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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 



cHAPter 1

10

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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abstract
Gram-positive enhancer matrix (GEM) particles, produced from non-genetically 
modified Lactococcus lactis bacteria have an inherent immunostimulatory activity. It 
was investigated whether co-administration of GEM particles can reduce the amount 
of influenza subunit vaccine (HA) necessary to protect mice from viral infection. 
Decreasing HA amounts of 5, 1, 0.2, and 0.04 µg admixed with GEM particles were 
tested in intramuscular immunizations. Combinations of GEM and seasonal HA (A/
Wisconsin/67/2005 [H3N2]) induced significantly higher systemic and better Th1/
Th2-type balanced immune responses than HA alone. Addition of GEM to 0.04 µg 
HA resulted in similar HI titers as 1-5 µg non-adjuvanted HA. To test the protective 
efficacy of the adjuvanted combination, mice were immunized with influenza subunit 
vaccine A/PR/8/34 (H1N1) and then challenged with live virus (A/PR/8/34). Mice 
immunized with 1 µg HA + GEM showed undetectable virus titers in the lungs 5 
days after challenge, whereas mice immunized with 1 µg HA alone showed detectable 
levels of virus in the lungs. Interestingly, mice vaccinated with the 0.04 µg HA + GEM 
vaccine demonstrated reduced lung virus titers and a reduction in weight that was 
similar as that in mice vaccinated with 1 µg non-adjuvanted HA. These results indicate 
that the use of GEM as immunostimulant allows for a strong reduction in the antigen 
dose as compared to the benchmark vaccine by using GEM particles. Thus, addition 
of GEM can strongly potentiate immunogenicity of influenza subunit vaccine both 
quantitatively and qualitatively. 
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1. iNtroductioN
The recent outbreak of influenza A (H1N1)swl-2009 virus showed that influenza 
viruses still pose a potential threat to the human population [1]. In addition to 
periodic pandemics, annual seasonal influenza infection cause high morbidity and 
mortality [2]. The most effective way of controlling and preventing influenza infection 
is immunization [2, 3]. However, every seasonal epidemic and occasional pandemic is 
caused by a different virus strain, because of the variation in the viral spike proteins, 
haemagglutinin and neuraminidase. Therefore, new vaccines based on the varying 
strains are required for each immunization [4]. Another problem is the limited 
immunogenicity of conventional inactivated influenza vaccines [5]. Moreover, in a 
pandemic scenario vaccines should be produced fast and in huge quantities, which is a 
burden on constrained global vaccine production facilities [6]. 

Traditionally, adjuvants are used to overcome problems like low immunogenicity of 
vaccines [7]. For the past decades, aluminium-based adjuvants have been mostly used 
to boost the poor immunogenicity of several vaccines [8, 9]. In the context of H5N1 
and H1N1 pandemic vaccines, several adjuvants, like oil-in-water based adjuvants, 
aluminium salts (alum), and immunostimulating complexes have been tested for their 
antigen-sparing and immune-enhancing potential [10-20]. In particular, the extent 
of antigen-sparing incurred by oil-in-water based adjuvants (MF-59 and AS03) was 
substantial [20]. 

Recently, a novel adjuvant has been developed that consists of peptidoglycan spheres 
produced from the food-grade bacterium Lactococcus lactis [21]. The bacterium is 
killed at low pH (pH 1) and high temperature (99 °C) which generates the so-called 
Gram-positive enhancer matrix (GEM) particles [22]. Due to the acid treatment at high 
temperature these particles lack the viable intracellular content and surface proteins 
[22]. The thick peptidoglycan based bacterial cell wall provides structural rigidity to 
the particles. GEM particles present a new adjuvant system which can strongly boost 
vaccine immunogenicity [23, 24]. The immunostimulatory activity of GEM particles 
is attributed to the activation of antigen presenting cells by toll like receptor 2 (TLR-2) 
[25]. Malaria parasite, Yersinia pestis and pneumococcal antigens when displayed on 
GEM particles induced high immune responses in mouse models [24-26]. Moreover, 
it was shown that GEM particles admixed with influenza subunit vaccine (HA) elicit 
strong systemic and local immune responses when administered via the intranasal 
route [27]. Therefore, GEM particles are considered to be a promising adjuvant for 
influenza immunizations.

In this study, we investigated the effect of GEM particles on HA vaccine efficacy 
when administered via the i.m. route. Furthermore, we investigated whether GEM 
particles allow vaccine dose reduction. For this purpose, mice were immunized with 
different doses of HA with and without the addition of a standard amount of GEM 
particles. 
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2. materials aNd methods

2.1 virus and vaccines
Influenza monovalent subunit vaccine of strain A/Wisconsin/67/2005 (H3N2) was 
kindly provided by Solvay Pharmaceuticals. The concentration of HA in the vaccine 
was determined using the single radial immunodiffusion assay [28]. Influenza virus 
A/PR/8/34 (HIN1) was obtained from NIBSC, UK. The virus was propagated in the 
allantoic fluid of embryonated chicken eggs and stored at -70 °C. PR8 subunit vaccine 
was produced as described earlier [29]. 

2.2 gem preparation
L. lactis strain MG1363acmAΔ1 was cultured overnight. Subsequently, cells were washed 
once with sterile distilled water. The cells were resuspended in 10% trichloroacetic 
acid (TCA) and placed in a hot water bath of 99 °C for 30 minutes. The acid and heat 
treatment killed the bacteria. After acid and heat treatment, the GEM particles were 
pelleted, washed three times in phosphate buffered saline (PBS; Dulbecco’s Phosphate 
Buffered Saline without CaCl2 and MgCl2) and finally resuspended in PBS and stored at 
4 °C. One unit (1 U) of GEM particles was defined as approximately 2.5 x 109 particles. 

2.3 dose-response immunizations with influenza subunit vaccine a/
wisconsin/67/2005 (h3N2)
Animal experiments were approved by the Committee for Animal Experimentation 
of the University of Groningen, The Netherlands according to the guidelines provided 
by Dutch Animal Protection Act. Balb/c mice (6-8 weeks) purchased from Harlan, 
Zeist, The Netherlands were used for all immunization experiments. The mice were 
divided in 8 groups of 8 animals each. All 8 groups of animals were immunized with 
prime vaccination on day 0 and one booster vaccinations on day 21 with four different 
amounts of influenza subunit vaccine (5 μg, 1, 0.2, and 0.04 HA) with and without 
GEM particles (1 unit). HA and the GEM particles were admixed just before the 
immunization. All mice were injected i.m. in both their calf muscles with a total of 50 
µl vaccine or vaccine-adjuvant mixture, equally divided over both injection sites. The 
mice were sacrificed one week after the booster vaccination, i.e., on day 28. After the 
animals were sacrificed the spleens were harvested and stored in supplemented Iscove’s 
Modified Dulbecco’s Glutamax medium (Invitrogen, The Netherlands) with 5 % Fetal 
Calf Serum, 1% penicillin/streptomycin and 50 µM β-mercaptoethanol at 4 °C.

Blood samples were drawn on day 21 (before booster) by orbital puncture and day 
28 by heart puncture. Sera were obtained by centrifugation of blood at 1200 x g for 5 
min and the samples were subsequently stored at -20 °C until further analysis.
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2.4 haemagglutination inhibition assay
Haemagglutination inhibition (HI) titers in serum were determined as described 
previously [27]. Briefly, 25 % kaolin suspension was added to inactivated sera (56 °C 
for 30 min). After centrifugation at 1200 x g, 50 µl of the supernatant was transferred 
in duplicate to 96 well round bottom plate (Greiner, Alphen a/d Rijn, Netherlands) 
and serially diluted twofold in PBS. Next, four haemagglutination units of inactivated 
A/Wisconsin/67/2005 (H3N2) influenza virus was added and incubated for 40 min 
at room temperature. Finally, 50 µl of 1 % guinea pig red blood cells were added and 
incubated for 2 h at room temperature. The highest dilution capable of preventing 
haemagglutination was scored as HI titer. 

2.5 elisa assays
Total influenza-specific IgG and IgG subtypes were determined using ELISA assays as 
described previously [27]. Briefly, the plates were incubated overnight with HA, blocked 
with 3% bovine serum albumin (Sigma-Aldrich, The Netherlands) and incubated with 
serial dilutions of sera for 1.5 h at 37 °C. Next, the plates were washed three times and 
incubated with horseradish peroxidase-conjugated goat antibodies directed against 
mouse IgG, IgG1 and IgG2a (Southern Biotech, Birmingham, AL, USA). Finally, 
the plates were developed using substrate solution (0.02 % 1, 2- phenylenediamine-
dihydrochloride (Sigma) in 50 mM phosphate buffer pH 5.6, containing 0.006 % H2O2) 
for 30 min. The reaction was stopped by addition of 2 M H2SO4 and absorbance was 
read at 490 nm. Titers reported are the reciprocal of the calculated sample dilution 
corresponding with an A490 ≥ 0.2 after background correction. 

2.6 elispot assay
The Elispot assay was performed as described earlier [27]. Briefly, plates were incubated 
overnight at 4 °C with anti-mouse interferon-γ (IFN-γ) and interleukin-4 (IL-4) (BD, 
Pharmingen, Belgium). After washing the plates were blocked for 1 h at 37 °C and 
spleen cells were added to the plates with or without subunit vaccine. Next, the cells 
were lysed after overnight incubation, and incubated with biotinylated anti-mouse 
IFN-γ and IL-4 antibodies (BD Pharmingen, Belgium) at a concentration of 0.125 µg. 
Plates were then incubated with Streptavidin alkaline phosphatase (BD Pharmingen, 
Belgium) for 1 h at 37 °C. Finally, the spots were developed using substrate solution 
consisting of 1 mg/ml 5-bromo-4-chloro-3-indolylphosphate, 0.92 % w/v 2-amino-
2-methyl-1-propanol, 0.08 µl/ml TritonX-405, 1 M MgCl2 and 6 mg/ml agarose. The 
spots were scanned using an Elispot reader (A.EL.VIS GmbH, Hannover, Germany) 
and counted manually using Image J Software (National Institute of Health, USA).    

2.7 immunization and viral challenge experiment with a/pr/8/34 (h1N1)
For immunization and viral challenge experiment, mice were divided in five groups of 
10 animals each. Four groups of animals were immunized with prime vaccination on 
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day 0 and one booster vaccination on day 21. In the control group, mice were injected 
with PBS only. Mice were immunized i.m. with 1, 0.2 or 0.04 µg HA from A/PR/8/34 
adjuvanted with GEM particles (1 U). One group of mice was immunized with 1 µg 
HA from A/PR/8/34 without adjuvant. This dose of the non-adjuvanted vaccine was 
chosen, as it was shown to be the minimum dose required for protection of mice from 
viral infection (M. Liu, submitted for publication). On day 28, mice were anaesthetized 
and challenged with 2 × 102 TCID50 A/PR8 influenza virus [29]. After challenge, the 
mice were monitored every 12 h for clinical signs by weighing and observing their 
activity and appearance. From each group five animals were sacrificed 3 days after 
challenge and the remaining mice were sacrificed 5 days after challenge. The lung lobes 
were collected and stored at 4 °C in PBS.

2.8 determination of virus titers in lungs of challenged mice
The lung virus titers were determined as described previously [29]. Briefly, lungs were 
homogenized and supernatants were collected by centrifugation. The supernatants were 
twofold diluted in 96 well plates. Fifty microliter of the diluted supernatant was added 
to a monolayer of MDCK cells and incubated for 1h. Then 7.5 μg TPCK trypsin (Sigma) 
was added per well followed by 72 h of incubation. After 3 days, the supernatants were 
transferred to round-bottom 96-well plate. Next, 50 μl of a 1 % guinea pig erythrocyte 
suspension were added and incubated for 2 h. Dilution at which hemagglutination was 
observed, indicated the virus titer in the lungs. The 10log virus titer was calculated per 
gram of lung tissue.  

2.9 statistical analysis
Statistical analyses were performed using Anova test and Bonferroni’s correction 
for multiple comparisons. The results are presented as mean ± standard error mean 
(S.E.M.) unless indicated otherwise.

