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Behorende bij het proefschrift 

Improvement of influenza vaccines by using a saponin-derived adjuvant 

l. GPI-0100 is a promising antigen dose-sparing adjuvant that potentiates and modulates the 
immunogenicity of influenza subunit vaccine (this thesis). 

2. Appropriate formulation of adjuvants results in optimal adjuvant activity, safety and 
stability (this thesis). 

3. We need better immune correlates of protection to evaluate influenza vaccines (WHO 
Vaccine Meeting, 2013). 

4. A good control and prevention of emerging infectious diseases in humans starts from 
infection control in farm animals. 

5. Love without truth is sentimentality; it supports and affirms us but keeps us in denial 
about our flaws. Truth without love is harshness; it gives us information but in such a 
way that we cannot really hear it (Timothy Keller). 

6. Nee heb je, ja kun je krigen. There is no harm in trying (Dutch saying). 

7. The brick walls are there for a reason. The brick walls are not there to keep us out. The 
brick walls are there to give us a chance to show how badly we want something 
(Randy Pausch). 

8. =f�.zfitza�JE ""Fo A thousand-Ii journey is started by taking the first step (Chinese 

saying). 

9. Always finish what you start. 

10. Above all else, guard your heart, for everything you do flows from it (Proverbs 4:23). 
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Chapter 1 

Influenza viruses cause highly contagious respiratory illness characterized by abrupt 
onset of fever, chills, muscle aches, headache, fatigue, cough, pharyngitis and 
rhinitis. Annual epidemics peak during the winter time in temperate regions and cyclic 
epidemics are observed in tropical areas. About 5-15% of the world population may 
get infected during annual epidemics with an estimated 300,000-500,000 deaths, 
depending on the virus subtype and the susceptibility of the population [1,2]. Morbidity 
and mortality are usually much more severe during pandemics. The 1918 Spanish flu 
is the worst pandemic recorded in human history, it caused infection of one-third of the 
world population and 50 million deaths [3,4]. 

1. Influenza virus 

1. 1 Virus classification and genome 
Influenza virus is an enveloped single-stranded RNA virus which belongs to the family 
Orthomyxoviridae [5]. Based on the antigenic differences of nucleoprotein and matrix 
protein, type A, B and C influenza viruses are distinguished. Both influenza A and 
B viruses have a viral genome consisting of eight segments of negative-sense RNA 
encoding eleven proteins [5,6]. RNA segments 1 and 3-6 encode for a single protein 
each, namely polymerase basic protein 2 (PB2), polymerase acidic protein (PA), 
hemagglutinin (HA), nucleoprotein (NP) and neuraminidase (NA), respectively. The 
segments 2, 7 and 8 code for two proteins each by overlapping open reading frames. 
RNA segment 2 encodes polymerase basic protein 1 (PB1) and the PB1-F2 protein. 
RNA segment 7 codes for matrix protein 1 (M1) and matrix protein 2 (M2), while RNA 
segment 8 encodes nonstructural protein 1 (NS1) and nuclear export protein (NEP) or 
nonstructural protein 2 (NS2). In contrast to influenza A and B viruses, influenza virus C 
contains only seven RNA segments encoding nine proteins. Instead of HA and NA, the 
viral membrane of influenza virus C contains a single haemagglutinin-esterase fusion 
(HEF) glycoprotein [6]. 

Influenza A viruses have a wide range of host species including man, pig, horse, 
whale, seal and avian species, and have their main reservoir in aquatic birds. Influenza 
A viruses are sub-characterized into subtypes on the basis of surface glycoproteins 
HA and NA. So far, there are 17 HAs and 9 NAs identified [7]. Except H17 virus, which 
has been isolated only from bats, all the other HAs have been found in aquatic birds. 
In humans, H1-3, 5, 7, 9 and N1-2 viruses have been identified, but only H1-3 viruses 
have caused seasonal epidemics or pandemics. H4 and most of the HA subtype 
viruses found in humans, except H7 viruses, have also been found in pigs. On the 
other hand, influenza B and C mainly infect man, although cases in seals and pigs 
have been reported for these two viruses, respectively [8,9]. 

1. 2 Internal and non-structural viral proteins 
PB1, PB2 and PA constitute the hetero-trimeric viral RNA polymerase. Each single 
strand RNA segment is associated with a copy of the viral RNA polymerase and multiple 
copies of NP to form viral ribonucleoprotein (vRNP) complexes [5]. The NP protein 
contains a signal peptide directing translocation of vRNPs to the nucleus of the infected 
cells. The NEP protein has been observed to regulate influenza virus transcription and 
replication [10, 11 ]. Apart from this, it assists in the export of newly synthesized vRNPs 
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from the nucleus by acting as an adaptor between the vRNP complex and the nuclear 
export machinery of the cell. The nucleocytoplasmic export of vRNP is also controlled 
by the NS1 protein, which is present only in infected cells but not in infectious viral 
particles. In addition, the NS1 protein acts as interferon (IFN) antagonist [12]. Another 
viral protein which interferes with host immunity is the PB1-F2 protein. It inhibits the 
induction of type I interferons, shows apoptotic effects on macrophages and contributes 
to viral pathogenicity [13, 14]. 

The viral core is composed of M1 protein [5]. This protein links vRNPs to the virus 
envelope and helps viral particle assembly at a late stage during virus infection. M1 is 
the most abundant structural protein of influenza virus with approximately 3,000 copies 
per virion. 

1. 3 Viral envelope glycoproteins 
HA forms homo-trimers and each virion contains approx. 500 copies of these trimers 
[5]. HA is synthesized in the infected cells as a single polypeptide chain (HAO). This 
polypeptide chain is subsequently cleaved into two subunits, HA 1 and HA2, which are 
covalently linked to each other by a disulfide bond. HA 1 forms the globular domain 
at the distal end of the HA spike and is responsible for virus binding to sialic acid 
receptors expressed on the host cell membrane. HA 1 is the main target of humeral 
immunity of the host. Changes in the amino acids of HA 1 by point mutations modify 
influenza viruses and help them to escape host immunity. In addition, HA 1 contains 
multiple sites for N-linked glycosylation [15]. The large glycan molecules could shield 
the antigenic sites from antibody recognition [12]. HA2 forms the fibrous stem of the 
viral spike. The N-terminus of HA2 contains a conserved stretch of 20 amino acid 
residues that are mainly hydrophobic in character. This conserved stretch is called the 
"fusion peptide" and triggers the membrane fusion process between the viral envelope 
and the host cell membrane. 

NA forms homo-tetramers and per virion approx. 100 copies of these tetramers 
are present [5]. NA has enzymatic activity and cleaves sialic acid residues ( on the 
host cell membrane) from glycoproteins or glycolipids (on the viral membrane), thus 
releasing newly synthesized virus particles from the cell surface for induction of further 
rounds of infection. 

The M2 protein forms homo-tetramers which function as ion channels. After 
viral particles enter into host cell endosomes (as discussed in more detail below), 
surrounding protons enter the virion via M2 ion channels and lower the pH of the 
viral interior. This process is facilitated by endosome acidification. Virion acidification 
weakens the interaction between M1 and vRNPs, which is important for the release 
of vRNPs and the subsequent translocation of the complex into the nucleus of the 
infected cells. The M2 analogs in influenza virus B and C are NB and CM2, respectively 
[6]. 

2. Influenza pathogenesis 

Influenza virus is transmitted by droplets or aerosols contact with hands. Surface 
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contaminated by the respiratory expiration provides an alternative way for viral 
transmission. Most virus particles which enter the host are trapped in mucus secreted 
by airway epithelial cells. Due to the cilia movement in the respiratory tract, the trapped 
viruses are subsequently moved to the posterior pharynx for either expectoration 
or swallowing into the stomach. Some viruses, however, bind to specific receptors 
expressed on respiratory tract epithelial cells and start virus infection [5,6]. 

2. 1 Virus infection and replication 
Influenza viruses enter their host cell after binding to sialic acid residues. Epidemic 
human influenza viruses have a preference for a2-6-linked sialic acid, which is present 
on the epithelial cells in the upper airways [5]. After binding to host cells, the viral 
particles are internalized into endosomes via clathrin-mediated endocytosis, which is a 
process that depends on the cellular GTPase dynamin [5]. During passage of the viral 
particles through the endocytic pathway, the low pH (5.5) environment in the lumen of 
the endosomes induces conformational changes in the viral HA glycoprotein, exposing 
the previously buried hydrophobic fusion peptide of the HA2 subunit. The exposed 
fusion peptide then inserts into the endosomal membrane. This induces conformational 
changes of other parts of the HA2 ultimately resulting in fusion of the membrane of 
the influenza virus with that of the host endosomes. Meanwhile, the viral M2 protein 
allows protons to leak into the interior of the virions. The acidification of the viral interior 
weakens the association between vRNPs and the M1 protein. The end result is that 
the vRNPs pour out into the cytoplasm of the host cell. The released vRNPs contain 
nuclear localization signals on NP that allow them to be imported into the nucleus of 
the infected cells for viral gene expression and genome amplification. 

The heterotrimeric viral RNA polymerase composed of PB1, PB2 and PA steals 
short cap regions from host mRNAs as primers for the initiation of viral mRNA synthesis 
[5,6]. The viral mRNA is then processed in a similar way as cellular eukaryotic mRNAs 
with 5' cap and 3' poly-A tail and is exported to the cytoplasm for protein translation. 
The export of viral mRNA is mediated via host export receptors and is regulated by the 
viral NS1 protein. Because of the cap snatching event, the synthesis of host cellular 
proteins is inhibited and the production of viral components dominates instead. On the 
other hand, the complementary RNA (cRNA) synthesized from the viral genomic RNA 
is not processed as eukaryotic mRNAs and stays in the nucleus to serve as template 
for viral genomic RNA synthesis. The newly synthesized vRNAs then associate with 
newly synthesized viral proteins (NP, PB1, PB2 and PA) to form vRNP complexes. 
vRNP complexes and other newly synthesized viral components (HA, NA, M1 and M2) 
are eventually transported to the apical surface of the epithelial cells for viral assembly, 
a process orchestrated by the viral M1 protein. The clustering of viral genomes and 
proteins causes deformation of the host membrane. Host membranes are first stabilized 
by M2 protein [16]. After virus assembly, M2 alters the membrane curvature at the neck 
of budding viruses, resulting in membrane fission. The final release of progeny virions 
is completed by NA, which cleaves the sialic acid from the cell surface, preventing the 
interaction between viral HA and host-cell receptors. 

Cleavage of the HAO protein to HA 1 and HA2 and thus maturation of the virus 
takes place extracellularly after virus release [5,6]. The cleavage is mediated by a 
tryptase (trypsin-like protease) called Clara that is specifically released by Clara 
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cells in the respiratory epithelium. Since cleavage of the HA2 subunit is essential for 
membrane fusion and viral infectivity, the limited distribution of Clara restricts virus 
infection to the respiratory tract. 

The incubation period for influenza infections is 1-4 days. Hence, transmission of 
the virus can take place even before the development of disease symptoms. However, 
the viral load in respiratory secretions peaks at 24-72 hr after the onset of illness [17]. 

2. 2 Highly pathogenic avian influenza viruses 
Highly pathogenic avian influenza viruses (HPAIV), like H5N1, have a preference for 
a2-3-linked sialic acid, which in humans is present only in the lower airways [18, 19]. 
Due to the tissue tropism of HPAIVs, these viruses do not readily infect humans and 
also cannot be easily transmitted among humans. However, once infection has taken 
place, it often results in severe viral pneumonia. In addition, unlike HA of non-virulent or 
low pathogenic viruses, which contains only one conserved basic cleavage site (HA 1-
PSIQVR-GL-HA2 in human influenza virus), HA of highly pathogenic viruses appears 
to have a multi basic cleavage site (HA 1-KKREKR-GL-HA2), which can be cleaved by 
intracellular furin-like proteases. These proteases are present in the Golgi apparatus of 
virtually all cell types and can cleave the HA molecules before they reach the surface 
of the infected cells. Therefore, highly pathogenic viruses can spread systemically in 
a host and cause severe disease. HA carrying a multibasic cleavage site also require 
less acidic condition for the fusion between viral and endosomal membranes [6]. 

3. The impact of influenza on human health 

3. 1 Influenza epidemics 
Seasonal epidemics are caused by both influenza A and B viruses, with the highest 
mortality rate observed from epidemics caused by influenza A virus (H3N2) [20]. 
Currently circulating strains of human influenza A virus include both H1 and H3 subtypes. 
These viruses, however, undergo a gradual process of antigenic drift due to the error
prone viral RNA polymerase and the selection pressure from the host immune system 
[21]. The absence of proof-reading function in the viral RNA polymerase results in a 
mutation frequency of one in 10,000 nucleotides. With a viral genome of approximately 
14,000 nucleotides, many new copies of the influenza viral RNA genome are expected 
to contain one or more mutations. Each year, influenza infection affects up to 1 billion 
people worldwide with 3-5 million severe cases [20]. Influenza disease can occur in 
anyone, but the highest incidence of disease morbidity and mortality happens in the 
elderly and people with chronic diseases [22]. The disease burden not only comes from 
severe cases which result in deaths, but also comes from mild to moderate cases which 
may result in hospitalizations, use of health-care, loss of productivity and absenteeism 
from work. The estimated cost of annual influenza epidemic varies among countries 
but are estimated to be 6-14 billion€ for the European Union (EU) [22]. 

3. 2 Influenza pandemics 
Serious pandemics are caused by antigenic shift: an abrupt and major change in 
influenza A virus resulting in a novel human epidemic subtype that has not circulated 
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in the human population recently. Antigenic shift can occur by direct animal-to-human 
transmission with or without preceding genetic reassortment of different viruses from 
human and animal influenza virus A [3]. The mixing vessel for generating cross-species 
viruses can be humans or pigs, since both species have epithelial cells expressing 
receptors (a2-3 and a2-6 linked sialic acid) for viruses with different tropisms [5]. The 
genetically reassorted virus carries viral proteins from two or more original virus strains. 
Since humans are immunologically na'ive to pandemic virus strains, disease outbreaks 
can result in severe morbidity and mortality and usually affect large geographical areas 
involving many countries. The 1918 Spanish influenza that caused 50 million deaths 
was the most severe influenza disease outbreak in the 20th century. The origin of the 
highly virulent H1 N1 subtype is still controversial. The most recent studies suggest 
that the virus was derived from reassortment between introduced avian viruses and 
previously circulating swine and human strains over a period of years [3,4]. Subsequent 
influenza pandemics in 1957 (Asian influenza) and 1968 (Hong Kong influenza) were 
caused by H2N2 and H3N2 subtypes, respectively, and together they caused 2 million 
deaths worldwide. Both of the subtypes were genetically reasserted products between 
an avian and a human influenza virus [3]. The H2N2 subtype contains HA, NA, and 
PB1 genes from an avian virus with the rest of the genes from the circulating H1 N1 
human virus, being a descendent of the original 1918 Spanish influenza virus. The 
H3N2 subtype contains HA and PB 1 genes from an avian strain with the other genes 
from the circulating H2N2 human strain. The recent 2009 flu pandemic was caused 
by a new H1 N1 subtype after triple reassortment [23]. The virus contains a PB1 gene 
from human H3N2 virus, PB2 and PA genes from North American avian virus, HA, 
NP and NS genes from North American swine virus and the NA and M genes from 
Eurasian swine virus [24]. Even though the pandemic H1 N1/09 virus was relatively 
mild when compared to previous pandemic subtypes, a recent post-pandemic study 
suggests that the virus caused an estimated 201,200 respiratory deaths and 83,300 
cardiovascular deaths worldwide within 12 months after the onset of the pandemic 
[17]. Moreover, there is recent evidence from a meta-analysis of serological studies 
that the virus infected almost 25% of the entire world population [25]. 

4. Immune responses against influenza virus infection 

The non-specific innate immune response provides the first line of defense of the 
host against viral infections, including infection by influenza virus. Innate immunity is 
activated within a few hours and lasts up to 7 hr during a primary infection. Early influx 
of neutrophils into the respiratory tract, accompanied by an increase in the number of 
alveolar macrophages, provides rapid protection against mild influenza virus infection 
[26,27]. Theses cells phagocytize viral particles and secrete various inflammation
associated cytokines and chemokines that further attract and activate other leukocytes 
such as natural killer cells, dendritic cells (DCs) and lymphocytes. However, when 
infected with a more virulent virus, the recruited neutrophils and macrophages may 
cause an overwhelming cytokine storm and result in detrimental effects such as 
bronchiolitis and alveolar edema [26]. 

Interferon (IFN) production is the hallmark of innate immunity to influenza virus 
infection [28]. Type I IFNs (IFNa and 13) can be produced by all nucleated cells in 
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humans and are important soluble factors in controlling virus replication. Type I IFNs 
bind to neighboring cells and induce an antiviral state by promoting the production of 
intracellular antiviral proteins. IFNy is a type II IFN produced by NK cells and activated 
T cells. In addition to inducing reactive oxygen species and enhance phagocyptic 
activity, IFNy also contributes to virus clearance by stimulating Th1-type antibody and 
cellular immune responses [29]. In general, IFN helps the development of adaptive 
immune responses through leukocyte recruitment, NK cell activation, DC maturation 
and antigen presentation. 

DCs recruited to the infection site recognize influenza viruses through pattern 
recognition receptors (PRRs). From murine models, we know that Toll-like receptors 
(TLRs), specifically TLR3, and retinoic acid-inducible gene I (RIG-I) recognize viral 
double-stranded (ds) RNA, while TLR7 recognizes single-stranded (ss) RNA. In 
humans, TLR8 is also involved in viral ssRNA recognition [30,31]. This recognition 
activates DCs and results in DC maturation with increased expression of class I and 
class II MHC and co-stimulatory molecules (CD80 and CD86). The activated DCs 
subsequently exit the respiratory tract and travel either via the afferent lymph to regional 
cervical and mediastinal lymph nodes or via the blood to the spleen. Such DC migration 
happens as early as 6 hr post-infection and is essential for the generation of adaptive 
immune responses [32-34]. Importantly, DCs with different expression profiles of TLRs 
are activated through different cell signaling pathways. Thus, the activation of distinct 
DC subset results in distinct gene activation and cytokine induction, which determines 
the phenotype of subsequently induced adaptive immune re�ponses. 

Naive T cells in the lymphoid tissues constantly scan the surface of DCs for cognate 
antigen-MHC complexes [27 ,32]. A stable T cell-DC interaction occurs when the T cell 
receptor (TCR) matches the antigen-MHC complex, providing the first signal for T cell 
stimulation. Meanwhile, co-stimulatory molecules expressed on the antigen-loaded 
mature DCs provide the essential secondary signal for T cell activation. Upon priming, 
the activated T cells undergo cell proliferation and differentiation. The differentiated 
effector cells then migrate from secondary lymphoid organs to the infected lung airways 
on day 6-7 after respiratory virus infection. Usually, viruses are cleared from the lung 
around day 10. The significant drop-down in viral load coincides with a peak in the 
number of effector T cells [35]. DCs activated by virus infection preferentially condition 
the environment for the development of Th1 immunity [27,31]. Effector CD4+ T cells 
with a Th1 phenotype produce predominantly IFNy and TNFa and help the induction 
of cytotoxic T lymphocyte (CTLs) responses and Th1-type antibodies. Direct cytotoxic 
effects from the CD4+ T cells on infected cells by perforin/granzyme degranulation or 
secreted IFNy have also been observed [36]. In comparison with CD4+ T cells, the 
clonal expansion of influenza-specific CD8+ T cells is larger in magnitude, but narrower 
in diversity. All influenza-specific CD8+ T cells are capable of producing IFNy and clear 
viral infection via cytolysis (by perforin/granzyme degranulation) or cell apoptosis 
(by FAS (CD69) or inflammatory cytokines) [26]. Cellular immunity is important in 
controlling viral loads and ameliorating disease severity, but cannot prevent influenza 
virus infection. 

The main effector mechanism involved in prevention of influenza virus infection 
comes from neutralizing antibodies, including local secretory lgA (SlgA) and systemic 
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serum lgG [31,37]. While local SlgA provides direct and immediate protection at the 
port of viral entry, systemic lgG circulates in the blood to prevent systemic spread of the 
virus (viremia). Systemic lgG can also diffuse to the lungs for protection. Both HA and 
NA are major targets for host antibody recognition. Neutralizing antibodies specific for 
HA glycoproteins block viral entry into host cells and prevent viral infection at the very 
beginning. Due to genetic mutations during viral replication, influenza virus progeny 
with modified HA epitopes is produced. In this manner, mutated viruses capable of 
escaping from antibody recognition, are positively selected for further infection. This 
challenges the protective efficacy of anti-HA antibodies from memory responses primed 
by previous virus infection or vaccination. Instead of neutralizing virus infectivity, NA
specific antibodies inhibit the release of newly synthesized viral particles from an 
infected cell and thus promote viral clearance. Likewise, antibodies targeted to more 
conserved viral antigens such as NP, M2 protein and PB1-F2 can only reduce the 
severity of the disease, but do not prevent infection [31,38]. 

For protection against influenza virus infection not only the magnitude of an 
antibody response, but also its quality matters. Th1-type serum antibodies (lgG1 in 
humans and lgG2a in mice), which are readily induced by natural infection but much 
less so upon immunization with protein-based vaccines, have been shown to correlate 
positively with improved lung protection in mice [39-41 ]. The constant domain (Fe) of 
Th1 antibodies shows a higher affinity for both complement proteins and Fe receptors 
expressed on phagocytes, compared to Th2 antibody, thus contributing to more 
efficient viral clearance. 

Virus-specific lgG has been shown to be able to persist in serum for years [42]. 
Mouse model studies have shown that persistent lgG is produced by long-lived plasma 
cells in the bone marrow. These cells are end-stage differentiated cells that constitutively 
produce antibodies in the absence of antigens. Unlike long-lived plasma cells, memory 
B cells require the presence of antigens to differentiate into antibody-secreting cells, 
and, thus, cannot prevent viral infection in the first place [43]. Nevertheless, memory B 
cells can make a rapid recall response and produce high-affinity antibodies to control 
the spread of virus infections. These cells can persist for years in the absence of re
exposure to specific antigens and provide lifelong protection. 

5. Influenza vaccines 

From both public-health and social economic points of view, vaccination stands as the 
primary measure for the prevention and control of influenza infection [2]. The ultimate 
goal of vaccination is to help individuals develop sufficient and long-lasting protective 
immunity against the disease. Elderly (� 65 years old) and people with a weakened 
immune system and/or with long-term health problems (heart, lung, kidney, liver, 
metabolic disease, asthma, anemia or other blood disorders) are the primary targets 
for influenza vaccination [2,22]. The vaccination is also recommended to small children 
(6-23 months old) and health-care workers in many counties. 

Influenza vaccines on the market are trivalent composed of two influenza A virus 
strains and one influenza B virus strain. Currently, there are two types of influenza 
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vaccines available on the market: live attenuated and inactivated vaccines. Live 
attenuated influenza vaccine (LAIV) contains cold-adapted influenza virus. It is 
delivered by nasal spray. Although LAIV does not cause influenza illness, it can cause 
mild symptoms in vaccinees. The concern of possible illness and virus transmission 
among subjects with a relatively weak immune system restricts the use of LAIV to 
healthy people from 2 to 49 years of age [44,45]. This excludes major target groups from 
vaccination with LAIV. Hence, the current thesis is focused on improving inactivated 
influenza vaccines, which have a broader coverage of vaccination target groups and 
global distribution than LAIV. 

5. 1 Types of inactivated influenza vaccine 
Current trivalent inactivated vaccines (TIVs) are delivered by intramuscular injection. 
Parenteral vaccines able to elicit hemagglutination-inhibition titers of �1 :40 are regarded 
as being protective in humans [46]. Till now, vaccine viruses are mainly produced on 
embryonated chicken eggs, although cell-based influenza vaccine produced on Madin
Darby Canine Kidney (MOCK) cells has been approved by the European Medicines 
Agency (EMA) and was licensed by the U.S. Food and Drug Administration (FDA) in 
November 2012 [47]. Cell-based vaccines hold promise for future large-scale vaccine 
production. 

TIVs can be further categorized by their preparation procedure and final content. 
Whole inactivated virus (WIV) vaccine contains dead virus particles that have been 
inactivated by treatment of the virus with �-propiolactone or formaldehyde. While the 
former reagent mainly reacts with nucleic acids and the latter reagent mainly reacts 
with proteins, viral genetic materials and proteins can be cross-linked and modified by 
both reagents. The inactivated viruses have been reported to possess reduced fusion 
and/or hemagglutination capacities [48,49]. WIV is easy to produce and possesses 
good immunogenicity. However, local or systemic reactogenicity has been associated 
with WIV administration especially in small children [50]. 

Subvirion or split vaccine (SV) is produced by disruption of inactivated influenza 
virus with detergents such as Tween 80, Triton N101, CTAB, sodium deoxycholate 
and/or with ether [51]. The immunogenicity of SV vaccine has been shown to be as 
good as that of WIV vaccine in primed individuals. However, in unprimed individuals 
the effectiveness of SV vaccine is limited and usually multiple doses or incorporation 
of adjuvant(s) is required to achieve adequate protection [38,52]. Although SV vaccine 
is less immunogenic than WIV vaccine, it is also less reactogenic [53,54]. 

Subunit (SU) vaccine is derived from SV after the removal of the viral genetic 
material and core proteins through ultra-centrifugation. Subsequent extraction of the 
detergent by a hydrophobic resin results in spontaneous formation of HA and NA 
rosettes. The rosettes are important for antibody formation since the immune system is 
relatively poor at recognizing small isolated protein molecules. The immunogenicity of 
SU vaccine in primed individuals is as good as that of WIV and SV vaccines, but with 
less reactogenicity [55,56]. 

