CONVENTIONAL INFLuENzA 
VACCINES

ThE INFLuENzA VIruS ANd ThE dISEASE BurdEN

Every year influenza viruses cause significant morbidity and mortality around 
the world, affecting predominantly young and elderly populations, as well as 
individuals with a weakened immune system. Yearly approximately 250.000- 
500.000 deaths are reported to be caused by influenza. 

There are 3 classes of influenza viruses, namely; A, B and C. The yearly 
influenza epidemics are predominantly caused by influenza A and B viruses. 
While B viruses are mainly restricted to humans, influenza A viruses have 
the ability to circulate amongst humans and animals. The influenza A viruses 
are further subtyped based on their two major influenza surface proteins, 
hemagglutinin (HA) and neuraminidase (NA). To date, a total of 18 distinct HA 
and 11 different NA types are known. Dependent on their HA subtype usage 
the influenza A viruses have been further arranged into two groups: group 1 
and group 2.  Influenza B viruses demonstrate less phylogenetic divergence and 
have been divided into 2 lineages without further subtyping. Today, seasonal 
epidemics are caused by the circulation of two different influenza A viruses (a 
group 1 H1N1 virus and a group 2 H3N2 virus) and two Influenza B viruses (one 
from each distinct lineage).  Zoonotic influenza A viruses occasionally cross the 
species barrier and infect humans. In general, the human population has no or 
very low pre-existing immunity against zoonotic viruses. Therefore they pose a 
great threat for causing influenza pandemics with high morbidity and mortality. 
H5N1 and H7N9 are two highly pathogenic avian influenza viruses which in the 
recent years have crossed the species barrier and caused significant mortality in 
humans. Fortunately, these viruses possessed limited ability to transmit between 
humans, therefore their emergence did not cause a pandemic. However, recent 
studies suggest that H5N1 viruses may only require a few mutations to acquire 
good transmissibility between humans. Thus, zoonotic influenza viruses pose a 
serious threat to global health.

VACCINES AGAINST INFLuENzA VIruSES

To date, the best way to protect against influenza infection is via vaccination. 
Every year the World Health Organization (WHO) endeavors to predict which 
circulating H1N1, H3N2 and Influenza B virus will be the most prevalent strains 
during the approaching influenza season. Based on this prediction a suggestion 
is made regarding the strain composition for the annual seasonal influenza 
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vaccines. Seasonal influenza vaccines are standardized based on their HA 
content and their protective efficacy is largely determined their ability to induce 
antibodies against the globular head domain of the HA protein. The influenza 
virus, however, regularly undergoes mutations, resulting in antigenic drift. The 
highest rate of mutation is observed in the globular influenza HA head domain, 
against which current seasonal influenza vaccines predominantly elicit an immune 
response.  Consequently, seasonal vaccines are generally thought to protect only 
against matched and closely related strains. To keep pace with the high mutation 
rate of the influenza viruses, seasonal influenza vaccines have to be updated 
almost annually. Influenza epidemics caused by possible mismatches between 
the vaccine and circulating influenza strains, and more importantly, influenza 
pandemics caused by zoonotic viruses, instigate a strong need for improved 
vaccines which can protect against a broader range of influenza viruses. Today 
significant research is being undertaken to target different influenza antigens 
and distinct stages of the viral life cycle, to ultimately develop novel influenza 
vaccines which can universally protect against all influenza infections.

ThIS ThESIS

As the majority of the broadly protective influenza vaccine candidates are 
currently in early stages of development, it is fair to assume that it will take several 
years before any of these vaccines will be in a position to impact potential future 
pandemics. Intriguingly, recent literature has suggested that seasonal influenza 
vaccines can also induce broadly reactive immune responses in addition to a 
vaccine strain specific response, albeit to lower levels. It is therefore possible 
that breadth of protection induced by conventional influenza vaccines has been 
underestimated, especially if the broadly reactive response could be amplified. 
In this thesis we explored whether the breadth of protection mediated by a 
licensed seasonal influenza vaccine could be improved by adjusting its 
vaccination regimen and thereby increasing pandemic preparedness until more 
broadly protective influenza vaccines may become available. 

