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1. iNflueNza vacciNes
Influenza is a highly contagious disease. Annual epidemics and periodic pandemics of 
influenza virus have caused high mortality and morbidity. Worldwide about 500,000 
deaths occur annually due to influenza infections, especially in highly vulnerable 
populations (elderly and chronically ill patients) [1, 2]. The two major strategies for 
intervention in case of influenza are the use of antiviral drugs and vaccines [3]. Antivirals 
can be used for prophylaxis and provide short-term protection. However, vaccination is 
considered the most effective way of controlling and preventing influenza infection [3-5].

Currently, most of the marketed vaccines for influenza are inactivated vaccines [4, 
5]. There are four different types of inactivated influenza vaccines: subunit vaccines, 
split vaccines, virosome vaccines and whole inactivated virus vaccines [6]. In 2003, the 
Food and Drug Administration (FDA) also approved live attenuated influenza virus 
(LAIV) vaccines for intra-nasal (i.n.) administration in the USA [7].

Subunit and split influenza vaccines are currently the most used vaccines and consist 
of purified spike proteins and disrupted virus particles, respectively [6]. Subunit and 
split vaccines are safe and therefore, approved for the use in all age groups [8]. However, 
the efficacy of these vaccines in elderly is low [9]. Subunit and split vaccines primarily 
work by generating antibodies against the influenza spike proteins haemagglutinin 
(HA) and neuraminidase (NA). The type of immune response induced by subunit and 
split vaccines is Th2 dominated and balanced Th1/Th2, respectively [5, 6]. However, 
subunit and split vaccines induce sub-optimal CD8+ cytotoxic T lymphocytes (CTL). 
The CD8+ CTL play an important role in the recognition and destruction of the virus-
infected cells [10, 11].

Virosomal influenza vaccines consist of the lipid envelope of influenza virus and 
spike proteins HA and NA but they are devoid of the viral genetic material [12]. Due 
to the presence of the virus envelope and spike proteins, virosomes exhibit the receptor 
binding and membrane fusion properties of influenza virus. The antigen present on the 
surface and inside the virosomes activates the MHC class II (T helper cells) and MHC 
class I (CTL) presentation pathways, respectively [12]. Virosomes induce a balanced Th1/
Th2-type immune response. The two marketed virosomal vaccines Invivac® and Inflexal 
V® are approved for all age groups and have shown a good safety profile [12, 13].  

Whole inactivated virus (WIV) vaccine consists of formalin or β-propiolactone 
inactivated influenza virus particles. WIV vaccine was the first licensed vaccine in the 
United States. In naive individuals, WIV vaccine is more immunogenic than other 
inactivated influenza vaccines [14]. WIV vaccine induces a dominant Th1 type immune 
response [15-17]. Due to the presence of the whole virion structure, WIV vaccines are 
able to induce CD8+ CTL activation [18]. However, due to the high reactogenicity of 
WIV vaccine, particularly in children, the use of this vaccine is limited [19]. 

LAIV vaccines are developed by introducing the HA and NA of the target virus 
in the backbone of an attenuated cold-adapted virus [7]. In contrast to marketed 
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inactivated influenza vaccines, which are given by the parenteral route, LAIV vaccines 
are administered by the intranasal (i.n.) route. The benefit of LAIV vaccine over 
parenterally administered inactivated vaccines is that it generates both mucosal and 
systemic immune responses. Due to safety concerns associated with LAIV vaccine, it 
has been licensed by FDA only for persons aged 2-49 years but not for infants, elderly 
and immunocompromised patients [2]. 