Influenza virosomes are a special form of SU vaccines and are produced by 
the application of another solubilization method than used for SU, which is followed 
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by reconstitution of influenza viral membrane envelopes. The reconstituted viral 
membranes retain the shape of the virus particle (with a mean diameter of about 
1 00~200 nm) but are devoid of the nucleocapsid including the viral genetic materials [57]. 
Upon proper production, influenza virosomes contain functionally active viral surface 
glycoproteins HA and NA. Thus, properly reconstituted virosomes are fusion-active but 
non-replicative vesicles [58,59]. Due to these characteristics, several hypotheses have 
been proposed for the possible superior immunogenicity of virosomes over subunit 
or split vaccines. Virosomal vaccines (lnflexal V® and lnvivac®) have been shown to 
be well-tolerated in the tested subjects with a trend towards higher immunogenicity 
when compared to SV and SU, particularly in unprimed children [60-64]. In the current 
thesis the immunogenicity and protective efficacy of (adjuvanted) influenza subunit 
and virosomal vaccines were investigated. 

5. 2 Limitations of current inactivated vaccine 
Due to antigenic changes of influenza virus, annual vaccination is conducted in order 
to give protection against the most recent circulating strains. Each year in February, 
the World Health Organization (WHO) issues its recommendation about which 
influenza virus strains should be included in the vaccine for the next winter season 
for the northern hemisphere. The recommended vaccine strains for the (northern 
hemisphere) 201 2-201 3 seasonal vaccine are A/California/7/2009 (H1 N1 ) pdm09-like 
virus, A/Victorie/36 1 /20 1 1  (H3N2)-like virus and B/Wisconsin/1 /201 0-like virus [65]. 
From the identification of a novel virus to the availability of the first vaccines it takes 
about 6 months of production time [5]. Another 3 months are required for the vaccines 
to be on the market and applied. A subsequent review takes place in September to 
evaluate any adjustment of influenza vaccine composition for the southern hemisphere. 
Depending on the match between the vaccine strains and the circulating strains, the 
efficacy of current TIV has been shown to be 59% in adults aged 1 8-65 year old (with 
95% Cl 51 -67) from ten randomised controlled trials [66]. Determination of efficacy 
of TIV in children (aged 2-1 7  years old) and elderly (aged 65 years old) requires 
further investigation. Available data point to a relatively poor vaccine immunogenicity 
in these vulnerable groups [67,68]. Aside from the suboptimal systemic antibody 
induction in targeted vaccination groups, current inactivated influenza vaccines given 
by intramuscular injection are incapable of boosting a local immune response in the 
respiratory tract [69, 70]. Local antibodies in the respiratory tract, especially the nasal 
cavity, are important for early virus neutralization at the port of pathogen entry, which 
prevents virus infection and dissemination. On the practical side, mucosal vaccines 
may also increase vaccine acceptance by subjects with needle phobia and can be self
administered. In addition, used needles from the vaccination pose an environmental 
hazard due to the potential risk for spreading blood-borne infectious diseases. 

During an emerging pandemic, vaccine availability can be a particular concern , 
since the vaccine production process is time-consuming and the production capacity is 
limited. Moreover, the observation that small children (immunologically na'ive subjects) 
develop relatively low immune responses to seasonal vaccines suggests the possible 
inadequacy of current influenza vaccines to induce protective responses against 
entirely new pandemic viral subtypes. 
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6. Improvement of influenza vaccines by adjuvantation, formulation and route of 
immunization 

Several approaches have been taken to overcome the limitations of current inactivated 
influenza vaccines . In this thesis, approaches involving adjuvantation, formulation and 
route of immunization are discussed. 
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Introduction 

6. 1 Adjuvantation 
Adjuvants are compounds that when added to a vaccine can achieve at least one of the 
following effects: (1 ) accelerate the onset of the immune response by activating innate 
immune reactions or targeting antigen to professional antigen-presenting cells (APCs); 
(2) enhancing the overall magnitude of the immune response, including the frequency 
of memory T and B cells; (3) eliciting immune responses for a longer duration; (4) 
skewing immune responses toward the desired directions (Th1 , Th2 or balanced Th1 /  
Th2) and (5) modulating the specificity, affinity and isotype of the elicited antibodies 
[71 -74]. In general, adjuvants can be classified into the following three categories 
according to their function: (i) immune modulators (i.e. TLR ligands, saponins, etc.), 
(ii) delivery vehicles (i.e. liposomes, microspheres, etc.), (iii) carriers which are able to 
exert immune stimulation. (i.e. mineral salts, water-in-oil (W/0) or oil-in-water (0/W) 
emulsions, immune stimulating complexes (ISCOMs etc.). 

Aluminum salts (aluminum hydroxide, aluminum phosphate or potassium 
aluminum) have been used as vaccine adjuvants for more than 80 years [75]. However 
their working mechanism has just begun to be understood. Uptake of aluminum salt 
leads to lysosomal disruption and activation of NALP3 of the inflammasome complex 
[76]. This induces the production of pro-inflammatory cytokines that enhance immune 
responses. Antigens absorbed onto aluminum salts have also been reported to present 
in a multivalent form, by which they are effectively taken up by APCs [77]. However, 
aluminum salts only enhance antibody but not cellular immune responses, which are 
important for immune memory formation [78]. Moreover, studies in mice showed that 
aluminum salts are incapable of eliciting Th1 -type antibodies, which are the preferred 
antibody subtype for viral clearance [39,75]. None of the licensed seasonal influenza 
vaccines is adjuvanted with aluminum salts although during the Mexican Flu aluminum
adjuvanted vaccines have been employed. 

Influenza vaccines adjuvanted with 0/W emulsions such as MF59, AS03 and 
AF03 have been licensed. However, only MF59- and AS03-adjuvanted seasonal and/ 
or pandemic vaccines have been successfully marketed [75, 79]. So far, studies on the 
working mechanisms of 0/W emulsions have been focused on MF59, which elicits 
various cytokines and is involved in innate inflammatory responses and APC recruitment, 
activation and antigen presentation [80,81 ]. The mentioned 0/W emulsions enhance 
both antibody and cellular immune responses and show adjuvant activity in both Th 1 
and Th2-arm immunity [82,83]. However, these adjuvants cause a higher incidence of 
local reactogenicity when compared to aluminum salts [75,84]. Moreover, a significant 
increase in cases of narcolepsy (a rare neurological disorder) was observed after the 
application of AS03-adjuvanted pandemic A (H1 N1 ) pdm09 vaccine in Finnland and 
Sweden [85]. The actual causative relationship between the adjuvant and narcolepsy 
is still under investigation. Thus, the development and identification of novel adjuvants 
showing potent immune-modulatory activity with satisfactory safety profile remains an 
urgent need for influenza vaccine improvement. 

6. 2 Saponin-re/ated adjuvants 
Saponins are plant glycosides composed of a steroid or triterpenoid backbone with 
complex oligosaccharide substituents [86-88]. Saponin extracted from the bark of 
the Molina tree (Quillaja saponaria) contains triterpene saponins. The use of Quillaja 
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saponin extracts as adjuvant dates back to 1930s and these compounds have been 
incorporated into veterinary vaccines since the 1950's [89]. Quil A was the first 
compound to be enriched from saponin. Although it shows effective adjuvant activity on 
both humeral and cellular immunity and is able to induce different antibody subtypes, 
its toxicity prevents its use in human vaccines. The development of reverse phase-high 
performance liquid chromatography (RP-HPLC) enabled further purification of Quil A 
into 10 components showing different adjuvanticity and toxicity. According to a study of 
Kensil et al. , four major fractions among the isolated components, including QS-7, QS-
17, QS-18 and QS-21, possess similar adjuvant activity but different toxicity [90-92]. 
QS-18 is relatively toxic with a lethal dose of 25 µg in mice. QS-21 shows low toxicity 
and has been widely applied in veterinary vaccines and studied for human vaccines. 
Nevertheless, it still showed some lethality, with a lethal dose of 500 µg in mice. While 
the toxicity of QS-17 was not stated, QS-7 showed no lethality at the doses used in the 
study. Moreover, QS-7 showed the lowest hemolytic activity among the 4 components. 

GPl-0100 is a novel semi-synthetic saponin adjuvant derived from QS-7 [87,88]. 
The lipophilic moiety from C28 of QS-7, which is involved in saponin adjuvant activity, 
but readily undergoes hydrolysis when the pH is above 6, was intentionally removed 
by deacylation. A new ester linkage was introduced by subsequent incorporation of 
dodecylamide to the C3-conjugated glucuronic acid residue. The new ester linkage 
is rather stable and compensates the loss of adjuvant activity due to the removal of 
the lipophilic moiety. GPl-0100 shows stability in solution at physiological pH and has 
been used in preclinical and clinical studies for its adjuvant activity. Preclinical studies 
of the GPl-0100 adjuvant with ovalbumin (OVA), hemagglutinin B (HagB) antigen of 
Porphyromonas gingivalis, glycoprotein D (gD) of herpes simplex virus type-1 (HSV-
1 ), capsid protein L2 and early proteins E6 and E7 of human papillomavirus (HPV), 
enveloped (E) protein of West Nile virus (WNV), and bacterial antigens from Francisella 
tularensis show increased induction of antigen-specific antibodies in mice, guinea 
pigs, rabbits and rhesus monkeys [87,88,93-101]. Notably, a particular enhancement 
of Th1-associated antibodies was observed. Thus, GPl-0100 adjuvantation is able 
to shift the Th2-dominated immune responses elicited by subunit vaccines towards 
a more Th 1 /Th2 balanced phenotype. Such an immune skewing effect, however, 
is only observed when the adjuvant is applied systemically rather than mucosally 
[93]. The fact that mucosa! application of GPl-0100 is able to elicit antigen-specific 
mucosa! lgA responses further indicates its potential to be used as mucosa! adjuvant. 
Aside from boosting antibody responses, GPl-0100 also promotes antigen-specific 
cellular immune responses including lymphocyte proliferation, cytokine (IFN-y and 
IL-2) secretion and CTL responses. Importantly, the protective capacity of GPl-0100-
adjuvanted vaccine was confirmed earlier by a challenge study, where mice receiving 
the adjuvanted HSV vaccine developed significantly reduced virus titers, infection 
(lesion) area and mortality rate after challenge when compared to buffer control or 
unadjuvanted vaccine-immunized mice [97]. The potential application of GPl-0100 in 
human vaccines is further supported by a clinical study on a GPl-0100-adjuvanted 
prostate cancer vaccine. The vaccine showed high induction of antigen-specific lgM 
and lgG (lgG1 and lgG3) in the tested cancer patients with no serious side effects 
[99]. In this thesis, we investigated the immune-potentiating and antigen dose-sparing 
capacity of GPl-0100 on inactivated influenza vaccines. 
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More studies are required to elucidate the mechanisms underlying the adjuvant 
activity of saponin-related molecules. Nevertheless, earlier structural analysis of 
saponin molecules has revealed the importance of several functional groups. The C4 
aldehyde group is shown to play an important role in the adjuvant activity of Quillaja 
saponins [102]. QS-21 derivatives with modifications at the aldehyde group stimulated 
neither antibody nor CTL responses [103]. The aldehyde group is hypothesized to form 
a Schiff base with a free amino group on the surface of an immune cell target [104]. 
Such interaction between the adjuvant and T cells possibly mimics the interaction of 
87-1 (CD80) on APCs with 87-1 ligands on T cells, providing co-stimulatory signals 
to T cells and skewing immune responses to a Th1 direction. The acyl residue (or 
ester linkage), which is present in Quillaja saponins but absent from most of the 
saponins from other species, also contributes to the adjuvant activity on Th1 immunity 
[87,92, 105,106]. Modifications of the acyl group of QS-21 resulted in lower to no lgG2a 
induction and impaired CTL induction when compared to the native acylated form 
[106]. Studies of saponins from other species further point out a complicated role of 
the sugar moiety in saponin adjuvant activity. Different factors including the number, 
length, position of sugar side chains and the type and linkage of the glucosyl group in 
the structure of saponins pose different effects on the adjuvant potential and the nature 
of immune responses [107-109]. None of these functional groups, however, has been 
proved to be essential for saponin adjuvant activity. There are saponins lacking (or 
containing) these groups with strong (or defective) adjuvant activity [110]. Thus, the 
overall conformation instead of each individual functional group of saponins is likely 
important in terms of adjuvant activity. 

Aside from providing adjuvant activity, the acyl and sugar moieties can also cause 
unwanted side-effects including hemolysis [89,108,111]. Saponin with a high affinity to 
cholesterol can form holes in the lipid bilayer membranes of cells such as erythrocytes. 
To avoid the hemolytic effect, adjuvant formulation ( or adjuvant systems) has been 
developed for the application of saponin adjuvant such as Quil A and QS-21. The 
association of saponin molecules with cholesterol in immune-stimulating complexes 
(ISCOM) or ISCOMATRIX™(IMX) not only reduces the reactogenicity of saponins but 
also enhances their adjuvant activity [112]. Likewise, AS018 and AS02A developed by 
GlaxoSmithKline, neutralize the hemolytic effect of QS21 by incorporating cholesterol 
and squalene (a cholesterol-like molecule) into adjuvant formulations, respectively [71]. 
AS018 also contains modified monophosphoryl lipid A (MPLA), the inherent toxicity of 
which is eliminated by its introduction into liposomes [113]. Thus, appropriate adjuvant 
formulations have been addressed in vaccine studies for optimal adjuvant effect, 
safety and stability [71, 7 4]. Here we were interested in maximizing GPl-0100 immune 
potentiating effect on influenza vaccine by optimizing vaccine/adjuvant formulation. 
To this aim, we exploited the physical properties of virosomes and the amphiphilic 
nature of GPl-0100 (as mentioned in 5.1 and 6.1 ). A simple admixture of GPl-0100 with 
influenza virosomes was performed just before vaccination. Efficient antigen uptake 
and robust antigen/adjuvant co-stimulation of APCs are expected due to the particulate 
nature of virosome and the possible association between the adjuvant and membrane 
antigens. 

6.3 Route of immunization 
Mucosa! immunization effectively imprints lymphocytes with mucosal-homing markers 
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during their local activation [114-116]. This enables the development of host defense 
at the port of virus entry. The fact that mucosal tissues possess local APCs (so that the 
administered antigens can be processed directly at the delivery site and that antigen 
loss due to the traveling to regional lymph node is reduced) and high densities of 
T and B cells further supports the concept [117]. Secretory lgA (SlgA), which is the 
hallmark of mucosal immunity, is transported to the lumen of respiratory tract for viral 
neutralization [114,115,118]. Alternatively, SlgA can neutralize virus in the endosomes 
of the infected cells during SlgA transcytosis process [114]. Such early neutralization 
events block virus infection at an early stage. In addition, vaccine-elicited lgA antibody 
has been proven to be cross-reactive against drift variants of influenza virus, thus 
offering the possibility for protection against heterologous virus strains not included in 
the vaccine [114,118,119]. 

Aside from the immunological benefits, the possibility of needle-free vaccination 
makes mucosal tissues appealing sites for antigen delivery [44,120]. Without the use 
of needles, the immunization procedure requires no need for medically trained staff, 
which makes mass immunization more practical. In addition, non-invasive vaccination 
removes the barrier for vaccine acceptance as it circumvents needle phobia and the 
potential risk of spreading blood-born infectious diseases via contaminated needles. 

Oral and intranasal routes are the only two mucosa! routes applied in licensed 
human vaccines against mucosa! infections [121]. Oral immunization has been of 
particular interest due to its easy application and high acceptance by the general 
population. However, extensive studies show that oral delivery of inactivated vaccines 
is rather ineffective in eliciting antigen-specific immune responses [44,122]. The harsh 
gastrointestinal environment, which is low in pH and rich in proteolytic enzymes and bile 
salts, decreases the effective dose of the administered antigens and thus demands a 
high vaccine dose [123]. So far, clinical studies on oral influenza vaccines only achieved 
sub-optimal immune responses. Much of the interest for oral delivery has thus shifted 
to sublingual delivery, which avoids antigen degradation via the gastrointestinal tract 
[44, 122]. Although sublingual delivery of adjuvanted WIV has shown to be safe and 
immunogenic in mice, further proofs from clinical trials are required in order to apply 
this immunization route for human vaccination [124]. 

Intranasal vaccine delivery is able to elicit effective immune responses with a 
much lower antigen dose when compared to oral and sublingual delivery [44, 125]. 
Moreover, the nose is the only mucosa! site successfully exploited by marketed influenza 
vaccines. These vaccines are all LAIV vaccines, containing two RNA segments from 
circulating strains encoding HA and NA and the rest of the RNA segments from a cold
adapted virus strain (A/Ann Arbor/6/60(H2N2)) [44,121]. In Russia, nasal vaccines 
have been applied for more than 50 years. In 2003, the LAIV FluMist® has been 
licensed in the USA for annual influenza vaccination. LAIV vaccines have been shown 
to induce both mucosal and systemic immune responses [126]. While LAIV vaccines 
induce high mucosal lgA antibodies and cellular immune responses, they induce lower 
serum antibody titers than inactivated parenteral vaccines [66]. Despite the differences 
in immune responses, both types of influenza vaccine provide similar protective 
efficacy upon homologous influenza virus infection. Nevertheless, safety concerns 
restrict the applicability of LAIV vaccines and exclude their use in the most vulnerable 
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target populations, young infants and the elderly, as mentioned earlier. In addition, the 
vaccine virus might regain infectious capacity due to the possible genetic reassortment 
with wild-type virus strains. Thus, from a safety point of view, inactivated vaccines 
are preferable. Clinical studies have shown, however, that intranasal delivery of WIV 
is inefficient in inducing local and systemic immunity even at a rather high antigen 
dose when compared to LAIV vaccines [44,127,127]. The vaccine-induced immune 
response is even poorer when using split or subunit formulations [128]. The application 
of strong immune potentiators such as E. coli heat-labile enterotoxin and cholera toxin, 
however, are hindered by the associated toxicity [129, 130]. Thus, identification of 
potent and safe mucosal adjuvants remains an urgent need in the field of intranasal 
influenza vaccine development. 

The intrapulmonary route, like the intranasal route, offers a large surface area 
for antigen uptake [123]. At the same time, the pulmonary environment contains 
less enzymes which could degrade the antigen than the nasal cavity, thus resulting 
in a higher effective dose of the delivered antigens. Although inactivated influenza 
viruses have been shown to be immunogenic and protective in clinical trials using 
intrapulmonary delivery, no pulmonary vaccines are on the market after more than 30 
years of research [44,131]. The delay in the application is possibly due to the absence 
of easy-to-use inhalation devices and a lack of safety data from clinical trials [44, 132]. 
Intrapulmonary delivery has regained interest for vaccine development in recent years. 
Preclinical investigations show that immunization targeting the lower respiratory tract 
(LRT) induced stronger immune responses with a lower amount of adjuvanted antigen 
when compared to immunization via the upper respiratory tract (URT) [133,134]. In the 
meantime, advances in inhalation devices (nebulisers, medical metered-dose inhalers 
and soft-mist inhalers for liquid vaccine and the Twincer® for dry-powder vaccine) and 
dry-powder vaccine techniques further promote potential intrapulmonary immunization 
strategies [44, 135, 136]. 

Mucosal immunization, however, elicits mucosal immunity partially at the 
cost of systemic immunity. As mentioned earlier, intranasal vaccines elicit weaker 
hemagglutination-inhibition titers than intramuscular vaccines [66]. In addition, the 
default nature of the immune response in the respiratory tract, especially the LRT, is 
of a Th2-dominated phenotype [137-139]. This hinders the induction of Th 1-related 
antibody (eg. lgG2a in Balb/c mice), which is the preferred antibody subtype for viral 
clearance. Since SlgA and lgG have been shown to play an important role in URT and 
LRT protection respectively, an optimal protection against influenza virus infection is 
expected to be achieved by maximal immune responses at both local and systemic 
sites [140]. In this thesis, we address the effect of the route of administration during 
prime and boost immunization on vaccine immunogenicity and protective capacity, with 
an attempt to identify the best immunization regimen for influenza vaccination. 

7. Scope of the thesis 

The aim of the work described in this thesis was to find ways to improve the 
immunogenicity and protective efficacy of inactivated influenza vaccines. Vaccine
elicited humeral and cellular immune responses were evaluated in a murine model 
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system. Particular emphasis was on the quality and quantity of vaccine-elicited 
antibodies, since antibodies represent the most important mechanism involved in 
prevention of influenza virus infection. Virus titers in the lungs of immunized and 
challenged mice were used as a measure for the vaccines' protective capacity. 

In the study described in Chapter 2, we evaluated whether influenza SU vaccine 
administered via the intramuscular route can be improved by adjuvantation with 
GPl-0100. Balb/c mice were immunized twice with a 20-day interval and challenged 
one week after the second booster. Our data show that adjuvantation of SU vaccine 
with 30 µg GPl-0100 enhanced the humoral and cellular immune responses elicited 
without causing significant side effects. In addition, the adjuvant effect was observed 
for both Th1 (lgG2a and IFNy) and Th2 (lgG1 and IL4) immunity. Remarkably, in the 
presence of GPl-0100, the antigen dose could be reduced 25-fold (to 0.04 µg) without 
compromising the immunogenicity and/or protective capacity of the vaccine. A similar 
level of protection would require 1 µg unadjuvanted HA. 

In the study described in Chapter 3, we formulated GPl-0100 adjuvant with 
influenza virosomes. The data show that plain influenza SU and virosomal vaccines 
were both weakly immunogenic without significant differences. The two formulations, 
however, showed different immunogenicity upon adjuvantation with GPl-0100. A 
simple admixture of GPl-0100 with influenza virosomes induced higher HAI titers than 
adjuvanted SU vaccines at all tested antigen doses. In addition, a trend towards higher 
antibody and cellular immune responses was observed for the adjuvanted virosomes 
when the antigen dose was limited. Notably, at an extremely low antigen dose of 8 
ng, only the adjuvanted virosomes, but not SU vaccines, were capable of eliciting 
complete protection from virus growth in the lungs. These studies demonstrate that 
GPl-0100-adjuvanted influenza virosomes represent a promising vaccine candidate, 
but further characterization of the adjuvanted vaccine formulation is required before 
the vaccine can be evaluated clinically. 

In Chapter 4, we describe an investigation of the potential of GPl-0100 to serve 
as a mucosal adjuvant for influenza SU vaccine. Vaccine was administered to the 
upper (nose) and the lower (lung) respiratory tract to scrutinize the immune responses 
elicited in each of the two compartments. Mucosal delivery of 30 µg GPl-0100 or 
less was found to be well-tolerated in mice. No significant weight loss or infiltration of 
inflammatory cells into the tissues was observed 72 hr after the second delivery. GPl-
0100 was essential for the induction of detectable mucosal antibody responses and 
significantly enhanced serum antibody responses elicited by intranasal vaccination. 
GPl-0100 also further enhanced both local and systemic immune responses to 
intrapulmonary vaccines. The adjuvant activity was mainly observed in the Th2 arm of 
the immune response. Importantly, only the adjuvanted mucosal vaccines were able to 
elicit sterilizing immunity after challenge. 

In the study described in Chapter 5, we evaluated the effect of the immunization 
strategy on the local and systemic immunogenicity and protective efficacy of mucosal 
influenza vaccines. Four immunization strategies were included: (i) intranasal prime 
and boost, (ii) pulmonary prime and boost, (iii) intranasal prime followed by systemic 
(i.m.) boost, and (iv) pulmonary prime followed by systemic boost. We observed that 
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the optimal immunization strategy for intranasally primed mice is a systemic boost, 
while for pulmonarily primed mice a pulmonary boost resulted in the best immune 
response. Despite the complexity of the observed immune phenotypes, intrapulmonary 
vaccination appeared to represent the only route that results in successful induction of 
SlgA, serum lgG and T cell responses. Complete lung protection was elicited by GPl-
0100-adjuvanted influenza vaccine given by all strategies. 

In Chapter 6, we summarize the effects of GPl-0100 adjuvantation, vaccine/ 
adjuvant formulation and route of immunization on the immunogenicity and protective 
capacity of inactivated influenza vaccines. We also discuss the applicability and 
possible combinations of these approaches for future vaccine improvement. 
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Chapter 2 

Abstract 

With the current global influenza vaccine production capacity the large demand for vac
cines in case of a pandemic can only be fulfilled when antigen dose sparing strategies 
are employed. Here we used a murine challenge model to evaluate the potential of 
GPl-0100, a semi-synthetic saponin derivative, to serve as a dose-sparing adjuvant for 
influenza subunit vaccine. Balb/c mice were immunized with different doses of A/PR8 
(H1N1) subunit antigen alone or in combination with varying doses of GPl-0100. The 
addition of GPl-0100 significantly stimulated antibody and cellular immune responses, 
especially of the Th1 phenotype. Furthermore, virus titers detected in the lungs of mice 
challenged one week after the second immunization were significantly reduced among 
the animals that received GPl-0100-adjuvanted vaccines. Remarkably, adjuvantation 
of subunit vaccine with GPl-0100 allowed a 25-fold reduction in hemagglutinin dose 
without compromising the protective potential of the vaccine. 
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GP/-0100-adjuvanted influenza subunit vaccine 

1. Introduction 

Influenza pandemics are caused by the introduction of new influenza A virus subtypes 
in the human population. The viruses either circulated in animal reservoirs and enter 
the human population by zoonotic infections or they emerged by genetic reassortment 
between human and animal influenza A viruses [1]. The virus causing the outbreak of 
pandemic influenza A (H1 N1) 2009 was the result of a series of reassortments among 
H1 N1 swine influenza viruses, H1 N1 avian influenza virus and H3N2 human influenza 
virus [2,3]. The reasserted virus crossed the species barrier from swine to humans and 
caused a severe disease outbreak partially due to a substantial antigenic drift of the 
swine H1 as compared to the H1 in the earlier circulating epidemic H1 N1 virus. Gen
erally, the human population is immunologically naive to such zoonotic or reassorted 
strains. Accordingly, disease outbreaks usually affect large geographical areas involv
ing many countries and can result in severe morbidity and mortality [4,5]. 