In chapters 2 through 4, we assessed whether breadth of protection and 
protective efficacy of a virosomal based seasonal influenza vaccine could be 
improved by implementing different vaccination strategies. To assess vaccine 
immunogenicity and protective efficacy against influenza infection we made use 
of mice and ferrets as animal models.  The standard vaccination regimen for the 
majority of today’s seasonal influenza vaccines comprises a single vaccination. In 
chapter 2 we evaluated whether the protective capacity of a seasonal influenza 
vaccine could be improved and broadened by administering it repeatedly, up 
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to 3  times. After a single immunization the vaccine was able to confer 100% 
protection against a H1N1 influenza virus matched to the H1N1 vaccine strain. 
This result was expected and confirmed the vaccine’s ability to mount a 
protective immune response. A conventional influenza vaccine is not expected 
to protect against an influenza virus with a significantly divergent strain sequence 
as compared to the vaccine strain, such as avian H5N1 viruses. As expected 
no protection against H5N1 was demonstrated after a single vaccination with a 
seasonal influenza vaccine in mice. By contrast, after repeated immunizations the 
vaccine was able to mediate protection against an avian H5N1 influenza virus, 
where 80% of mice vaccinated survived lethal challenge. It was demonstrated that 
this protection, at least in part, was mediated by the humoral immune response 
as passively transferring immune serum of vaccinated mice to naïve mice showed 
protection against subsequent challenge with avian H5N1 influenza virus. While 
the mechanism of action mediating protection is not completely understood, 
the humoral HA specific immunity appeared to play a significant role owing to 
the fact that the protection against H5N1 challenge correlated with the titer of 
vaccine mediated anti-H5 HA binding antibodies. 

An alternative approach to broaden the protective efficacy of a seasonal 
influenza vaccine is the addition of a second component to the vaccine. In 
chapter 3 we investigated whether enhancing the HA immunity induced 
by a conventional influenza vaccine could improve the level and breadth of 
protection mediated by the vaccine. Priming a seasonal influenza vaccine 
with DNA encoding an HA protein (which matched an HA in the vaccine) has 
previously been shown to improve the breadth of protection against divergent 
H1N1 viruses.  We further evaluated this vaccination regimen to assess whether 
it could also extend the protective efficacy of seasonal influenza vaccine to 
protect against avian H5N1 influenza viruses.  While we confirmed that the 
vaccination regimen enhanced the vaccine’s ability to confer protection against 
divergent H1N1 viruses, H1 HA DNA priming did not improve the vaccines 
protective efficacy against H5N1 viruses. Interestingly, a triple vaccination 
regimen with a seasonal influenza vaccine from a different season than the 
vaccine studied in chapter 2 conferred a similar level of protection against 
H5N1 however without inducing detectable levels of broadly reactive HA 
antibodies. Instead, antibodies directed against an internal influenza protein, 
nucleoprotein (NP), were suggested to play a role in mediating the broadened 
protection. These results emphasize the fact that protection against influenza 
viruses divergent to those in the vaccine formulation can be mediated via a 
number of mechanisms, where other influenza proteins than HA as well as 
vaccine composition may influence the mechanism of protection. Aside from 
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HA DNA, the effect of co-administration with an adjuvant, Matrix M, on the 
overall immune response induced by a virosomal based influenza vaccine was 
studied in chapter 4. Adjuvant addition significantly boosted the vaccine 
mediated immune responses enabling the vaccine to protect mice against both 
avian H5N1 and H7N7 influenza viruses, already after 2 vaccinations. An animal 
model known to better mimic a human influenza infection are ferrets. By itself, 
the seasonal influenza vaccine did not mediate any protection against H5N1 
and H7N9 influenza challenge in ferrets, however, partial protection against 
H5N1 infection was observed when the same vaccine was co-administered with 
Matrix M. Taken together these results suggest that, although not all influenza 
strains are covered, Matrix M can both boost and broaden the response elicited 
by a seasonal vaccine. 