3. results

3.1 effect of gem particles on the serum antibody responses
In order to evaluate the antigen-sparing potential of GEM particles, mice were 
immunized with different doses of influenza subunit vaccine containing 5, 1, 0.2, and 
0.04 µg HA with and without GEM particles. The standard assay for predicting the 
protective efficacy of an influenza vaccine is the determination of the HI titers. An 
HI titer > 40 ( i.e. 2log HI > 5.3) is considered to be protective in humans [30]. After 
one immunization, only the GEM containing vaccine doses of 5, 1, or 0.2 µg HA were 
able to induce HI titers > 2log5.3 (Fig. 1A). Addition of GEM particles to the different 
amounts of HA increased the titers by 2-5 folds. After the booster immunization, all 
vaccines reached HI titers > 2log5.3 (Fig. 1B). Interestingly, GEM containing HA doses 
still significantly enhanced the HI titers after the booster immunization as compared 
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to their non-adjuvanted counterparts (Fig. 1B). Mice vaccinated with 1 and 5 µg HA 
without GEM induced similar HI titers, suggesting a plateau in the immune response. 
Nevertheless, addition of GEM to these vaccines significantly enhanced the HI titers 
(Fig 1B). The lower HA dose vaccines (0.2 and 0.04 µg) with GEM induced similar 
titers compared to those induced by the non-adjuvanted 5 and 1 µg HA vaccines. 

5µg 1µg 0.2µg 0.04µg
2

3

4

5

6

7
HA  HA +GEMA

* *
*

*

2 lo
g 

H
I t

ite
r

5µg 1µg 0.2µg 0.04µg
2

4

6

8

10

12 *
HA  HA +GEMB

*

* *

2 lo
g 

H
I t

ite
r

At day 21 after the first immunization, IgG responses in mice immunized with 5 µg 
HA without GEM particles were similar to responses in mice immunized with 1 µg HA 
(Fig. 2A). However, after booster immunization, antibody responses in mice immunized 
with 1 µg HA were significantly higher than responses in mice immunized with 5 µg 
HA, indicating that 1 µg HA is the optimal dose for immunization without adjuvant. 
GEM adjuvanted HA vaccines (5, 1, and 0.2 µg HA + GEM) induced significantly 
higher IgG titers than 1 µg non-adjuvanted HA after the first immunization (Fig. 2A). 
However, after the booster immunization no significant differences were observed 
between adjuvanted and non-adjuvanted HA immunizations at the corresponding HA 
dose, except for the 5 µg dose (Fig. 2B).   

3.2 effect of gem particles on the type of immune response
In order to determine the type and the quality of the immune response, the IgG subtypes 
and the numbers of IFN-γ and IL-4 producing T cells in the spleen were determined. 
As expected, i.m. immunization with non-adjuvanted HA induced higher IgG1 than 
IgG2a titers (Fig. 3A and 3B), indicating a Th2-type dominated immune response [27, 
31]. Addition of GEM to HA vaccines (5, 1, and 0.04 µg) induced similar IgG1 titers 
compared to non-adjuvanted vaccines. Only the 0.2 µg HA + GEM vaccine induced 

Figure 1. Geometric mean HI titers 3 weeks after prime and 1 week after booster immunization. 
Influenza antigen (A/Wisconsin/H3N2) specific HI titers on day 21 (A) after primary immunization 
and day 28 (B) after prime and boost immunization with decreasing HA doses (5, 1, 0.2, and 
0.04 μg) without (white bars) and with (black bars) GEM particles. The dashed line represents an 
HI titer of 2log (40) = 5.3. Titers are given as mean per experimental group +/- S.E.M. * p < 0.05.
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significantly higher IgG1 responses than 0.2 µg non-adjuvanted vaccine. However, at 
an antigen dose of 5 and 0.2 µg, GEM adjuvanted vaccines induced significantly higher 
IgG2a responses than non-adjuvanted vaccines. 

The type of immune response was further evaluated by determining the antigen-
specific IFN-γ and IL-4 responses in 4 mice from each group. As shown in Fig. 4A, 
there was a moderate stimulatory effect on the number of INF-γ producing cells in 
the groups receiving HA vaccine (1, 0.2, and 0.04 µg) with GEM as compared to the 
non-adjuvanted groups. In addition, all the mice immunized with HA + GEM vaccines 
showed significantly less IL-4 producing cells than mice immunized with vaccine only. 

Figure 2. Geometric mean IgG titers 3 weeks after prime and 1 week after booster immunization. 
Influenza antigen (A/Wisconsin/H3N2) specific IgG titers on day 21 (A) after primary immunization 
and day 28 (B) after prime and boost immunization with decreasing HA doses (5, 1, 0.2, and 
0.04 μg) without (white bars) and with (black bars) GEM particles. Titers are given as mean per 
experimental group +/- S.E.M. * p < 0.05.
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Figure 3. Geometric mean IgG1 and IgG2a titers 1 week after booster immunization. Influenza 
antigen (A/Wisconsin/H3N2) specific IgG1 (A) and IgG2a (B) titers four weeks after prime and 
boost vaccination in sera of mice immunized with decreasing HA doses (5, 1, 0.2, and 0.04 μg) 
without (white bars) and with (black bars) GEM particles. Titers are given as mean per experimental 
group +/- S.E.M. * p < 0.05.
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As an indication of the Th1/Th2 balance the ratio of IFN-γ/ IL-4 was determined (Fig. 
4B). When admixed with lower antigen doses (1, 0.2, and 0.04 µg) GEM skewed the 
response towards a Th1 type. This improvement in the Th1/Th2 balance was primarily 
due to the reduction of IL-4 producing T-cells.
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Figure 4. T-helper cell responses. (A) IL-4 (white bars), IFN-γ (black bars) in mice (n=4 per group) 
immunized with decreasing HA doses (5, 1, 0.2 and 0.04 μg) without and with GEM particles. (B) 
The IFN-γ/IL-4 ratio of the effector cell population from mice immunized with influenza subunit 
vaccine without and with GEM particles. The ratio presented was calculated as the ratio of mean 
values of IFN-γ producing splenocytes and the mean of the IL-4 producing splenocytes. Numbers 
are given as mean per experimental group +/- S.E.M.

In conclusion, addition of GEM particles to subunit influenza vaccine offers the 
possibility of antigen dose sparing and/or improvement of the quality of the immune 
response. Accordingly, the three lower doses (1, 0.2, and 0.04 µg) of HA + GEM were 
chosen for investigating the protective efficacy in a mice challenge study.

3.3 immunization and live virus a/pr/8/34 (h1N1) challenge 
We next investigated if GEM particles allow reduction of the antigen dose without 
compromising the protective potential of the vaccination. Mice were immunized with 
1, 0.2 or 0.04 µg A/PR/8/34 influenza subunit vaccine with GEM or with 1 µg non-
adjuvanted vaccine. Phosphate buffer was administered to the control group. Mice 
were challenged i.n. with live virus on day 28 after immunization and then observed 
for clinical symptoms for 5 days. Five mice per group were sacrificed on day 3 after 
challenge and the remaining five mice on day 5 after challenge for the determination 
of lung virus titers. 

Mice injected with PBS showed significant weight loss (Fig. 5A) after 3 days (9%) 
and 5 days (15%). In addition, after 3 days and onwards clinical signs of illness like 
ruffled fur and reduced activity were observed in the control (PBS) group. In contrast, 
no clinical signs of illness were observed in the immunized mice 5 days after challenge. 
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The mice immunized with 1 µg HA + GEM showed some gain in weight, while the mice 
immunized with 1 µg HA showed a minor reduction in weight.

All the vaccinated mice showed significant reduction in lung virus titers (Fig. 5B) 
compared to the control (PBS) group. After 3 days, viral replication was detected in all 
mice receiving non-adjuvanted vaccine. In contrast, two out of five mice immunized 
with 1 µg HA + GEM had no detectable virus indicating that they were fully protected 
from viral replication in the lungs. Interestingly, 5 days after challenge all the mice 
vaccinated with 1 µg HA + GEM had undetectable lung virus titers, whereas mice 
immunized with 1 µg non-adjuvanted HA still showed lung virus titers in four out 
of five mice. In the mice vaccinated with 0.2 and 0.04 µg HA + GEM no significant 
differences in lung virus titers were observed compared to mice vaccinated with 1 µg 
HA after 3 days. On day 5, only two out of five mice showed detectable lung virus titers 
in the 0.2 µg HA + GEM group. After 5 days, lung virus titers in the 0.04 μg HA + GEM 
group were not significantly different (p = 0.81) to those in the non-adjuvanted 1 μg 
HA group. 
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Figure 5. Immunization and challenge studies. A. Relative change in average body weight after 
challenge with live virus (A/PR/8/34). Mice were immunized twice i.m. with 1 µg A/PR/8/34 subunit 
vaccine (open circle), 1 µg subunit vaccine with GEM particles (black triangle), 0.2 µg subunit 
vaccine with GEM particles (open triangle) and 0.04 µg subunit vaccine with GEM particles (black 
square). Control mice were injected with PBS (black circle). 4 weeks after the first immunization 
mice were challenged by i.n. inoculation of live A/PR/8/34 virus. Weight was measured twice daily 
and is given as mean per experimental group +/- S.E.M. B. Lung virus titers were determined in 
mice 3 days (white bars) and 5 days (black bars) after challenge. Average lung virus titers +/- S.E.M. 
are given. The numbers above the bars indicate the number of mice per group with detectable titers.
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4. discussioN
Despite recent advances in vaccine production, still a huge gap has to be overcome 
to fulfill the global vaccine need in case of a pandemic [6, 32]. One of the important 
strategies for increased immunogenicity and antigen-sparing is to use adjuvants [33]. 
In this study, we showed that GEM particles strongly reduced the amount of antigen 
required for protection of mice from a viral infection. The systemic immune responses 
were significantly increased by addition of GEM to the influenza subunit vaccine. GEM 
particles also improved the quality of the immune response by shifting the response 
from a Th2-type dominated to a balanced Th1/Th2-type immune response. The 
addition of GEM particles also enabled to achieve protective HI titers in naïve mice 
after a single immunization for an HA dose as low as 0.2 μg, whereas 5 and 1 μg of HA 
without GEM did not reach protective HI titers at that stage. 

Earlier studies have demonstrated the immunostimulatory properties of the GEM 
particles [23, 25-27]. Yet, this is the first study that demonstrates the antigen-sparing 
potential of the GEM particles. The addition of GEM particles resulted in: (i) higher 
HI titers, (ii) a more balanced Th1/Th2-type immune response, (iii) a reduction in viral 
titers in the lungs or even complete viral clearance after challenge, and (iv) protection at 
lower HA dose levels. The increased viral clearance in mice immunized with adjuvanted 
vaccine (1 and 0.2 µg HA) might be due to the induction of higher IgG2a titers and 
a comparatively high INF-γ/IL-4 ratio. Moreover, the high INF-γ/IL-4 ratio indicates 
that GEM particles skew the response towards Th1-type, which is considered beneficial 
[29, 34-36]. Furthermore, the highest HA dose (1 µg) without GEM and the five-fold 
lower HA dose (0.2 µg) with GEM induced a similar level of protection. Thus, addition 
of GEM particles to HA subunit vaccine allows for at least a five-fold reduction of the 
HA dose with full retention of the protective potential. The results indicated that even 
a 25-fold reduction could be possible, however, this warrants further investigations.

Several bacterial cell-wall components are known to activate the innate immune 
system by activation of TLRs [37]. Recently, it was shown that GEM particles bind 
specifically to TLR-2 and stimulate both human and mouse dendritic cells. Moreover, it 
was shown that activation of TLR-2 receptors in human peripheral blood mononuclear 
cells can shift the immune response towards the Th1-type [38]. In our study, we showed 
that co-administration of subunit influenza vaccine and GEM particles significantly 
potentiated and modulated the immune responses. Thus, it can be speculated that 
the activation of the TLR-2 receptors might have led to a significant decrease in IL-4 
responses and a moderate increase in INF-γ response in this study. Major obstacles 
for adjuvant development are safety and cost issues [39]. GEM particles have several 
advantages over other adjuvant systems [12, 40-42]: (i) they are not viable and 
produced from a generally recognized as safe (GRAS) probiotic organism (L. lactis) 
that demonstrated it’s safety in several pre-clinical toxicity studies [23-27], (ii) the 
production technology for GEM particles is relatively simple and a GMP process that 
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can be adapted for inexpensive large scale production is available [21], and (iii) GEM 
particles are very stable and can be stored for a long period even at room temperature 
[21]. These properties make GEM particles an attractive adjuvant for seasonal as well 
as pandemic influenza vaccines.