From both a public health and socio-economic point of view, vaccination stands 
as the primary strategy for the prevention and control of influenza virus infections [6]. 
Currently licensed influenza virus vaccines consist of whole inactivated virus or purified 
virus proteins derived from virus grown in embryonated chicken eggs. The manufactur
ing process is time-consuming and the production capacity is limited [7]. Incorporation 
of antigensparing adjuvant(s) into vaccine formulations is considered a promising solu
tion for the supply problem, which is a serious concern during a pandemic outbreak [7]. 
Moreover, such adjuvants are required to stimulate protective antibody titers [8]. 

The bark extract of the Molina tree Quillaja saponaria contains triterpene sapo
nins which have powerful adjuvant activity. In 1978, an enriched mixture of saponins 
called Quil A was identified and was used commercially in a veterinary foot-and-mouth 
disease vaccine [9]. However, its toxicity excludes its use in human vaccines. In order 
to lower the compound toxicity, immunestimulating complexes (ISCOMs) containing 
cholesterol, saponin, phospholipid and viral envelope proteins were developed. Le
thality studies in mice determined the lethal dose of ISCOM-incoporated Quil A to be 
10-50 µg [1 O]. In another approach to lower the adjuvant's toxicity, RP-HPLC was used 
to purify the components of the heterogenous mixture of Quil A. Ten of the obtained 
fractions showed a similar level of adjuvant activity as Quil A itself with different levels 
of toxicity. Among those fractions, QS-21 (with a lethal dose of 500 µg) had low toxicity 
and QS-7 showed no lethality in the dose range studied. More recently, a novel semi
synthetic saponin adjuvant called GPl-0100 has been developed from QS-7. Lethality 
studies in mice showed that GPl-0100 (with a lethal dose of 5000 µg) is 10 times less 
toxic than QS-21 and 100 times less toxic than ISCOM-incorporated Quil A. In addition, 
it shows increased stability in aqueous solution at physiological pH [11, 12]. Preclinical 
studies of GPl-0100 adjuvant with ovalbumin (OVA), hemagglutinin B (HagB) antigen 
of Porphyromonas gingivalis and glycoprotein D (gD) of herpes simplex virus type-1 
(HSV-1) have shown increased induction of antigen-specific antibodies in mice with a 
particular enhancement of the lgG2a isotype [11-18]. In addition, GPl-0100 induces 
antigen-specific cellular immune responses exemplified by lymphocyte proliferation, 
cytokine (IFN-y and IL-2) secretion and CTL responses [11, 12, 17]. Furthermore, GPl-
0100-adjuvanted HSV vaccines protect mice from virus challenge with significant re
ductions in virus titers, infected (lesion) areas and mortality rates [16]. 
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Subunit influenza vaccines contain purified hemagglutinin antigens without the 
presence of natural immunemodulators and often possess comparitively modest im
munogenicity. Here we evaluate the adjuvant activity of GPl-0100 for A/PR8 (H1 N1 ) 
influenza subunit vaccine in mice. We show that influenza-specific immune responses 
are strongly boosted by low doses of GPl-01 00 and that, in the presence of GPl-01 00, 
the antigen dose can be reduced substantially without loss of protective efficacy. We 
therefore consider GPl-01 00 a promising candidate adjuvant for pandemic influenza 
vaccines. 

2. Material and methods 

2. 1 GPl-0100 
GPl-01 00 was provided by Hawaii Biotech, Inc. (Aiea, HI, U.S.A.) as powder and was 
stored at 4 °c. A stock solution of GPl-01 00 (5 mg/ml) was prepared in HNE buffer (5 
mM Hepes, 1 50 mM NaCl and 0. 1 mM EDTA, pH 7.4). After centrifugation through a 
Spin-X centrifuge tube filter (Corning, U.S.A.), the sterile stock solution was stored at 
4 °c for use within one month. 

2. 2 Virus and subunit vaccine 
A stock of A/PR8 (H1 N1 ) influenza virus propagated on Madin-Darby canine kidney 
cells (MOCK) was kindly provided by Solvay Biologicals (Weesp, The Netherlands). 
The virus titer was determined by measuring the tissue culture infectious dose 50 
(TCID50}. To this end serial twofold dilutions of virus suspension were inoculated on 
MOCK cells grown in serum-free medium. 1 h later TPCK trypsin (Sigma, Zwijdrecht, 
Netherlands) was added to a final concentration of 7.5 µg/ml. After 72 h, supernatants 
were collected and transferred to a round-bottom 96-well plate followed by the addi
tion of 50 µI 1 % guinea pig erythrocytes to each well. The plate was incubated for 2 h 
before reading. The titer was determined as the highest virus dilution at which hem
agglutination was visible and the TCID50 was calculated by the method of Reed and 
Muench [1 9]. 

For inactivation, the virus was incubated with freshly prepared 1 0% �-propiolactone 
in citrate buffer (1 25 mM sodium citrate, 1 50 mM sodium chloride, pH 8.2) at a final 
concentration of 0. 1 % �-propiolactone. Inactivation was carried out for 24 h at 4 °C 
under continuous stirring. After inactivation, the virus was dialyzed against phosphate
buffered saline (PBS) overnight at 4 °C. Subunit vaccine was prepared by solubilizing 
the inactivated virus (0.8 mg virus protein/ml) in PBS containing Tween 80 (0.3 mg/ml) 
and hexadecyltrimethylammonium bromide (CTAB, 1 .5 mg/ml) for 3 h at 4 °C under 
continuous stirring, and removal of the viral nucleocapsid from the preparation by ul
tracentrifugation for 30 min at 50,000 rpm in a TLA 1 00.3 rotor at 4 °C. Detergents were 
then removed by overnight absorption onto Biobeads SM2 (634 mg/ml, Bio-Rad, Her
cules, CA) washed with methanol prior to use. Protein content of the inactivated virus 
and subunit material was determined by a modified Lowry assay [20]. Hemagglutinin 
(HA) content was assumed to be one third of the total protein for whole inactivated virus 
(based on the known protein composition of influenza virus and the molecular weight 
of the viral proteins) and to be equal to the total protein for subunit material (based on 
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silver-stained SDS polyacrylamide gels run under reducing and non-reducing condi
tion) [21]. Vaccines were mixed at the indicated amounts of subunit and GPl-0100 just 
before immunization. 

2. 3 Animal handling 
The protocol for the animal experiment described here was approved by the Ethics 
Committee on Animal Research of the University of Groningen. Female Balb/c mice 
(Harlan, The Netherlands) aged 8-10 weeks were grouped (n = 6 per group) and im
munized intramuscularly (i.m.) with A/PR/8 subunit vaccine with or without GPl-0100 
adjuvant in a two-dose immunization regimen (day O and day 20). Control mice were 
injected with HNE buffer. On day 27, mice were challenged intranasally with 1 x1Q4 

TCID50 A/PR/8 influenza virus in 50 µ I  of HNE buffer. The virus challenge was carried 
out under isoflurane anesthesia to ensure deposition of the virus into the lungs. Mice 
were monitored, twice a day at fixed time points, for clinical signs of illness including 
weight loss, changes in behavior and appearance. Mice were bled and sacrificed on 
day 30. Serum samples were collected for ELISA assay. Spleens were harvested and 
splenocytes were used for ELISPOT assay. The lung lobes were collected and stored 
in 1 ml PBS in a -80 °C freezer for later homogenization and lung virus titer detection. 

2.4 lgG, lgG1  and lgG2a EL/SAs 
Influenza HA-specific antibody titers were determined by ELISA [21]. Briefly, ELISA 
plates (Greiner, Alphen a/d Rijn, Netherlands) were coated with 0.2 µg of PR8 in
fluenza subunit antigen per well. Twofold serial dilutions of serum samples in PBST 
(0.05% Tween 20 in PBS) were applied to the wells in duplicate and incubated for 
1.5 h. Horseradish peroxidase-conjugated goat antibody against mouse lgG-isotypes 
(Southern Biotechnologies) was added for the detection of bound H1 N1-specific lgG, 
lgG1 or lgG2a antibodies. All incubations were carried out at 37 °C. The staining was 
performed with substrate buffer (50 mM phosphate buffer, pH 5.5, containing 0.04% 
o-phenylenediamine and 0.012% Hp

2
) and the absorbance at 492 nm (A492) was 

measured using an ELISA reader (Bio-tek instruments, Inc. , Vermont, U.S.A.). Titers 
(with the standard error of the means (S.E.M.)) are given as the 1 0log of the recipro
cal of the sample dilution calculated to correspond to an A492 of 0.2. For calculation 
purposes, sera with titers below detection limit were assigned an arbitrary 101og titer 
corresponding to half of the detection limit. Calibration plates for lgG1 and lgG2a as
say were coated with 0.1 µg goat anti-mouse lgG (Southern Biotechnologies). Increas
ing concentrations of purified mouse lgG1 or lgG2a (Southern Biotechnologies) were 
added to the plates. Sample lgG1 and lgG2a titers were expressed as concentrations 
(µg/ml) of influenza HA-specific lgG1 and lgG2a±S.E.M. 

2. 5 ELISPOT 
ELISA plates were coated with purified rat lgG1 against mouse IFN-y or IL-4 (Pharmin
gen, San Diego, CA) [21]. Freshly isolated splenocytes (500,000 cells per well) were 
added to the plates in triplicate in medium containing 5% fetal calf serum with or with
out PR8 subunit (1 µg per well). After an overnight incubation at 37 °C, cells were 
lysed in ice-cold water and plates were washed. IFN-y detection was carried out by 
1 h incubation with biotinylated anti-mouse IFN-y antibody followed by a subsequent 
incubation with streptavidin-alkaline phosphatase (Pharmingen) for 1 h. Spots were 
developed by adding 100 µ I  of substrate solution to each well. The substrate solution 
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included 5-bromo-4-chloro- 3-indolylphosphate in water containing 6 mg/ml agarose 
(Sigma), 9.2 mg/ml 2-amino-2-methyl-1-propanol (Sigma) and 0.08 µI/ml Triton X-405 
at 1 mg/ml. The plates were further incubated for 3 h at 37 °C. Images of the plates 
were taken by an automated ELISAspot assay video analysis system (A EL VIS, Han
nover, Germany). Spots were counted manually. Spots observed in the wells without 
PRB subunit (backgrounds} were subtracted from the spots observed in the stimulated 
wells. Results are presented as number of influenza-specific IFN-y or IL-4-secreting 
cells per 500,000 splenocytes. 

2. 6 Determination of virus titers in lungs of challenged mice 
Lungs collected from the challenged mice were homogenized and the supernatants of 
lung extracts were collected and stored at -80 °C until use [21]. Virus titers were deter
mined by inoculating serial dilutions of the supernatants on MOCK cells as described 
above (Section 2.2). The highest dilution that still resulted in hemagglutination was 
taken as the virus titer in the lungs. Results are presented as 1 0 109 virus titer per gram 
of lung tissue. 

2. 7 Statistical analysis 
The unpaired Student's t-test was used to determine if the differences in influenza
specific responses observed between groups of mice were significant. A p value of p < 
0.05 was considered significant. 

3. Results 

3. 1 GPl-0100 boosts influenza-specific humoral immune responses in a dose-depen
dent manner 
To elucidate the adjuvant activity of GPl-0100 on antibody responses elicited by in
fluenza subunit vaccine, mice were immunized twice on day O and day 20 with 1 µg 
HA with different doses of GPl-0100 (15, 50 or 150 µg). Blood samples were taken 
one week after the second immunization for evaluation of total influenza-specific lgG 
levels. The lgG levels were significantly increased upon GPl-0100 adjuvantation in a 
dose-dependent manner (Fig. 1A, p<0.0005 for all tested adjuvant doses). The en
hancing effects of GPl-0100 were observed for both lgG1 and lgG2a antibodies (Fig. 
1 B and C). In the group of mice receiving 1 µg unadjuvanted HA, influenza-specific 
lgG1 was found in all immunized mice but titers were low, while only 4 out of the 6 mice 
developed detectable lgG2a titers. GPl-0100-adjuvanted HA induced detectable levels 
of both lgG subtypes in all immunized mice in a dose-dependent manner. (pS0.001 for 
lgG1 and p<0.05 for lgG2a for all GPl-0100 doses tested). Spleens from the immu
nized mice were harvested and spleen weights were determined (Fig. 2A). No changes 
in spleen weight were observed in mice receiving 15 µg GPl-0100-adjuvanted vac
cines. However, significant increments in spleen weight were found in mice receiving 
vaccine adjuvanted with 50 µg or more GPl-0100 (p<0.005). For the follow-up study 
30 µg GPl-0100 adjuvantation was used with the aim of boosting sufficient immune re
sponses without inducing splenomegaly. No significant changes in spleen weight were 
observed at this GPl-0100 dose (Fig. 28). 
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3. 2 GP/-0100-adjuvanted /ow-dose PRB subunit vaccine induces high influenza-specif
ic humora/ immune responses 
To evaluate dose-sparing effects of GPl-0100, mice were immunized twice with de
creasing doses of A/PR/8 subunit vaccine (1, 0.2 and 0.04 µg HA) adjuvanted with 30 
µg GPl-0100. Serum samples were taken one week after the second immunization. 
None of the mice receiving unadjuvanted 0.04 µg HA and only 2 out of 6 mice receiving 
0.2 µg HA developed detectable influenza-specific lgG titers (Fig. 3A). Unadjuvanted 
1 µg HA induced lgG in 5 out of 6 mice with an average titer of 3.31 10log. Vaccines 
adjuvanted with 30 µg GPl-0100 induced lgG titers in all vaccinated animals and these 
were significantly higher than in the mice receiving unadjuvanted vaccines (p<0.005 
for all tested antigen doses.) Notably, lgG titers achieved with adjuvanted low dose 
antigen (0.04 µg) were about 1 log higher than those achieved with non-adjuvanted 
high-dose antigen (1 µg). 

The GPl-0100 adjuvant significantly enhanced lgG1 titers at the low antigen 
doses (0.04 and 0.2 µg HA) and lgG2a titers at all tested antigen doses, respectively 
(Table 1, p<0.0001 (0.04 µg HA) and <0.0005 (0.2 µg HA) for lgG1 and <0.005 for 
lgG2a (all HA doses)). Notably, mice receiving low antigen doses (0.04 and 0.2 µg HA) 
developed detectable lgG2a titers only in the presence of the GPI- 0100 adjuvant. The 
adjuvant effects were especially pronounced for low antigen doses. 
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Table 1 .  Phenotype of the pre-chal lenge influenza-specific antibody responses. 

µg HA 

0.04 

0.20 

1 .00 

30 µg 
GPI-01 00 

+ 

+ 

+ 

Average influenza 
HA-specific titer 
( 10 log ± S.E.M.) 

lgGl 

1 .79 ± 0.09b 

4.63 ± 0.]4d 

2.5 1 ± o.soe 

4.80 ± 0.08d 

3.61 ± 0.28 

4.48 ± o.s8r 

lgG2a 

N.D.c 
2.87 ± 030d 

N.D.c 
3.63 ± 0.4Qd 

2.1 0  ± 0.26e 

3.56 ± 0.32d 

lgG2a/lgG 1 ± 
S.E.M.a 

N.A. 
0.62 ± 0.06 

N.A. 
0.76 ± 0.08 

0.59 ± 0.07 

0.87 ± 0.1 2  

a Ratios were calculated per mouse. The average mean ratio and S.E.M. per experimental group are pre
sented. b One out of six samples had a detectable serum antibody level. For calculation purposes, non
responding sera were assigned an arbitrary titer of 1 .  7 which corresponds to half of the detection limit. c Titer 
below detection limit. d Significantly higher than without GPl-0100 (p < 0.05). e Two out of six samples had a 
detectable serum antibody level. For calculation purposes, non-responding sera were assigned an arbitrary 
titer of 1 .  7 as explained under footnote b. t One sample had a serum antibody level below the detection l imit. 
For calculation purposes, the non-responding serum was assigned an arbitrary titer of 1 .7 as explained 
under footnote b. 

3.3 GPl-0100-adjuvanted /ow-dose PRB subunit vaccine enhances influenza-specific 
cellular immune responses 
To evaluate adjuvant activity of GPl-0100 on cellular immune responses elicited by A/ 
PR/8 subunit vaccine, ELISPOT assays were performed to detect influenza-specific 
cytokine-producing T cells from the immunized and challenged mice (Fig. 38). No influ
enzaspecific IFN-y-producing T cells were found in control animals injected with buffer 
and challenged with virus three days before sacrifice (data not shown). Unadjuvanted 
0.04 and 0.2 µg HA barely induced detectable influenza-specific IFN-y responses. At 
a dose of 1 µg, HA alone induced an average of 4 IFN-y-producing cells per 5x105 

splenocytes in 3 out of 6 mice. GPl-0100 enhanced the IFN-y responses at all tested 
antigen doses. However, due to the large variation in the number of IFN-y-producing 
T cells within the experimental groups, significance of the differences between unad
juvanted and adjuvanted vaccines was achieved only for the animals that received 0.2 
µg HA (p<0.05). Low numbers of influenza-specific IL-4-producing T cells were found 
three days after infection of control animals (data not shown). Similar low numbers 
were observed in mice immunized with 0.04 µg unadjuvanted vaccines, but numbers 
increased in an antigen dose-dependent manner (Fig. 3C). GPl-0100 induced an in
crease in the number of IL-4-producing cells at all tested antigen doses, yet, the dif
ference was significant only for the lowest antigen dose (p<0.05). Thus, the GPl-0100 
adjuvant enhanced the number of influenza-specific cytokine-producing cells to a simi
lar level at all antigen doses tested. The effect of GPl-0100 on IFN-y responses was 
stronger than that on IL-4 responses. The phenotype of the cellular immune responses 
was further analyzed by calculating IFN-y/lL-4 ratios per individual mouse (Table 2). 
GPl-0100 adjuvantation did not change the Th2 dominance of the response to PR8 
subunit vaccines, but significantly enhanced Th1 responses leading to a more bal
anced immune phenotype. 
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Table 2. Phenotype of the post-challenge influenza-specific cytokine responses. 

µg HA 30 µg GPl-0100 lFN--y/lL-4± S.E.M.a 

0.04 + 

0.01 ± 0.01 
0.52 ± 0.36 

0.20 + 

0.01 ± 0.01 
0.21 ± 0.1 1 

1 .00 
+ 

0.14 ± 0.12  
0.35 ± 0.22 

a Ratios were calculated per mouse. The average mean ratio and S.E.M. per experimental group are pre
sented. 

3.4 GPl-0100 is required for lung protection against virus challenge at low antigen dose 
Four weeks after the first immunization mice were challenged by intranasal adminis
tration of live A/PR/8 virus. During the first two days after challenge little effect of the 
virus infection was seen. By day three animals started to loose weight. This weight loss 
was higher in the mice which had been immunized with adjuvanted vaccines than in 
non-immunized mice and in mice which received unadjuvanted vaccines. Weight loss 
correlated with the strength of the induced immune responses but not with GPl-0100 
dose. Three days after virus challenge, the animals were sacrificed and virus titers 
were determined in lung homogenates to evaluate protection elicited by the vaccines. 
The HNE buffer group showed an average lung virus titer of 6.45 10log (Fig. 4). The 
average titer in lungs of mice receiving a low dose of unadjuvated HA (0.04 and 0.2 µg) 
was not statistically different from that of the buffer group. Only mice receiving 1 µg un
adjuvanted HA showed a statistically significant reduction in lung virus titers (p<0.05). 
Immunization with GPl-0100-adjuvanted vaccine resulted in significantly decreased 
lung virus titer at all tested antigen doses (p values between buffer and the adjuvanted 
vaccines were s0.01 for all antigen doses tested, p values between unadjuvanted and 
adjuvanted vaccines were SO.OS or S0.01, at HA doses of 1 µg or 0.04 and 0.2 µg, 
respectively). The result shows that GPl-0100 improves vaccine-elicited protection 
against influenza virus infection even at an extremely low antigen dose of 0.04 µg HA. 

4 Discussion 

GPl-0100 is a stable semi-synthetic saponin derivative, which has been demonstrated 
to stimulate both the humoral and the cellular arm of the immune system [10-12, 17,22]. 
In the present study we evaluated the immunogenicity and protective efficacy of GPl-
0100-adjuvanted A/PR8 influenza subunit vaccine in mice. The results show that GPl-
0100 boosts influenza-specific antibody responses of the lgG1 and especially the 
lgG2a subtype in a dose-dependent manner. There was also a trend towards higher 
numbers of influenza-specific cytokine-producing T cells in mice immunized with GPl-
0100 adjuvanted vaccine though differences were not significant for all antigen doses 
studied. Furthermore, GPl-0100-enhanced immune responses provided better protec
tion against influenza virus infection as demonstrated by reduced lung virus titers after 
challenge. Remarkably, an adjuvanted 0.04 µg HA dose presented a better formulation 
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Fig. 4. Effects of unadjuvanted and GPl-0100-adjuvanted subunit vaccine on lung virus titers. Mice 
described in the legend to figure 3, immunized with HNE buffer (circles), 0.04 µg (triangles), 0.2 µg (dia
monds) or 1 µg (squares) A/PR/8 subunit vaccine without (open symbols) or with (filled symbols) 30 µg GPl-
0100 were infected with live A/PR/8 virus 1 week after the second immunization. Lung samples were col
lected three days later upon termination. Virus titer is expressed as the 10109 virus titer per gram of lung tissue 
of individual mice. The black line represents the geometric mean virus titer per group. Small stars indicate 
significant differences between mice receiving unadjuvanted and adjuvanted vaccine at the indicated anti-
gen dose. Red stars indicate significant differences between immunized groups and the HNE control group. 

than an unadjuvanted 1 µg HA dose for all immune parameters studied. 

In line with earlier studies using OVA, HagB antigen of P. gingiva/is and gD antigen 
of HSV-1, here we confirm that GPl-0100 boosts antigen-specific antibody responses 
with a Th1 lgG isotype profile in a dose-dependent manner [11,12,14,16]. High levels 
of antigen-specific lgG2a titers were induced in addition to lgG1 titers, resulting in a 
more balanced Th1/Th2 antibody response. In addition, we observed that GPl-0100 
stimulates antigen-specific IFN-y responses, which has also been reported previously 
in OVA studies [11] . Structural analysis has identified the C4 aldehyde group of GPl-
0100 as a feature essential for inducing Th1 immunity. The aldehyde group has been 
suggested to form an imino linkage with amino groups on certain T cell surface recep
tors. This may generate co-stimulatory signals similar to those provided by activated 
antigen-presenting cells [10, 12]. 

In our study, the enhanced immunogenicity elicited by subunit vaccine contain
ing 50 µg or more GPl-0100 was accompanied by spleen enlargement and increased 
spleen weights in vaccinated mice. However, neither significant increase in splenocyte 
number nor any change in the relative frequency of B cells, CD4 and CDS T cells was 
found. Therefore, it is unlikely that the observed effects are due to hyper immune
stimulation. Some saponin adjuvants are known to possess an angiogenic effect and 
the spleen enlargement may thus be caused by increased blood supply [23 ,24]. Ear
lier lethality studies and toxicology tests analyzing serum creatinine kinase (CK) and 
aspartate aminotransferase (AST) levels (as indicator for muscle and liver damage, 
respectively) showed that GPl-0100 under 1000 µg has little to no effect in mice, a spe-
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cies reported to be sensitive to saponin compounds [10 , 12]. Moreover, a clinical study 
with GPl-0100-adjuvanted prostate cancer vaccines showed high induction of antigen
specific lgM and lgG (lgG1 and lgG3) titers in the cancer patients without serious side 
effects at an ajuvant dose of 3000 µg [15] . 

Many adjuvants have been tested in animal models yet aluminum-based adju
vants have long been the only licensed adjuvants for use in human vaccines [25,26]. 
In recent years, squalene-based adjuvants like MF59 and AS03 were also licensed in 
Europe as adjuvants for influenza vaccines, and a vaccine against human papilloma vi
rus containing monophosphoryl lipid (MPL) A was registered in the U. S. and around the 
world [27-29]. Clinical trials with aluminum-based adjuvants in combination with pan
demic influenza virus vaccines did not provide evidence for a significant immunostimu
lating effect of aluminum compounds on influenza-specific responses [30-32]. On the 
other hand, MF59 and AS03 do enhance antibody responses to pandemic influenza 
virus vaccines and allow antigen dose reduction [28,33-38] .  An MF59-adjuvanted sea
sonal influenza vaccine is registered in Europe for use in elderly. Moreover, MF59 and 
AS03 were both used as adjuvants forH1 N1 vaccines during the 2009 A/H1 N1 pan
demic. Clinical trials on MPLA-adjuvanted influenza virus vaccines are yet to be done. 

In our experiments, GPl-0100 enhanced influenza-specific lgG titers to A/PR/8 
subunit vaccine by a factor of 30-230 with the greatest enhancement seen at low an
tigen doses. Moreover, GPl-0100 adjuvantation especially stimulated Th1-related im
mune responses (lgG2a and IFN-y-producing T cells) and significantly improved the 
protective potential of influenza subunit vaccine. In contrast, adjuvantation with alumi
num hydroxide enhanced the lgG titer to A/PR8 subunit vaccine by a factor of 15 but in
creased mainly antibodies of the lgG1 subtype and did not improve protection against 
challenge with live virus [21]. Mouse studies have shown that the MF59 adjuvant can 
stimulate influenza-specific lgG titers up to 120-fold [27,39,40]. The enhancements 
were observed in both lgG1 and lgG2a subtypes, with a bias to lgG1, and correlated 
with better lung protection. AS03-adjuvanted influenza vaccines have been studied 
in ferrets but no data in mice are available for comparison [41 ]. Thus, with respect to 
enhancement of antibody titers (at least in mice) GPl-0100 performs as well or better 
as adjuvants currently used in clinical influenza vaccines. 