Having demonstrated an increased breadth of protection by conventional 
influenza vaccines when given repeatedly in animals we subsequently assessed 
the protective efficacy of their humoral immune response mediated when 
administered to humans. In chapter 5 we vaccinated healthy adults 3 times with 
a virosomal based seasonal influenza vaccine. By taking blood samples prior and 
after each vaccination the vaccine uptake and immunogenicity was followed over 
time. To analyze the breadth and protective efficacy of the vaccine mediated 
humoral immune response we passively transferred immune serum per donor 
and time point into individual mice which were subsequently challenged with an 
avian H5N1 influenza virus. For the first time we demonstrated that vaccination 
of healthy adults with a virosomal based trivalent seasonal influenza vaccine can 
induce humoral protection against a highly pathogenic avian strain of the H5N1 
subtype. However, this protection against H5N1 was transient and not boosted 
by repeated vaccination. In chapter 6 we aimed to functionally characterize 
the antibodies which could play a role in mediating the demonstrated H5N1 
protection. A mechanism by which broadly binding HA stem antibodies have 
shown to mediate protection in vivo is antibody-dependent- cellular-cytotoxicity 
(ADCC).  By vaccinating with a higher dose of seasonal influenza vaccine we 
confirmed its cross-protective efficacy and demonstrated a stronger correlation 
between antibody titer and survival. The protection conferred by the vaccine 
correlated strongly to both HA neutralizing as well as ADCC meditating antibody 
responses. Furthermore, the ADCC mediating antibody response correlated to 
the induced HA stem directed antibody titer, indicating the role of ADCC to 
contribute to the antiviral activity of broadly HA-reactive antibodies. In plasma 
of healthy adults vaccinated with a pandemic H5N1 influenza vaccine we 
demonstrated a similar pattern in vaccine mediated HA-stem directed ADCC 
mediating antibody responses.
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In chapter 7 we discuss the findings presented in this thesis in the context 
of the influenza vaccine field and the future perspective of broadly protective 
influenza vaccines. In pre-clinical animal models we demonstrate 3 approaches 
which can broaden the range of protection conferred by a seasonal influenza 
vaccine, albeit with varying degrees of efficacy and breadth. For the first 
time we demonstrate that a licensed seasonal influenza vaccine can induce a 
humoral immune response in healthy adults which is cross-protective against 
avian influenza viruses, highly divergent from the vaccine strains. While repeated 
vaccination increased the protective efficacy of a seasonal influenza vaccine in 
mice this was not representative for the apparent broad protective efficacy in 
humans, presumably due to pre-existing immunity in humans. It appears that 
boosting immunological memory to the HA head prevents the HA stem directed 
antibodies from being boosted by a second and third vaccination. Though the 
majority of the subjects tend to lose their protective efficacy against H5N1 after a 
single vaccination there are some subjects which instead gain protective efficacy 
with the number of vaccinations.  In chapter 5-6 we have focused on vaccine 
induced broadly reactive antibodies against the HA stem and their contribution 
to protection against H5N1. As also seen in chapter 2 and in agreement with 
previous findings, protection against influenza viruses divergent from those in 
the vaccine can also be mediated by broadly reactive immune responses against 
proteins other than HA. For future studies it will be important to further define 
the underlying mechanisms that contribute to broad protection induced by 
seasonal influenza vaccine. This could potentially support further approaches to 
enhance and broaden the protective efficacy of a seasonal influenza vaccine until 
a universal influenza vaccine will become available. Based on the diversity of 
broadly-protective mechanisms, it is possible that a successful strategy to broaden 
the protection against influenza viruses will rely on inducing broadly reactive 
immunity against both surface and internal influenza proteins, thus targeting 
a number of stages throughout the influenza virus life cycle. Concomitantly, 
increased presence and control of NA and internal influenza proteins such as NP 
and M1 in seasonal influenza vaccines could therefore be an attractive approach 
to further enhance and standardize protective efficacy against influenza viruses 
highly divergent from those in the vaccine. Finally, the challenges that lie ahead 
for broadly protective influenza vaccines include overcoming and understanding 
pre-existing immunity and inducing long-lived immunity.
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VErBrEdING VAN BESChErmING dOOr 
CONVENTIONELE VACCINS