5. coNclusioNs
GEM particles are a promising adjuvant for influenza subunit vaccines. The addition 
of GEM particles to HA subunit vaccine resulted in significantly enhanced immune 
responses. Additionally, the incorporation of the GEM particles in the vaccines also 
resulted in Th1 skewing of the immune response. Furthermore, lower doses of influenza 
vaccine were able to protect mice from virus growth in the lungs when the vaccines 
were supplemented with GEM particles. These results show the potential of GEM as 
adjuvant for influenza vaccines and warrant further development.
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abstract
Nasal administration of influenza vaccine has the potential to facilitate influenza 
control and prevention. However, when administered intranasally (i.n.), commercially 
available inactivated vaccines only generate systemic and mucosal immune responses 
if strong adjuvants are used, which are often associated with safety problems. We 
describe the successful use of a safe adjuvant Gram-positive enhancer matrix (GEM) 
particles derived from the food-grade bacterium Lactococcus lactis for i.n. vaccination 
with subunit influenza vaccine in mice. It is shown that simple admixing of the vaccine 
with the GEM particles results in a strongly enhanced immune response. Already after 
one booster, the i.n. delivered GEM subunit vaccine resulted in haemagglutination 
inhibition titers in serum at a level equal to the conventional intramuscular (i.m.) 
route. Moreover, i.n. immunization with GEM subunit vaccine elicited superior 
mucosal and Th1 skewed immune responses compared to those induced by i.m. and 
i.n. administered subunit vaccine alone. In conclusion, GEM particles act as a potent 
adjuvant for i.n. influenza immunization.
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1. iNtroductioN
Seasonal influenza is still one of the major causes for mortality and morbidity worldwide 
[1]. Annual vaccinations are the most effective strategy to prevent and control influenza 
infections [2, 3]. Most of the available influenza vaccines are administered via the 
intramuscular (i.m.) or subcutaneous route. These parenteral vaccines induce good 
systemic immune response but no mucosal immune response [3-5], which limits their 
protective efficacy. In contrast, intranasal (i.n.) vaccines may induce both systemic and 
mucosal immune responses [6-9]. In addition, i.n. delivery of the vaccine does not 
require trained health care personnel for the administration of vaccine, is suitable for 
people with needle phobia, and circumvents the problem of needlestick injuries [10].

A mucosal immune response is necessary for the protection of the upper 
respiratory tract, i.e., the port of entry for influenza virus [6, 11]. The protection of 
the upper respiratory tract is mainly provided by sIgA [3, 6, 12]. Moreover, sIgA is 
known to induce cross-protection against variant viruses within the same subtype 
and also increase the protection during epidemics of heterologous viruses [6, 13-18]. 
Furthermore, it is reported that the mucosal immune system develops early in life and 
is not affected by ageing [19, 20]. Therefore, a concomitant advantage of i.n. influenza 
immunization is that it can potentially provide effective immunity in all age groups and 
can be used for mass vaccination.

Currently, live attenuated influenza virus vaccines (LAIV) are marketed for i.n. 
administration. LAIV vaccines have shown to induce both systemic and mucosal 
immune responses. However, LAIV vaccine is licensed by the Food and Drug 
Administration only for persons aged 2-49 years but not for use in high risk populations 
(elderly, children, and chronically ill patients) [21, 22]. However, most of the marketed 
influenza vaccines are inactivated vaccines which can be administered safely via i.n. 
route to the whole population. A disadvantage of these vaccines is that they have shown 
to be poorly immunogenic when administered via this route [4, 13]. 

To increase the immunogenicity, inactivated influenza vaccines require adjuvants 
to potentiate the immune response when administered via the i.n. route. Several 
adjuvants are currently under development for i.n. immunizations like virus like 
particles [23], immunostimulating complexes [24], lipids, nucleic acids [25], and 
bacterial components [26, 27]. However, the development of many of these adjuvants 
systems is hampered by safety and regulatory concerns [28]. For example, potent 
bacterial adjuvants like heat liable toxin of Escherichia coli (LT) have shown severe side 
effects in humans [29]. Therefore, an adjuvant for i.n. inactivated influenza vaccine that 
is potent and safe for human use is still lacking.

The novel adjuvant Gram-positive enhancer matrix (GEM) particles are produced 
from the food-grade bacterium Lactococcus lactis [30]. L. lactis is a non-pathogenic, 
non-colonizing Gram-positive bacterium. Moreover, L. lactis is approved for human 
use by regulatory agencies and considered as a generally recognized as safe (GRAS) 
organism. The GEM particles are produced by heating the L. lactis in acid, followed 
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by washing with phosphate buffer [31]. The resulting particles are non living, deprived 
of intact surface proteins and intracellular content. The thick peptidoglycan cell wall, 
however, remains intact and provides the structural rigidity to constitute the bacterial-
shaped peptidoglycan spheres of about 1 µm in size, referred to as GEM particles. 
The GEM particles have been studied for mucosal vaccination of malarial parasite 
antigen and pneumococcal antigens [32-34]. These studies demonstrated that antigens 
displayed on GEM particles induced higher immune response than antigen alone. Since 
GEM particles are a promising adjuvant for i.n. immunization, the aim of this study 
was to investigate the use of GEM particles as adjuvant for i.n. influenza vaccination.

In this study, we examined the immunogenicity in Balb/c mice of i.n. administered 
influenza subunit vaccine mixed with GEM particles as adjuvant. In earlier studies, the 
antigens (pneumococcal and malarial) were covalently bound to the GEM particles 
[30-34]. In contrast, in the present study the particles were simply mixed with the 
antigens. The immune response was compared to i.m. and i.n. administered subunit 
influenza vaccine without the adjuvant.

2. materials aNd methods
Influenza monovalent subunit vaccine of strain A/Wisconsin (H3N2) was kindly 
provided by Solvay Pharmaceuticals (Weesp, The Netherlands). The concentration 
of the heamagglutinin (HA) in the vaccine was determined using the single radial 
immunodiffusion assay. 

2.1 gem preparation
GEM particles were prepared as described earlier [30]. In brief, cells of an overnight 
culture of L. lactis strain MG1363acmAΔ1 were harvested and washed once with sterile 
distilled water. The cells were resuspended in 10% trichloroacetic acid and placed in a 
hot water bath of 99°C for 30 min. The acid and heat treatment kills the bacteria and 
generates so-called GEM particles. After acid and heat treatment, the GEM particles 
were pelleted and washed three times in Dulbecco’s phosphate buffered saline (PBS; 
Dulbecco’s phosphate buffered saline without CaCl2 and MgCl2) and finally resuspended 
in PBS and stored at -20°C. One unit of GEM particles was defined as approximately 
2.5 x 109 nonliving particles. 

2.2 immunization 
Animal experiments were evaluated and approved by the Committee for Animal 
Experimentation of the University of Groningen, The Netherlands according to the 
guidelines provided by Dutch Animal Protection Act. Balb/c mice (6-8 weeks) purchased 
from Harlan, Zeist, The Netherlands were used for all immunization experiments. The 
mice were divided in three groups of eight each. All three groups of animals were 
immunized with prime vaccination on day 0 and two booster vaccinations on day 14 
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and 28 with 5 µg of HA. The influenza subunit vaccine and the GEM particles were 
admixed just before the immunization.The test group was immunized intranasally with 
12 µl of GEM adjuvanted vaccine (2.5 x 109 GEM particles (1 U) were mixed with 12 
µl of 5 µg HA) divided over both the nostrils under inhalation anesthesia (isoflurane/
O2). In two control groups, one group was injected with an intramuscular injection 
of 50 µl vaccine in posterior thigh muscles under inhalation anaesthesia (isoflurane/
O2) and second group was administered 12 µl of vaccine intranasally under inhalation 
anaesthesia (isoflurane/O2). The mice were sacrificed 2 weeks after the second booster 
vaccination, i.e., on day 42. After the animals were sacrificed, the spleens of the animals 
were harvested and subsequently stored in supplemented Iscoves’s modified Dulbecco’s 
medium-Glutamax medium with 5% fetal calf serum, 1% penicillin/streptomycin, and 
50 µM β-mercaptoethanol at 4°C.

2.3 sera collection and mucosal washes

Blood samples were drawn three times during the experiments, i.e., on day 0 and 28 by 
orbital puncture and day 42 by heart puncture. Sera were obtained by centrifugation of 
blood at 1,200 x g for 5 min, and the samples were subsequently stored at -20°C until 
further analysis.

Nasal and lung lavages were performed as described earlier [35]. Briefly, the trachea 
of each mouse was cannulated and connected to a 1 ml syringe. Lung washes were 
taken by repeated flushing of lungs with 1 ml PBS (pH 7). Nasal washes were obtained 
by flushing the nasopharynx with 1 ml PBS. Subsequently, the mucosal washes were 
admixed with 10 µl of protease inhibitor solution (one tablet Complete® protease 
inhibitor cocktail (Roche diagnostics) dissolved in 2 ml PBS).

2.4 elisa

The antibody response to the influenza subunit antigen was determined using enzyme-
linked immunosorbent assays as described previously [35]. Briefly, the plates were 
incubated with 200 ng of HA/well. After overnight incubation with HA, the plates were 
blocked with 3% bovine serum albumin (BSA; Sigma-Aldrich, Netherlands). Then, 
plates were washed and incubated with sera and mucosal samples in serial dilution for 
1.5 h at 37°C. Next, the plates were washed and incubated with horseradish peroxidase-
conjugated goat antibodies directed against mouse IgG, IgG1, IgG2a, IgG2b, and IgA 
(Southern Biotech, Birmingham, AL, USA). Finally, the substrate solution (0.02% 
1,2-phenyllendiamine-dihydrochloride in 50 mM phosphate buffer pH 5.6, containing 
0.006% H2O2) was added and the plates were incubated in the dark for 30 min at room 
temperature. The reaction was stopped by addition of 2 M H2SO4 and absorbance at 
490 nm was read with a Benchmark Microplate reader (BioRad, Hercules, CA, USA). 
Titers reported are the reciprocal of the calculated sample dilution corresponding with 
an A490 ≥ 0.2 after background correction. 
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2.5 haemagglutination inhibition assay
Haemagglutination inhibition (HI) titers in serum were determined as described 
previously [35]. Briefly, serum was inactivated at 56°C for 30 min. In order to reduce 
nonspecific haemagglutination, 25% kaolin suspension was added to inactivated sera. 
After centrifugation at 1,200 x g, 50 µl of the supernatant was transferred in duplicate 
to 96-well round bottom plate (Greiner, Alphen a/d Rijn, The Netherlands) and serially 
diluted twofold in PBS. Then, four haemagglutination units of A/Wisconsin influenza 
inactivated virus were added to each well, and the plates were incubated for 40 min 
at room temperature. Finally, 50 µl of 1% guinea pig red blood cells was added to 
each well and incubated for 2 h at room temperature. The highest dilution capable of 
preventing haemagglutination was scored as HI titer. 

2.6 elispot
The Elispot assay was performed as described earlier [36]. Briefly, 96-well microtiter 
plates (Greiner, Alphen a/d Rijn, Netherlands) were incubated overnight at 4°C 
with anti mouse interferon-γ (IFN-γ) and interleukin-4 (IL-4; BD, Pharmingen, 
Erembodegem, Belgium). After washing the plates three times with PBS/Tween 
(Sigma-Aldrich, Netherlands) they were blocked (PBS + 4% BSA) for 1 h at 37°C, and 
spleen cells were added to the plates in concentration 1 x 106 cells/well with or without 
subunit vaccine as a stimulation peptide. After incubation overnight at 37°C, 5% CO2, 
the cells were lysed with cold water. Next, the plates were washed five times with PBS/
Tween and incubated with biotinylated anti mouse IFN-γ and IL-4 antibodies (BD 
Pharmingen) in concentration of 0.125 µg/ml in PBS + 2% BSA. After washing, the 
plates were incubated with streptavidin alkaline phosphatase (BD Pharmingen) for 1 
h at 37°C. Finally, after washing three times with PBS/Tween and two times with PBS, 
the spots were developed using the substrate solution consisting of 1 mg/ml 5-bromo-
4-chloro-3-indolylphosphate, 0.92% (w/v) 2-amino-2-methyl-1-propanol, 0.08 µl/ml 
TritonX-405, 1 M MgCl2 and 6 mg/ml agarose. The spots were counted using an Elispot 
reader (A.EL.VIS Elispot reader).   