Despite the boosting effects on humeral immune responses, both aluminum
based adjuvants and MF59 have minimal effects on antigen-specific IFN-y production 
and cellular immunogenicity, which are important in controlling influenza virus in the 
lungs and are crucial for immune memory formation and long-term vaccine protection 
[21,39,42-44]. GPl-0100, on the other hand , does show adjuvant effects on cellular 
immunogenicity especially on IFN-y- but also on IL-4-responses. 

In conclusion, we show that GPl-0100 has the capacity to function as a potent 
adjuvant for influenza subunit vaccines. In the' murine model system the immune-en
hancing effects of GPI- 0100 are stronger than those observed in previous studies us
ing aluminum-based adjuvants or MF59 [21 ,27 ,39 ,40]. Furthermore, GPl-0100 boosts 
both Th1 (lgG2a and IFN-y) and Th2 (lgG1 and IL-4) responses. Th1 responses are 
particularly stimulated resulting in skewing to a desirable immune phenotype that leads 
to better protection against influenza virus infection [21,45,46] . Notably, when adju-
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vanted with GPl-0100, a very low dose of subunit vaccine (0.04 µg HA) remains im
munogenic and provides protection from virus growth in the lungs. In order to achieve 
a similar level of protection 1 µg unadjuvanted HA, a 25-fold higher dose, was required. 
Therefore, GPl-0100 is a promising candidate adjuvant for stimulating influenza-specif
ic immune responses and for antigen sparing in case of an influenza pandemic. 
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Abstract 

Adjuvants can stimulate vaccine-induced immune responses and can contribute 
decisively to antigen dose sparing when vaccine antigen production is limited, as for 
example during a pandemic influenza outbreak. We earlier showed that GPl-0100, a 
semi-synthetic saponin derivative with amphiphilic structure, significantly stimulates the 
immunogenicity and protective efficacy of influenza subunit vaccine administered via 
a systemic route. Here, we evaluated the adjuvant effect of GPl-0100 on a virosomal 
influenza vaccine formulation. In contrast to influenza subunit vaccine adjuvanted with 
GPl-0100, virosomal vaccine supplemented with the same dose of GPl-0100 provided 
full protection of mice against infection at the extremely low antigen dose of 2 x 8 
ng hemagglutinin. Overall, adjuvanted virosomes elicited higher antibody and T cell 
responses than did adjuvanted subunit vaccine. The enhanced immunogenicity of the 
GPl-0100-adjuvanted virosomes, particularly at low antigen doses, is possibly due 
to a physical association of the amphiphilic adjuvant with the virosomal membrane. 
These results show that a combination of GPl-0100 and a virosomal influenza vaccine 
formulation is highly immunogenic and allows the use of very low antigen doses without 
compromising the protective potential of the vaccine. 



GP/-0100-adjuvanted influenza virosoma/ vaccine 

1 .  Introduction 

For more than 60 years vaccination has been the primary strategy in the prevention 
of influenza virus infection [1-3]. Due to their low local reactogenicity, vaccines 
consisting of purified viral proteins, such as split or subunit vaccines, are currently 
preferred over whole inactivated virus (WIV) vaccines. Purified protein vaccines are as 
immunogenic as WIV vaccine in primed individuals. However, in unprimed subjects the 
immunogenicity of protein vaccines is relatively weak [3-5]. Vaccine immunogenicity 
can be enhanced by using adjuvant(s) which can boost immune responses against a 
specific antigen [6,7]. In addition, the use of adjuvants may allow antigen dose-sparing 
vaccination strategies which become very important in situations like pandemics in 
which vaccine demand may far exceed the available vaccine production capacity. 

Our earlier studies show that GPl-0100, a semi-synthetic derivative of saponin, is 
a promising candidate adjuvant for influenza subunit vaccine. In a mouse model, GPl-
0100 enhanced the antibody responses to intramuscularly injected subunit vaccine 
to a higher level than currently licensed adjuvants such as alum, MF59 or AS03 [8,9]. 
In addition, GPl-0100 effectively stimulated influenza-specific cellular immunity, which 
is crucial for immune memory formation and thus long-term protection. Remarkably, 
adjuvantation of subunit vaccine with GPl-0100 allowed a 25-fold reduction in 
hemagglutinin (HA) dose (down to 0.04 µg) without compromising the immunogenicity 
and protective capacity of the vaccine. 

Chemically, GPl-0100 is an amphiphilic molecule containing a triterpenoid 
backbone with sugar moieties and a fatty-acid side chain attached via the carboxyl 
group to one of the sugars [10, 11]. The presence of this hydrophobic moiety gives the 
molecule an amphiphilic character and might enable physical association of GPl-0100 
with membrane-containing antigen formulations thus further potentiating its immune
stimulating properties. 

Influenza virosomes are reconstituted viral membrane envelopes. Virosome 
production involves three steps: (1) solubilization of the virus membrane with a 
proper detergent, (2) removal of the virus core proteins and genetic material by 
ultracentrifugation and (3) reconstitution of the virus membrane by detergent extraction 
[12, 13]. Influenza virosomes retain the structural and functional properties of the 
viral membrane envelope. Yet, the lack of viral genomes clears any concern for viral 
replication and infection. Functionally preserved virosomes can bind to cellular sialic 
acid receptors for hemagluttinin (HA), initiate receptor-mediated endocytosis and 
deliver encapsulated agents to the cytosol [12, 14-16]. The virosomal HA is degraded 
in endosomes, resulting in MHC class II presentation and CD4+ T cell activation, which 
helps the development of CTL and B cell responses [12,16]. In addition, the repetitive 
arrangement of HA spikes on the virosome membrane can cross-link membrane
bound antibodies expressed on B cells and give strong activation signals to these cells 
[12, 15, 17]. lnvivac® and lnflexalV® are licensed virosomal influenza vaccines. Both 
vaccines have been shown to be well-tolerated and to induce immune responses as 
good as or even better than conventional inactivated influenza virus vaccines [18, 19]. 
Importantly, unlike subunit vaccines, influenza virosomes provide a lipid membrane 
platform for physical association of amphiphilic adjuvants with the virosomal particle. 
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This allows antigen-presenting cells to be activated by adjuvant and exposed to antigen 
at the same time. An earlier study in Balb/c mice showed that a single administration 
of influenza virosomes with a Toll-like receptor 2 ligand incorporated in the membrane 
resulted in a 150-fold enhancement of lgG responses when compared to plain 
virosomes [15]. 

Here we evaluated the adjuvant effect of GPl-0100 on a virosomal influenza 
vaccine formulation as compared to a subunit vaccine formulation. To this end, mice 
were immunized intramuscularly (IM) with non-adjuvanted or GPl-0100-adjuvanted 
subunit or virosomal vaccine and immune responses were evaluated and the mice 
were challenged with a lethal dose of homologous virus. Our data show that GPl-
0100 enhanced the immunogenicity and protective capacity of influenza subunit and 
virosome vaccines to different extents. Overall, the adjuvanted virosomes elicited 
stronger humoral and cellular immunity than the adjuvanted subunit vaccine, especially 
at low antigen doses. Notably, only the adjuvanted virosomal, but not the subunit, 
vaccine remained fully protective at an antigen dose of 8 ng HA. We conclude that 
influenza virosomes admixed with GPl-0100 provide a simple and yet potent influenza 
vaccine formulation especially with regard to antigen dose sparing. 

2. Materials and Methods 

2. 1 GP/-0100 
GPl-0100 was purchased from Hawaii Biotech, Inc. (Aiea, HI, USA) as powder and was 
stored at 4 °C. The preparation and storage of GPl-0100 stock solution was described 
earlier [8]. 

2. 2 Influenza virus and vaccines 
A stock of A/Puerto Rico/8/34 (H1 N1) influenza virus (PR8), propagated on Madin
Darby canine kidney (MOCK) cells, was kindly provided by Solvay Biologicals 
(currently Abbott Biologicals, Weesp, Netherlands). The virus was further propagated 
on embryonated chicken eggs, purified by sucrose gradient centrifugation, and the 
virus titer was determined by measuring the tissue-culture infectious dose 50 (TCID

50
) 

as previously described [8]. 

Influenza virus was inactivated by J3-propiolactone treatment followed by dialysis 
against HBS buffer (5 mM Hepes, 150 mM NaCl and 0.1 mM EDTA, pH 7.4) as 
described earlier [8]. The inactivated virus sample was processed to subunit vaccine 
using treatment with Tween 80 (0.6 mg/ml) and cetyltrimethylammonium bromide 
(CTAB, 3.0 mg/ml) followed by ultracentrifugation and detergent removal [8]. 

Virosomes were prepared from the inactivated influenza virus with 1,2-dihexanoyl
sn-glycero-3-phosphocholine (DCPC), as described previously [20]. Briefly, inactivated 
PR8 virus (1.5 µmol of viral phospholipid) was solubilized in 750 µI of 200 mM DCPC 
(Avanti Polar Lipids, Inc, Alabaster, AL, USA) in HBS buffer. The suspension was 
incubated on ice for 30 min and the nucleocapsid was removed from the preparation 
by ultracentrifugation. The DCPC was then removed by dialysis against HBS buffer 
overnight. The buffer was refreshed on the next day for another 4 hr of dialysis. 
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Reconstituted virus membranes (virosomes) were separated from non-incorporated 
material on a discontinuous sucrose density gradient (10-50%, w/v) in HBS, in a SW55 
rotor at 33,000 rpm for 90 min. Subsequently, virosomes were dialyzed against HBS 
buffer to remove sucrose. Sterility of vaccine preparations was verified by plating on 
blood agar plates and incubating for 24 hr at 37°C. 

The protein content of the subunit and the virosome vaccine was determined by a 
modified Lowry assay [21]. Hemagglutinin (HA) content was assumed to be equal to the 
total protein content since sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SOS-PAGE) proved that other proteins were present only in very minor amounts. 
Adjuvanted subunit or virosomal vaccines were prepared by mixing of the indicated 
amounts of antigen and GPl-0100 just before immunization. 

2.3 Animal handling 
The protocol for the animal experiments was approved by the Ethics Committee on 
Animal Research of the University of Groningen (Permit number: DEC 58968 and 
5896C). Female Balb/c mice (Harlan, The Netherlands), aged 8-10 weeks, were 
grouped (n = 6 per group) and immunized IM with PR8 subunit or virosome vaccine 
alone or with GPl-0100 adjuvantation in a two-dose immunization regimen (day O and 
day 20). The amounts used are indicated in the Results section. Control mice were 
injected with HBS buffer. On day 27, mice were challenged by intranasal administration 
of 200 TCID50 PR8 influenza virus in 50 µI of HBS buffer. Virus administration was 
carried out under isoflurane anesthesia to ensure deposition of the virus into the lungs. 
Mice were monitored twice a day at fixed time points for clinical signs of illness including 
weight loss, changes in behavior and appearance. Mice were bled and sacrificed on 
day 30. Serum samples were collected for ELISA assay. Spleens were harvested and 
splenocytes were used for ELISPOT assay. The lung lobes were collected in 1 ml PBS 
and the homogenized supernatants were stored at -80 °C freezer for lung virus titer 
detection. 

2.4 ELISA 
H 1 N 1-specific antibody responses were determined by ELISA as described earlier [8]. 
Individual lgG titers were calculated as the 10109 of the reciprocal of the sample dilution 
corresponding to an OD492 of 0.2. Individual lgG1 and lgG2a responses are given as 
concentration (µg/ml). 

2. 5 Hemagglutination inhibition (HAI) assay 
Serum samples were processed and subjected to HAI assay as earlier described [20]. 
2log HAI titers for individual mice are presented. 

2. 6 Elispot assays 
H1N1-specific IFN-y and IL-4 responses were determined by Elispot assays as earlier 
described [8]. Numbers of influenza-specific IFNy- or IL4-secreting cells per 500,000 
splenocytes from individual mice are given. 

2. 7 Virus titration in lungs of challenged mice 
Virus titers were determined from lung homogenates as earlier described [8]. Results 
from individual mice are presented as 10log (virus titer per gram of lung tissue). 
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2. 8 Statistics 
The unpaired Student's t-test was used to determine if the differences in influenza
specific responses observed between groups of mice were significant. A p value of 
p<0.05 was considered significant. 

3. Results 

3. 1 lmmunogenicity and protective capacity of influenza subunit or virosomal vaccine 
with or without GP/-0100 
Preliminary evaluation of influenza vaccine in different formulations was conducted 
at an antigen dose of 200 ng HA. Mice were immunized IM twice on day O and 20 
with subunit or virosomal vaccine alone or in the presence of 30 µg GPl-0100. One 
week after the second immunization, mice were challenged with homologous virus 
via the intranasal route. No significant weight loss was observed until sacrifice three 
days after challenge. Mock-immunized control mice developed an average lung 
virus titer of 106 TCID

5
/g lung tissue (Figure 1A). The average titer was reduced by 
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� 4 logs in each of the immunized groups 
(pS0.0001 for all comparisons of mock
immunized and immunized groups). None 
of the mice immunized with plain subunit 
vaccine developed sterile immunity, while in 
67% of the mice immunized with GPl-0100-
adjuvanted subunit vaccine lung virus titers 
were below the detection limit. For virosomal 
vaccine, complete lung protection against 
virus growth was observed in 50% and 100% 
of the mice receiving plain virosomes and 
GPl-0100-adjuvanted virosomes respectively. 

Fig. 1 .  Lung protection and hemaglutination 
inhibition (HAI) titer elicited by influenza subunit 
or virosomal vaccine with and without GPl-01 00. 
Mice (n=6 per group) were immunized intramuscularly 
on day 0 and day 20 with 0.2 µg A/PR/8 subunit or 
virosomal vaccine alone or adjuvanted with 30 µg GPl-
0 100. The control mice received HBS buffer. Mice were 
infected with live PR8 virus one week after the second 
immunization and were sacrificed 3 days after challenge 
for ex vivo analysis. (A) Lung virus titers. Virus titers are 
expressed as the 10109 virus titer per gram of lung tissue 

for individual mice. The black line represents the geometric mean virus titer per group. Due to technical 
reasons, only 4 or 5 samples from mice receiving plain or GPl-01 00-adjuvanted virosomes, respectively, 
were available for lung virus titration. (B) Post-challenge HAI titers. The results are expressed as the 2Iog HAI 
titers for individual mice. The black l ine represents the geometric mean HAI titer per group. The dotted line 
represents the detection limit. The stars indicate statistical differences between compared groups. Levels of 
significance are depicted as follows: *: p < 0.05, **: p < 0.01 and ***: p < 0.005. 
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We further analyzed HAI titers in serum samples collected from the mice described 
above. None of the mice that received plain influenza subunit vaccine developed a 
detectable serum HAI titer (Figure 18). Only 1 out of the 6 mice receiving GPl-0100-
adjuvanted subunit vaccine showed a detectable serum titer. On the other hand, 
influenza virosomes induced detectable HAI titers in 3 and 4 out of the 6 immunized 
mice for plain and GPl-0100-adjuvanted vaccine, respectively. The average HAI titer 
induced by the adjuvanted virosomes was significantly higher than that induced by 
adjuvanted subunit vaccine (p= 0.0304 ). 

3.2 Protective capacity of GP/-0100-adjuvanted influenza subunit or virosomal vaccine 
at a reduced antigen dose 
To gain better insight into possible differences between GPl-0100-adjuvanted subunit 
and virosomal vaccines, we repeated the challenge experiment using a lower dose of 
GPl-0100 (15 µg) and titrating the antigen dose down from 200 to 8 ng. No significant 
weight loss was observed three days after virus challenge. On day 4 post challenge, 
the non-immunized control mice all showed more than 10% of weight loss (Figure 2A). 
One out of the 6 mice immunized with adjuvanted low-dose (8 ng) subunit vaccine 
also demonstrated severe weight loss and two others lost � 5% of weight. The rest of 
the immunized and challenged mice, however, showed no significant weight changes 
(except one animal in the group immunized with adjuvanted virosomes at 40 ng HA). 

All mice were sacrificed four days after challenge and virus titers were determined 
in the collected lung homogenates. The control mice developed an average lung virus 
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Fig. 2. Protective capacity of GPl-01 00-
adjuvanted influenza subunit or virosomal 
vaccine at different antigen doses. Mice 
were immunized intramuscularly on day 0 
and day 20 with PR8 subunit or virosomal 
vaccine at different antigen doses (8, 40, 200 
ng HA), adjuvanted with 15 µg GPl-01 00. 
Control mice received HBS buffer. Mice were 
infected with live PR8 virus one week after the 
second immunization and were sacrificed 3 
days after challenge for ex vivo analysis. (A) 
Weight changes. The weight upon sacrifice 
(day 30) was compared to the weight prior to 
challenge (day 27) for each individual mouse. 
The black line represents the arithmetic mean 
of the relative weight change per group. (B) 
Lung virus titer. Determined as described in 
the legend to Figure 1 .  
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titer of 107·2 TCID
5
/g lung tissue (Figure 28). All mice that received adjuvanted vaccines 

containing more than 40 ng HA were completely or nearly completely protected from 
virus growth in the lungs regardless of the vaccine formulation used. At the lowest 
tested antigen dose of 8 ng HA, a significant difference in lung protection was observed 
between mice immunized with adjuvanted subunit or adjuvanted virosomal vaccine 
(p=0.0078). Though the lung virus titer in subunit-immunized mice was significantly 
reduced as compared to that in the control group (p=0.0096), only 2 out of the 6 
immunized mice developed sterile immunity with lung virus titers below the detection 
limit. The other mice of the group, however, showed only partial or no protection. In 
contrast, GPl-0100-adjuvanted virosomes provided full protection in all vaccinated 
mice even at the lowest antigen dose. 

3. 3 Humoral immunogenicity of GP/-0100-adjuvanted subunit or virosoma/ vaccine at 
a reduced antigen dose 
Hu moral immune responses elicited by GPl-0100-adjuvanted subunit or virosomal 
vaccines at different antigen doses were evaluated by performing H1 N1-specific lgG 
ELISAs and HAI assays on serum samples collected from the mice described above 
under 3.2. Pre-challenge serum samples collected on day 27 showed that GPl-0100-
adjuvanted subunit and virosomal vaccine elicited comparable H1 N1-specific lgG 
responses at an antigen dose of 200 ng HA (Figure 3A). However, at an antigen dose 
of 40 ng there was a trend towards higher lgG responses in the virosome group as 
compared to those in the subunit group. This trend became statistically significant at 
the lowest antigen dose of 8 ng (p=0.0091 ). 
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Fig. 3. Humoral immune responses to 
GPl-01 00-adjuvanted influenza subunit 
or virosomal vaccine at different antigen 
doses. Pre- and post-challenge serum 
samples from the mice described in the 
legend to Fig. 2 were collected on day 27 
and 37, respectively. (A) Total lgG responses 
after two immunizations. 10109 lgG titers of 
individual mice are given. The black line 
represents the geometric mean lgG titer per 
group. (B) Post-challenge HAI titers. Due to 
technical reasons, only 4 samples from the 
mice that received 8 ng HA subunit adjuvanted 
with 1 5  µg GPl-01 00 were available for the 
HAI assay. 
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HAI responses were measured in post-challenge serum samples collected upon 
sacrifice of the animals. Titers were clearly antigen dose-dependent (Figure 38). All 
mice that received 200 ng HA + GPl-0100 developed high HAI titers. At an antigen 
dose of 40 ng HA, measurable HAI titers were detected in 3 out of 6 or 5 out of 6 mice 
receiving the adjuvanted subunit or virosomal vaccine, respectively. For these two 
antigen doses, HAI titers elicited by the virosomal vaccine were significantly higher than 
those elicited by the subunit vaccine (p=0.0128 and 0.0026, respectively). At 8 ng HA, 
HAI titers elicited by either of the vaccines were low. Only 1 of the subunit-immunized 
mice and 3 of the virosome-immunized mice developed detectable HAI titers. Thus, 
overall GPl-0100-adjuvanted virosomes induced higher levels of influenza-specific 
antibodies than GPl-0100-adjuvanted subunit vaccine. 

3.4 Phenotype of the antibody response elicited by GPl-0100-adjuvanted subunit and 
virosomal vaccine 
We further analyzed the phenotype of the antibody response by performing H1 N1-
specific lgG1 and lgG2a ELISAs on the pre-challenge serum samples mentioned in 
3.3. GPl-0100-adjuvanted subunit and virosomal vaccine elicited similar serum lgG1 
responses at all antigen doses tested (Figure 4A). On the other hand, the vaccine 
formulation did play a role in the induction of serum lgG2a (Figure 48). While at higher 
antigen doses, the adjuvanted subunit vaccine was equally effective as the virosomal 
vaccine in induction of lgG2a, only the adjuvanted virosomes readily induced lgG2a 
at the low antigen dose of 8 ng HA, resulting in a significant difference between these 
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two groups (p=0.0289). Nevertheless, for 
both formulations a Th2-oriented antibody 
response predominated since high levels 
of lgG1 were elicited at any given antigen 
dose. 

Fig. 4. Phenotype of the influenza
specific antibody responses to GPl-01 00-
adjuvanted influenza subunit or virosomal 
vaccine. Serum samples from the mice 
described in the legend to Fig .  3(A) were 
analyzed. (A) Influenza-specific lgG1 (µg/ml) 
of individual mice with arithmetic mean per 
group. (B) Influenza-specific lgG2a (µg/ml) 
of individual mice with arithmetic mean per 
group. 
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3. 5 Cellular immunity of GP/-0100-adjuvanted subunit or virosomal vaccine at different 
antigen doses 
We next evaluated H1N1-specific cellular immunity elicited by the GPl-0100-adjuvant
ed vaccines by performing Elispot assays on post-challenge splenocytes collected 
upon sacrifice. H1N1-specific IFN-y responses elicited by the adjuvanted subunit vac
cines were generally very weak or undetectable (Figure SA). The adjuvanted viro
somes, on the other hand, effectively induced H1 N1-specific IFN-y responses at an 
antigen dose of 8 and 40 ng HA, with an average of 69 and 136 I FN-y-secreting cells 
per 5x105 splenocytes, respectively. Unexpectedly, H1 N1-specific IFN-y-secreting cells 
were barely induced in the adjuvanted 200 ng HA virosome group. In the animal groups 
that received 40 ng HA, a trend towards higher IFN-y responses for the adjuvanted 
virosomes as compared to the subunit vaccine was observed. This trend reached sta
tistical significance at 8 ng HA (p=0.0016). All of the vaccines tested readily induced 
H1 N1-specific IL-4 responses after challenge. A strong antigen dose-dependent IL-4 
response was observed for GPl-0100-adjuvanted subunit vaccine (Figure 58). At a 
high antigen dose of 200 ng HA, the adjuvanted subunit vaccine elicited significantly 
stronger IL-4 responses than did the adjuvanted virosomes (p=0.0023). At lower anti
gen doses, however, the adjuvanted virosomes elicited significantly stronger IL-4 re
sponses than the adjuvanted subunit vaccine (p=0.0436 and 0.0094 for a comparison 
at 8 and 40 ng HA, respectively). Notably, Th1-skewed cellular immunity, predominated 
by IFN-y-producing T cells, was observed only in mice that received GPl-0100-adju
vanted virosomes at an antigen dose of 40 ng HA or lower. Thus, the adjuvanted viro
somes elicited a stronger and more Th1-oriented cellular immune response than did 
the adjuvanted subunits at a low antigen dose. 
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4. Discussion 

In an attempt to further improve the immunogenicity of influenza vaccines we com
pared in this study the effects of GPl-0100 adjuvantion on a subunit and a virosomal 
influenza vaccine formulation. Due to its amphiphilic nature GPl-0100 can potentially 
incorporate into virosomal membranes thus forming particles containing both antigen 
and adjuvant. In the absence of GPl-0100 subunit and virosomal vaccines induced 
similar levels of antibodies and reduction in lung virus titer after challenge. GPl-0100 
stimulated the protective efficacy of both formulations but to different extents. At limit
ing amounts of antigen (8 ng HA) only the adjuvanted virosomal vaccine could com
pletely prevent infection. Furthermore, the adjuvanted virosomes induced higher anti
body titers and higher numbers of cytokine-producing T cells than adjuvanted subunit 
vaccine at antigen doses of 40 ng or lower,. These differences were not detected when 
an antigen dose of 200 ng was used, presumably because at this relatively high dose 
of antigen, the nature of the vaccine formulation becomes less critical. Thus, overall 
GPl-0100-adjuvanted virosomes were superior to adjuvanted subunit vaccine, particu
larly at low antigen doses. 

Exploitation of the amphiphilic nature of saponin adjuvants to develop immuno
genic vaccine delivery systems has been reported earlier. Immune-stimulating com
plexes (ISCOMs), composed of saponin, phospholipid, cholesterol and incorporated 
antigen are among the most potent saponin-containing formulations identified [24,25]. 
The ISCOM formulation contains cage-like particles approximately 40 nm in diameter. 
A challenge study in mice showed that subcutaneous delivery of a single dose of IS
COMs consisting of the saponin ISCOPREP™703 and PR8 antigen protects mice from 
weight loss and death at an antigen dose of 0.5 µg HA [26]. Another study in mice us
ing ISCOMs containing the saponin Quil A and the antigen from A/Taiwan/1/86 (H1 N1) 
virus demonstrated that two subcutaneous immunizations with an antigen dose of 0.5 
µg HA were required to provide complete lung protection against homologous chal
lenge [27]. Here we show that mice receiving two intramuscular immunizations of GPl-
0100-adjuvanted PR8 virosomes were protected from weight loss and lung infection 
upon challenge even at the very low antigen dose of 8 ng HA. Hence, GPl-0100-adju
vanted virosomes provide a formulation which is relatively simple, exploits a marketed 
influenza vaccine formulation, is easy to produce, and at the same time performs as 
good as or even better than influenza ISCOMs. 