hET INFLuENzA VIruS EN dE BELASTING VAN GrIEP 
OP dE WErELd GEzONdhEId 

Influenza virussen, die de griep veroorzaken, zijn jaarlijks verantwoordelijk  
voor een geschat aantal van 250,000 tot 500,000 doden wereldwijd. Vooral 
ouderen, jongeren, en personen met een verzwakt immuunsysteem worden 
hierdoor getroffen. Er zijn drie typen influenza virus: A, B en C. De jaarlijkse griep 
epidemieën worden voornamelijk veroorzaakt door influenza types A en B. Type 
B influenza infecteert vooral de mens, terwijl type A virussen zowel in de humane 
als in de dierlijke populatie (met name varkens en watervogels) circuleren. Type A 
virussen worden verder onderverdeeld op basis van twee belangrijke oppervlakte 
eiwitten van het virus; namelijk hemagglutinine (HA en neuraminidase (NA), 
waarbij de een verdere onderverdeling wordt gemaakt in groep 1 en groep 2 
gebaseerd op de HA eiwitten. De Type B influenza virussen zijn op basis van het 
HA eiwit verdeeld in twee subgroepen (Victoria en Yamagata) zonder verdere 
subtypering. De jaarlijkse griep epidemieën worden tegenwoordig veroorzaakt 
door een of twee verschillende Type A virussen (één groep 1 H1N1 virus en één 
groep 2 H3N2 virus) en een of twee verschillendeType B virussen (één uit elke lijn). 

Zoönose is het fenomeen dat dierlijke ziekteverwekkers kunnen overspringen 
naar de mens en daar ziekte veroorzaken, wat ook voor influenza A virussen 
het geval is. Binnen de menselijke populatie bestaat op dat moment vaak geen 
of weinig immuniteit (bescherming) tegen infectie met deze nieuwe influenza 
virussen. Hierdoor kunnen deze virussen zich gemakkelijker wereldweid 
uitbreiden tot een zogenaamde pandemie, zoals in 2009 gebeurde met de H1N1 
varkensgriep. H5N1 en H7N9 zijn twee uit vogels afkomstige influenza virussen die 
mensen ernstig ziek kunnen maken, vaak zelfs met de dood tot gevolg. Gelukkig 
kunnen deze virus stammen niet makkelijk worden overgebracht van mens op 
mens waardoor tot dusver geen pandemie is ontstaan. Recent onderzoek heeft 
echter uitgewezen dat er voor de H5N1 virussen slechts enkele mutaties nodig 
zijn om tussen mensen te worden overgedragen. Influenza A zoönose is dus een 
potentiele bron voor pandemieën en een bedreiging voor de volksgezondheid.