2. Need for improvemeNt
Major drawbacks of the currently available inactivated influenza vaccines are: (i) limited 
efficacy in young children and in elderly, (ii) lack of induction of mucosal immunity, 
(iii) requirement of new vaccines based on varying strains for every seasonal, epidemic 
and pandemic immunization, (iv) need for parenteral administration, and (v) limited 
stability hampering stockpiling and vaccine distribution. Therefore, new technologies 
have to be implemented in order to tackle the problems associated with present 
influenza vaccine formulations. Some of the potential approaches for the improvement 
of formulations of influenza vaccines are [20-22]: 

vaccine preparation and standardization 
• Cell culture based vaccines
• Plant based vaccines
• Reverse genetics (for faster generation of seed strains)
• New standardization methods 
• DNA and peptide based vaccines
• Stable vaccine formulation

enhancing the breadth of the immune response
• Induction of cell mediated immune responses
• Use of adjuvants
• Universal vaccines
• Generation of mucosal immunity   

developing alternative (needle-free) delivery forms for better acceptability 
• Oral, intranasal, intra-dermal, and pulmonary routes of administration

Enlisted above are some of the major improvements which can be implemented in 
order to optimize the formulation of influenza vaccines. However, in the scope of this 
thesis we will discuss three improvements: (i) enhancing immunogenicity of vaccines 
using a novel adjuvant, (ii) inducing mucosal immunity using mucosal vaccine delivery 
with or without the inclusion of adjuvants, and (iii) increasing vaccine stability for 
better stockpiling and logistics.
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2.1 vaccine immunogenicity 
Traditionally, adjuvants are used for optimizing the immunogenicity of vaccines. For 
decades, aluminium based adjuvants have been used for boosting the immunogenicity 
of several vaccines [23, 24]. Alum has shown a good safety profile, however, it is a 
weak adjuvant for induction of cell-mediated immunity, especially CTL responses 
[24]. Recently, two new oil-in-water based adjuvants (MF-59 and AS03) have been 
approved for clinical use with influenza vaccines [25, 26]. Both these adjuvants have 
shown substantial antigen-sparing potential during the clinical studies of panademic 
vaccines for H1N1 and H5N1 [27-29]. However, some concerns remain about the use 
of the oil (squalene) based adjuvants like high reactogenicity [30-32]. The development 
of novel adjuvant systems is hampered by safety concerns, therefore, adjuvants which 
are potent, safe and generally applicable are still lacking [33].

Gram-positive enhancer matrix (GEM) particles are a novel adjuvant produced 
from the food-grade, non-pathogenic and non-colonizing gram-positive bacterium 
Lactococcus lactis [34, 35]. L. lactis is approved by the regulatory agencies for human 
use and considered as a generally recognized as safe (GRAS) organism. GEM particles 
are produced after a hot acid treatment (pH 1 for 30 min at 99 °C) of the L. lactis 
bacteria during which the bacteria are killed. The resulting GEM particles are made 
up of a thick peptidoglycan cell-wall, which lacks viable intracellular content (genetic 
material) and is deprived of intact surface proteins [34]. The loss of genetic material 
prevents the risk of DNA shedding and infection in the mucosal layer by bacteria. 
The thick peptidoglycan cell wall provides the rigid spherical structure to GEM 
particles, which are about 1 µm in diameter [34]. GEM particles can be stored at 
ambient temperature for long periods of time [34]. In comparison to other adjuvant 
systems, GEM particles are easy and cheap to produce in large quantities under GMP 
conditions. Due to their structural properties like size and shape, GEM particles can 
be taken up by M-cells in the mucosal lining and then presented to antigen-presenting 
cells, which in turn can activate the underlying B and T cells [36-38]. This cascade 
activates the innate and adaptive immune response. The peptidoglycan present in GEM 
particles is known to activate Toll-like receptor (TLR)-2, which in turn can stimulate 
the antigen presenting cells [39]. Malarial and pneumococcal antigens non-covalently 
bound on GEM particles have shown to induce higher immune responses than 
antigens without GEM particles [38, 40]. Recently, it was shown that i.n. immunization 
with Yersinia pestis antigen bound to GEM particles was able to protect newborn mice 
from lethal infection by Y. pestis [39]. Furthermore, GEM particles showed a good 
safety profile when administered via the i.n. and i.m. route during preclinical toxicity 
studies (Leenhouts et al., unpublished data). In addition, it was reported that GEM 
particles do not generate antibodies against themselves after repeated administration 
[38]. Therefore, GEM particles can be considered as a safe and promising candidate 
adjuvant for influenza vaccines.
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2.2 mucosal vaccines
Despite recent advances in delivery technologies, influenza vaccines are mostly delivered 
via the parenteral route. Mucosal delivery of vaccines via the oral, nasal, dermal or 
pulmonary route can be advantageous as these routes are non-invasive. The problems 
associated with parenteral vaccines like pain at the injection site, needle-phobia, 
needle-stick injuries and requirement of medical personnel can be circumvented by 
using mucosal vaccines. In addition, vaccination via mucosal routes was shown to 
generate mucosal secretory IgA (sIgA) responses, while parenteral administration does 
not generate sIgA response [10, 41]. The generation of sIgA is highly advantageous as it 
may provide protection at the port of the entry of the virus [42]. In addition, it has been 
shown that sIgA antibodies can generate cross-protection against antigenically distinct 
viruses [43]. However, care should be taken before designing the mucosal delivery 
formulation, as every inductive site has its own requirements. Some of the important 
considerations are safety, reliability, reproducibility, low cost, and ease of storage and 
stockpiling. In the last decade, novel technologies have been tested for the delivery of 
influenza vaccines via oral, nasal, epidermal and pulmonary routes [41, 44-47].