Influenza virosomes are 100-200 nm particles composed of the membrane lipids 
and spike proteins of influenza virus. Unlike influenza virus-like particles (VLPs), which 
are produced by infecting cells lines with genetically modified viral vectors contain
ing influenza virus genes, influenza virosomes are produced from cultured influenza 
viruses with or without addition of extra lipids [13, 17 ,28,29]. The safety and efficacy of 
virosomal influenza vaccines has been demonstrated to be as good as or even better 
than that of split or subunit vaccines in children, adults and healthy elderly or those with 
a medical condition [19,30-34]. Importantly, due to their membranous nature, virosomal 
vaccines provide a platform for the incorporation of lipophilic or amphiphilic adjuvants 
[35-40]. Such an integration of stimulatory signals from both antigen and adjuvant is 
expected to elicit robust immune responses [41,42]. 
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Adjuvanted virosomal vaccines can be produced by different methods. One way is 
to combine lipophilic/amphiphilic adjuvant and virosomal antigen during the process of 
virosome reconstitution. The adjuvant is mixed with solubilized viral membranes in the 
presence of solubilization agent. After incubation, the mixture is dialyzed against buffer 
for the removal of solubilization agent and formation of virosomes. Using this method, 
respiratory syncytial virus (RSV) virosomes with incorporated P3CSK4 or MPLA (TLR-
2 and TLR-4 ligand respectively) were prepared. The adjuvant-modified RSV viro
somes were shown to induce significantly stronger Th1 immunity than non-adjuvanted 
virosomes and formalin-inactivated RSV and to induce full protection against RSV in
fection [35,36]. Addition of an amphiphilic adjuvant prior to virosome reconstitution has 
also been used successfully for the generation of influenza vaccines. A study on viro
somal HSN 1 vaccine shows that incorporation of the LPS-derivative Lpxl 1 stimulates 
vaccine immunogenicity and skews immune responses towards a Th1 phenotype [37]. 
Alternatively, adjuvants can be simply added to preformed virosomal vaccines. Cox et 
al. showed that addition of ISCOMATRIX (Matrix-M™) to preformed H5N1 virosomes 
prior to injection significantly enhances the immunogenicity of the vaccine in both mice 
and humans [38-40]. Murine studies further show that Matrix-M-adjuvanted virosomes 
elicit much stronger Th1 responses (lgG2a, IL-2, IFN-y and IL-12) and higher frequen
cies of multifunctional Th1 CD4+ cells when compared to plain virosomes. In addition, 
for intranasal delivery only the Matrix-M-adjuvanted but not plain virosomes provide 
protection against homologous virus infection. The effectiveness of a simple admixture 
of adjuvant and virosomal antigen is further clarified in our study. Addition of GPl-0100 
to preformed virosomal H1 N1 vaccine prior to immunization was sufficient to strongly 
potentiate immune responses. 

While GPl-0100 does enhance immune responses when combined with influenza 
subunit vaccine which largely lacks lipids, our results indicate that it is considerably 
more potent when admixed with virosomes which consist of reconstituted viral mem
branes. We hypothesize that the potent immunogenicity and antigen dose-sparing 
capacity of GPl-0100-adjuvanted virosomes are due to a physical association of the 
amphiphilic adjuvant molecule with the virosomal membrane. Yet, we so far do not 
have formal proof for this hypothesis. Preliminary results from particle size determina
tion by use of Nanosight equipment show that GPl-0100 changes the average particle 
size of influenza virosomal but not subunit vaccines. Whether the observed phenom
enon is caused by GPl-0100 partitioning into the virosomal membrane vesicles or by 
reformation of GPl-0100-disrupted virosomes, or by a combination of both, needs to 
be elucidated. 

In summary, we show that GPl-0100 is a very potent adjuvant when used in com
bination with virosomal influenza vaccine. Particularly at limiting amounts of antigen, 
GPl-0100 adjuvanted virosomes elicited higher antibody titers and higher numbers of 
IFNy-producing T cells than equal amounts of adjuvanted subunit vaccine. Remark
ably, complete lung protection against homologous challenge was achieved by two 
immunizations with only 8 ng HA formulated in adjuvanted virosomes. This indicates 
that adjuvantation of virosomal influenza vaccine with GPl-0100 is a very promising 
strategy for antigen dose sparing as required in case of influenza pandemics. Yet, fur
ther characterization of the vaccine formulation and optimization of the ratio between 
GPl-0100 and the virosomal phospholipids are required before clinical application can 
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be envisaged. 
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Chapter 4 

Abstract 

Identification of safe and effective adjuvants remains an urgent need for the 
development of inactivated influenza vaccines for mucosal administration. Here, 
we used a murine challenge model to evaluate the adjuvant activity of GPl-0100, 
a saponin-derived adjuvant, on influenza subunit vaccine administered via the 
intranasal or the intrapulmonary route. Balb/c mice were immunized with 1 µg A/PR/8 
(H1 N1) subunit antigen alone or in combination with varying doses of GPl-0100. The 
addition of GPl-0100 was required for induction of mucosa! and systemic antibody 
responses to intranasally administered influenza vaccine and significantly enhanced 
the immunogenicity of vaccine administered via the intrapulmonary route. Remarkably, 
GPl-0100-adjuvanted influenza vaccine given at a low dose of 2x1 µg either in the 
nares or directly into the lungs provided complete protection against homologous 
influenza virus infection. 
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1. Introduction 

As the respiratory tract is the portal of entry for influenza virus, it has long been an 
issue to develop mucosal vaccines to elicit influenza-specific immunity at the site for 
disease prevention. Successful mucosa! immunization is supposed to elicit high titers 
of secretory lgA (SlgA) that can neutralize extracellular viruses at the luminal site of 
the respiratory epithelium, or intracellular viruses during transcytosis. [1] Together with 
innate immunity, SlgA provides a first line of host defence against virus infection . [1-3] In 
addition, mucosa! immunization can imprint activated lymphoctyes with surface markers 
that will preferentially direct them to home to mucosa! sites. These lymphocytes can be 
quickly re-activated upon virus infection and can contribute to efficient viral clearance. 
Apart from immunological benefits, mucosal immunization has several important 
advantages over parenteral immunization.[4,5] Mucosa! immunization prevents the 
potential safety risk caused by contaminated needles, spares time and cost involved 
in parenteral vaccine administration by health care workers and improves vaccination 
acceptance by the general population. 

So far, the only marketed influenza vaccine for mucosal administration is live 
attenuated influenza vaccine (LAIV) delivered as large droplet aerosol via the intranasal 
route. [4,6] LAIV contains recombinant viruses composed of a viral backbone of a 
cold-adapted virus strain with two RNA segments encoding hemagglutinin (HA) and 
neuraminidase (NA) from circulating strains. Many studies have shown that LAIV is 
effective in inducing both systemic and mucosa! immunity with a better cross-protective 
efficacy against heterologous virus strains, which persists for a longer time span 
compared to immunity by parenterally administered inactivated virus vaccines.[4, 7-
9] Nevertheless, young children and the elderly, the vulnerable populations who are 
among the major targets for influenza vaccination programs, are excluded from the 
application of LAIV due to their weak immune systems and the potential risk of disease 
development. Moreover, there has been a concern about the emergence of virulent 
virus strains from the vaccine virus strain by genetic mutation or re-association with 
wild-type virus strains. 

Mucosa! vaccines containing inactivated virus or isolated viral proteins are 
preferable from a safety point of view. However, such formulations possess relatively 
weak immunogenicity.[4, 10-12] Accordingly, mucosa! adjuvants are required to break 
down the immune-tolerant nature of the mucosa! environment and to stimulate vaccine 
immunogenicity. Bacterial enterotoxins such as cholera toxin from Vibrio cholera and 
heat-labile enterotoxin from Escherichia coli have long been known to possess strong 
mucosa! adjuvant activity. [5, 13] However, the associated toxicity and the induced side
effects have prohibited their use in human vaccines and even led to retraction of an 
already marketed nasal influenza vaccine.[14, 15] Development of safe novel adjuvants 
with strong immune-potentiating capacity but with acceptable reactogenicity therefore 
remains an urgent need for mucosa! vaccine research. 

GPl-0100 is a semi-synthetic triterpenoid glycoside. It is derived from QS-7, one 
of the purified components of Quil A, a saponin adjuvant extracted from the bark of 
the Molina tree Quillaja saponaria.[16-18] GPl-0100 shows a better safety profile and 
increased stability in aqueous solution at physiological pH when compared with other 
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saponin-derived adjuvants. GPl-0100 has been used in clinical trials for cancer vaccines. 
Specifically, a study on a candidate prostate cancer vaccine indicates that there are 
no serious side effects at an adjuvant dose of up to 3000 µg. [19] In an earlier study, 
we showed that GPl-0100 significantly enhances both humeral and cellular immune 
responses elicited by influenza subunit vaccine when delivered intramuscularly.[20] 
The enhancement was observed in both the Th1 (lgG2a and IFN-y) and the Th2 (lgG1 
and IL-4) arm of the immune response. Remarkably, the adjuvanted vaccine induced 
significant protection against influenza virus growth in the lung even at an extremely 
low antigen dose (0.04 µg HA). In contrast, in the absence of adjuvant a 25-fold higher 
antigen dose (1 µg HA) was required to achieve the same level of lung protection. 
Aside from its systemic adjuvant activity, GPl-0100 also showed mucosal adjuvant 
activity in a vaccine for Porphyromonas gingiva/is.[21] When applied via the intranasal 
route, GPl-0100 strongly potentiated both systemic and mucosal antibody responses 
specific for the antigen hemagglutinin B (HagB) of this bacterium. 

Here, we evaluated the mucosa! adjuvant activity of GPl-0100 in conjunction 
with A/PR/8 (H1 N1) influenza subunit vaccine in mice. We compared the capacity of 
non-adjuvanted and GPl-0100-adjuvanted influenza vaccine delivered via the upper 
(nose) or the lower (lung) respiratory tract to induce mucosal and systemic immune 
responses and protection from virus challenge. We show that induction of systemic 
and mucosal immune responses by intranasal vaccine requires adjuvantation with 
GPl-0100. Intrapulmonary vaccines induced local and systemic antibody responses 
even without adjuvantation but these responses were significantly increased upon 
GPl-0100 adjuvantation. Moreover, complete inhibition of virus growth in the lungs was 
achieved only by the adjuvanted vaccines for both administration routes. We therefore 
consider GPl-0100 a potential candidate adjuvant for mucosa! influenza vaccines. 

2. Materials and methods 

2. 1 GPl-0100 
GPl-0100 was purchased from Hawaii Biotech, Inc. (Aiea, HI , USA) as powder and 
was stored at 4 °C. A stock solution of GPl-0100 (10 mg/ml} was prepared in HBS 
buffer (5 mM Hepes, 150 mM NaCl and 0.1 mM EDTA, pH 7.4). After centrifugation 
through a Spin-X centrifuge tube filter (Corning, MA, USA), the sterile stock solution 
was stored at 4 °C for use within one month. 

2. 2 Virus and subunit vaccine 
A stock of A/PR/8 (H1 N1) influenza virus propagated on Madin-Darby canine kidney 
(MOCK) cells was kindly provided by Solvay Biologicals (Weesp, Netherlands). The 
virus was further propagated on embryonated chicken eggs by us and the virus titer 
was determined by measuring the tissue culture infectious dose 50 {TCI D50}. To this 
end, serial 2-fold dilutions of virus suspension were inoculated on MOCK cells grown 
in serum-free medium. 1 hr later TPCK trypsin (Sigma, Zwijndrecht, Netherlands) was 
added to a final concentration of 5 ng/ml. After 72 hr, supernatants were collected and 
transferred to a V-bottom 96-well plate followed by the addition of 50 µI 1 % guinea pig 
erythrocytes (Harlan, Horst, Netherlands) to each well. The plate was incubated for 2 
hr at room temperature before reading. The titer was determined as the highest virus 
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dilution at which hemagglutination was visible and the TCID50 was calculated by the 
method of Reed & Muench.[20] 

For virus inactivation, the virus was incubated with freshly diluted �-propiolactone 
in citrate buffer (125 mM sodium citrate, 150 mM sodium chloride, pH 8.2) at a final 
concentration of 0.1 % �-propiolactone. The inactivation procedure was carried out 
for 24 hr at 4 °C under continuous stirring. After inactivation, the virus was dialyzed 
against HBS buffer overnight at 4 °C. Subunit vaccine was prepared by solubilizing 
the inactivated virus (0.8 mg virus protein/ml) in HBS buffer containing Tween 80 (0.6 
mg/ml) and hexadecyltrimethylammonium bromide (CTAB, 3.0 mg/ml) for 3 hr at 4 
°C under continuous stirring, followed by the removal of viral nucleocapsid from the 
preparation by ultracentrifugation for 30 min at 50,000 rpm in a TLA 100.3 rotor at 4 °C. 
Detergents were then removed by overnight absorption onto Biobeads SM2 (634 mg/ 
ml, Bio-Rad, Hercules, Canada) washed with methanol prior to use. 

Protein content of the inactivated virus and subunit material was determined by 
a modified Lowry assay.[22] Hemagglutinin (HA) content was assumed to be one third 
of the total protein for whole inactivated virus and to be equal to the total protein for 
subunit material based on sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SOS-PAGE) results. [23] Vaccines were mixed at the indicated amounts of subunit and 
GPl-0100 just before immunization. 

2.3 Animal handling 
The protocol for the animal experiments described here was approved by the Ethics 
Committee on Animal Research of the University of Groningen (Permit number: DEC 
5896D). 

For immunization experiments, female Balb/c mice (Harlan) aged 8-10 weeks 
were grouped (n = 6 per group) and immunized via the intramuscular, intranasal or 
intrapulmonary route with 1 µg A/PR/8 subunit vaccine with or without GPl-0100 
adjuvant in a two-dose immunization regimen (day O and day 20). For intramuscular 
immunization, vaccines in 50 µI were divided over both hind legs. For intranasal 
immunization, vaccines in 5 µI were given by pipet to both nasal nares slowly. For 
intrapulmonary immunization, mice were brought to an upright position after isoflurane 
anesthesia and the trachea was intubated with a modified Autogard catheter (Becton 
Dickinson BV, Breda, Netherlands). Vaccines in 50 µI were then administered using a 
IA-1 C Microsprayer Aerosolizer for mice attached to a FMJ-250 High Pressure Syringe 
(both from Penn-Century Inc. , PA, USA). Control mice were intramuscularly injected 
with HBS buffer. Pre-boost serum samples were collected on day 20 by orbital puncture 
prior to immunizations. On day 27, mice were sacrificed and nose wash, lung wash, 
serum and spleen samples were collected for ex vivo immune-assays. Mucosal wash 
samples were collected in 1 ml phosphate buffer saline (PBS) containing protease 
inhibitor (Complete Protease Inhibitor Cocktail, Roche, IN, USA). 

For challenge experiments, mice received the immunization regimen as described 
above. Pre-boost and pre-challenge serum samples were collected on day 20 and 
34 by orbital puncture prior to immunizations or virus infections respectively. On day 
34, mice were infected intranasally with 200 TCID50 A/PR/8 influenza virus in 50 µI of 
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HBS buffer. The virus infection was carried out under isoflurane anesthesia to ensure 
deposition of the virus into the lungs. Mice were monitored, twice a day at fixed time 
points, for clinical signs of illness including weight loss and changes in behavior or 
appearance. Mice were bled and sacrificed on day 37. Nasal wash, serum and spleen 
samples were collected for immuno-assays. The lung lobes were collected in 1 ml 
PBS for homogenization and the processed samples were stored at -80°C for later 
determination of lung virus titers. 

To evaluate the safety of mucosal administration of GPl-0100, mice were grouped 
(n = 3 per group) and received two doses of GPl-0100 alone via the intranasal or the 
intrapulmonary route. For intranasal delivery, GPl-0100 in 10 µI was given by pi pet 
to both nasal nares slowly. For intrapulmonary immunization, GPl-0100 in 50 µI was 
given as described above. The control mice for both routes received HBS buffer. Lung 
samples were collected 72 hr after the second administration for histopathological 
analysis. 

2.4 lgA, lgG, lgG 1  and /gG2a ELISAs 
Influenza HA-specific antibody responses were determined by ELISA.[23] Briefly, 
ELISA plates (Greiner, Alphen a/d Rijn, Netherlands) were coated with 0.2 µg of PR8 
influenza subunit antigen per well. 2-fold serial dilutions of serum samples in PBST 
(0.05% Tween 20 in PBS) were applied to the wells in duplicate and incubated for 1.5 
hr. Horseradish peroxidase-conjugated goat anti-mouse lgA or lgG (SouthernBiotech, 
AL, USA) was added and incubated for 1 hr for the detection of H1 N1-specific lgA, lgG, 
lgG1 or lgG2a antibodies. All incubations were carried out at 37 °C. The staining was 
performed with substrate buffer (50 mM citrate-phosphate buffer, pH 5.5, containing 
0.04% o-phenylenediamine and 0.012% HpJ Absorbance at 492 nm (OD492) was 
measured using an ELISA reader (Bio-tek Instruments Inc., VT, USA). For lgAresponse, 
the average OD at 492 nm (OD492, with the standard error of the means (S.E.M.)) 
for each group at each dilution was calculated. For lgG response, the averaged titer 
for each group (with the S.E. M.) was calculated as the (1°Iog of the) reciprocal of the 
sample dilution corresponding to an OD492 of 0.2. For calculation purposes, sera with 
titers below the detection limit were assigned an arbitrary titer corresponding to half of 
the detection limit. 

Calibration plates for lgG1 and lgG2a assay were coated with 0.1 µg goat anti
mouse lgG (SouthernBiotech). Increasing concentrations of purified mouse lgG1 or 
lgG2a (SouthernBiotech) were added to the plates. Average lgG1 and lgG2a responses 
for each group are given as concentrations (µg/ml) of influenza HA-specific lgG1 and 
lgG2a. 

2. 5 Hemagg/utination inhibition (HAI) assay 
Serum samples were pre-heated at 56 °C for 30 min to inactivate serum proteins. 
[23] After cooling down, 75 µ I  of the processed serum samples were treated with 225 
µI of Kaolin for 30 min at room temperature followed by centrifugation at 1500 rpm 
for 1 O min. The supernatant was collected and applied to a V-bottom 96-well plate 
for 2-fold serial dilutions. The same volume of PR8 influenza virus dilution containing 
4 HAU virus was added to each well and allowed an incubation for 40 min at room 
temperature. 50 µI of 1 % guinea pig erythrocytes were then added to each well and the 
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plate was incubated for another 2 hr before reading. The titer was determined as the 
highest serum dilution at which hemagglutination inhibition was visible. 2109 HAI titer for 
individual mouse is presented. 

2. 6 Elispot 
ELISA plates were coated with purified rat lgG1 against mouse IFN-y or IL-4 (BO 
Pharmingen, CA, USA).[23] Freshly isolated splenocytes (500,000 cells per well) 
were added to the plates in triplicate in medium containing 5% fetal calf serum with or 
without PR8 subunit (1 µg per well). After an overnight incubation at 37 °C, cells were 
lysed in ice-cold water and plates were washed. IFN-y or IL-4 detection was carried 
out by 1 hr incubation with biotinylated anti-mouse IFN-y or IL-4 antibody followed 
by subsequent incubation with streptavidin-alkaline phosphatase (Pharmingen) for 1 
hr. Spots were developed by adding 100 µI of substrate solution to each well. The 
substrate solution included 5-bromo-4-chloro-3-indolylphosphate in water containing 6 
mg/ml agarose (Sigma), 9.2 mg/ml 2-amino-2-methyl-1-propanol (Sigma) and 0.08 µ I/ 
ml Triton X-405 at 1 mg/ml. The plates were further incubated for 3 hr at 37 °C. Images 
of the plates were taken by an automated ELI-spot assay video analysis system (A 
EL VIS, Hannover, Germany). Spots were counted manually. Spots observed in the 
wells without PR8 subunit (backgrounds) were subtracted from the spots observed 
in the stimulated wells. Number of influenza-specific IL-4-secreting cells per 500,000 
splenocytes for each mouse is given. 

2. 7 Determination of virus titer in lungs of the challenged mice 
Lungs collected from the immunized and challenged mice were homogenized and 
stored at -80 °C until use.[23] Virus titers were determined by inoculating serial dilutions 
of the clarified homogenates on MOCK cells and culturing the cells in the presence 
of TPCK-trypsin as described above in 2.2. The highest dilution that still resulted in 
hemagglutination was taken as the virus titer in the lungs. Result from individual mouse 
is presented as 10 109 virus titer per gram of lung tissue. 

2. 8 Lung histology 
Lung samples from the safety evaluation experiment were harvested for 
histopathological analysis. Briefly, lungs were inflated by injection of 1 ml Tissue-Tek 
OCT compound (Sakura, Alphen aan den Rijn, Netherlands) through the trachea and 
snap frozen in liquid nitrogen. The lung samples were then stored at -80 °C until use. 
Frozen sections of lungs (5 µm thick) were prepared using a Leica CM 1950 microtome 
(LEICA, Rijswijkn, Netherlands) and stored at -80 °C until use. Just prior to staining, the 
sections were fixed in 100% acetone for 10 minutes and air-dried at room temperature 
for 30 min. Tissues were rehydrated with PBS and blocked for endogenous peroxidase 
with Hp

2
• Sections were washed three times with PBS and stained for neutrophils 

and macrophages using rat anti-mouse Ly-6G and Ly-6C (BO pharmingen) and rat 
anti-mouse CO68 (BO pharmingen) respectively for 60 min. Sections were washed 
as mentioned previously and subsequently incubated with horseradish peroxidase
conjugated goat anti-rat antibody for 30 min. After washing, color was developed using 
an AEC staining kit (Sigma). Sections were washed again and stained with Mayer's 
Haematoxylin for 10 min. Slides were washed with tap water for 5-10 min and mounted 
with lmmunoHistomount. The processed slides were then scanned with a NanoZoomer 
2.0-HT (Hamamatsu, Tohoku, Japan) and the scanned images were analyzed by 
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HistoQuest software (TissueGnostics, Vienna, Austria). The results are presented as 
% neutrophils or % macrophages per stained sample. 

2. 9 Statistical analysis 
The unpaired Student's t-test was used to determine if the differences in influenza
specific responses observed between groups of mice were significant. A p value of p < 
0.05 was considered significant. Spearman (nonparametric) correlation analysis was 
performed to show the inverse relationship observed between influenza-specific lgG 
responses and lung virus titers. 

3. Results 

3. 1 Effect of GPl-0100 on lung protection induced by mucosal/y administered influenza 
vaccine 
To evaluate the protective efficacy of non-adjuvanted and GPl-0100-adjuvanted 
influenza vaccine administered in the nose or in the lungs, mice were immunized twice 
with a 20-day interval and were infected with live A/PR/8 virus 2 weeks after the second 
immunization. No significant weight loss was observed after the virus challenge in 
any of the experimental groups for three days till sacrifice. On day 3, generally the 
day at which lung virus titers are at maximum, we sacrificed the mice, collected lung 
samples, and determined virus titers in the lung homogenates. Absence of detectable 
virus in the lung or significant reduction as compared to control mice at this time point 
is generally regarded as indication for protection.[24-26] The HBS buffer group showed 
an average lung virus titer of 3.6-logs (Figure 1 ). Lungs of mice that received plain 
influenza vaccine via the intramuscular route were significantly protected against virus 
growth ;  5 out of 6 lung samples collected from these mice had virus titers below the 
detection limit. On the other hand, mice that received plain influenza vaccine via the 
intranasal and or the intrapulmonary route developed average lung virus titers not 
statistically different from those in the buffer control group. In contrast, mice immunized 
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Fig. 1 .  Effects of unadjuvanted and GPl-
01 00-adjuvanted mucosal influenza 
vaccine on lung virus titers. Mice were 
immunized on day O and on day 20 with 1 µg A/ 
PR/8 subunit vaccine alone or adjuvanted with 
the indicated doses of GPl-0 100. The control 
mice received HBS buffer. The immunizations 
were given via intramuscular ( i .m.), intranasal 
(i .n .)  or intrapulmonary (pul .)  route. 2 weeks 
after the second immunization, mice were 
infected with live A/PR/8 virus. Lung samples 
were collected 3 days later upon termination . 
Virus titer is expressed as the 10log virus titer 
per gram of lung tissue for individual mice. 
The black line represents the geometric 
mean virus titer per group. One mouse from 
the HBS control group was sacrificed before 
the challenge due to abnormal tissue growth 
with unknown reason. Levels of significance 
are depicted as follows: *p < 0.05, **p < 0.01 
and ***p < 0.005. 
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with GPl-0100-adjuvanted influenza vaccine via either of the mucosa! routes showed 
complete protection against lung virus growth, none of the lung samples collected from 
these mice had detectable lung virus titers. These data indicate that GPl-0100 is a 
strong mucosa! adjuvant for influenza vaccine. 