VACCINS TEGEN INFLuENzA INFECTIE 

De beste manier om bescherming (immuniteit) te krijgen tegen een influenza 
infectie en griep is door middel van vaccinatie. Elk jaar voorspelt de Wereld 
Gezondheids Organizatie (WHO) welke influenza virussen waarschijnlijk zullen 
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circuleren onder de bevolking tijdens het aankomende griepseizoen. Op basis 
van deze voorspelling worden de vaccin virus stammen geselecteerd (op dit 
moment een influenza A H1N1 en H3N2 stam en een type B).  Het HA eiwit heeft 
de vorm van een paddenstoel, met een bol vormig gedeelte aan het uiteinde (ook 
wel het ‘hoofd’ gedeelte genoemd) dat aan het virus verbonden zit via een stam 
gedeelte. Normaliter wekt een regulier (seizoens) griep vaccin vooral antilichamen 
op die gericht zijn op het “hoofd” gedeelte van het HA eiwit. Dit is uitgerekend de 
regio van het eiwit waar de meeste mutaties optreden, waardoor op de duur de 
opgewekte antilichamen niet meer kunnen beschermen tegen de nieuwe virussen 
waarvan de HA eiwitten in de loop van de tijd zijn veranderd door mutatie. Dit 
fenomeen heet “antigenic drift”. Antigenic drift zorgt ervoor dat er regelmatig 
nieuwe virussen in het vaccin moeten worden gestopt om voldoende bescherming 
te bieden tegen de nieuwe, in dat jaar circulerende, virussen. Daarnaast kan het 
ook gebeuren dat er andere influenza virussen circuleren dan er op voorhand 
was voorspeld, waardoor er een ‘mismatch’ ontstaat tussen het vaccin en de 
circulerende virussen. Het vaccin beschermt dan minder goed, en de bevolking is 
dus vatbaarder voor infectie met influenza die vaak leidt tot ernstigere epidemie. 
Er is dus veel behoefte aan vaccins die bescherming kunnen bieden tegen een 
breder spectrum van influenza virussen, zogenaamde ‘universele influenza vaccins’.

dIT PrOEFSChrIFT

De grote meerderheid van universele influenza vaccins zijn momenteel nog aan 
het begin van hun ontwikkelingstraject, waardoor het nog vele jaren zal duren 
voordat ze beschikbaar zijn om te beschermen tegen griep uitbraken. Recent 
onderzoek laat echter zien dat reguliere  seizoen griep vaccins wellicht ook 
bescherming kunnen bieden tegen meer dan alleen tegen de vaccin virussen. 
Het is mogelijk dat de mate waarin reguliere vaccins een bredere bescherming 
bieden is onderschat. In dit proefschrift onderzoeken wij of de dekkingsgraad 
van conventionele gelicenseerde griepvaccins vergroot kan worden door 
variaties in de toediening. Op deze manier zouden de reguliere griep vaccins 
de bevolking beter kunnen beschermen tegen eventuele pandemieën totdat 
nieuwe universele influenza vaccins beschikbaar zijn.

In hoofdstukken 2 tot 4  bestuderen wij de breedte en doeltreffendheid van de 
bescherming van een virosomaal influenza vaccin dat ook in de mens kan worden 
toegepast. In diermodellen kijken we of de effectiviteit van dit vaccin verbeterd kan 
worden door middel van verschillende strategieën. Het merendeel van de griep 
vaccins wordt normaal gesproken eenmalig toegediend. In hoofdstuk 2 evalueren 
wij of dezelfde vaccins beter kunnen beschermen wanneer ze herhaaldelijk 
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toegediend worden (tot wel drie keer). Na 1 immunizatie kan het vaccin 100% 
bescherming bieden tegen een H1N1 influenza virus, als dit gelijk is aan de H1N1 
vaccin stam. Dit resultaat was te verwachten en bevestigt klinische resultaten 
waar dit vaccin bescherming biedt tegen een soortgelijke stam. Maar tegen een 
significant verschillende virus stam, zoals H5N1, zou het conventionele vaccin niet 
geacht zijn te kunnen beschermen. Wij laten echter zien dat na herhaaldelijke 
toediening hetzelfde vaccin wel degelijk bescherming bood tegen H5N1 influenza. 
Tachtig procent van de muizen was na 3 herhaaldelijke immunizaties beschermd 
tegen infectie met een lethale dosis H5N1 virus. Het exacte mechanisme van deze 
bescherming is nog onduidelijk, maar wij laten zien dat de antilichaam reactie 
tegen HA waarschijnlijk een  rol speelt omdat overleving van H5N1 infectie 
gecorreleerd was aan de spiegel van H5-HA bindende antilichamen in het bloed.     