Oral delivery is the most used and preferred form of drug administration. However, 
no oral influenza vaccine has been licensed yet. In the last decade, clinical studies were 
performed for the delivery of the influenza vaccines by the oral route, however, these 
studies yielded sub-optimal immune responses [48-50]. In these studies, a high dose 
of influenza vaccine was administered, which might have caused oral tolerance [51]. 
In order to optimize oral delivery the emphasis is being laid on: i) decreasing the dose, 
and ii) decreasing the dosing frequency. For this purpose adjuvants (non-toxic variants 
of heat labile enterotoxin (LT) of E.coli) and novel delivery forms like bilosomes and 
microparticles are being investigated in pre-clinical studies [52-56]. 

The nasal route is the only mucosal route, which has been commercially used for 
the delivery of the influenza vaccine. However, the i.n. vaccine is a live attenuated 
formulation and licensed for use in the USA only. Inactivated vaccines without 
adjuvants are poorly immunogenic when delivered via the i.n. route [57-59]. Commonly, 
two approaches are used to improve the immunogenicity of inactivated vaccines 
administered via the i.n. route: i) use of adjuvants to boost the immunogenicity, and ii) 
delivery systems like mucoadhesives and particulate structures [45]. Several i.n. liquid 
and dry powder formulations of influenza vaccine have shown promising results [45, 
60, 61]. However, the only clinically approved adjuvanted inactivated i.n. vaccine was 
withdrawn from the market due to the toxicity of the adjuvant (heat labile enterotoxin 
of E.coli) [62]. Therefore, careful consideration should be taken regarding the safety of 
delivery systems and adjuvants being used, before approaching to the clinical phase. 

 Pulmonary delivery of influenza vaccine is one of the most promising routes for 
immunization. Previously, several clinical trials were performed with pulmonary 
immunization with influenza vaccines [63-65]. The results of these studies were 
promising, however, further optimization is required in devices for proper targeting of 
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the vaccines to the lungs. Recent technological developments in the inhalation devices 
have renewed the interest in vaccination by inhalation [66]. A study performed by 
Amorij et al. with spray freeze dried influenza vaccine has shown that in vivo delivery 
of the vaccine powder to the lungs induces strong systemic, mucosal and cell-mediated 
immune response [41]. These results clearly indicate that pulmonary immunization 
is a suitable route for administration of the influenza vaccine powder because of the 
ease of administration and the high immune responses generated without the use of 
adjuvants.

Although not a mucosal delivery route, transdermal administration has shown 
promising results for administration of dry and stable influenza vaccines via jet 
injectors and micro-needles. Clinical Phase 1 studies have shown the successful use 
of the powderject technology, which can deliver the powdered influenza vaccine 
formulation epidermally [67]. Recently, coated microneedles were successfully tested 
in a mouse model [68]. Thus, both delivery routes have shown promising results for 
future clinical studies.