3. 2 Effect of GP/-0100 on serum antibody responses elicited by mucosa/ influenza 
vaccine 
Systemic humeral immune responses elicited by mucosa! influenza subunit vaccine 
were evaluated by performing influenza-specific lgG ELISAs on serum samples 
collected on day 20 and day 34 from mice immunized in Figure 1. Serum samples 
collected 20 days after a single immunization showed that plain influenza vaccine 
could effectively induce lgG responses when administered via the intramuscular route 
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Fig. 2. Influenza-specific lgG and 
hemagluttination Inhibition (HAI) titers 
elicited by unadjuvanted and GPl-01 00-
adjuvanted mucosal influenza vaccine. 
Serum samples from the mice described in 
the legend to Fig. 1 were collected on day 20 
and day 34. (A) Total lgG responses after a 
single immunization. Average 10109 lgG titers 
± standard error of the mean (S.E .M .) ,  n = 
6 mice per group. The detection l imit of the 
assay is represented by the dotted l ine. (B) 
Total lgG responses after two immunizations. 
(C) HAI titers after two immunizations. The 
results are expressed as 2 109 HAI titers of 
individual mice. The black line represents the 
geometric mean virus titer per group.  Due to 
technical reasons only 5 and 4 samples from 
mice receiving 30 µg GPl-01 00 adjuvanted 
intranasal immunization and unadjuvanted 
intrapulmonary immunization were available 
for the HAI assay. 
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(Figure 2A). None of the mice that received plain influenza vaccine via the intranasal 
route and only 2 out of the 6 pulmonarily vaccinated mice developed detectable lgG 
responses after one immunization. The responses were significantly enhanced upon 
GPl-01 00 adjuvantation; 1 1  out of 1 2  mice that received the adjuvanted intranasal 
vaccine developed detectable lgG titers after a single immunization and all mice 
receiving the adjuvanted intrapulmonary vaccine developed lgG titers 3-logs after a 
single immunization. 

Influenza-specific systemic antibody responses were further enhanced after the 
second immunization, as shown by antibody determination in serum samples collected 
prior to the virus challenge (Figure 28). Again, strong GPl-01 00 adjuvant effects were 
observed for both intranasal and intrapulmonary influenza vaccine (p<0.0001 for 
the comparison between adjuvanted and plain intranasal vaccine; p=0.0006 for the 
comparison between adjuvanted and plain intrapulmonary vaccine). Moreover, booster 
immunizations with adjuvanted vaccine were very effective (increase of serum lgG 
titers by a factor of 1 30-220) , while booster immunization with plain vaccine increased 
lgG titers only moderately (factor 50). Mice that received the adjuvanted influenza 
vaccine via the intranasal route all developed serum lgG titers similar to those found in 
mice immunized by standard intramuscular injection. Notably, the group that received 
the adjuvanted vaccine via the intrapulmonary route developed the highest serum lgG 
titers among all the treatment groups (p=0.0023 for the comparison between plain 
intramuscular and adjuvanted intrapulmonary vaccine; p=0.0032 for the comparison 
between adjuvanted intranasal and intrapulmonary vaccine). 

We further evaluated the hemagglutination inhibition (HAI) capacity of the pre
challenge serum samples mentioned above. HAI titers to PR8 virus are generally 
low or undetectable, possibly due to the intrinsically low immunogenicity of this virus 
strain. 3 out of the 6 mice receiving plain influenza vaccine intramuscularly developed 
detectable HAI titers with an average titer of 7 (Figure 2C). However, only 1 out of the 1 0  
mice receiving plain vaccine via any of the mucosal routes developed detectable HAI 
titers. Upon GPl-01 00 adjuvantation, a higher number of mucosally immunized mice 
developed positive HAI titers with the highest responses observed in mice immunized 
via the pulmonary route. Interestingly, to induce a positive HAI titer, intranasal influenza 
vaccine required a higher GPl-01 00 dose than intrapulmonary influenza vaccine. 
Together, these data demonstrate that use of GPl-01 00 as adjuvant in mucosa I 
influenza vaccines significantly stimulates systemic humoral immune responses. The 
observed systemic antibody responses correlated strongly with protection from virus 
growth in the lungs. 

3. 3 Effect of GP/-01 00 on the serum /gG subtype and Th cell profile induced by mucosa/ 
influenza vaccine 
To characterize the phenotype of the systemic antibody responses, we performed 
influenza-specific lgG1 and lgG2a EL ISAs on the post-challenge serum samples 
collected on day 37 upon sacrifice. Mice that received plain influenza vaccine via the 
intramuscular route developed a Th2-skewed antibody response with mainly lgG1 
production (Figure 3). Mice receiving the same vaccine via either one of the mucosal 
routes, on the other hand, failed to develop detectable lgG1 or lgG2a responses. 
The induction of both antibody subtypes elicited by mucosa! influenza vaccine was 
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Fig. 3. Phenotype of the influenza-specific 
antibody responses. Serum samples from the mice 
described in the legend to Fig. 1 were collected on day 
37. (A) Average quantities (µg/ml} of influenza-specific 
lgG1 ± S.E.M.,  n = 6 mice per group. (B) Average 
quantities (µg/ml} of influenza-specific lgG2a ± S.E.M. 

Fig. 4. Effect of GPl-01 00 on influenza-specific IL-
4-producing T cells. Mice were immunized on day 0 
and on day 20 with 1 µg NPR/8 subunit vaccine alone 
or adjuvanted with the indicated doses of GPl-01 00. 
The immunizations were given via intramuscular 
(i.m.), intranasal ( i .n .)  or intrapulmonary (pul . )  route. 
Spleen samples were collected one week later upon 
termination. Splenocytes were isolated and stimulated 
overnight with PR8 subunit. The result is expressed 
as cytokine producing splenocytes per 5x105 cells of 
individual mice. 

substantially enhanced upon GPl-0100 adjuvantation. Yet, the humeral immune 
responses elicited by the adjuvanted mucosal influenza vaccine remained Th2 skewed. 

To evaluate the cellular immune response elicited by mucosal influenza vaccine, 
mice were immunized twice with a 20 day interval and were sacrificed one week after 
the second immunization. Elispot assays performed on the collected splenocytes 
showed that all of the tested vaccines failed to induce detectable numbers of I FNy
producing T cells (data not shown). IL-4 Elispot assay revealed that plain influenza 
vaccine administered via the intramuscular route elicited Th2 cellular immune 
responses (Figure 4). Intranasal immunization, however, was inefficient in eliciting IL-
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4-secreting T cells in the immunized mice unless GPl-0100-adjuvanted vaccine was 
used. Intrapulmonary influenza vaccine was capable of inducing IL-4-secreting T cells 
in the absence and presence of GPl-100 but the number of cells was significantly 
enhanced upon adjuvantation (p=0.0033). The cellular immune responses observed 
here showed a strong relation to serum lgG antibody titers. Moreover, the Th2 type 
cellular immune response elicited by the tested vaccines was consistent with the 
phenotype of the serum antibody responses. 

3.4 Effect of GPl-0100 on mucosa/ antibody responses elicited by mucosa/ influenza 
vaccine 
To evaluate SlgA antibody responses elicited by mucosa! influenza vaccine, nasal and 
lung wash samples were collected from the mice described in paragraph 3.3. for the 
evaluation of cellular immune response. Influenza-specific lgA ELISA performed on 
the nasal wash samples showed that plain influenza vaccine did not induce detectable 
SlgA responses in mice when administered via the intramuscular or the intranasal 
route (Figure 5A). Upon high dose GPl-0100 adjuvantation, intranasal influenza 
vaccine induced detectable nasal SlgA responses in 3 out of the 6 immunized mice. 
Interestingly, when administered via the intrapulmonary route even plain influenza 
vaccine induced a substantial nasal SlgA response. This response was further 
enhanced by adjuvantation with a low dose of GPl-0100. Influenza-specific lgA ELISA 
performed on the lung wash samples showed that only mice receiving intrapulmonary 
immunization developed detectable lung lgA responses (Figure 58). Moreover, the 
responses were significantly enhanced upon GPl-0100 adjuvantation (p=0.0001 ). 

Since the presence of mucosa! lgG antibody has also been suggested to play a role 
in lung protection, we evaluated influenza-specific lgG in the collected mucosa! wash 
samples described above.[3,27,28] lgG titers were barely detectable in nasal wash 
samples collected from mice receiving plain influenza vaccine via the intramuscular 
or the intranasal route (Figure 5C). GPl-0100-adjuvanted intranasal influenza vaccine, 
however, did induce detectable nasal lgG titers in most of the immunized mice. 
Intrapulmonary delivery of non-adjuvanted vaccine resulted in detectable nasal lgG 
titers in 3 out of 5 mice. When receiving GPl-0100 adjuvanted intrapulmonary vaccine 
all mice responded and the nasal lgG titers were generally higher than those for the 
non-adjuvanted vaccine. lgG ELISA performed on lung wash samples revealed that 
all mice immunized with plain influenza vaccine via the intramuscular route developed 
detectable lgG titers in the lungs (Figure SD). The lgG antibody we observed here 
probably was derived from systemic lgG that transudated to the lungs rather than from 
locally produced lgG. As observed earlier in nasal wash samples, substantial lgG titers 
could only be detected in lung wash samples collected from intranasally immunized 
mice that received GPl-0100 adjuvanted vaccine. Notably, mice receiving plain 
influenza vaccine via the intrapulmonary route developed quite high lung lgG titers. 
The titers were further enhanced by GPl-0100 (p<0.0001 ). Thus, GPl-0100 significantly 
stimulates mucosa! antibody responses elicited by mucosa! influenza vaccine. 

3.5 Effect of GP/-0100 on lung inflammation 
In order to evaluate the safety of mucosa! delivery of GPl-0100, mice received HBS 
or GPl-0100 alone via the intranasal or the intrapulmonary route on day O and 20. 
Mice were sacrificed 72 hr after the second administration. Lungs were collected for 
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Fig. 5. Influenza-specific mucosal lgA and 
lgG responses elicited by unadjuvanted and 
GPl-0100-adjuvanted mucosal influenza 
vaccine. Nose and lung wash samples from 
the mice described in the legend to Fig. 4 were 
collected on day 27 upon termination. (A) 
Nasal lgA responses after two immunizations. 
Average OD492 at each dilution ± S.E .M. ,  n 
= 6 mice per group .  The starting and ending 
dilution is 2 and 4096 respectively. (8) Lung 
lgA responses after two immunizations. (C) 
Nasal lgG responses after two immunizations . 
Average lgG titers ± S.E.M. Due to technical 
reasons only 5 samples from mice receiving 
unadjuvanted intrapulmonary immunization 
were available. (D) Lung lgG responses after 
two immunizations. Due to technical reasons 
only 5 samples from mice receiving HBS and 
intrapulmonary immunization were available. 
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Fig. 6. Effect of GPl-0100 on lung histology. On day O and on day 20 mice received either HBS buffer (A, 
C, E, G) or GPl-01 00 at the indicated doses (B, D, F, H) via the intranasal (A, B, E, F) or the intrapulmonary 
(C , D, G, H) route. Lung samples were collected 3 days after the second treatment upon termination. Lung 
sections were prepared and stained for Ly-6G and Ly-6C (A-D) or CD68 (E-H) to identify neutrophils and 
macrophages, respectively. Representative pictures of histological analyses of each treatment group are 
shown. The brown colored cells indicated by an arrow is a neutrophil (N) or a macrophage (M). 
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Fig. 7. Effect of GPl-01 00 on recruitment of 
inflammatory cel ls to the lung. Quantification 
of (A) neutrophils and (B) macrophages on 
micrographs as described in the legend to 
Figure 6. For each staining section, regions of 
interest (ROI) were selected using HistoQuest 
software. The total number of cells within the 
regions were defined by the nucleus staining. 
Neutrophils or macrophages are defined 
as nucleated brown cells. The results are 
presented as % neutrophils or % macrophages 
per stained sample from individual mouse. 

histopathological analysis of inflammatory cells. Histology images show that the lung 
structure was intact without severe cell infiltration in all experimental mice (Figure 6). 
HistoQuest counting of the images revealed that mice receiving GPl-0100 via the 
intranasal route had a higher number of neutrophils and macrophages in the lungs 
than the HBS-treated control mice, but the differences were not statistically significant 
(Figure 7). Pulmonary administration of HBS alone resulted in higher numbers of 
neutrophils and macrophages in the lungs when compared to intranasal HBS. However, 
GPl-0100 did not enhance the mild irritation caused by the delivery method itself. Thus, 
for the amounts investigated, mucosal delivery of GPl-0100 had only minor effects on 
lung histology and appeared to be safe. 

4. Discussion 

In the present study we evaluated the immunogenicity and protective efficacy of a 
GPl-0100-adjuvanted A/PR/8 influenza subunit vaccine delivered via the intranasal or 
intrapulmonary route in a murine model system. The challenge experiment showed 
that GPl-0100-adjuvanted mucosa! influenza vaccine could provide complete lung 
protection against influenza virus infection in contrast to non-adjuvanted mucosa! 
vaccine. The strong lung protection was associated with strong serum lgG titers. 
Remarkably, GPl-0100 enhanced the serum lgG titers elicited by the intranasal and the 
intrapulmonary influenza vaccine up to 410 and 2700 times, respectively. In addition, 
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GPl-0100 significantly boosted influenza-specific mucosal antibody responses elicited 
by the mucosal vaccines. The enhanced systemic and mucosal antibody responses 
were associated with enhanced influenza-specific IL-4 secreting T cell responses. 
These results were reproducibly observed for the immunization and the immunization/ 
challenge study described in this paper and could be repeated in subsequent 
independent follow-up studies. 

Our current study demonstrates that mucosal delivery of GPl-0100-adjuvanted 
vaccine resulted in strong Th2 type immune responses (lgG1 and IL-4) but relatively 
poor induction of Th1-related lgG2a or IFN-y. Earlier studies on mucosa! immunity 
indicate that the microenvironment of the respiratory tract tends to induce a Th2-oriented 
local immune response. [29-32] Obviously, GPl-0100 is not capable of overcoming this 
default immune response phenotype of the respiratory tract. In contrast, with parenteral 
administration we observed earlier that GPl-0100 significantly enhanced both lgG1 
and lgG2a antibody responses elicited by influenza subunit vaccine and led to a 
more balanced Th1/Th2 antibody response.[20] Similar to our studies, research on a 
Porphyromonas gingiva/is vaccine has also pointed out an effect of the administration 
route on GPl-0100 adjuvant activity. [21] Upon subcutaneous administration, GPl-
0100-adjuvanted HagB antigen elicited a more Th1-skewed antibody response than 
the antigen alone. Intranasal administration of GPl-0100 adjuvanted HagB antigen, 
however, stimulated a robust lgG1 but a poor lgG2a response and resulted in a Th2-
skewed antibody phenotype. 

We furthermore observed a different immune-inducing potential of the two 
mucosal immunization routes investigated. Plain influenza vaccine was effective in 
inducing mucosal antibody responses when delivered via the intrapulmonary but not the 
intranasal route. In addition, with the same dose of GPl-0100 adjuvant, intrapulmonary 
vaccine elicited significantly higher mucosal and systemic antibody responses than 
intranasal vaccine. The difference in immunogenicity of mucosal vaccines delivered to 
different sites of the respiratory tract was also observed in several other vaccination 
studies, all pointing out that a good mucosal immunogenicity and induction of protective 
response were achieved by antigen delivery to the total respiratory tract (TRT), or the 
lower respiratory tract (LRT), but not the upper respiratory tract (UTR). [33-35] Studies 
on antigen deposition have shown that intranasal delivery of a large antigen volume 
results in antigen deposition in deeper locations along the respiratory tract while small 
volumes retain the antigen in the nose.[33,36] Since we were interested in elucidating 
in how far the site of delivery is important for the adjuvant function of GPl-0100 we 
took care to ensure delivery to the nasal mucosa by using a small inoculum of 5 µI 
and to circumvent the nasal mucosa and deliver the vaccine exclusively to the lower 
respiratory tract by administering an aerosol to intubated mice. This allowed us to 
detect the particularly strong adjuvant function of GPl-0100 in the lungs. 

With strict URT and LRT targeting, our data show that 15 µg GPl-0100 was 
sufficient for both intranasal and intrapulmonary influenza vaccine containing 1 µg HA 
to elicit substantial serum antibody responses after a single immunization. Another 
saponin-derived adjuvant that can easily be mixed with protein antigens and has been 
studied in the context of mucosal immunization against influenza is ISCOMATRIX™ 

( I MX) . [35,37-39] In a study of Coulter et al, IMX-adjuvanted split influenza vaccine 
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delivered in a small volume of 12 µI induced comparable antibody titers as in our 
study. Yet, the amount of IMX used was with 100 µg much higher than the amount of 
GPl-0100 (15 µg) used here. Another study on IMX adjuvanted influenza vaccine (6.8 
µg HA with 10 µg IMX) showed that a single dose immunization via the UTR failed to 
induce detectable serum antibody responses and lung protection in the immunized 
mice.[35] According to that study, an adjuvant effect of this low dose of IMX was only 
observed when the vaccine was delivered to the TRT while GPl-0100 clearly showed 
adjuvant activity in the UTR at a comparable dose. Thus, GP l-0100 is at least as 
potent as or even more potent than IMX as adjuvant for mucosal immunization via the 
respiratory tract. 

Cholera toxin subunit B (CTB), is one of the most potent mucosal adjuvants and is 
the only mucosal adjuvant that has been incorporated into currently licensed mucosal 
vaccines.[40] Studies on CTB-adjuvanted mucosal influenza vaccine have shown that 
nasal lgA responses elicited by intranasal influenza vaccine containing 1 µg HA were 
boosted upon CTB adjuvantation up to 4- and 6-fold, with a 2- and 3-dose regimen 
respectively.[41-42] In addition, CTB enhanced systemic lgG responses elicited by 
the intranasal influenza vaccine for more than 4- and 250-fold, for the two regimens 
respectively. Here we observed that GP l-0100 mucosal adjuvantation enhanced nasal 
lgA by a factor of >2.5 and systemic lgG responses by a factor of 410 with a 2-dose 
regiment. For pulmonary immunization GPl-0100 enhanced nasal and pulmonary lgA 
by a factor of 7 and 110, respectively. Systemic lgG titers after two immunizations were 
enhanced by more than 2700-folds. Thus, GPl-0100 showed similar or even better 
mucosal adjuvant activity than the most potent adjuvant known to date. 

Respiratory tract immunization has been shown to induce a heterogenous 
population of lymphocytes expressing different surface adhesion molecules. [2,43] 
Depending on the expression profile of the surface markers, the activated lymphocytes 
can home to the mucosal priming site or to systemic lymphoid organs and blood later 
on. The capacity of respiratory tract immunization to integrate mucosal and systemic 
immunity is also shown in the present study with the induction of mucosal and 
systemic antibody responses. Upon influenza infection most probably both mucosal 
antibodies as well as systemic antibodies contribute to protection. [27,28,44,45] In our 
study in which we used TRT virus challenge we observed a particularly high inverse 
correlation between serum lgG titers and virus titers detected in the lung supernatant 
of the immunized and challenged mice (Spearman r (coefficient)= -0.69, p<0.0001 ). 
However, in natural infection lgA in the URT might be of high importance to prevent 
initial infection. In this sense, GPl-0100 adjuvanted subunit vaccine which can elicit 
both mucosal immune responses at the port of entry of influenza virus and systemic 
immune responses with proven significance for preventing LRT complications is ideal. 

The safety of GP l-0100 mucosal administration was evaluated in the current study 
by lung histology analysis. Neutrophil and macrophage staining in the lung sections 
showed that GPl-0100 did not induce more severe inflammation than the mechanical 
irritation caused by intrapulmonary delivery itself. The latter was also observed in an 
earlier study.[46] To our knowledge, we are the first to show that mucosal delivery of a 
saponin-derived adjuvant to the nose or directly into the lungs is well tolerated. 
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In conclusion, our data show that GPl-0100 is a potent and well-tolerated 
mucosal adjuvant for influenza subunit vaccines. In the murine model system, GPl-
0100 enhanced mucosa! antibody responses in the respiratory tract elicited by both 
intranasal and intrapulmonary vaccines. Such mucosa! antibodies can provide early 
neutralization before the attachment of influenza virus to the host cells. In addition, 
GPl-0100 adjuvanted mucosa! vaccine induced strong systemic antibody responses, 
known to offer effective lung protection upon virus challenge.[27 ,28] Furthermore, we 
showed that GPl-0100-adjuvanted influenza vaccine delivered via the intrapulmonary 
route was very potent and a much lower antigen dose could possibly be applied. 
Since aerosol inhalation devices for deep lung targeting in humans are available, 
intrapulmonary immunization offers an easy and promising strategy for future mucosa! 
influenza vaccination. 
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Chapter 5 

Abstract 

Vaccines for protection against respiratory infections should optimally induce a mucosa! 
immune response in the respiratory tract in addition to a systemic immune response. 
However, current parenteral immunization modalities generally fail to induce mucosa! 
immunity, while mucosa! vaccine delivery often results in poor systemic immunity. In 
order to find an immunization strategy which satisfies the need for induction of both 
mucosa! and systemic immunity, we compared local and systemic immune responses 
elicited by two mucosa! immunizations, given either by the intranasal (IN) or the 
intrapulmonary (IPL) route, with responses elicited by a mucosa! prime followed by 
a systemic boost immunization. The study was conducted in Balb/c mice and the 
vaccine formulation was an influenza subunit vaccine supplemented with GPl-0100, 
a saponin-derived adjuvant. While optimal mucosa! antibody titers were obtained after 
two intrapulmonary vaccinations, optimal systemic antibody responses were achieved 
by intranasal prime followed by intramuscular boost. The latter strategy also resulted in 
the best T cell response, yet, it was ineffective in inducing nose or lung lgA. Successful 
induction of secretory lgA, lgG and T cell responses was only achieved with prime
boost strategies involving intrapulmonary immunization and was optimal when both 
immunizations were given via the intrapulmonary route. Our results underline that 
immunization via the lungs is particularly effective for priming as well as boosting of 
local and systemic immune responses. 
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1. Introduction 

The aim of mucosal immunization against respiratory virus infections is the induction of 
local immunity at the port of pathogen entry. In particular, mucosal antibodies can readily 
neutralize invading viruses at the luminal site of the epithelial layer and prevent their 
entry into host cells. Such an immune exclusion effect is mainly mediated by secretory 
lgA (SlgA}, which is effectively induced by mucosal but not parenteral immunization [1-
5]. Moreover, intracellular viruses can be neutralized during transcytosis of dimeric SlgA 
through the epithelial layer. Furthermore, for rapidly changing viruses like influenza 
virus, SlgA has been shown to be more cross-reactive than lgG and to neutralize 
antigen-drifted homosubtypic and even antigen-shifted heterosubtypic virus strains [6]. 

Despite the advantage of mucosal immunization for the induction of SlgA 
responses, the mucosa! route is suboptimal for the induction of systemic antibody 
responses [7-9]. In case of influenza, systemic antibodies are important since they 
contribute to protection against virus replication in the lungs and are the only correlate 
of protection so far recognized by regulatory authorities [1 O]. Furthermore, due to the 
default Th2-oriented nature of mucosal immunity, mucosal immunization shows limited 
induction of Th1-related antibody subtypes (eg. lgG2a in Balb/c mice}, which are 
preferable for viral clearance [11-15]. 

A potential way to combine the advantages of mucosal and systemic immunization 
involves prime-boost strategies with mucosal priming and systemic boosting or vice
versa. Several studies have investigated such strategies, but the majority of these 
make use of DNA vaccines and/or recombinant virus vaccines during priming, boosting 
or both [16-26]. So far, little is known about prime-boost strategies for optimization 
of mucosal and systemic immune responses to protein-based influenza vaccines. A 
study in horses using an ISCOM-adjuvanted influenza vaccine showed that intranasal 
boosting after intramuscular (IM) priming does not have much effect on serum lgG 
levels, but results in low and transient SlgA and lgG responses in nose washes [18]. 
However, no comparison was performed with alternative immunization strategies. 

We earlier showed that GPl-0100, a semi-synthetic saponin-derivative, is a 
very effective adjuvant for influenza subunit vaccine administered via not only the 
intramuscular, but also the intranasal and particularly the intrapulmonary route [27,28]. 
Here, we used GPl-0100-adjuvanted influenza vaccine to identify an immunization 
strategy that effectively elicits influenza-specific immune responses at both mucosal 
and systemic sites. To this end, we compared the immune responses elicited by two 
mucosal strategies with the adjuvanted influenza vaccine to the responses obtained 
by a strategy involving a mucosal prime followed by a systemic booster immunization. 
Two different mucosal administration routes were evaluated: intranasal (IN} and 
intrapulmonary (IPL). We observed that systemic boosting was not as effective as 
mucosal boosting for induction of mucosal SlgA. Systemic boosting enhanced systemic 
lgG titers to higher levels than mucosal boosting in IN-primed, but not in IPL-primed 
mice. Yet,  systemic boosting generally stimulated stronger Th 1 cellular immunity 
than mucosal boosting. All the immunization strategies we tested in the current study 
provided complete protection against influenza virus infection. 
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2. Materials and Methods 

2. 1 GP/-0100 
GPl-0100 was purchased from Hawaii Biotech, Inc. (Aiea, HI , USA) and was stored 
at 4 °C. A 10 mg/ml stock solution was prepared in HBS buffer (5 mM Hepes, 150 mM 
NaCl and 0.1 mM EDTA, pH 7.4) as described previously [27]. 

2. 2 Subunit vaccine and challenge virus preparation 
A stock of A/Puerto Rico/8/34 (H1 N1) influenza virus (PR8) propagated on Madin
Darby canine kidney (MOCK) cells was kindly provided by Solvay Biologicals (Weesp, 
Netherlands) and further propagated on embryonated eggs. Virus titer was determined 
by measuring the tissue culture infectious dose 50 (TCI D

50
) [27]. 

For subunit vaccine preparation, the procedure was as previously described 
[27]. Briefly, PR8 virus was inactivated by J3-propiolactone (0.1 % in citrate buffer, 
freshly prepared). The inactivated virus sample was dialyzed against HBS buffer (5 
mM Hepes, 150 mM NaCl and 0.1 mM EDTA, pH 7.4) and then solubilized by Tween 
80 (0.6 mg/ml) and hexadecyltrimethylammonium bromide (CTAB, 3.0 mg/ml). The 
viral nucleocapsid was further removed from the preparation by ultracentrifugation. 
Subsequently, detergents were removed by Biobeads SM2 (634 mg/ml, Bio-Rad, 
Hercules, Canada) pre-washed with methanol. 