Naast herhaaldelijke toediening kan de effectiviteit van een griepvaccin 
verbeterd worden door een extra component toe te voegen aan het vaccin. 
In hoofdstuk 3 bestuderen wij of de immune response van conventionele 
vaccins verbeterd kan worden door een stuk DNA toe te voegen welke een 
HA eiwit codeert. De literatuur heeft eerder al beschreven dat een jaarlijks 
griepvaccin met een DNA streng (wat codeerde voor dezelfde HA als van 
de conventionele vaccin stam) de breedte van bescherming vergrootte. Wij 
hebben verder onderzocht of deze strategie ook bescherming kan bieden 
tegen H5N1 influenza virussen. Wij tonen aan dat toevoeging van H1 HA DNA 
inderdaad de bescherming tegen verschillende H1 virussen verbreedt. Er was 
echter geen waarneembare bescherming tegen H5 virussen. Een interessante 
bevinding in dit hoofdstuk was dat het 3 keer toedienen van een regulier griep 
vaccin (en een andere samenstelling dan het vaccin gebruikt in hoofdstuk 2) wel 
weer bescherming bood tegen H5N1 infectie, echter dit keer zonder meetbare 
HA-specifieke antilichamen in het serum. In plaats daarvan waren antilichamen 
gericht naar een ander influenza eiwit (nucleoproteïne, NP) gemeten die wellicht 
een rol spelen in de bescherming van dit vaccin tegen H5N1 influenza. Deze 
resultaten onderstrepen het feit dat bescherming tegen influenza virussen die 
verschillen van de vaccin stammen door verschillende mechanismes tot stand 
kan komen. Dit kan bijvoorbeeld het gevolg zijn van een immuunreactie tegen 
andere eiwitten dan HA en door verschillen in vaccin samenstelling.

Naast toevoeging van DNA bestuderen wij in hoofdstuk 4 het effect van 
co-administratie van het conventionele griepvaccin met het adjuvant Matrix M 
op de immuunrespons. Toevoeging van Matrix M aan het vaccin verbeterde 
duidelijk de reactie op het vaccin in muizen, waardoor deze beschermd waren 
tegen een anders lethale dosis van H5N1 of H7N7 influenza, zelfs al na 2 
immunizaties. Fretten worden beschouwd als een diermodel met een betere 
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voorspellende waarde ten opzichten van humane influenza infecties. In fretten 
kon het conventionele vaccin op zichzelf geen bescherming bieden tegen 
H5N1 of H7N9, maar wanneer Matrix M werd toegevoegd werd er gedeeltelijke 
bescherming waargenomen bij fretten die geïnfecteerd waren met H5N1. Deze 
resultaten tonen aan dat Matrix M de bescherming door een conventioneel 
vaccin kan verbeteren, al geldt dat niet voor alle geteste influenza stammen.

Omdat herhaaldelijke immunisaties de immuunrespons verbreedde in 
muizen was de volgende stap om te bestuderen of bij mensen hetzelfde effect 
op de immuunrespons te meten is. In hoofstuk 5 werden gezonde volwassenen 
driemaal gevaccineerd met een virosomaal influenza vaccin. Voor en na de 
verschillende vaccinaties werd onderzoek gedaan naar anti-griep antilichamen 
in bloed, om zodoende de vaccinatie effectiviteit te meten over tijd. Om de 
beschermende werking te meten van de humorale immuunrespons werd het 
humane serum overgebracht naar influenza-naïve muizen, die vervolgens 
werden geïnfecteerd met een lethale dosis H5N1. We lieten hiermee voor het 
eerst zien dat herhaaldelijke vaccinaties in mensen met een regulier vaccin, 
humorale bescherming kan bieden tegen H5N1. Deze bescherming is echter van 
voorbijgaande aard en wordt niet verhoogd door herhaalde immunisaties. In 
hoofdstuk 6 proberen we de antilichamen in het humane serum te karakteriseren 
met betrekking tot functie. Breed-neutraliserende HA-antilichamen die de 
stam van het HA eiwit binden induceren bescherming in vivo door antibody-
dependent-cellular-cyototoxicity (ADCC).  Door te vaccineren met een hogere 
dosis van het reguliere griep vaccin laten wij zien dat de breedte van bescherming 
wordt vergroot en dat deze bescherming gecorreleerd was aan de hoeveelheid 
HA neutralizerende antilichamen en ADCC responses. Daarnaast was de ADCC 
responses gecorreleerd aan de hoeveelheid HA-stam bindende antilichamen. In 
de sera van gezonde mensen die gevaccineerd waren met een vaccin gebaseerd 
op H5N1 influenza virus observeerden we een soortgelijke trend van HA-stam 
bindende antilichamen die een ADCC respons opwekten.