2.7 statistical analysis
Statistical analyses were performed using Student’s t test with p < 0.05 as the minimal 
level of significance. The results are presented as mean ± standard error mean unless 
indicated otherwise.
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Figure 1. Subunit antigen-specific HI titers in mice immunized three times. A. Comparative 
analysis of HI titers in different groups, i.e., i.m., i.n. and i.n. + GEM at 0, 28, and 42 days after the 
first immunization. B. Comparative analysis of HI titers between three groups, i.e., i.m., i.n., i.n. + 
GEM at 42 days after first immunization. The numbers above the columns indicate the number of 
responders per group.

3. results
3.1 systemic immune response 
The protective capacity of influenza vaccines was determined by measuring HI titers. The 
HI titers were determined for all mice after the first and second booster immunization. 
Figure 1 shows that both the conventional i.m. and the GEM adjuvanted i.n. vaccines 
reached comparable HI titers above 2log6 after the first booster immunization 
(p=0.2062). These titers increase in both cases to values between 2log7 and 2log8 with 
no significant differences (p=0.7611). I.n. immunization with the subunit vaccine alone 
induced low HI titers, even after two booster immunizations. Moreover, only 50% of 
the animals responded after immunization with i.n. subunit vaccine, while all animals 
responded in the two other vaccine groups. Since an HI titer above 2log5 is considered 
to be protective in humans, these results indicate that one single boost is sufficient for 
i.n. GEM adjuvanted influenza vaccines to reach protective immunity.

As expected, i.m. immunization with conventional subunit vaccine resulted in 
robust IgG responses while this vaccine without adjuvant was poorly immunogenic 
when administered via the i.n. route [27, 37-39]. Figure 2 shows the subunit antigen-
specific IgG response after two booster doses. Even after two booster doses, i.n. 
immunization with subunit vaccine alone induced lower (p<0.01) IgG responses than 
i.n administered HA + GEM, clearly demonstrating the adjuvant effect of the GEM 
particles. While the i.m. immunization with conventional subunit vaccine resulted in 
a higher response (p=0.0101) than i.n. immunization with HA + GEM after the first 
booster dose, the IgG response was comparable (p=0.4355) after the second booster 
immunization. This is consistent with earlier observations [26, 37, 40, 41] reporting 
that during i.n. immunization, there is a gradual increase in IgG response. 
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Furthermore, i.n. immunization without adjuvant and i.m immunization induced 
low levels of serum IgA titers (Fig. 3). Moreover, only three out of eight and five out 
of eight animals responded after i.n. and i.m. immunization with subunit vaccine, 
respectively. In contrast, i.n. immunization with HA + GEM induced higher (p<0.05) 
serum IgA responses than the other two control immunizations, and all animals 
responded in this group.

It is evident from the results that formulation of subunit vaccine with GEM 
particles induced a strong systemic immune response compared to both i.n. and i.m. 
immunization with subunit vaccine alone.  

3.2 mucosal immune response
It has been reported previously that i.n. immunization may induce local mucosal 
immunity in the respiratory tract, i.e., the port of entry of influenza virus [37, 39-41]. 
The activation of the mucosal immunity primes the underlying B and T cells and results 

Figure 2. Subunit antigen-specific total serum IgG titers in mice immunized three times. A. 
Comparative analysis of total serum IgG titers in different groups, i.e., i.m., i.n. and i.n. + GEM at 
0, 28, and 42 days after the first immunization. B. Comparative analysis of total serum IgG titers 
between three groups, i.e., i.m., i.n., i.n. + GEM at 42 days after first immunization. **p<0.01
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in secretion of sIgA at mucosal sites. Consequently, the influenza specific sIgA titers 
were determined in nasal and lung lavages of the mice (Fig. 4). 

I.m. immunizations elicited sIgA levels in nasal and lung lavages below detection 
limits in most of the mice (only one out of eight mice showed a response in the 
nasal lavage). Similarly, the i.n. immunizations with subunit vaccine alone gave low 
sIgA titers in lung and nasal lavages (three out of eight responders). In contrast, i.n. 
immunization with HA + GEM induced high sIgA titers in nasal and lung lavages of 
all mice. In conclusion, i.n. immunization with HA + GEM induced a strong mucosal 
immune response at both the upper and lower respiratory tract.

Figure 4. Subunit antigen-specific sIgA titers in nasal (A) and lung lavages (B) of mice immunized 
i.m., i.n., and i.n. + GEM. The numbers above the columns indicate the number of responders 
per group.
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3.3 phenotype of immune response 
In order to evaluate the phenotype of the response, i.e., the T-helper 1/T-helper 2 ratio 
(Th1/Th2), IgG subtypes, and IFN-γ and IL-4 responses were determined. IgG subtype 
profiling (Fig. 5) showed that i.n. immunization with subunit vaccine alone induced low 
IgG1, IgG2a, and IgG2b responses. As previously reported [35, 36], i.m. immunization 
with subunit vaccine induced high IgG1 responses but little IgG2a and IgG2b, 
indicating an immune response biased towards a Th2-type response. In comparison 
to i.m. immunization, i.n. immunization with HA + GEM induced significant higher 
IgG2a (p=0.042) and IgG2b (p=0.030) and lower IgG1 (p=0.0135) responses. These 
results indicate that the antibody responses generated by i.n. HA + GEM vaccine is 
significantly more skewed towards a Th1 phenotype than the conventional i.m. vaccine. 

The type of immune response (Fig. 6) was further evaluated by determining 
antigen specific IFN-γ and IL-4 producing splenocytes of the immunized mice. I.m. 
immunization with subunit vaccine resulted in a higher number of IL-4 producing 
cells than IFN-γ producing cells, indicating again a predominated Th2-type response. 
I.n. immunization with subunit vaccine resulted in lower numbers of IL-4 producing 
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Figure 5. Subunit antigen-specific serum IgG 
subtype titers in sera of mice immunized i.m., 
i.n., and i.n. + GEM. The IgG1 (A), IgG2a (B), 
and IgG2b (C) titers were determined. *p<0.05.

Figure 6. The type of the immune response was determined by the cytokine release profile, i.e., IL-4 
(A), IFNγ (B) in mice immunized. i.m., i.n., and i.n. + GEM. *p<0.05.
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cells but substantially higher numbers of IFN-γ producing cells (Fig. 6), resulting 
in a balanced Th1/Th2 response. The increase in IFN-γ producing T cells was even 
significantly (p=0.0373) more pronounced after i.n. immunization with HA + GEM, 
indicating a shift of the immune response from a balanced Th1/Th2 to a predominant 
Th1-type response. Collectively, these results indicate that the GEM based i.n. influenza 
vaccine elicited a response biased towards a Th1 phenotype.

4. discussioN
In this study, we demonstrated that GEM particles are promising candidates as an 
adjuvant for the i.n. delivery of the influenza subunit vaccine. Our results show that 
intranasally administered subunit vaccine adjuvanted with GEM particles (which 
are simply mixed with vaccine) can be used in a prime-boost vaccination strategy 
to induce protective levels of HI titers (>2log5, [42]), which is considered to be an 
important correlate of protection. In addition, the serum IgG results clearly highlights 
that GEM particles enhance the immunogenicity of the i.n. administered influenza 
subunit vaccine. 

In addition to substantial serum responses, the GEM adjuvanted i.n. vaccine 
elicited a strong mucosal immune response, i.e., secretion of the sIgA in the respiratory 
mucosa. These results are consistent with earlier studies [32] in which GEM bound 
pneumococcal i.n. vaccine induced strong mucosal responses. Induction of significant 
levels of sIgA in nasal mucosa shows that GEM particles act as immunopotentiators 
in the nasal mucosa. The immune system of the nasal mucosa consists of the nasal–
associated lymphoid tissue (NALT). In the NALT, the antigens are taken up by the 
M-cells and then presented to antigen-presenting cells, which in turn present antigen 
fragments to the underlying B and T cells [6, 13, 43, 44]. This cascade of events is 
required for the initial innate and adaptive immune response against the influenza 
virus. The induction of sIgA antibodies in the NALT might be the result of an interaction 
with Toll-like receptor (TLR)-2 of the peptidoglycan present in GEM particles, as it is 
known that GEM particles act as a TLR-2 agonist in in vitro studies (Pasetti et. al. 
manuscript in communication). Furthermore, it is known that GEM particles can 
activate the maturation of the dendritic cells and macrophages in vitro [33]. Thus, both 
the activation of TLR-2 and maturation of the dendritic cells might have contributed to 
the stronger mucosal immune response. 

Recently, much emphasis is put on the phenotype of the immune response, i.e., Th1, 
Th2, or balanced response [45-47]. A Th1 response is considered to be superior to Th2 
or a mixed response [48] because it (1) results in better protection from infection [16] 
and (2) helps in virus neutralization by secretion of INF-γ [49]. Moreover, the natural 
infection also induces a Th1 type of response. However, subunit vaccine administered 
via the i.n. route and many of the nasal adjuvants like chitosan [37, 50], ISCOMS [51], 
lipids [25, 52], and LT [26] induce a mixed Th1/Th2 type response. In contrast, the 
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i.n. GEM influenza vaccine induced a response skewed towards Th1 type. Thus, GEM 
particles modulate the response from a balanced to a Th1 skewed response.

Furthermore, the vaccine formulation presented in this paper is much more 
convenient to produce compared to most of the other adjuvant systems which have to 
be preformulated [25, 37, 40, 50-53]. The formulation used in these experiments was 
prepared by ad-mixing the GEM particles with conventional subunit vaccine. GEM 
particles can be produced in large quantities under sterile conditions and can be stored 
at ambient temperature for long time [30]. The ease of formulation and administration 
makes i.n. GEM influenza subunit vaccine a promising candidate for vaccination in a 
pandemic as well as in an epidemic situation.

A major hurdle in the development of mucosal adjuvants is to proof their safety in 
order to obtain approval by regulatory agencies. The GEM particles used in this study 
are safe to use in comparison to other adjuvants and other lactic acid bacteria systems 
evaluated for vaccination [28, 54, 55]. During the production of GEM particles, L. 
lactis bacteria are treated with acid, which results in loss of genetic material. The loss of 
the genetic material is beneficial as the problem of DNA shedding and infection in the 
mucosal layer by the bacteria is avoided [31]. Moreover, the GEM particles are produced 
from a bacterium which is used in the production of dairy products and is considered 
a GRAS organism. Audouy et al. [32] reported that GEMs did not induce detectable 
antibody levels to particles themselves after repeated intranasal administrations in 
mice. In addition, GEM particles have already been tested intranasally in rabbits in a 
preclinical GLP toxicity study, and no adverse events were reported (Leenhouts et al., 
unpublished results). Therefore, GEM particles can be considered as a safe candidate 
adjuvant for mucosal use in humans.

5. coNclusioNs
Our data shows that i.n. influenza vaccine adjuvanted with GEM particles induced 
a comparable systemic immunity and superior mucosal and cell-mediated immunity 
compared to i.m. immunization with subunit influenza vaccine alone. Importantly, it 
induced higher sIgA levels which are a first line of defense during influenza infection in 
the upper respiratory tract. Moreover, it elicited a skewed Th1-type immune response 
which is considered to provide superior protection. Overall, GEM particles can be 
regarded as a safe and potent adjuvants for i.n. delivered influenza subunit vaccine.  
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abstract
In this study, a liquid formulation of influenza subunit vaccine admixed with Gram-
positive enhancer matrix (GEM) particles as adjuvant was delivered to upper and lower 
parts of intestinal tract. The aim was to determine the most effective immunization site 
in the intestines. Mice were vaccinated with a liquid formulation of GEM and influenza 
subunit vaccine orally and rectally. The oral administration of the vaccine with GEM 
particles induced a better systemic and mucosal immune response than oral (vaccine 
only) and rectal (with and without adjuvant) immunizations. Rectal administration 
elicited high IgG1 responses but little IgG2a, indicating a Th2 dominated immune 
response. In contrast, the oral immunization with GEM particles elicited a balanced 
IgG1 and IgG2a response. In conclusion, our results demonstrate that GEM-adjuvanted 
influenza vaccine should be targeted to the upper part of the intestinal tract.
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1. iNtroductioN
Influenza is a viral infection with significant mortality and morbidity, especially in 
elderly and high-risk populations [1]. Vaccination against influenza is most efficient in 
controlling the influenza epidemics and pandemics [2]. Most of the current inactivated 
influenza vaccines are delivered via the parenteral route [3, 4]. However, the parenteral 
route of administration has many drawbacks like pain at site of injection, lower 
compliance, needle stick injuries and expensive due to the need of medically trained 
personnel and stability requirements [5, 6]. In order to overcome these drawbacks, 
mucosal immunization would be an attractive alternative. In past decades, intranasal 
inactivated influenza vaccines have shown some promising results, but due to the 
safety concerns of the used adjuvant systems, their development is hampered [7]. 
On the other hand, oral administration is still considered the most accepted and safe 
route of administration [5, 8, 9]. In addition, it is known that oral immunization can 
induce both systemic and mucosal immunity, whereas parenteral vaccines induce only 
a systemic immune response [10-14]. As shown before, induction of sIgA antibody 
responses in the mucosal associated lymphoid tissue contributes to protection against 
influenza infection [3, 15, 16].  