Protein content of the subunit material was determined by a modified Lowry assay 
[29]. Hemagglutinin (HA) content was assumed to be equal to the total protein for 
subunit material based on sodium dodecyl sulfate polyacrylamide gel electrophoresis 
(SOS-PAGE) results which indicate presence of only minor amounts of other viral 
proteins [30]. Vaccines were mixed at the indicated amounts of subunit and GPl-0100 
just before immunization. 

2. 3 Animal handling 
The protocol for the animal experiments described here was approved by the Ethics 
Committee on Animal Research of the University of Groningen. 

For immunization experiments, female Balb/c mice (Harlan, Horst, Netherlands) 
aged 8-10 weeks were grouped (n = 6 per group) and immunized IM, IN or I PL with 
1 µg PR8 subunit vaccine with or without 15 µg GPl-0100 in a two-dose immunization 
regimen with a 20 day interval (Table 1 ). For IM immunizations, vaccines in 50 µI  
were divided over both hind legs. For IN immunizations, vaccines in 5 µI  were slowly 
delivered with a pipet and divided over both nares thus confining the antigen to the nose 
[31]. For IPL immunizations, mice were brought to an upright position after isoflurane 
anesthesia and the trachea was intubated with a modified Autoguard catheter (Becton 
Dickinson BV, Breda, Netherlands). Vaccines in 50 µI were then delivered with the help 
of an IA-1 C Microsprayer Aerosolizer attached to a FMJ-250 High Pressure Syringe 
(both from Penn-Century Inc. , Wyndmoor, PA, USA). 

Pre-boost blood samples were collected on day 20 by orbital puncture prior to 
the second immunization. For immunization experiments, mice were sacrificed on day 
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27 and nose wash, lung wash, blood and spleen samples were collected for ex vivo 
immune-assays. Mucosal wash samples were collected in 1 ml phosphate-buffered 
saline (PBS) containing protease inhibitor (Complete Protease Inhibitor Cocktail, 
Roche, IN, USA). 

For challenge experiments, mice received the immunization regimen as described 
above. Pre-boost and pre-challenge serum samples were collected on day 20 and day 
34 by orbital puncture prior to immunization or virus infection, respectively. On day 
34, mice were infected intranasally with 200 TCID50 PR8 influenza virus in 50 µI of 
HBS buffer. The virus infection was carried out under isoflurane anesthesia to ensure 
deposition of the virus into the lungs. Mice were monitored twice a day at fixed time 
points for clinical signs of illness including weight loss and changes in behavior or 
appearance. Mice were bled and sacrificed on day 37. Nasal wash, serum and spleen 
samples were collected for immuno-assays. The lung lobes were collected in 1 ml 
PBS for homogenization and the processed samples were stored at -80°C for later 
determination of lung virus titers. 

2.4 lgA, lgG, lgG 1 and lgG2a ELISA 
H 1 N 1-specific antibody responses were determined by ELISA as previously described 
[28] . For nasal SlgA and lgG responses, OD 492 of individual samples is given. 
For lung SlgA and lgG responses, the average OD 492 (with the standard error of 
the means (S. E.M. )) for each group at each dilution was calculated. For serum lgG 
response, the titer for individual samples was calculated as the 10109 of the reciprocal 
of the sample dilution corresponding to an OD 492 of 0.2. For calculation purposes, 
sera with titers below the detection limit were assigned an arbitrary titer corresponding 
to half of the detection limit. 

Calibration plates for lgG1 and lgG2a assay were coated with 0.1 µg goat anti
mouse lgG (SouthernBiotech). Increasing concentrations of purified mouse lgG1 
or lgG2a (SouthernBiotech) were added to the plates. lgG1 and lgG2a responses 
detected from individual sample are given as concentration (µg/ml) of H1 N1-specific 
lgG1 and lgG2a. 

2.5 Hemagluttination inhibition (HAI) 
Serum samples were processed and HAI titers were determined as described 
previously [28]. 2Iog HAI titers for individual mice are presented. 

2. 6 Elispot 
H1 N1-specific IFN-y and IL-4 responses were determined by Elispot assays as 
previously described [27]. Numbers of influenza-specific IFN-y- or IL-4-secreting cells 
per 5x105 splenocytes for each mouse are given. 

2. 7 Virus titration 
Lungs collected from the immunized and challenged mice were homogenized in 
PBS and stored at -80°C until use. Virus titers were determined by inoculating serial 
dilutions of the clarified homogenates on MOCK cells, as described earlier [28]. The 
titers of individual mice are given and the results are presented as 10log virus titer per 
gram of lung tissue. 
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2. 8 Statistics 
The unpaired Student's t-test was used to determine if the differences in influenza
specific responses observed between groups of mice were significant. A p value of p < 
0.05 was considered significant. Spearman (nonparametric) correlation analysis was 
performed to assess the relationship observed between serum and mucosa! influenza
specific lgG responses. 

3. Results 

3. 1 Effect of immunization strategy on mucosa/ antibody titers 
Since induction of a mucosa! SlgA response is the central aim of mucosal immunization, 
we first evaluated the effect of the immunization strategy on the induced SlgA response. 
Mice received GPl-0100-adjuvanted influenza vaccine via the IN or I PL route on day 
0 and received a second immunization on day 20 via the same mucosal route or IM. A 
control group immunized twice IM with non-adjuvanted vaccine served as a reference. 
Six mice of each group were sacrificed one week after the booster immunization for 
the collection of lung wash samples. The other six mice of each group were challenged 
with PR8 virus two weeks after the booster and sacrificed three days later for collection 
of nose wash samples. 

H1 N1-specific SlgA ELISA performed on the lung wash samples showed that 
mice primed with the adjuvanted vaccine via the IN  route did not develop detectable 
lung SlgA titers after mucosal or systemic booster (Fig. 1A). In contrast, lung SlgA was 
readily detectable in mice primed via the I PL route and boosted either via the same 
route or via the IM route. Yet, the IPL/IPL approach (2P) resulted in significantly higher 
lung SlgA titers than the I PL/IM approach (P+M; p=0.0109). As expected the IM/IM 
immunized reference group did not develop detectable lung SlgA titers. 

H1 N1-specific SlgA ELISA on nose wash samples revealed that IN-primed mice 
did not develop detectable nasal SlgA responses even after a booster via the mucosal 
or systemic route and challenge with live virus (Fig. 1 B). In contrast, I PL-primed mice 
developed robust nasal SlgA responses, but only when the booster was given also 
via the I PL route (p=0.0057 for the comparison between 2P and P+M). Marginal SlgA 
amounts were found in nose washes from IM/IM-immunized animals. 

As mucosal lgG has been suggested to play a role in lung protection against 
influenza virus infection, we further evaluated the effect of the different immunization 
strategies on lung and nose lgG responses [9]. Mice primed with the IN vaccine and 
boosted IM  developed significantly higher levels of lung lgG (Fig. 1 C) and nose lgG 
(Fig. 1 D) than mice primed and boosted via the IN route (p=0.0474 and 0.02 for the 
comparison between the 2N and N+M groups in Figures 1 C and 1 D, respectively). 
Interestingly, mice primed with the I PL vaccine and boosted IM developed significantly 
lower lung lgG titers than those immunized I PL during prime and boost (p<0.0001 
for the comparison between the 2P and P+M group in Figure 1C). With respect to IN 
lgG titers, there was no difference between these immunization groups. For the IM/IM 
control group, low levels of lgG were detected in lung washes but not in nose washes. 
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Fig. 1 .  H1 N1 -specific mucosa! SlgA 
and IgG responses elicited by different 
immunization strategies. Mice (n= 1 2  
per group} were immunized twice with a 
20 day interval according to Table 1 and 
either sacrificed one week later (A, C) or 
challenged on day 34 and sacrificed 3 
days later (8, D). (A) Evaluation of lung 
SlgA responses after two immunizations. 
Average OD 492 at each dilution ± 
standard error of the mean (S.E.M.) ,  n = 

6. The starting and ending dilutions are 
2 and 4096 respectively. (B) Nasal SlgA 
responses after two immunizations and 
live virus challenge. OD 492 readings at 
2-fold dilution are given for individual mice. 
The black line presents the geometric 
mean per group. (C) Lung lgG responses 
after two immunizations. Average OD 492 
at each dilution ± standard error of the 
mean (S.E.M.), n = 6 for 2M, 2N and N+M, 
and n=5 for the other groups. The starting 
and ending dilutions are 2 and 4096 
respectively. (D) Nasal lgG responses after 
two immunizations and virus challenge . 
Individual OD 492 at 2-fold dilution with 
geometric mean per group is given. Groups 
are named as outlined in Table 1 .  Levels of 
significance are depicted as follows: *p < 
0.05, ••p < 0.01 and ***p < 0.005. 
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Taken together, these results indicate that while IPL immunization optimally 
primed and boosted mucosal antibody responses, IN route was ineffective in priming 
and boosting mucosa I responses against GPl-0100-adjuvanted subunit vaccine. 

3. 2 Effect of immunization strategy on systemic antibody responses 
We next evaluated the effect of immunization strategy on systemic antibody responses 
elicited by GPl-0100-adjuvanted influenza vaccine. Both IN, and I PL priming resulted 
in detectable lgG responses by day 21 (suppl. Fig. 1 ). Yet, the titers were significantly 
lower for IN-primed mice (p=0.0005). Sera of the immunized mice were again collected 
two weeks after the booster prior to virus challenge. H1 N1-specific lgG ELISAs 
performed on the serum samples showed that mice that received the adjuvanted 
influenza vaccine by IN/IN immunization (2N) developed an average lgG titer of 4.42, 
similar to 4.98 from the IM/IM-immunized control group (Fig. 2A). The lgG responses 
in mice immunized by the IN/IM approach (N+M) were significantly enhanced to an 
average titer of 6.16 (p<0.0001 for the comparison between the 2N and N+M group). 
On the other hand, for I PL-primed mice the booster route had no significant effect on 
serum lgG responses which were 6.03 and 5.75 for IPL/IPL and IPL/IM-immunized 
mice, respectively. 

Sera of the immunized and challenged mice were collected three days after 
the challenge upon sacrifice for the evaluation of hemagglutination inhibition (HAI) 
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Fig. 2. H 1 N 1 -specific systemic lgG 
and hemagluttination inhibition (HAI) 
titers elicited by d ifferent immunization 
strategies. Serum samples from the mice 
described in the legend to Fig. 1 were collected 
on day 34 prior to virus challenge (A) and day 
37 upon sacrifice (B). (A) Total lgG responses 
after two immunizations. 10109 lgG titers of 
individual mice and the geometric mean 
per group are given. (B) HAI titers after two 
immunizations and virus challenge. I ndividual 
21og HAI titers and the geometric mean per 
group are given. Due to technical reasons only 
5 samples from the 2P treatment group were 
available for the HAI assay. The detection limit 
of the assay is represented by the dotted line. 
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titers. Mice immunized with plain influenza vaccine by IM/IM immunization developed 
an average 2IogHAI titer of 7.5 (Figure 28). None of the mice receiving GPl-0100-
adjuvanted influenza vaccine by IN/IN immunization developed detectable HAI titers. 
However, 5 out of the 6 mice receiving the adjuvanted vaccine by the IN/IM approach 
developed detectable serum HAI titers with an average titer of 7.83, similar to the IM/ 
IM control group. Mice receiving the adjuvanted vaccine IPL/IPL or IPL/IM developed 
comparable serum HAI titers. With an average titer of 5.6 and 4.8 these were somewhat 
lower than those obtained by the control group and the IM/ IN regimen. Yet, these 
differences did not reach statistical significance. 

Taken together, an immunization strategy involving a mucosa! prime followed by 
a systemic boost improved the systemic antibody responses elicited by IN, but not by 
IPL vaccine administration. 

3. 3 Effect of immunization strategy on the phenotype of the immune response 
We next examined the phenotype of the antibody responses by performing H1 N1-
specific lgG1 and lgG2a ELISAassays on the post-challenge serum samples mentioned 
above. Mice receiving plain influenza vaccine by IM/IM immunization developed serum 
lgG1 with an average of 113 µg/ml (Figure 3A). Those receiving GPl-0100-adjuvanted 
influenza vaccine by IN/IN vaccination, however, barely developed detectable serum 
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Fig. 3. Phenotype of the H1 N1 -specific 
systemic antibody responses. Post
challenge serum samples from the mice 
described in the legend to Fig. 1 were 
analyzed. Individual H 1 N 1 -specific lgG1 (A) 
and lgG2a (B) responses (µg/ml) and the 
arithmetic means per group are given. 

95 



Chapter 5 

lgG1 responses. IN/IM delivery of the adjuvanted vaccine resulted in significantly 
enhanced lgG1 responses with an average of 215 µg/ml (p=0.0071 ). Robust serum 
lgG1 responses were observed in mice receiving the adjuvanted vaccine by both IPU 
IPL and IPL/IM immunization, with an average serum lgG1 of 371 and 301 µg/ml, 
respectively. 

lgG2a responses were low in all mice immunized twice IM , IN ,  or IPL, except 
for one mouse in the IPL group (Figure 38). Interestingly, systemic boost resulted 
in significantly enhanced serum lgG2a responses in 5 out of the 6 IN-primed mice 
(p=0.0057 for the comparison between 2N and N+M). In contrast, systemic boost 
had a negative effect if any on lgG2a titers in IPL-primed mice. Irrespective of the 
immunization strategy, the overall antibody responses elicited by GPl-0100-adjuvanted 
subunit influenza vaccine were dominated by the Th2-related antibody subtype lgG1. 

To evaluate the effect of immunization strategy on cellular immune responses 
elicited by GPl-0100-adjuvanted influenza vaccine, spleens of the immunized mice were 
collected one week after the booster upon termination. H1 N1-specific IFN-y responses 
were barely detectable in mice receiving plain influenza vaccine IM or those receiving 
GPl-0100-adjuvanted influenza vaccine IN or IPL (Figure 4A). Interestingly, influenza
specific IFN-y responses in mucosally-primed mice were significantly enhanced by 
IM boost as compared to mucosal boost (p=0.0264 and 0.004 for the comparison of 
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el icited by different immunization 
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2N and N+M and the comparison of 2P and P+M respectively). H1 N1-specific IL-4 
responses were readily detected in all immunized mice but were relatively lower in mice 
immunized via the IN/IN regimen. In IN-primed mice, IM boost was significantly more 
effective then IN boost in enhancing the number of IL-4-producing T cells (p=0.004 for 
the comparison of 2N and N+M). A similar effect was not observed in IPL-primed mice. 

3. 4 Effect of immunization strategy on lung protection against influenza virus infection 
To evaluate the effect of the immunization strategy on protection against virus 
challenge, the immunized mice were infected with live virus 14 days after the booster 
immunization and lung virus titers were determined three days later, at the peak of 
viral replication. Mock-immunized control mice developed an average lung virus titer 
of 3.59 1 0log/g lung tissue (Figure 5). The lung virus titer was under the detection limit 
in 5 out of the 6 mice of the IM-immunized control group; one mouse of this group 
developed a titer of 2.59 10Iog/g lung tissue. Lung virus titers were not detectable in 
any of the mice that received GPl-0100-adjuvanted influenza vaccine either twice via 
one of the mucosa! routes or by a mucosa! prime followed by a systemic boost. Thus, 
the adjuvanted vaccine provided complete protection of the lungs from virus growth 
irrespective of the immunization strategy followed. 

Q) 5 

j 4 • 
g> -:-
:::, .. 
C) 3 'i::: 
� 2 

·s: 1 
g> _______ ... _---:----........,_._.....,,.,..___,__ 

� o....._...---..--...---..--.--.--

HA (µg) 0 1 1 1 1 1 
GPI (µg) 0 0 15 15 15 15 
Route 2M 2M 2N N+M 2P P+M 

5 

4 

3 :· 
. 2 ----------------------------

0---------------

GPI ( µg) 0 
Route M 

15  
N 

1 5  
p 

Fig. 5. Effect of d ifferent immunization 
strategies on lung virus titers upon 
challenge. Lung samples from the 
challenged mice described in the legend to 
Fig. 1 were collected upon termination. Virus 
titers measured in the lung homogenates 
are expressed as the 10109 virus titer per 
gram of lung tissue. I ndividual lung virus 
titers with the geometric mean titer per 
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Suppl. fig. 1. H1N1 -specific systemic 
lgG primed by different immunization 
routes. Serum samples from the mice 
described in the legend to Fig. 1 were 
collected on day 20 prior to the second 
immunization. Total lgG responses from 
2M, N+M and P+M groups after priming are 
given. The detection limit of the assay is 
represented by the dotted line. 
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4. Discussion 

In the present study, we evaluated the effect of the immunization strategy on the 
immunogenicity and protective capacity of a GPl-0100-adjuvanted PR8 influenza 
subunit vaccine. Interestingly, we observed that the optimal boosting route for IN
and IPL-primed mice was different. IN-primed mice developed no mucosa! and poor 
systemic antibody responses when boosted via the IN route. Boosting of IN-primed 
mice via the IM route, however, resulted in detectable mucosa! lgG (though not SlgA) 
responses, strong systemic antibody responses, enhanced T cell responses and the 
induction of lgG2a, an antibody subtype associated with improved virus clearance [13]. 
For IPL-primed mice, IPL/IPL immunization was very effective in inducing mucosa! SlgA 
and lgG as well as systemic antibodies. IPL/IM approach, on the other hand, resulted 
in relatively modest mucosa! antibody responses, although it was equally effective as 
IPL/IPL strategy for the induction of systemic antibody responses. Despite the different 
immune profiles, challenge experiments showed that GPl-0100-adjuvanted influenza 
vaccine delivered by all regimes provided complete protection of the lungs from 
homologous virus infection. 

Our results reveal that mucosa! immune responses to prime-boost immunization 
are affected by both the priming as well as the boosting route. For IN priming, we used 
a low vaccine volume of 5 µI to retain the antigen in the nasal cavity [31]. This allowed 
us to clearly distinguish IN from IPL immunization. We observed that IPL but not IN 
immunization was effective in inducing mucosal SlgA as well as lgG responses. While 
the robust mucosal antibody titers observed from the IPL/IPL  group could be a result 
of successful induction of local memory responses, the poor mucosa! responses in 
the IN/IN group indicate that IN delivery of influenza vaccine used in the current study 
barely primed mucosa! responses. Yet, IM boost of IN-primed mice though not inducing 
mucosa! SlgA responses did elicit mucosa! lgG responses. It has been reported that 
mucosa! lgG can be derived from serum when present in high concentration, and 
reaches the nose and especially the lungs by transudation [32]. Indeed, except for 
the IPL/IPL group, mucosa! and serum lgG responses elicited from the other groups 
shared the same trend: IN/IN < IM/IM « IN/IM = IP/IM. The positive correlation 
between mucosa! and serum lgG responses from these groups were confirmed by 
Spearman analysis {The coefficient for nose lgG vs. serum lgG and lung lgG vs. serum 
lgG are 0.59 (p=0.0013) and 0. 72 (p<0.0001) respectively). Our results are generally 
in line with an earlier study by Minne and coworkers who tested to which extent the 
delivery site in the respiratory tract impacts on the immune response elicited by 
influenza vaccines [33]. These authors used mice primed IN with a whole inactivated 
virus vaccine administered in a volume of 20 µI. The primed mice were then boosted 
by administration of split antigen to different parts of the respiratory tract or to the hind 
muscles. An IN boost resulted in poor mucosal antibody responses ( except for nose 
SlgA) while administration deep into the lungs elicited strong nose and lung SlgA and 
lgG responses as observed in our study. An IM boost was not effective in stimulating 
mucosa! SlgA, but did boost mucosa! lgG responses to similar extents as a boost deep 
into the lungs. Thus, in agreement with our previous study, we conclude that the IPL 
route is much more effective than the IN route for priming mucosa! antibody responses 
[28]. Moreover, it is the optimal route for boosting such responses. 
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Next to mucosal antibodies, systemic lgG antibodies play an important role in 
protection from severe influenza illness, since they can transudate into the lungs and 
prevent excessive viral replication and tissue damage upon infection [32]. This is the 
basis for protection provided by conventional parenterally administered influenza 
vaccines. In our study, priming via either the IN or the IPL route resulted in detectable 
serum lgG responses 21 days later, although these responses were significantly 
lower for IN-primed mice (suppl. Fig. 1 ). An IN boost did stimulate the serum lgG 
responses, but HAI titers could not be detected. An IM boost was essential to achieve 
systemic antibody responses comparable to or even better than those of the control 
group immunized IM with non-adjuvanted vaccine. Therefore, even though IN priming 
elicited only very modest serum antibody responses, memory B cells formed through 
the priming could be readily activated upon IN or IM boosting. Yet, optimal boosting 
required antigen administration via the IM route. Our results confirm earlier results 
from studies on influenza, HSV, HIV-1, and SARS, which all found that IN priming, 
whether given by protein, DNA or recombinant virus vaccines, should be followed by 
IM boost for induction of optimal serum antibody responses [21,23,24,33]. For IPL
primed mice, IM and IPL boosting were equally effective in eliciting serum lgG and 
HAI titers. Also in our earlier study and in the study by Minne et al., an IPL boost was 
found to result in particularly strong systemic antibody responses [28,33]. Thus, strong 
systemic antibody responses can be achieved by either two IPL immunizations or IPL 
priming followed by IM boosting. 

In addition to the magnitude, the phenotype of an immune response also 
determines the effectiveness of its protection against invading pathogens. A Th 1 type 
immune response, characterized by lgG2a and IFN-y production in mice, has been 
shown to correlate positively with improved protection against influenza virus [13,30]. 
Yet, Th1 immunity was barely induced by IM/IM immunization with plain influenza 
vaccine or IN/ IN immunization with GPl-0100-adjuvanted influenza vaccine. IM boosting 
of IN-primed mice significantly enhanced the Th1 arm of the immune response. The 
superior quality of the immune responses elicited by IN/IM immunization over IN/ 
IN immunization, and even IM/IM immunization with unadjuvanted vaccine, was in 
line with earlier studies [21,23,24,33]. As for IPL immunization, GPl-0100-adjuvanted 
influenza vaccine elicited marginal lgG2a and IFN-y responses using IPL/IPL approach. 
Interestingly, IM boosting somewhat decreased the lgG2a response, but significantly 
enhanced the IFN-y response of IPL-primed mice. This is in contrast to the study by 
Minne et al., which showed that IM and IPL boost are both effective in eliciting lgG2a 
and IFN-y responses [33]. The different results from the two studies are possibly due to 
differences in the vaccine formulations used. Minne et al. used a high dose (5 µg HA) 
of whole inactivated virus (WIV) and a low dose (1.5 µg HA) of split virus for the priming 
and boosting respectively. WIV possesses natural adjuvant activity from ssRNA (as 
TLR-7 ligand) and effectively induces Th1 responses [34]. Subunit vaccine used in the 
current study, on the other hand, is rather ineffective in eliciting Th1 responses and 
results in a Th2-dominated immune phenotype. Although IM boosting enhances Th1 
immunity of IN and IPL vaccines to a different extent, the overall immune responses 
elicited by GPl-0100-adjuvanted influenza vaccine administered following different 
immunization strategies were dominated by a Th2 phenotype. 

Taken together, immunization strategies involving a mucosal prime followed by a 
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systemic booster or IPL/IPL with properly adjuvanted influenza vaccines are at least 
as effective as conventional parenteral immunization in inducing systemic antibody 
responses. This is important since regulatory authorities request that influenza 
vaccines fulfill quality criteria based on serum HAI titers [35]. Meanwhile, pulmonary 
immunization probably also raises local memory B cell and T cell responses in the 
respiratory tract, a phenomenon observed upon influenza infection but not upon 
intramuscular immunization [36,37]. Thus, mucosal priming is essential for the 
localization of memory immunocytes to the respiratory tract, which would allow them 
to respond rapidly to an influenza virus challenge [36,38-40]. Moreover, memory B 
cells primed by the mucosal, but not the systemic, route preferentially express SlgA, 
which is the major antibody subtype which mediates early immune exclusion and 
also exhibits cross-protective capacity. Hence, IN/IM, IPL/IM or IPL/IPL immunization 
regimens should be further explored to come to optimized immunization regimens for 
protection from respiratory viral infections. 
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Chapter 6 

1. Summary 

Influenza virus represents an ongoing threat for human health. Even though the last 
H1 N1 pandemic (November 2009 - May 2010) was relatively mild, compared to earlier 
global outbreaks, an estimated 284,500 fatal respiratory and cardiovascular failures 
were associated with the pandemic [1 ]. Furthermore, although associated with variable 
severity, annual influenza epidemics cause millions of cases of severe illness and 
hospitalizations [2]. 

Vaccination is the cornerstone of influenza prevention. Although both inactivated 
and live-attenuated influenza virus vaccines are available, only inactivated vaccines 
are licensed for the vulnerable populations with compromised immunity. Indeed, most 
of the vaccinees in the world receive inactivated virus vaccines. Yet, a recent meta
analysis indicates that these vaccines only achieve moderate protective efficacy and 
effectiveness in healthy adults aged 18-65 years [3]. Such protection is missing in 
influenza seasons with a poor match of circulating and vaccine strain. In addition, proof 
for satisfactory protection in small children and the elderly is still lacking. 