In hoofdstuk 7 discussiëren wij de resultaten die in dit proefschrift 
worden beschreven in de context van het influenza vaccin-veld en blikken we 
vooruit naar de toekomst van breed beschermende influenza vaccins. In pre-
klinische studies onderzochten wij 3 verschillende manieren om de breedte 
van bescherming te vergroten van conventionele jaarlijkse griepvaccins, met 
verschillende effectiviteit. We tonen voor het eerst aan dat een bestaand vaccin 
in de mens bescherming kan bieden tegen een compleet verschillend influenza 
virus dan de vaccin stam. In muizen laten we zien dat dit kan door middel van 
meerdere immunizaties, maar bij mensen blijkt dit niet het geval. Het laatste 
wordt waarschijnlijk veroorzaakt door de al opgebouwde immuniteit tegen 
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influenza in de mens. De  bestaande afweerreactie die bestaat uit antilichamen 
tegen het hoofd domein van het HA eiwit wordt versterkt door herhaaldelijke 
immunizaties waardoor nieuwe HA-stam bindende antilichamen niet opgewekt 
worden. Het merendeel van de individuen verloor hun bescherming tegen H5N1 
na de eerste vaccinatie terwijl sommigen juist een vergroting hadden van de 
beschermende werking na herhaaldelijke immunizaties. In hoofdstukken 5 – 6 
hebben we ons gericht op antilichamen die binden aan de stam van het HA eiwit 
en hun bijdrage aan de bescherming tegen H5N1. Net zoals in hoofdstuk 2, en in 
overeenstemming met eerder gepubliceerde literatuur, zien we dat bescherming 
tegen sterk verschillende influenza stammen ook kan komen door antilichamenen 
die gericht zijn op andere eiwitten dan HA. Daarom is het belangrijk dat 
toekomstig onderzoek zich richt op het uitzoeken van de mechanismen achter 
de brede bescherming opgewekt door influenza vaccins. Dit zou het gebruik van 
conventionele influenza vaccins kunnen verbeteren totdat een nieuwe universeel 
vaccin beschikbaar is. Gezien de diversiteit van beschermingsmechanismen zou 
het wenselijk zijn om een vaccin te ontwikkelen dat een afweerreactie opwekt 
tegen influenza eiwitten op zowel het oppervlakte van het virus deeltje als 
eiwitten binnen in het virus deeltje, waardoor de bescherming tegen influenza 
niet eenvoudig te omzeilen is door het virus. Dit zou kunnen door bijvoorbeeld 
de hoeveelheden NA, NP en M1 eiwitten in de bestaande vaccins vast te stellen 
en hun bijdrage verder te karakteriseren. Daarnaast zal de bestaande immuniteit, 
voortkomend uit eerdere blootstelling aan influenza, een uitdaging vormen 
voor de ontwikkeling van een toekomstige breed beschermend, universeel 
influenza vaccin.
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1. Ph.d. Training year hours ECTS
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Biostatistics 2010 6 1.0
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Advanced Multicolour FACS workshop 2013 16 0.8

Seminars and meetings 

Crucell Vaccine Institute departmental meetings 

and seminars

(Scientific Review Meetings, Monthly Meetings 

etc.)