Oral delivery of influenza vaccines has been studied extensively. Animal studies 
show that oral delivery of influenza vaccine can protect mice from lethal challenge [17-
19]. However, in clinical studies, only the generation of mucosal antibodies and low 
systemic immune response were found [20, 21]. In these clinical studies, the dosing of 
the vaccine was frequent, which may have resulted in oral tolerance. Recently, much 
emphasis has been on two objectives to optimize the oral vaccine formulation: (1) 
decreasing the dose of the vaccine and (2) reducing the frequency of dosing. In order 
to achieve these two objectives, potent adjuvants are required, which can increase the 
immunogenicity of the vaccines. Thus, adjuvants are needed which can potentiate the 
efficacy of the vaccine and are safe to use in humans. 

Gram-positive enhancer matrix (GEM) particles present a novel adjuvant produced 
from food-grade, non-colonizing Lactococcus lactis bacteria that are present in many 
dairy products used by humans. GEM particles are non-living bacteria-like particles 
with a diameter of about 1 µm. They represent spheres of peptidoglycan, deprived of 
all the surface proteins and intracellular content [22-27]. In addition, GEM particles 
are easy to produce compared to other adjuvants like bilosomes, conjugated liposomes 
and artificial biodegradable microparticles [11-13, 18, 19]. GEM particles bound to 
malaria antigen delivered via the oral route in rabbits were able to induce higher serum 
antibody titers than via other mucosal routes [25]. Furthermore, it was reported that 
GEM particles after oral administration in rabbits did not generate antibody responses 
against themselves. Furthermore, the preclinical results from the toxicity studies in 
rabbits have indicated no adverse effects of GEM particles. Thus, GEM particles are a 
safe and promising adjuvant for the oral immunization with influenza subunit vaccine.
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It has been reported previously that there is some degree of compartmentalization 
in the gut mucosa, as the upper and the lower intestinal mucosa have different immune 
inductive sites [28, 29]. Consequently, it is important to determine to which part of the 
intestinal tract the vaccine should be delivered to induce an optimal immune response. 
Therefore, in this study, we compared two different routes, i.e., oral and rectal delivery 
of liquid formulation of GEM particles admixed with influenza subunit vaccine. 

2. materials & methods 

2.1 materials
Influenza monovalent subunit vaccine of strain A/Hiroshima (H3N2) was kindly 
provided by Solvay Biologicals (Weesp, The Netherlands). The concentration of 
the haemagglutinin (HA) in the vaccine was determined using the single radial 
immunodiffusion assay as described in European Pharmacopoeia guidelines [30, 31]. 

2.2 gem preparation
GEM particles were prepared as described earlier [26]. Briefly, a culture of L. lactis 
was harvested and washed once with sterile distilled water. The cells were resuspended 
in 0.1 M hydrochloric acid and placed in a hot water bath of 99 °C for 30 min. The 
acid and heat treatment kills the bacteria, degrade DNA and proteins, and generates 
so-called GEM particles. The GEM particles were pelleted and washed three times in 
PBS (pH 7) and finally resuspended in PBS and stored at - 20 °C. The particles were 
counted using a cell counter. One unit (1 U) of GEM particles was defined as 2.5 x 109 
non-living particles.

2.3 immunization experiments
BALB/c mice (6-8 weeks) purchased from Harlan, Zeist, The Netherlands were used for 
all the immunization experiments. Animal experiments were evaluated and approved 
by the Committee for Animal Experimentation of the University of Groningen. 
Mice were immunized three times, i.e., on day 0, 14, and 28 via oral or rectal routes 
as described previously [10]. Briefly, for oral immunization, mice were administered 
20 µg subunit vaccine with or without 1 unit GEM particles intragastrically in 200 µl 
of sodium bicarbonate solution (3.2 % w/v). The oral administration was performed 
without anaesthesia using a stainless steel feeding needle. Rectal administration was 
performed by administering 100 µl of subunit vaccine (20 µg HA) with or without GEM 
particles directly into the colon. Rectal administration was performed under inhalation 
anaesthesia (isoflurane/O2). Mice were put on a 45° platform upside-down, and dose was 
administered using a flexible Teflon feeding needle. After administration, the mice were 
kept on upside-down position for 10 min to prevent the leakage of dose. The mice were 
divided in four groups as follows: oral vaccine; n = 7, oral vaccine + GEM; n = 6, rectal 
vaccine; n = 8, and rectal vaccine + GEM; n = 7. All animals were sacrificed on day 42.
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Blood sampling was performed two times, i.e., on day 28 before the third 
immunization via orbita puncture and on day 42 via cardiac puncture. Sera were 
obtained by centrifugation and stored at - 20 °C until further analysis. The intestinal 
and nasal washes were performed as described earlier [10].

2.4 elisa
The ELISA was performed as described previously [22]. Briefly, the plates were 
incubated overnight (37 °C) with 200 ng of HA/well and blocked with 3 % bovine 
serum albumin (Sigma). The plates were washed and incubated with serum (or nasal 
and intestinal lavages) in serial dilution for 1.5 h at 37 °C. Next, plates with serum 
samples were washed and incubated with horseradish peroxidase (HRP)-conjugated 
goat antibodies directed against mouse IgG, IgG1 and IgG2a (Southern Biotech, 
Birmingham, AL). For the intestinal and nasal washes, plates were incubated with HRP-
conjugated goat antibodies directed against IgA. Finally, the substrate solution (0.02 % 
1,2-phenylenediamine-dihydrochloride in 50 mM phosphate buffer pH 5.6, containing 
0.006 % H2O2) was added, and plates were incubated in the dark for 30 min at room 
temperature. The reaction was stopped by addition of 2 M H2SO4 and absorbance at 
490 nm was read with a Benchmark Microplate reader (BioRad, Hercules, CA, USA). 
Titers reported are the reciprocal of the calculated sample dilution corresponding with 
an A490 ≥ 0.2 after background correction. 

2.5 haemagglutination inhibition assay
The haemagglutination inhibition (HI) titers in serum were determined as described 
previously [22]. Briefly, kaolin-absorbed, heat-inactivated serum was transferred in 
duplicate to 96-well round-bottom plate and serially diluted twofold in PBS (pH 7.4). 
Next, 50 µl containing four haemagglutination units of inactivated A/Hiroshima virus 
was added to each well and incubated for 40 min at room temperature. Finally, 50 µl 
of 1 % guinea pig red blood cells was added to each well and incubated for 2 h at room 
temperature. The highest serum dilution capable of preventing haemagglutination was 
scored as HI titer.

2.6 statistical analysis
The statistical analyses were performed using a one-way ANOVA test and Bonferroni's 
correction for multiple comparisons. The results are presented as mean ± standard 
mean error unless indicated otherwise.
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3. results 

3.1 systemic immune responses
Mice were immunized with influenza subunit vaccine with and without GEM particles 
via the two different routes of administration, i.e., oral and rectal. HI titers were 
determined to compare the protective capacity of the immunizations. As shown in Fig. 
1, the oral immunization with the HA + GEM vaccine induced significantly higher (p < 
0.05) HI titers than oral immunization without GEM particles and rectal immunization 
with and without the GEM particles. Only oral immunization with HA + GEM vaccine 
induced titers over 40. 

Antigen-specific IgG titers were determined after the first (day 28) and second 
(day 42) booster doses (Fig. 2). After the first booster immunization, oral HA + 
GEM induced significantly higher IgG titers than other immunizations regimens. All 
immunizations showed a further increase in IgG titers after the second booster dose. 
Rectal immunization with HA + GEM vaccine induced similar IgG titers compared 
to rectal and oral immunizations with the influenza vaccine only. However, oral 
immunization with HA + GEM vaccine induced a significantly higher response. 

Figure 1. Subunit antigen-specific 
HI titers in mice immunized with 
oral HA, oral HA+GEM, rectal 
HA, and rectal HA+GEM influenza 
vaccine. * p<0.05.
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Figure 2. Subunit antigen-specific total serum IgG 
titers in mice immunized with oral HA, oral HA+GEM, 
rectal HA, and rectal HA+GEM influenza vaccine. The 
serum titers were determined at two time points, day 
28 (grey bars) and day 42 (black bars). * p<0.05.

3.2 mucosal immune responses in intestinal and nasal washes
The mucosal immune responses were determined by measuring the sIgA titers in the 
intestinal (4 mice/group) and nasal washes (all mice). As shown in Fig. 3, the sIgA 
responses in the nasal and intestinal washes were low or absent in immunizations 
without the GEM particles. The oral immunizations with HA + GEM vaccine induced 
a better sIgA response in intestinal washes than rectal immunization with HA + GEM 
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vaccine. Moreover, only oral immunization with HA + GEM vaccine was able to elicit 
substantial sIgA responses in nasal washes. 

3.3 phenotype of the immune response
The IgG subtypes (IgG1 and IgG2a) were determined to evaluate which type of T-helper 
cell response, i.e., Th1 (high IgG2a levels) or Th2 (high IgG1 levels) was elicited by the 
immunizations. Fig. 4 shows clearly that oral and rectal immunizations with influenza 
subunit vaccine only induced an IgG1 dominated response, indicating a dominant 
Th2-type response. Similarly, the HA + GEM rectal immunization induced a Th2-type 
response with dominant IgG1 levels. In contrast, the HA + GEM vaccine increased 
both the IgG1 and IgG2a responses when delivered orally, indicating a shift of immune 
response from a dominant Th2-type dominated response to a more balanced Th1/Th2-
type response. 

Figure 3. Subunit antigen-specific sIgA titers 
in intestinal (grey bars) and nasal lavages 
(black bars) of mice immunized with oral 
HA, oral HA+GEM, rectal HA, and rectal 
HA+GEM influenza vaccine. The numbers 
above the columns indicate the number of 
responders per group.
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Figure 4. Subunit antigen-specific serum IgG1 (A) and IgG2a (B) subtype titers in sera of mice 
immunized with oral HA, oral HA+GEM, rectal HA, and rectal HA+GEM influenza vaccine. 
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4. discussioN
In this study, we investigated the optimal target in the intestine for the delivery of 
the influenza vaccine adjuvanted with GEM particles. We showed that oral delivery 
of influenza subunit vaccine with GEM particles was able to elicit higher systemic 
immune response than non-adjuvanted and GEM-adjuvanted rectal vaccines. The oral 
HA + GEM vaccine induced three times higher HI titers than non-adjuvanted vaccines. 
HI titers in serum are used as a correlate of protection for influenza vaccines [32]. Only 
the oral vaccine adjuvanted with GEM particles was able to generate significantly high 
titers. In addition, this vaccine elicited higher serum IgG titers than non-adjuvanted 
oral, rectal, and rectal GEM-adjuvanted vaccines. The results clearly indicate that 
GEM particles administered via the oral route enhance the immunogenicity of the oral 
influenza subunit vaccine and are capable of inducing high HI titers.

Antigens delivered via the oral route are processed by the gut-associated lymphoid 
tissue (GALT) in the digestive tract [9]. Usually in the upper intestine, the antigens can 
be processed via two different pathways, (A) by M cells present in the Peyer’s patches 
which are located in the sub-mucosal layer of lamina propria [33], and (B) by the 
interstitially located dendritic cells in the epithelial lining of the intestine [34]. In case 
of the GEM particles, it has been found that GEM particles can be taken up by M-cells 
and activate macrophages and dendritic cells [26, 27, 35]. This activation is caused by 
binding to Toll-like receptors (TLR)-2 [36]. Thus, the GEM particles are likely to be 
processed by both pathways and activate B and T cells. In our study, we mixed the GEM 
particles with influenza subunit vaccine and showed that when administered orally the 
mixture induced mucosal sIgA responses in the intestinal tissue. In addition, the oral 
GEM-adjuvanted influenza subunit vaccine was also able to evoke the sIgA response in 
the nasal tissue. It was shown previously that migration of activated antigen-presenting 
cells to distant mucosal site by lymphatics can result in induction of the sIgA in the nasal 
tissue [9]. The induction of the mucosal immune response in nasal tissue is important 
because it is the port of entry of influenza virus. However, the rectal delivery of the 
vaccines was not able to induce a strong nasal immune response. In the lower intestine, 
the antigens are processed by the lymphoid follicles [28, 29]. It can be speculated from 
the results that the presentation of antigen and adjuvant is not optimal for uptake by 
lymphoid follicles. This might have resulted in sub-optimal stimulation of immune 
system by rectal administration of GEM and influenza subunit vaccine.