The aim of this thesis was to improve current inactivated influenza vaccines by use of 
the semi-synthetic saponin adjuvant GPl-0100. We first studied the immunogenicity and 
protective efficacy of influenza subunit vaccine adjuvanted with GPl-0100. In Chapter 
2, we show that intramuscular delivery of GPl-0100 stimulated the immunogenicity 
of influenza subunit vaccine in a dose-dependent manner. When compared to non
adjuvanted influenza vaccine, vaccine adjuvanted with 30 µg GPl-0100 elicited a 30-
to 230-fold higher serum lgG titer, depending on the antigen dose. In addition, the 
vaccine-elicited IFN-y and IL-4 responses were enhanced upon the adjuvantation. 
Importantly, GPl-0100 not only boosted the magnitude of vaccine-elicited immune 
responses, the adjuvant also improved the phenotype of the response. In particular, 
GPl-0100 induced strong enhancement of Th1-related responses (lgG2a and IFN-y) 
and skewed the Th2-oriented response to unadjuvanted influenza subunit vaccine to a 
more balanced Th1/Th2-phenotype. The highest adjuvant activity of GPl-0100 on both 
humeral and cellular immunity was observed at the lowest antigen dose (0.04 µg HA). 
When comparing to saline buffer treatment (control group), the adjuvanted vaccine 
significantly reduced the virus titers in the lungs of immunized and challenged mice 
at all tested antigen doses. Remarkably, lung protection achieved by unadjuvanted 
vaccine at 1 µg HA could be readily obtained with GPl-0100-adjuvanted vaccine at a 
25-fold lower antigen dose. Our results indicate that GPl-0100 is a promising antigen 
dose-sparing adjuvant that potentiates and modulates the immunogenicity of influenza 
subunit vaccine. 

In Chapter 3, we aimed at optimizing GPl-0100-adjuvanted influenza vaccine by 
replacing the subunit vaccine formulation with a virosomal formulation. The rational 
was that the virosomes might provide a platform for insertion of the amphiphilic GPl-
0100 molecule so that antigen and adjuvant would be present in the same particle. 
Intramuscular delivery of plain influenza subunit and virosomal vaccines showed 
similar immunogenicity and protective capacity against homologous virus challenge 
without significant differences. Upon GPl-0100 adjuvantation, significantly higher 
hemagluttination inhibition titers (HAI) titers were obtained for the adjuvanted virosomes 
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at all tested antigen doses. A trend towards higher serum lgG and cellular responses 
from the adjuvanted virosomes was also observed at limited antigen doses. In particular, 
at an extremely low antigen dose of 8 ng HA, only the adjuvanted virosomal but not 
subunit vaccine remained capable of eliciting Th1-arm immunity. Moreover, at 8 ng HA 
only the adjuvanted virosomal vaccine was able to provide sterilizing immunity and 
protection from weight loss upon homologous challenge. Thus, a simple admixture 
of GPl-0100 and influenza virosomes provides a potent vaccine formulation with 
promising antigen-dose sparing capacity. This formulation, however, requires further 
optimization and characterization for future clinical investigations. 

Parenterally administered vaccines are well capable of inducing serum antibodies 
which by transudation reach the lung and protect from viral pneumonia. However, 
injected vaccines are not capable of inducing mucosal immune responses at the port 
of entry of the virus. Local antibodies could not only prevent virus infection at an early 
stage but also avoid the spreading of infectious virus particles in the population [4,5]. 
Local antibodies can only be effectively induced by mucosal immunizations [6, 7]. Thus, 
in Chapter 4 we evaluated the potential of GPl-0100 to serve as adjuvant for influenza 
vaccine delivered via the respiratory tract. Strict intranasal and intrapulmonary delivery 
was carried out to investigate immune responses elicited from the upper and lower 
respiratory tract, respectively. The results showed that for intranasal vaccination GPl-
0100 adjuvantation was necessary to induce detectable mucosal antibody responses. 
The adjuvant also significantly enhanced the mucosal responses elicited by 
intrapulmonary vaccine. In addition, GPl-0100 significantly enhanced systemic antibody 
responses elicited by the two mucosal vaccines, yet to a different extent. Pulmonary 
vaccines adjuvanted with low-dose GPl-0100 (15 µg) stimulated better HAI and serum 
lgG responses than intramuscular and intranasal vaccines without adjuvantation and 
with high-dose adjuvantation (30 µg) respectively. With respect to the immune response 
phenotype, GPl-0100-adjuvanted influenza vaccine delivered via the respiratory tract 
induced Th2-dominated immunity with strong lgG1 and IL-4 responses but marginal 
lgG2a and undetectable IFN-y responses. Homologous virus challenge experiments 
showed that only the adjuvanted mucosa! vaccines could provide sterilizing immunity 
and complete protection. Aside from demonstrating stimulation of mucosal immunity 
by GPl-0100, the study indicates that GPl-0100 delivery via the respiratory tract dose 
not result in tissue damage or overwhelming infiltration of inflammatory cells (such as 
neutrophils and macrophages). 

In Chapter 5, our objective was to identify an immunization strategy that gives 
an optimal combination of influenza-specific mucosal and systemic immunity. The 
immunogenicity of two mucosal immunizations was compared to a mucosal prime 
and systemic boost approach. Using adjuvantation with low-dose GPl-0100 (15 µg), 
mucosal antibody responses were effectively induced by immunization strategies 
involving intrapulmonary, but not intranasal, delivery, with the strongest responses 
obtained from two intrapulmonary immunizations. As for systemic antibody responses, 
all approaches except the one involving two intranasal immunizations, elicited high 
serum lgG titers without significant differences. Nevertheless, lgG2a responses 
were only observed for the intranasal prime and intramuscular boost approach. The 
approach also gave the best cellular immunity. In general, when comparing to two 
mucosal immunizations, the mucosal prime and systemic boost approach resulted in 
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a more balanced Th1/Th2 response. Despite the complicated immune profiles from 
different prime-boost strategies, two intrapulmonary immunizations stand as the only 
approach effectively stimulating memory responses at both local and systemic sites. 
Complete protection against homologous influenza virus infection was achieved by all 
delivery strategies tested. 

2. Concluding remarks and perspectives 

In this thesis, different aspects related to vaccine performance including adjuvantation, 
formulation and route of administration were studied to overcome three major limitations 
faced by current inactivated influenza vaccines, restricted immunogenicity, inability to 
induce mucosal immune responses, and the unmet need for global vaccine supply in 
case of a pandemic (Table 1 ). 

Table 1. Limitat ions of current inactivated influenza vaccines. 

Vaccine limitations 
(A) Low systemic immunogenicity 
(B) Lack of mucosal immunogenicity 
(C) Limited accessibility 

Use of a saponin-derived adjuvant 

Seasonal influenza vaccine Pandemic influenza vaccine 
in vulnerable populations in general populations 

✓ ✓ 
✓ 

GPl-0100 is a semi-synthetic saponin derivative, which is stable in aqueous solution 
and well-tolerated as reported from pre-clinical and clinical studies. It showed promising 
adjuvant activity in conjunction with influenza subunit vaccine upon intramuscular 
delivery [8]. When compared to adjuvants currently licensed for human influenza 
vaccines such as alum, MF59 and AS03, GPl-0100 caused as good as or even 
stronger enhancement of influenza-specific antibody responses in mice [8,9]. While 
alum mainly induces lgG1 responses, both oil-in-water emulsions and GPl-0100 are 
effective in eliciting lgG2a responses, which is the antibody subtype showing a positive 
correlation with improved influenza virus protection [1 0]. Moreover, GPl-0100 readily 
induces influenza-specific cellular immunity. Cellular immunity is vital for high-affinity 
antibody and immune memory formation, but is often compromised in vulnerable 
populations such as the elderly and immune-compromised patients [11, 12]. With its 
strong potentiating effect on both humeral and cellular immunity, GPl-0100 is expected 
to improve the limited immunogenicity of current seasonal and pandemic influenza 
vaccines not only in healthy adults but also in small children, the elderly or subjects 
with weak immunity. In addition, the safety and effectiveness of GPl-0100-adjuvanted 
vaccine in humans was demonstrated by a clinical study on GPl-0100-adjuvanted 
prostate cancer vaccine [13]. At an adjuvant dose of 3000 µg, the adjuvanted cancer 
vaccine elicited strong antibody titers in tested patients. Yet, local reactions like pain 
at the injection site and systemic reactions like increase of serum glutamic pyruvic 
transaminase (ALT, an indication of liver toxicity) were mild. Future investigations on 
the breadth of the induced antibody spectrum and the cross-reactivity of antibodies 
elicited by GPl-0100-adjuvanted influenza vaccine are of particular interest for the 
development of a pandemic vaccine or a universal influenza vaccine. 
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Vaccine and adjuvant formulation 
GPl-0100-adjuvanted influenza vaccine can be further optimized by combining the 
adjuvant with a virosomal vaccine. Upon intramuscular delivery, the adjuvanted 
virosomes consistently elicited higher HAI titers than the adjuvanted subunit vaccine at 
any given antigen dose. Remarkably, at an extremely low antigen dose of 8ng HA, only 
the adjuvanted virosomes remained capable of eliciting Th1-arm immunity (lgG2a and 
IFN-y) and providing complete protection against homologous virus challenge. Thus, 
GPl-0100-adjuvanted influenza virosomes represent a more potent formulation than 
adjuvanted subunit vaccine with greater antigen-dose sparing capacity. This property 
is especially valuable for pandemic vaccine development, when the need is urgent 
and huge but antigen production and availability is limited. Importantly, in our study we 
admixed GPl-0100 adjuvant with influenza virosomes just prior to use. There was no 
need for formulating the adjuvant together with the antigen during virosomes production. 
This provides the possibility to stockpile GPl-0100 separately and the flexibility to 
combine the adjuvant with vaccines produced from newly emerging strains. In vitro 
characterization of GPl-0100-adjuvanted virosomes and pre-clinical optimization of the 
ratio of GPl-0100 to viral phospholipid are necessary for future application. 

Respiratory tract immunization 
In addition to boosting systemic immunity, GPl-0100 significantly improved mucosal 
immunity of influenza subunit vaccine delivered via the respiratory tracts [14]. GPl-
0100-adjuvanted influenza vaccine was capable of eliciting mucosal lgA and lgG 
responses upon either intranasal or intrapulmonary delivery. Particularly robust nasal 
and pulmonary antibody responses were observed for the intrapulmonary route. High 
mucosal antibody titers, which cannot be attained by current parenteral immunization, 
provide a strong first-line protection of the host by neutralizing the invading pathogens 
right at the port of entry [4]. Such an immune-exclusion effect prevents cell infection 
and viral replication. In addition, mucosal lgA is cross-reactive to antigen-drifted or 
even antigen-shifted influenza virus strains [4,5, 15]. This allows possible cross
protection against circulating virus strains that are not antigenically well-matched to 
the strains used for vaccination. Furthermore, GPl-0100-adjuvanted influenza vaccine 
delivered via the respiratory tract effectively induced serum lgG responses [14]. Like 
observed for mucosal responses, the most potent serum response was obtained for 
vaccine delivered via the intrapulmonary route. Meanwhile, GPl-0100 significantly 
enhanced serum lgG responses elicited by intranasal vaccine. Specifically, GPl-
0100-adjuvanted intranasal vaccine elicited primary and secondary antibody titers 
comparable to those induced by unadjuvanted intramuscular vaccine. Combining the 
data for mucosal and systemic immune responses, we conclude that GPl-0100 is as 
potent as or even more potent than cholera toxin subunit B (CTB), which is the only 
mucosal adjuvant applied in licensed human mucosal vaccines so far [16-18]. The data 
also indicate that upon mucosa I delivery GPl-0100 performs as good as or even better 
than ISCOMATRX™(IMX), another saponin-derived adjvuant suitable for simple mixing 
with protein antigens [14,19-21]. 

Optimal immunization scheme 
Although intranasal delivery is rather ineffective in eliciting immune responses, the 
responses can be improved by combining GPl-0100 adjuvantation with a mucosal 
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prime-systemic boost vaccination approach. While two intranasal immunizations 
of GPl-0100-adjuvanted influenza vaccine failed to induce detectable HAI titer, the 
adjuvanted vaccine delivered by an intranasal prime-intramuscular boost strategy ( IN/ 
IM) resulted in an average HAI titer above 40, which is recognized to be protective 
in humans by regulatory authorities [22]. In addition, the I N/IM approach yielded 
strong serum lgG responses of a level comparable to that achieved by intrapulmonary 
delivery. The significantly improved systemic antibody responses following IN/ IM 
immunization were accompanied by enhanced pulmonary lgG titers. These were 
possibly derived from systemic antibodies which transudated into the lungs. Taking 
the results from chapters 4 and 5 together, we conclude that for intranasal vaccination 
a high-dose of GPl-0100 and an intramuscular boost are necessary to prime mucosal 
(lgA) responses and induce optimal systemic responses, respectively. On the other 
hand, our study shows that intrapulmonary delivery readily enables adjuvanted 
influenza vaccine to induce robust antibody responses at both mucosal and systemic 
sites. Repeated immunization via the same (intrapulmonary) route is also capable of 
inducing optimal memory responses locally in the respiratory tract and systemically in 
blood, spleen and bone marrow. Recent studies have pointed out the significance of 
mucosal priming/stimulation for the development of local memory antibody responses, 
especially lgA responses [23,24]. We therefore conclude that an immunization strategy 
involving prime and boost via the intrapulmonary route is better than the currently 
applied intramuscular immunization. The advances in the development of inhalation 
devices make the pulmonary vaccination strategy even more appealing [25]. Such 
devices make vaccine administration non-invasive and user-friendly, not only avoiding 
the requirement for trained personnel during seasonal vaccination but also enabling 
mass immunization during pandemics. The strong immunogenicity of GPl-0100-
adjuvanted intrapulmonary vaccine demonstrated in our studies is a starting point for 
future investigations, including antigen and adjuvant dose optimization and evaluation 
of cross-protection. One possible further improvement is formulation of the vaccine 
as dry powder. Powder influenza vaccine has been shown to be highly stable and 
immunogenic upon intrapulmonary delivery [26,27]. Future development of adjuvanted 
dry powder vaccine for intrapulmonary delivery is expected to greatly improve the 
conditions for vaccine storage, distribution, and administration. 

In this thesis we show that a combination of different strategies can overcome the 
limitations in immunogenicity and availability of current inactivated influenza vaccines. 
We show that GPl-0100 is a potent systemic and mucosal adjuvant for influenza 
subunit vaccine. The adjuvanted vaccine delivered by either an I N/IM approach or 
the intrapulmonary route not only primes mucosal immunity but also elicits strong 
systemic immunity. Remarkably, intrapulmonary delivery is rather effective at a low 
adjuvant dose and induces maximal local and systemic immune memory responses. 
Further vaccine optimization can be achieved by formulating GPl-0100 with influenza 
virosomes, which enables induction of sterilizing immunity even with an extremely low 
antigen dose of 8 ng HA (1875 folds lower than the current inactivated vaccine dose). 

GPl-0100 shows promising adjuvant activity and antigen dose-sparing capacity 
on influenza vaccines, which is especially required for pandemic vaccines. However, 
inclusion of GPl-0100 in commercial vaccines will require thorough investigation of its 
safety in clinical trials. Furthermore, the feasibility of a GPl-0100-adjuvanted influenza 
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vaccine will depend on a favorable cost-effectiveness analysis. Aside from use as 
adjuvant as such, GPl-0100, due to its strong immune potentiating capacity and low 
toxicity, might also serve as substitute for other saponins in adjuvant formulations or 
systems currently containing Quil A or QS-21. 

Intrapulmonary immunization is effective and noninvasive. In addition, it is 
possibly more economic than parenteral immunization since there are no costs for 
trained-medical staff to perform vaccination and special handling of used needles. 
Although intrapulmonary immunization stands as a promising approach for the future, 
this immunization route awaits safety and efficacy confirmation from clinical studies, 
especially those performed with subjects with underlying respiratory problems (i.e. 
asthma). Furthermore, intrapulmonary vaccination can be hampered by young age 
(i.e. young infants are not yet able to follow instructions) and disease background (i.e. 
patients who need respiratory care). In such cases, a combination of a nasal spray 
and parenteral vaccine ( IN/IM approach) can be applied to elicit good mucosal and 
systemic immunity in the subjects, although a higher antigen and/or adjuvant dose may 
be required. 

In conclusion, we show that robust mucosal and systemic immunogenicity of 
inactivated influenza virus vaccine can be readily achieved with limited antigen doses 
when a potent adjuvant like GPl-0100 is optimally formulated with vaccine antigens 
and applied by an effective immunization regimen. 
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Chapter 7 

Samenvatting 

lnfecties door het influenzavirus doen zich voor in jaarlijkse epidemieen en sporadische 
pandemieen en vormen nog steeds een grate bedreiging voor de volksgezondheid. 
Ondanks het feit dat de meest recente pandemie, de Mexicaanse Griep veroorzaakt 
door een H1 N1 virus, relatief mild was, wordt het aantal dodelijke slachtoffers ten 
gevolge van deze infectie geschat op ruim 280.000. Oak influenza-epidemieen, in 
gematigde klimaten vooral voorkomend in de winter, veroorzaken jaarlijks miljoenen 
gevallen van ernstige ziekte en een groat aantal ziekenhuisopnames. 

Vaccinatie vormt de hoeksteen van de controle van influenza. Zowel ge'inactiveerde 
als verzwakte levende vaccins staan ter beschikking. Echter, alleen ge·inactiveerde 
vaccins zijn geregistreerd voor gebruik bij de belangrijkste doelgroepen voor 
vaccinatie: kleine kinderen, ouderen en patienten met een verzwakt afweersysteem. 
De grate meerderheid van de gebruikte griepvaccins valt daarom in de categorie 
'ge'inactiveerde vaccins' . Ge'inactiveerde vaccins bestaan of uit hele viruspartikels die 
chemisch behandeld zijn zodat ze niet meer kunnen repliceren ('heel virus vaccin') 
of uit losse eiwit componenten van het virus ('split vaccin' of 'subunit vaccin'). Uit 
een recente meta-analyse blijkt echter dat de werkzaamheid van ge'inactiveerde 
influenzavaccins zelfs bij gezonde volwassenen tussen de 1 8  en 65 jaar niet optimaal 
is. Bij kleine kinderen en ouderen ontbreekt tot nu toe eenduidig bewijs voor een 
bevredigende werkzaamheid. Bovendien geldt voor alle bevolkingsgroepen dat de 
huidige ge'inactiveerde influenzavaccins alleen bescherming kunnen opwekken bij een 
goede overeenkomst tussen de virusstammen gebruikt voor vaccinproductie en de 
circulerende virusstammen. 

In het kader van het in dit proefschrift beschreven promotieonderzoek 
werd bestudeerd of het semi-synthetische adjuvans GPl-01 00 geschikt is om de 
werkzaamheid van de huidige ge'inactiveerde influenzavaccins te verhogen. Om te 
beginnen hebben we de immunogeniciteit en de beschermende werking van influenza 
subunit vaccin met en zonder toegevoegd GPl-01 00 onderzocht. In Hoofdstuk 2 
laten we zien dat toevoeging van GPl-0 100 de immunogeniciteit van subunit vaccin 
op een dosis-afhankelijke wijze verhoogt. Muizen ge'immuniseerd met geadjuvanteerd 
vacccin vertoonden 30-230 keer hogere antilichaam-titers in het serum dan muizen 
ge'immuniseerd met het vaccin zonder adjuvans. Daarnaast was ook de cellulaire 
immuunrespons, gemeten op basis van IFNy en IL-4-producerende T cellen, bij 
gebruik van het adjuvans sterk verhoogd. Er was niet alleen sprake van een sterkere 
immuunrespons, ook het fenotype van de respons was verbeterd. GPl-0 1 00 stimuleert 
met name Th 1 -responsen wat een meer uitgebalanceerde Th 1 /Th2 ratio tot gevolg 
heeft. De sterkste adjuvanswerking, met betrekking tot zowel de humorale als de 
cellulaire immuunrespons, werd waargenomen bij de laagste antigeen dosis (0.04 µg 
hemagglutinine (HA)}. Mits geadjuvanteerd was deze dosis antigeen voldoende om 
muizen te beschermen tegen infectie met influenzavirus, terwijl niet-geadjuvanteerd 
vaccin pas bij een 25x hogere antigeendosis van 1 µg een significante bescherming 
tegen virusreplicatie in de longen liet zien. Deze resultaten tonen aan dat GPl-01 00 
een veelbelovend adjuvans is dat de immunogeniciteit van influenza subunitvaccin 
verhoogt en moduleert en een sterke reductie in antigeendosis mogelijk maakt. 
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In Hoofdstuk 3 hebben we getracht de immuunstimulerende werking van GPl-
0100 verder te verbeteren door het adjuvans aan een virosomaal influenzavaccin toe 
te voegen. Virosomen zijn gereconstitueerde membranen van het virus. De aanname 
was dat GPl-0100 met zijn hydrofobe staart in de virosomen membraan insereert, 
zodat antigeen en adjuvans in hetzelfde partikel aanwezig zijn. lnderdaad waren 
de antilichaam-titers opgewekt door immunisatie van muizen met geadjuvanteerd 
virosomaal vaccin bij alle geteste antigeen doses hoger dan de titers opgewekt met 
geadjuvanteerd subunit vaccin. Een soortgelijke trend werd oak gezien voor de 
cellulaire immuunresponsen. De verschillen tussen subunit en virosomaal vaccin waren 
het meest evident bij een zeer lage antigeendosis (8 ng HA): alleen geadjuvanteerd 
virosomaal vaccin maar niet subunit vaccin was bij deze dosis in staat om lgG2a, 
een antilichaam subtype met bijzonder goede antivirale werking, op te wekken en de 
muizen te beschermen tegen influenza-infectie. Samenvattend bleek een simpele mix 
van GPl-0100 en een virosomaal influenzavaccin een bijzonder potente formulering 
met veelbelovend antigeen-besparend potentieel. Echter, de formulering dient nag 
verder onderzocht en geoptimaliseerd te warden, voordat aan klinische evaluatie van 
een GPl-0100-geadjuvanteerd virosomaal influenzavaccin gedacht kan warden. 

Griepvaccins die intramusculair (IM) toegediend warden induceren antilichamen 
die vanuit het bloed de long kunnen bereiken en daar bescherming kunnen bieden 
tegen replicatie van het virus en tegen een virus-ge"induceerde longontsteking. IM
ge"injecteerde vaccins zijn echter niet in staat om een immuunrespons op te wekken 
in de bovenste luchtwegen, daar waar het virus het lichaam binnenkomt. Lokale 
antilichamen in neus en keel zijn van groat belang. Ze kunnen niet alleen inkomend 
virus neutraliseren en daarmee infectie voorkomen maar ook de uitscheiding van 
nieuw gevormde viruspartikels tegengaan. lnductie van lokale antilichamen in de 
mucosa, de slijmvliezen, van de luchtwegen vereist lokale mucosale toediening 
van het vaccin. In Hoofdstuk 4 hebben we onderzocht of GPl-0100 geschikt is als 
adjuvans voor een mucosaal toegediend vaccin. Hierbij werd het vaccin of in de 
neus (intranasaal, IN) of in de longen (pulmonaal, P) toegediend. IN immunisatie 
zonder adjuvans bleek ongeschikt voor het opwekken van een lokale of systemische 
immuunrespons. Toevoeging van GPl-0100 aan het vaccin zorgde voor inductie 
van mucosale antilichamen en verbeterde de systemische antilichaamtiters tot een 
niveau zoals dat wordt bereikt met IM injectie. Pulmonale immunisatie was oak zonder 
adjuvans in staat om mucosale en systemische antilichamen en T-cel responsen op te 
wekken. Gebruik van GPl-0100-geadjuvanteerd vaccin resulteerde echter in significant 
versterkte responsen. In tegenstelling tot IM toegediend GPl-0100 was mucosaal 
toegediend adjuvans niet in staat het fenotype van de immuunrespons van een Th2-
gedomineerde in een gebalanceerde Th1/Th2-respons te veranderen. Alleen muizen 
IN of P ge"immuniseerd met geadjuvanteerd vaccin waren beschermd tegen influenza 
infectie. Evaluatie van longcoupes van ge"immuniseerde muizen toonde aan dat noch 
IN noch P toediening van GPl-0100 een significant effect had op de morfologie van het 
longweefsel, een indicatie dat GPl-0100 toediening aan de luchtwegen veilig is. Deze 
studie demonstreert voor het eerst dat GPl-0100 niet alleen een goed systemisch maar 
oak een goed mucosaal adjuvans is. 

Hoofdstuk 5 had als doel een immunisatiestrategie te vinden waarmee een 
optimale combinatie van mucosale en systemische immuunresponsen bereikt wordt. 
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GPl-0100-geadjuvanteerde vaccins werden ofwel twee keer mucosaal (IN/IN of P/P) 
ofwel eerst via een mucosale immunisatie en daarna via een systemische immunisatie 
(IN/IM of P/IM) toegediend. Mucosale immuunresponsen werden alleen gevonden 
bij pulmonaal ge'immuniseerde muizen en waren het hoogst na twee pulmonale 
vaccintoedieningen (voor IN toediening was de GPl-dosis in dit experiment lager dan 
in de hierboven beschreven studies, wat de afwezigheid van mucosale antilichamen 
na IN toediening verklaart). Alie strategieen, behalve de IN/IN toediening, resulteerden 
in goede systemische antilichaam titers. Echter, de lgG2a titers waren laag voor 
alle groepen, behalve de IN/IM groep. □it resultaat werd oak gevonden voor IFNy
producerende Th cellen. Gemiddeld over alle parameters bleek de P/P strategie 
de meest effectieve, met name door de sterke inductie van mucosale antilichamen. 
Ondanks de verschillen in het profiel van de immuunrespons waren alle groepen 
volledig beschermd tegen infectie met influenzavirus. 

In Hoofdstuk 6 warden de resultaten, beschreven in de eerdere hoofdstukken, 
samengevat en bediscussieerd in de context van de bestaande literatuur. Deze 
samenvatting is een globale vertaling van de eerste paragraaf van Hoofdstuk 6, de 
samenvatting. 
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