2.3 stable vaccines
Liquid formulations of subunit vaccines might be stable if kept outside refrigerated 
conditions for a short period [69]. However, in order to guarantee vaccine quality 
liquid influenza vaccine formulations generally have to be stored at temperatures 
between 2-8°C. This is necessary to protect the viral spike protein HA, which is prone 
to degradation at higher as well as at freezing temperatures [70]. The storage of vaccine 
at refrigerated conditions is a significant burden on the vaccine logistics in both 
developed and developing nations. The cold chain is not only difficult to maintain but 
it also increases the costs of immunization. The non-requirement of the cold chain will 
make the transportation and distribution of the vaccine easier and cheaper. Therefore, 
a stable dry powder influenza vaccine would be an attractive alternative to the currently 
used liquid formulations as it could be stored at ambient temperature. The relevance 
of a stable dry influenza powder vaccine was underlined once more, when in 2010 in 
the Netherlands around 17 million human doses of influenza vaccine (H1N1-swine flu 
vaccine 2009) were destroyed because the shelf-life of these vaccines bought in 2009 
was passed. A dry vaccine which is stable at ambient temperatures can be beneficial in 
stockpiling and can ease the logistics during mass vaccination. Furthermore, vaccine 
powder formulations can be used to develop mucosal non-invasive delivery routes. 

The most commonly used technique for the production of stable and dry influenza 
vaccine formulation is freeze-drying (Table 1). In addition, techniques like spray freeze 
drying and spray drying have shown promising results in stabilizing influenza vaccine. 
The advantages and drawbacks for each of these techniques were discussed elaborately 
elsewhere [6]. It is important to realize that all these techniques stress the vaccine 
components during the drying process. In order to protect the vaccine from detrimental 
stresses, disaccharides or oligosaccharides are added as stabilizers. However, proper 
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care must be taken of the composition and process conditions of the drying procedure 
to obtain a dry vaccine incorporated in an amorphous sugar matrix. Otherwise, sugars 
can crystallize during the drying procedure and the vaccine can be denatured. Three 
mechanisms have been described to explain the stabilization of biopharmaceuticals 
such as vaccines by sugars: (a) formation of a glassy matrix by sugars which decrease 
the molecular mobility of the incorporated biopharmaceuticals [71], (b) formation 
of hydrogen bonds between sugars and biopharmaceuticals, replacing the hydrogen 
bonds with water molecules [72], and (c) formation of a physical barrier by sugars 
between two molecules, preventing aggregation [73]. In addition to proper drying 
conditions, other formulation ingredients like buffers should also be chosen with care.

table 1. Stability and delivery routes of dried influenza vaccines

Vaccine Drying technique Stabilizer Stability Delivery route

Subunit Freeze drying
Spray freeze drying
Spray drying
Spray freeze dying

Inulin
Inulin
Inulin
Trehalose/
Mannitol/
Dextran

20°C/6 months
20°C/3 years
20°C/3 years
40°C/3 months

Parenteral [70]
Pulmonary [77]
Pulmonary [77]
Epidermal [78]

Virosome Freeze drying Inulin 20°C/3 months Parenteral [79]

Whole inactivated 
virus

Freeze drying
Freeze drying
Coated-
microneedles

Inulin
Trehalose
Trehalose

20°C/1 year
25°C/3 months
25°C/1 month

Parenteral [80]
Nasal [60]
Intradermal [81]

With the application of sugar glass technology it was shown that influenza vaccine can 
be stabilized for a long time at different temperatures as summarized in Table 1. It can 
be deduced from Table 1 that mainly two sugars have been used for stabilization, i.e., 
trehalose and inulin. Trehalose is already known for more than a decade to stabilize 
proteins and vesicular structures [74, 75], whereas inulin was recently shown to be a 
good stabilizer because of its better physico-chemical properties [76]. Inulin is GRAS 
material and also used for diagonistics, thus it can be easily incorporated in future 
vaccine production. The production of dried vaccines can stress the production-
line, as extra drying steps have to be included in the production process. However, 
this disadvantage can be outweighed considering the potential advantages of the dry 
powder vaccines, i.e., increased stability and the possibilities of mucosal delivery.