The available inactivated influenza vaccines adjuvanted with alum induce a Th2-
type immune response [37]. However, the oral HA + GEM vaccine was able to increase 
IgG2a response, indicating a shift of immune response from Th2 dominated to a 
more balanced Th1/Th2 response. Recent findings with pandemic H1N1 whole virus 
vaccine suggest that a balanced Th1/Th2 response is more protective [38]. In addition, 
the nature of the GEM particles such as their size (approximately 1 µm) may have 
influenced the type of immune response, as shown in other studies [39]. Our present 
oral immunization studies with GEM particles seem to corroborate these findings.
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In this study, the vaccine was delivered via the oral route as a liquid formulation in 
combination with sodium bicarbonate, which neutralizes the gastric pH. Obviously, 
this approach is not well suited for the clinical application. In general, enteric coatings 
are used to protect tablets or capsules from the acidic pH of the stomach [40]. For 
the development of a tablet formulation, both the influenza subunit vaccine and GEM 
particles need to be in a dried formulation. It has been shown previously that both 
GEM and influenza subunit vaccine can be dried without the loss of their structural 
and functional integrity [26, 41]. In addition, previously our research group showed 
that an acid-sensitive enzyme alkaline phosphatase can be delivered to the intestine 
using enteric-coated tablets [42]. This indicates that in future an enteric-coated tablet 
formulation for intestinal release, containing the vaccine and GEM particles, can be 
developed.

5. coNclusioNs
In this study, we investigated the optimal target in the intestine for the delivery of the 
influenza subunit vaccine adjuvanted with GEM particles. Our data show that oral 
influenza subunit vaccine adjuvanted with GEM particles, delivered to the upper part 
of the intestine, induced systemic and mucosal antibody responses. 
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abstract
The aim of this study was to investigate two different processes to produce a stable 
influenza subunit vaccine powder for pulmonary immunization, i.e., spray drying 
(SD) and spray freeze drying (SFD). The formulations were analyzed by proteolytic 
assay, single radial immunodiffusion assay (SRID), cascade impactor analysis, and 
immunization studies in Balb/c mice. Proteolytic assay and SRID analysis showed that 
antigen integrity after SFD was best conserved when the formulation was buffered 
by Hepes buffer saline (HBS). Surprisingly, antigen integrity after SD was better 
conserved when the formulation was buffered by phosphate buffer saline (PBS) rather 
than by HBS. The dispersion from the dry powder inhaler, the Twincer®, resulted in 
a fine particle fraction (aerodynamic particle size < 5 µm) of 37% and 23% for spray 
dried and spray freeze dried powders, respectively. Immunogenicity of both vaccine 
formulations (SFD/HBS and SD/PBS) was similar to conventional liquid formulation 
after i.m. immunization. In addition, compared to i.m. immunizations, the pulmonary 
immunization with the dry powders resulted in significantly higher IgG titers. 
Furthermore, both the formulations remained biochemically and physically stable 
for at least 3 years of storage at 20°C. Our results demonstrate that both optimized 
formulations are stable and have good inhalation characteristics.
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1. iNtroductioN
Since influenza virus enters the body via the respiratory tract, vaccines could ideally be 
delivered by the pulmonary route. The potential benefit of pulmonary immunization 
over the currently marketed parenteral vaccine is that it can elicit improved immune 
response [1]. In addition, pulmonary vaccination is non-invasive, so it will help 
overcome the problems associated with needle-based delivery systems like pain at the 
site of injection, needle stick injuries and needle-phobia [2, 3]. 

In the 1960s, several clinical studies were performed to investigate the potential of 
pulmonary vaccination against the flu [4-6]. The results from these studies showed that 
pulmonary vaccines were as effective as conventional vaccines in preventing illness in 
humans. In addition, the pulmonary immunization induced mucosal immunity which 
is shown to be cross-protective against variant viruses within the same subtype [7]. 
However, liquid aerosols used in these clinical studies were not efficiently targeted to the 
lungs and vaccine deposition was not reproducible. Recently, much emphasis has been 
put on the development of dry powder inhalation, which might have potential benefits 
over the liquid aerosols such as reaching a higher deposition efficiency, no need for an 
external driving force, and being easier for patients to use [8]. A previously published 
pre-clinical study by our research group showed that pulmonary immunization with 
dry powder inhalation resulted in a better immune response compared to conventional 
liquid formulation delivered intramuscularly or by the pulmonary route [1].  

Another potential advantage of the dry powder vaccines is that it can circumvent the 
problem of the cold chain, which is often associated with liquid vaccine formulations. 
Avoiding the need for cold storage would make the transportation and distribution of 
the vaccine easier and cheap [2]. 

Milling is the most commonly used process to generate dry powders for inhalation. 
However, for fragile materials such as the influenza subunit vaccine it is not suitable. 
Besides, it is highly advantageous to combine drying and particle production in one 
process step for these types of materials. Therefore, spray drying (SD) and spray freeze 
drying (SFD) may be suitable alternatives. Moreover, it has been shown in previous 
studies that SFD and SD processes can be used for stabilization and delivery of proteins 
via mucosal and systemic routes [9-14]. Both the techniques can be optimized to 
produce particles within the aerodynamic diameter range of 1-5 µm. Particles should 
be in this size range because particles smaller than 1 µm show poor deposition and are 
likely to be exhaled whereas particles larger than 5 µm cannot pass the oropharynx 
effectively at the flow rates with which dry powder inhalers are operated [8, 15]. During 
both drying processes, the material is subjected to stresses that may be detrimental to 
the antigenicity of the vaccine [2]. During the SD process, liquid feed is atomized into 
hot air to produce dried particles. This process exposes the vaccine to atomization 
(shear) stress, heating stress, and dehydration stress. In the SFD process, liquid feed 
is also atomized and successively snap frozen in liquid nitrogen and lyophilized, 
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resulting in atomization (shear) stress, freezing stress and dehydration stress. In 
several studies, it has been shown that deterioration of proteins by these stresses can 
be prevented by adding sugars to the liquid feed [1, 16-19]. If properly dried, sugars 
can form amorphous (glassy) matrix, protecting the proteins during the processes [17]. 
Furthermore, the incorporation of proteins in sugar glass can also increase the shelf life 
of the final product. Three mechanisms have been described to explain the stabilization 
by sugar glasses: 1) the glassy sugar matrix leads to a decrease in molecular mobility 
of the entrapped biopharmaceuticals [20], 2) sugars act as a physical barrier between 
two biopharmaceutical molecules, preventing aggregation [21], and 3) sugar molecules 
replace water molecules that form hydrogen bonds with the biopharmaceuticals [16]. 
In order to act as a good stabilizer, the sugar should have a low number of reducing 
groups, high glass transition temperature (Tg) and low tendency for crystallization. 
Because inulin meets these requirements, it was chosen as sugar for stabilization in 
this study [19, 22]. Indeed, in previous studies inulin has been shown to protect various 
biopharmaceuticals (eg. influenza subunit vaccine) from drying stresses and to provide 
a stable product at ambient temperatures [17-19, 23, 24]. In addition, inulin is generally 
recognized as safe (GRAS) for use in humans.

In this study, the influenza subunit vaccine is used for producing a powder 
for inhalation. The subunit vaccine mainly consists of the surface glycoprotein 
haemagglutinin (HA) [2]. HA is a trimeric protein (225 kD) composed of three identical 
monomers and has a spring-loaded conformation, which is pH sensitive [25-28]. In 
order to maintain the spring-loaded conformation of the HA during the SFD and SD 
process, special attention was given to the buffers. For each process, two buffers were 
evaluated, phosphate buffered saline (PBS) and Hepes buffered saline (HBS). Further, 
the optimized formulations were characterized for their physicochemical properties. 
The suitability of the powders for inhalation with a Twincer® inhaler was determined 
using laser diffraction technique and cascade impactor analysis. The Twincer® is a 
new passive dry powder inhaler developed for high dose drugs [29]. It is a single-use 
disposable inhaler, making it an ideal inhaler for use in mass vaccination campaigns 
for example during a pandemic. The immunogenicity of the powders delivered via 
Penn insufflator was compared to conventional i.m. subunit immunization in Balb/c 
mice. Finally, the storage stability of the formulations was tested for three years. 

2. materials aNd methods

2.1 materials
The influenza monovalent vaccine (A/Panama/2007/99, H3N2) kindly provided 
by Solvay Pharmaceuticals, Weesp, The Netherlands) with an HA concentration of 
550 µg/ml. Inulin 4 kD was purchased from Sensus (Roosendaal, The Netherlands). 
All the other excipents were of analytical grade and purchased from Sigma-Aldrich 
(Zwijndrecht, The Netherlands). Ultra pure water (pH 7, 18.2 MΩ) was used.
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2.2 methods

2.2.1 Dialysis

The vaccine was dialyzed to remove thiomersal and to change the buffer and salts. 
Dialysis was performed using Slide-A-Lyzer cassettes (Pierce). Influenza subunit 
vaccine was dialyzed in two different batches containing two different buffers, i.e., PBS 
(2 mM Na2HPO4.2H2O, 0.4 mM KH2PO4, 125 mM NaCl, 0.9 mM CaCl2.2H2O and 0.5 
mM MgCl2, pH 7.4) and HBS (2 mM Hepes, 125 mM NaCl, 0.9 mM CaCl2.2H2O and 
0.5 mM MgCl2, pH 7.4). The vaccine was dialyzed against PBS or HBS for 24 h at 4°C 
with one buffer change after 12 h. The dialyzed vaccines in two different buffers was 
then stored at 4°C.

2.2.2 Spray drying (SD)

A vaccine solution to be spray dried was prepared by mixing 40 ml of the dialyzed subunit 
vaccine in PBS with 40 ml of 11 % (w/w) inulin solution in PBS (resulting in weight 
ratio 1:200::HA:inulin). Similarly, a vaccine solution was prepared in HBS. The resulting 
two mixtures were then spray dried with a Büchi 190 Mini Spray Dryer (Büchi, Flawil, 
Switzerland) equipped with a two-fluid nozzle (0.5 mm). The setting of the pump was 
5 ml/min, aspirator 20 (−84 mbar), heating 8.5 and the atomizing airflow was 800 ln/h. 
These settings resulted in an inlet and outlet temperature of 130 and 70°C, respectively. 
The obtained powder was stored in vacuum dessicator over silicagel until use.  

2.2.3 Spray freeze drying (SFD)

The vaccine was spray freeze dried as described previously [1]. Briefly, the vaccine 
solutions were prepared in the weight ratio of 1:200::HA: inulin w/w similar to the 
solution used for spray drying. The solution was sprayed into a stainless steel vessel 
containing liquid nitrogen with the 0.5 mm two-fluid nozzle placed approximately 5 
cm above the surface of the liquid nitrogen. The liquid feed was sprayed at 5 ml/min 
using an atomized air flow of 700 ln/h. The resulting suspension composed of frozen 
droplets of the vaccine solution in liquid nitrogen was transferred to a freeze dryer 
(Christ model Alpha 2–4, Salm & Kipp, Breukelen, The Netherlands), precooled at a 
shelf temperature of −80°C. After evaporation of the liquid nitrogen, primary drying 
was performed for 32 h by gradually increasing the temperature from -40°C to 5°C at 
0.220 mbar pressure. Secondary drying was done for 12 h at 0.055 mbar pressure with 
a gradual increase of temperature from 5°C to 20 °C The obtained powder was stored 
in vacuum dessicator over silicagel until use. 

2.3 biochemical characterization 

2.3.1 Potency Measurement

To determine the potency and antigenic properties of the subunit vaccine, single radial 
immunodiffusion assay (SRID) measurements were performed as reported earlier [23]. 
Briefly, the powder samples were reconstituted in pure water. Then SRID assay was 
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performed according to the European Pharmacopoeia guidelines. The data reported 
are expressed as the average potency of three independent measurements. 