2010 - 2015 2.0

Weekly Influenza project meetings 2010 - 2015 4.0

National and International Conferences

Immunological Mechanisms of Vaccination

Keystone symposia

(Seattle, USA)

2010 40 1.25

NVVI Annual Meeting - Dutch Society for 

Immunology  

(Noordwijk, the Netherlands)

2011 16 0.5

American Association of Immunologist

(Boston, MA, USA)

2012 40 1.25

ESWI Influenza Conference

(Riga, Latvia)

2014 32 1.0

Poster Presentations

Humoral immunity induced by seasonal influenza 

vaccine in humans protects against H5N1 

challenge in mice, ESWI Influenza Conference

(Riga, Latvia)

2014 14 0.5

Humoral protection against H5N1 influenza by 
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Crucell Vaccine Institute Scientific Review 
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2010-2015 24 0.9
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Research Collaboration: In depth training on 
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2013-2014
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Supervision of research technician Joost Vaneman 

(Total 6 months, Janssen, Crucell Vaccine 

Institute)

2011-2015 2.0
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Anna roos*, Freek Cox*, Sarra Damman, Jessica 

Vreugdenhil, Yolinda van Polanen, Hans J.W.M. 

Korse, Miriam V. Bujny, Liesbeth Dekking, Jeroen 
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Katarina Radošević, Jaap Goudsmit and Ramon 

Roozendaal, Submitted for publication

(*Authors contributed equally)
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vaccination

Anna Roos, ramon roozendaal, sarra damman- 

riahi, Jessica Vreugdenhil, Joost  Vaneman, 

liesbeth dekking, Martin Koldijk, Jaap Goudsmit 

and Katarina radošević, 
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2015

iii. Matrix-M Adjuvated seasonal Virosomal influenza 

Vaccine induces partial protection

in Mice and ferrets against Avian H5 and H7 

challenge

Anna Roos*, freek cox*, nicole Hafkemeijer, 

Matthijs Baart, Jeroen tolboom, liesbeth 

dekking, Koert stittelaar, Jaap Goudsmit, Katarina 

radošević, eirikur saeland,

Published in PLoS One, 10(9):e0135723, doi: 
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(*Authors contributed equally)

2015
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vaccine.2015.01.070

2015

v. Humoral immunity induced by seasonal influenza 

vaccine in humans protects against H5n1 

challenge in mice. 

roozendaal r.*, tolboom J.*, Roos A., riahi 

s., theeuwsen J., Bujny M., Klaren V., Korse 

H., dekking l., Grootenhuis A., Weverling GJ., 

Koudstaal W., Goudsmit J. and radošević K.

Published in PLoS One, 30;9(7):e103550. doi: 
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2014
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vi. Vaccination against influenza. Methods for 

vaccinating subject against influenza comprising 

administering a vaccine multiple times to a 

subject where the vaccine comprises influenza 

hemagglutinin (HA) and neuraminidase (nA) 

proteins from at least a first influenza strain, 

wherein the HA and nA proteins of the first 

influenza strain are administered to the subject 

at least three times within a period of less than 

one year. such immunization schemes induce 

cross-protection against heterologous and 

heterosubtypic influenza strains. inventors: 

radosevic, Anna Roos, ramon roozendaal. 

Patent, 

patent application number: 20130236494

2013

vii. Ad35 and Ad26 Vaccine Vectors induce potent 

and cross-reactive Antibody and t-cell 

responses to Multiple filovirus species 

roland Zahn, Gert Gillisen, Anna Roos, Marina 

Koning, esmeralda van der Helm, dirk spek, Mo 

Weijtens, Maria Grazia pau, Katarina radošević, 

Gerrit Jan Weverling, Jerome custers, Jort 

Vellinga, Hanneke schuitemaker, Jaap Goudsmit, 
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