3. objectives of the thesis
In the context of this thesis we tackle three major problems associated with current 
inactivated influenza vaccines, (i) limited immunogenicity, (ii) lack of induction 
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of mucosal immunity, and (iii) limited stability, which hampers the stockpiling 
and distribution of vaccines. We used a novel adjuvant, GEM particles for the 
improvement of limited immunogenicity of the inactivated influenza vaccines and 
induction of mucosal immunity. Furthermore, we evaluated freeze-drying, spray 
freeze drying and spray drying as techniques to improve vaccine stability and to 
develop dry powder vaccine formulation for mucosal administration. In short, the 
objectives of this thesis are:
• To investigate GEM particles as a potential new adjuvant for influenza vaccines, and
• To develop stable and dry influenza vaccine powder formulations

4. overview of this thesis
The thesis is divided in two parts: Part 1 (Chapter 2-4) is about the evaluation of GEM 
adjuvanted influenza subunit vaccine given via different routes of administration. 
In Part 2, we developed dry and stable formulations for subunit (Chapter 5) and 
WIV vaccines (Chapter 7). Furthermore, the developed dry and stable formulation 
of influenza subunit vaccine was administered via pulmonary route and immune 
responses were evaluated (Chapter 6).

In Chapter 2, we tested the potential of GEM particles to boost the immunogenicity 
of influenza subunit vaccine administered via the i.m. route. This study was designed 
to investigate whether adjuvantation with GEM particles allows dose reduction of 
influenza subunit vaccine. For this purpose, mice were immunized with different doses 
of influenza subunit vaccine with and without the addition of GEM particles. Antibody 
and T cell responses were evaluated and an in vivo challenge test was performed to 
investigate whether adjuvantation with GEM particles reduces the amount of antigen 
required for protection of mice from virus infection.

In Chapter 3, we investigated the immunogenicity of GEM adjuvanted influenza 
subunit vaccine administered via the i.n. route. Systemic and mucosal immune responses 
induced by i.n. subunit vaccine adjuvanted with GEM particles were compared to 
immune responses induced by i.m. and i.n. administered subunit influenza vaccine 
without adjuvant.

In Chapter 4, we investigated whether GEM particles can serve as adjuvant for 
oral vaccination and to which part of the gastro-intestinal tract GEM particles and 
influenza subunit vaccine combination should be delivered for inducing an optimal 
immune response. For this purpose, we compared two delivery routes, i.e., oral and 
rectal for delivery of GEM adjuvanted influenza vaccine. 

In Chapter 5, two drying processes, i.e., spray drying and spray freeze drying were 
compared for the development of stable and dry influenza subunit vaccine powder 
for inhalation. Moreover, we tested different buffers for optimization of the drying 
processes. The physico-chemical properties and immunogenicity of the optimized 
formulations were investigated. Furthermore, the suitability of the powders for 
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inhalation with a Twincer® inhaler was determined using laser diffraction technique 
and cascade impactor analysis.

In Chapter 6, spray freeze dried influenza vaccine powder was administered to 
mice via the pulmonary route using a dry powder insufflator. The systemic and mucosal 
antibody responses were determined and compared to those of mice immunized 
by pulmonary delivery or i.m. injection of a conventional liquid subunit vaccine 
formulation. 

In Chapter 7, a dry and stable WIV vaccine formulation was developed, which 
can be stored at room temperature (20°C) and is resistant to short periods of elevated 
temperatures (40°C) during storage and distribution. Influenza WIV vaccine was 
freeze-dried using trehalose and inulin as excipents. The samples were stored at different 
temperatures (-80°C, 4°C, 20°C or 40°C). Mice were immunized with unprocessed or 
rehydrated freeze dried vaccine formulations at different time points (0 day, 3 and 6 
months) and the immunological responses were determined to investigate the effect of 
storage temperatures on the immunogenicity of the vaccine.
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