2.3.2 Proteolytic Assay

To determine whether a spring-loaded conformational change occurred during drying, 
proteolytic assay was performed as reported earlier [23]. Briefly, samples for SDS PAGE 
were prepared by dissolving the powder in water. Samples were then incubated at 
37°C for 90 min with 2 mg/ml trypsin from Sigma. The reaction was stopped using 
trypsin inhibitor (Roche Diagnostics). Subsequently, the samples were mixed with the 
sample buffer (Mirador DNA Design Inc., Montreal, Canada). The resulting solution 
was then heated to 95°C for 5 min and vortexed. Each sample was then loaded on 
pre-cast 10% polyacrylamide gels from Mirador and separated at 140 V for 110 min 
(Power-Pac Basic, BioRad) under non-reducing conditions. The gel was stained using 
the Coomassie brilliant blue (Page Blue, Fermentas) and photographed using an HP 
Scanner. Samples were compared using a molecular weight marker (Pre-stained SDS-
PAGE Standards, BioRad).

2.3.3 RP-HPLC

In order to measure the HA content and its integrity the powder samples were 
reconstituted in water and the measurements were performed as reported earlier 
[30]. Briefly, the reconstituted samples were diluted in 0.15 M Tris-HCl buffer, pH 
8.0 and incubated with 1% (w/v) Zwittergent 3-14 for 10 min at room temperature. 
Subsequently, these samples (100 µL) were reduced by 25 mM dithiothreitol for 5 
min at 90°C, and alkylated by incubation with 50 mM iodoacetamide at 37°C for 10 
min in the dark. The remaining iodoacetamide was neutralized by re-adding 25 mM 
dithiothreitol. After these preparation steps, samples were analyzed on a Waters Alliance 
2695 HPLC system coupled to a Waters 2475 multichannel fluorescence detector, using 
a polystyrene POROS® R1/10 (2.1 mm x 100 mm) column (Perseptive Biosystems, 
Inc.) as described (23). A SRID calibrated, inactivated concentrate of influenza virus 
A/Wisconsin/67/2005 (NYMC X-161B) (H3N2) was used as a reference.

2.4 physical characterization of the powders 

2.4.1 Differential scanning colorimetry (DSC)

The glass transition temperature (Tg) of the powders were determined with a 
temperature modulated differential scanning calorimeter (DSC2920, TA instruments, 
Ghent, Belgium). The samples were place in open aluminum sample pans and 
preheated to 50°C to remove residual moisture. The samples were then ramped from 
0°C to 250°C at modulation amplitude of 0.318°C/min and a heating rate of 2°C/min. 
The Tg of the samples was defined as the midpoint deflection of reversing heat flow 
versus temperature curve.
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2.4.2 Dynamic Vapour Sorption (DVS)

Hygroscopicity of the vaccine powders was determined using a gravimetric sorption 
analyzer (DVS-1000 Water Sorption Instrument, Surface Measurement Systems 
Limited, London, UK) as described previously [19]. The water uptake by the powders 
was measured from 0 to 90% relative humidity (RH) with steps of 10% RH.

2.4.3 Specific surface area measurement

The specific surface area of the vaccine powders was determined using a Tristar 
surface analyzer (Micrometrics Instrument Corp., USA). The powders were purged 
with nitrogen overnight at 25°C. Afterwards samples were loaded in the analyzer and 
the surface area was determined using the multipoint BET method from nitrogen 
adsorption isotherm at 77 K.   

2.4.4 Scanning Electron Microscopy (SEM)

The powder was dispersed on a metal disk and the particles were held in place using double 
sided sticky carbon tape. Then the particles were coated with 150 nm of gold/palladium 
using a Balzers 120B sputtering device (BlazerUNION, Liechtenstein). Micrographs were 
recorded using JEOL JSM 6301-F microscope (JEOL, Japan) at a magnification of 5000x.

2.4.5 Particle size distribution

The particle size distributions of the dried vaccine powders were determined using the 
HELOS compact model KA laser diffraction apparatus (100 mm lens). The powders 
were dispersed into the laser beam using a RODOS dispersing system at 0.5 bar 
(Sympatec, Clausthal-Zellerfeld, Germany) and a home constructed inhaler adapter 
(similar to INHALER 2000, Sympatec) for the Twincer® dry powder inhaler operated 
at 4 kPa for 3 s. The data reported are the mean of three measurements.  

2.4.6 Cascade Impactor analysis

The aerodynamic particle size distributions of the dried vaccine powders from the 
Twincer® were determined using the cascade impactor analysis. A four stage liquid 
impinger (MSLI, Erweka, Heusenstamm, Germany) attached with the standard USP 
induction port was used with the Twincer®. All the experiments were performed in 
controlled ambient conditions (20°C/50% RH). The flow rate was set to 4 kPa and was 
controlled using the solenoid valve with a timer for 3 s as per the procedure described 
in the European Pharmacopeia 4th Ed. 2002. Stages of the cascade impactor were filled 
with 25 ml of water and in the final stage a glass filter (Pall Corp., Michigan, US) was 
used for the retention of the particles passing the fourth stage. The cut-off values at 
a flow rate of 53.7 l/min (corresponding with 4 kPa across the Twincer®) for stage 2, 
3 and 4 are 7.19 µm, 3.28 µm and 1.80 µm respectively. Each analysis was performed 
with one inhalation of 3 mg dose per inhalation for spray freeze dried powder. For 
each inhalation with spray dried powder, 6 mg of SD powder was mixed with 3 mg of 
mannitol sweeper crystal (size fraction; 150-200 µm). The sweeper crystals were used 
to decrease the retention in the inhaler. The losses in the inhaler and the induction port 
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were also determined. The fine particle fractions smaller than 5 µm were calculated 
from the cumulative mass distribution curves as function of the impactor stage 
cutpoints. At each stage, the inulin concentration was determined using the anthrone 
assay as described earlier [18]. All the experiments were performed in triplicate.

2.5 In vivo immunogenicity 
All the animal experiment protocols were approved by the Committee for Animal 
Experimentation (DEC) of the University of Groningen, The Netherlands. Female 
Balb/c mice (6-8 weeks old) were obtained from Harlan (Ziest, The Netherlands). 
All the animals were anaesthetized using Fentanyl, fluanisone-midazolam mixture 
(10 ml/kg; intraperitoneal injection) and injected with atropine (0.04 mg/kg; s.c) in 
order to reduce the mucus secretions before immunization. The SD and SFD powders 
were prepared with a concentration of 5 µg HA/3 mg powder. The pulmonary 
immunizations were performed as described previously [1]. Briefly, animals were 
inserted with an oropharyngeal tube under anesthesia. For the pulmonary delivery of 
the powder, an insufflator (Model DP-4M, Penn-Century Inc., USA) was inserted into 
the oropharyngeal tube. For each administration the insufflator was filled with 1 mg of 
powder and at least 3 amounts of 1 mg were given to the animals. For the administration 
of each mg, ten puffs of 200 µl were used. After each 1 mg dose, the insufflator was 
taken out and refilled for the subsequent doses. The device was weighed before and 
after the administration for accurate calculation of the dosing to the animals. The data 
reported are the mean of 4 and 8 animals for SD and SFD powders, respectively. 

The liquid aerosol immunization (l.a.i.) was performed using a microsprayer (Model 
FMJ-250, Penn-Century Inc., USA). The microsprayer was inserted in the oropharyngeal 
tube under anesthesia. Then the animals were immunized with 50 µl of influenza subunit 
vaccine solution containing 5 µg HA. The data reported is the mean of 6 animals.

For i.m. (n=3) immunization with conventional subunit vaccine 5 µg HA/50 µl of 
PBS was injected in posterior thigh muscles. Other two groups of animals (each n=8) 
were intra muscularly administered with reconstituted SD and SFD powders (3 mg 
powder equivalent to 5 µg HA, dissolved in 50 µl water for injection). The animals were 
administered with 50 µl of the reconstituted powder by i.m. injection.

All the animals were immunized 2 times i.e. on day 0 and 14 with same amount of 
dose i.e. 5 µg HA. Blood was withdrawn on day 28 by orbita punction under anesthesia. 
To separate the serum, blood samples were separated by centrifugation at 1200 x g 
for 5 min and were stored at -20°C until the antibody assay. Serum IgG titers were 
determined using ELISA as described previously [1].

2.6 statistical analysis
The statistical analyses were performed using Student’s t test with p<0.05 as the minimal 
level of significance. The results are presented as mean ± standard mean error unless 
indicated otherwise.
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3 results aNd discussioN

3.1 stabilization during drying
Two processes, SD and SFD were investigated as drying method for the influenza 
subunit vaccine. Furthermore, for each process, two buffers, PBS and HBS, were tested. 
Inulin 4 kD was used as stabilizer. 

In order to evaluate the conformational stability of the dried vaccine, the proteolytic 
assay was performed. As previously reported, the conformation of HA can change 
with altered pH [26, 28]. When the spring-loaded conformation of HA changes, 
the molecule becomes susceptible to trypsin cleavage. Thus exposure to trypsin in a 
proteolytic assay results in smaller HA fragments, which can be separated using SDS 
PAGE [23]. In addition, the antigenic potency of the vaccine was determined using the 
standard pharmacopoeial SRID assay. 

The spray freeze dried vaccine formulated using PBS was susceptible to trypsin 
cleavage (Fig. 1A), indicating a conformational change in the HA. Furthermore, the 
SRID assay indicated (Fig. 1B) that the vaccine lost 17.5% of its antigenic potency. 

In contrast, spray freeze dried vaccine formulated using HBS was not susceptible 
to trypsin cleavage, as shown in Fig. 1A. In addition, the SRID results showed (Fig. 
1B) that the antigenic potency of the dried vaccine was fully maintained. Thus, the 
potency of the vaccine could be maintained by changing the buffer from PBS to 
HBS during the SFD process. As previously reported, the disodium and dipotassium 
monohydrogen phosphate salts present in the PBS buffer tend to crystallize during the 
freezing process earlier than sodium and potassium dihydrogen phosphate salt, which 
causes the pH of the freeze concentrate to decrease from 7.4 to a pH in the range of 

Import the TABLE

1 2 3 4 5 6 7 8

HBS

PBS

A

B

Figure 1. The effect of spray drying and spray freeze drying using two buffers, PBS and HBS, on 
HA determined by proteolytic assay (A) and SRID (B).During proteolytic assay HA was analyzed 
by non-reducing SDS-PAGE. The HA monomer bands (75 kD) is shown with following treatments 
; (1) lane 1 is marker, (2) lane 2 is native HA as a control, (3) lane 3 is trypsin digested native HA 
as a negative control for trypsin digest, (4) lane 4 is acid-treated HA as a positive control for trypsin 
digest, (5) lane 5 and 6 is spray freeze dried HA without and with trypsin digest, respectively, and 
(6) lane 7 and 8 is spray dried HA without and with trypsin digest, respectively.

SRID Potency (%)

Vaccine formulation Liquid vaccine Spray dried Spray freeze dried

HBS buffer 100 89 100

PBS buffer 100 100 82.5
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4-5 [31, 32]. This decrease in pH is detrimental to the spring-loaded conformation of 
HA. However, the decrease in pH of the HBS buffer is less pronounced in comparison 
to PBS [23]. Therefore, the use of HBS as the buffer and inulin as the stabilizing agent 
[1, 2, 23] maintained the biochemical integrity of the influenza subunit vaccine during 
SFD process. These results agree with previous study showing that spring-loaded 
conformation of HA is better maintained in HBS buffer than in PBS buffer [23].

Surprisingly, the spray dried vaccine formulation using HBS was susceptible to 
trypsin cleavage (Fig. 1A). This indicates that the spring-loaded conformation of the 
protein was lost during the drying process. In addition, the SRID assay showed (Fig. 
1B) that 11% of the antigenic potency of the vaccine was lost during the spray drying 
process. These results indicate that HBS was not able to maintain the antigenic potency 
and conformation of HA during the SD process. 

On the other hand, the vaccine formulation using PBS was able to maintain the 
spring-loaded conformation of the HA, during SD process (Fig. 1A). Moreover, there 
was no loss in the antigenic potency of the formulation (Fig. 1B). 

The results obtained with the two buffers during SD are contrary to the results of 
the SFD process. Therefore, we hypothesized that the high temperature used in the 
process may have induced a decrease in pH, thereby causing a change in the spring-
loaded conformation of HA. To check this hypothesis, both the buffers were slowly 
heated to 90°C in a conical flask attached to a condenser and pH meter. The pH of 
the PBS solution remained constant until 70°C and then slightly decreased from 
pH 7.4 to 7 (Fig. 2). Thus, the pH of the PBS buffer hardly changed during heating 
which lead to full recovery of active HA, during SD process. In contrast, the pH of 
the HBS buffer decreased linearly with increasing temperature (Fig. 2). In addition, 
during SD, the solute concentration of the solution is increased due to solvent 
evaporation leading to further decrease in pH [33]. Thus, it can be concluded that 
a decrease in pH of HBS caused a change in spring-loaded conformation of HA 
during the SD process.

Temperature (0C) 
20 30 40 50 60 70 80 90 100

6.6

6.8

7.0

7.2

7.4 HBS 
PBS 

pH

Figure 2. The effect of heating on the 
pH of two buffers, i.e., PBS (open 
triangles) and HBS (black triangles).
The buffers were heated slowly in a 
conical flask fitted with a condenser 
and a pH meter.
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Our results indicate that different drying techniques require different buffers. 
Thus, the HBS is preferred during SFD, whereas PBS is preferred during SD. The two 
optimized formulations (SD/PBS and SFD/HBS) were further studied for physical 
characterization, in vivo immunogenicity and storage stability studies. 

3.2 physical characterization
The Tg of the dried vaccine powders was determined using temperature-modulated 
DSC. The determination of Tg is important as, at temperatures above the Tg, the 
product changes from a glassy matrix to a rubbery state. In the rubbery state, 
crystallization can occur, which is deleterious to the entrapped protein [19]. Moreover, 
at temperatures above the Tg the particles tend to stick, making them unsuitable for 
inhalation. In contrast, when the temperatures are below the Tg, the dried sugar is in 
a glassy (amorphous) state. The glassy state decreases the mobility of the entrapped 
protein, preventing physical and chemical degradation. In addition, glassy state makes 
storage and handling of the final product easy. The Tg of pure inulin (4 kD) used in 
these experiments was 152 ± 2°C. As reported previously, HBS [24] and PBS [34] can 
decrease the Tg of the sugars and thus decrease the stability of the product. However, 
our results showed that the Tg of both the vaccine powders, SD/PBS (154°C) and SFD/
HBS (152°C), was in the range of that of pure inulin. Obviously, the buffers used in 
both formulations, PBS in SD and HBS in SFD, do not significantly affect the Tg of 
inulin. This absence in Tg reduction can be explained by the lower buffer/inulin ratio 
used in this study as compared to those of previous studies. 

Absorption of water by sugar glasses strongly decreases their Tg [35]. Therefore, 
the hygroscopicity of the powders was determined by DVS (Fig. 3). The powders 
were subjected to 0-70% RH at 25°C, and the weight change was determined. SD/
PBS and SFD/HBS powders showed a roughly linear relationship between change in 
mass and RH. The results from DVS measurement show that the powders are equally 
hygroscopic. Since the plots do not show a sudden change, it can be concluded that 
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Figure 3. Water-sorption isotherms 
of the powders, spray dried/PBS 
(black circles) and spray freeze 
dried/HBS (grey circles). 
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the powders do not crystallize up to 70% RH at 25°C within the time frame of the 
experiment [36].

As expected, the specific surface area of the spray freeze dried particles (76.33 m2/g) 
was much larger than those of the spray dried particles (1.87 m2/g) [37, 38]. A large 
difference in specific surface area is also observed in the SEM graphs (Fig. 4). The 
spray freeze dried powder was shown to consist of large particles with a huge porosity 
and an interconnected pore structure throughout the whole particle, while the spray 
dried powder was shown to consist of smaller particle and a non-porous surface. The 
differences in size and morphology can be explained by the production process. During 
the SFD process, droplets are frozen in liquid nitrogen, which leads to formation of ice 
crystals throughout the frozen particle. These ice crystals are removed by sublimation 
during the freeze drying, leading to an interconnected porous structure of the particle 
[23, 37]. However, during the SD process, liquid feed is sprayed in a stream of hot air 
which removes the water rapidly by evaporation. The evaporation causes the shrinkage 
of droplets and the outer surface solidifies, resulting in a particle with a non-porous 
surface [23, 39]. 

The particle size distributions were determined using the laser diffraction with 
RODOS. To test the suitability of the powder for inhalation with the Twincer®, the 
laser diffraction equipment was mounted to a home constructed inhaler adapter 
similar to the INHALER 2000 (Sympatec, Clausthal-Zellerfeld) [40]. The experiments 
with the Twincer® and laser diffraction were performed at conditions corresponding 
to the cascade impactor analysis. Shown in Table 1 are the 10, 50 and 90% values 
from the cumulative undersize curves and the relative span of the size distribution 
(expressed as (X85-X15)/X50). The volume median diameters of the SD and SFD powders 
were comparable to the median diameters to be estimated from the SEM pictures. The 
particle size distribution of the aerosol generated by the Twincer® is nearly the same 
as the primary particle size distribution determined with RODOS. This result shows 

A B

Figure 4. Analysis of powders, spray freeze dried/HBS (A) and spray dried/PBS (B) by scanning 
electron microscopy. Magnification 5000 X.
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the high dispersion efficacy of the Twincer® inhaler. The primary particle distribution 
from the powder produced by spray drying resulted in particles with a smaller volume 
median diameter (<5 µm) and a narrower size distribution (expressed as relative span). 
In comparison, SFD generated particles with larger volume median diameter (approx. 
10 µm) and higher porosity (Fig. 4). As a bench mark the aerodynamic particle size 
between 1 and 5 µm is considered optimal for inhalation [8, 15]. On the basis of their 
high porosity, it may be expected that the large volume median diameter of SFD 
particles is also within this range.

3.3 In vitro deposition of the dried vaccine powders
The cascade impactor analysis was performed using the Twincer®. The particle size 
distribution in the aerosol was measured at 4 kPa to investigate whether the produced 
powders are able to generate the fine particle fractions required for administration to 
the human respiratory tract. 

As shown in Fig. 5 both the powders showed very acceptable fine particle fractions 
smaller than 5 µm, considering the relative large volume median diameters obtained 
from laser diffraction technique (Table 1). The fine particle fractions (FPF< 5 µm) were 
37% and 23%, for spray dried and spray freeze dried powders, respectively. These fine 
particle fractions suggest that the powders produced are suitable for inhalation when 
administered with Twincer®. 

3.4 In vivo immunogenicity of the dried vaccine 
Next, the in-vivo potency of the dried powders was assessed in Balb/c mice. All the 
animals were immunized two times, i.e., on day 0 and day 14 with 5 µg HA, and the 
IgG titers were determined on day 28. The IgG titers induced by i.m. immunization 
with conventional liquid subunit vaccine were compared to those induced by i.m. 
reconstituted powders and pulmonary immunization with liquid vaccine and 
dried powders. The antigen-specific IgG responses elicited by the i.m. SD and SFD 
reconstituted vaccine powders were equivalent to the response of i.m. conventional 

table 1. Characteristic values from the cumulative volume distributions as function of the diameter for 
the powders (SD/PBS and SFD/HBS) using laser diffraction with RODOS dispersion at 0.5 bar and with 
Twincer at 60 l/min for 3 s.

Powder X10 (µm ± SD) X50 (µm ± SD) X90 (µm ± SD) Spana

SD/PBS RODOS 0.91 ± 0.04 2.69 ± 0.04 5.68 ± 0.05 1.39 ± 0.07

TWINCER 1.44 ± 0.05 2.61 ± 0.05 4.41 ± 0.09 0.93 ± 0.02

SFD/HBS RODOS 4.44 ± 0.03 10.36 ± 0.04 23.9 ± 0.30 1.44 ± 0.003

TWINCER 3.84 ± 0.07 10.87 ± 0.30 26.4 ± 0.30 1.69 ± 0.05

a Span = (X85-X15)/X50



cHAPter 5

82

liquid vaccine (Fig. 6). The liquid aerosol immunization induced IgG titers lower as 
compared to i.m. immunization (p<0.05) and pulmonary immunization (p<0.001) 
with powders. In contrast, the pulmonary immunization with dried powders induced 
significantly (p<0.05) higher IgG titers than the control i.m. immunization (Fig. 6). 
Both the powders induced similar (p=0.08) IgG titers after pulmonary immunization 
as the immunization tests were performed using dry powder insufflators, which are 
inserted till the trachea of the mice. Thus, the distance between the end of the capillary 
tube of insufflator to the first bifurcation of lung is very short. In addition, the particles 
are released from the capillary tube of the insufflator with a high velocity, whereas 

Figure 5. Casacade impactor 
analysis obtained with spray 
dried/PBS (black bars) and spray 
freeze dried powders/HBS (grey 
bars). The error bars indicate the 
standard deviation.
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Figure 6. Antibody responses induced by liquid and dried vaccine formulation. Serum specific IgG 
titers are represented as geometric mean titers with standard error mean with following groups: 
i.m.; liquid conventional vaccine administered intra-muscularly, i.m. (SD); reconstituted spray 
dried powder administered intramuscularly, i.m. (SFD); reconstituted spray freeze dried powder 
administered intramuscularly, l.a.i.; liquid aerosol immunization with conventional liquid vaccine 
administered via pulmonary route using microsprayer, p.i. (SD) ; spray dried powder administered 
via pulmonary route using insufflator, and p.i. (SFD) ; spray freeze dried powder administered via 
pulmonary route using insufflator. * indicates i.m. vs. p.i. (SD) p<0.05 , i.m. vs. p.i. (SFD) p<0.05 
and # indicates i.m. vs. l.a.i p < 0.05.
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their mass median diameters are near the upper limit of the favorable size class (1-5 
µm) for inhalation. Therefore, both types of particles have a high momentum upon 
release from the insufflator and thus, a long stopping distance. Hence, there will be no 
significant difference in the site of deposition for both types of particles in spite of their 
difference in aerodynamic diameter. The liquid aerosol induced lower IgG titers which 
might be due to faster clearance of the antigen by the mucociliary clearance. 

The pulmonary immunization with vaccine powder (SFD and SD) might have 
resulted in increased local viscosity due to the dissolution of the powders containing 
high concentration of inulin. Thus, reducing mucociliary clearance and increasing the 
antigen uptake. Moreover, it has been shown previously that liquid aerosols are less 
immunogenic compared to parenteral immunization [4, 41, 42]. Altogether, the results 
indicate that the immunogenicity of the powder was maintained after the drying 
processes, and pulmonary immunization resulted in higher IgG titers. 

3.5 storage stability
The stability of the powders was determined for three years at 20°C/10% RH (Table 2). 
The powders were subjected to low humidity as they are intended to be packed in blisters 
and administered with Twincer® as an inhaler. The storage stability was determined at 0 
day and at 3 months using SRID analysis, which revealed that potency of the optimized 
SD and SFD dried vaccine powders was fully maintained after 3 months of storage. 
The potency at the third time point, 3 years, was determined using the SRID analysis 
and with a RP-HPLC method recently published by Kapteyn et al [30]. This RP-HPLC 
method was chosen as it is accurate, and highly sensitive in detecting degradation. 
The HA titers of the vaccine powder formulation were maintained for 3 years (Table 
2). However, the conventional liquid subunit vaccine stored at 4°C lost its antigenic 
potency after 3 years. 

The difference in the potency of the HPLC and SRID for the control can be explained 
by the fact that HPLC measures total amount of HA present, while SRID measures the 
HA which is folded correctly to form a complex with specific antiserum. The physical 
properties of the powders like particle size and glass transition temperature showed no 
change even after 3 years of storage. In conclusion, stability studies showed that both 

table 2. Effect of storage on different vaccine formulations. The potency determined 
by SRID after 0 day and 3 months, and by HPLC and SRID after 3 years.

Vaccine 0 day 3 months 3 years

Assay SRID SRID SRID HPLC

Liquid vaccine (4°C) 100 % 100 % b.d.l 58 %

Powder SD (20°C) 100 % 100 % 100 % 100 %

Powder SFD (20°C) 100 % 100 % 100 % 94.2 %

b.d.l; below detection limit
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the biochemical integrity of the incorporated antigens and physical properties of the 
powder are maintained for three years at room temperature.

4. coNclusioNs
Our results demonstrate that HBS provide better stabilization of influenza subunit 
vaccine during SFD whereas PBS is preferred during SD process. The powders produced 
by both techniques with proper buffers resulted in a product that was suitable for dry 
powder inhalation. The dispersion of both the powders with Twincer® yielded an aerosol 
with an aerodynamic particle size distribution suitable for pulmonary administration. 
Immunogenicity of vaccines, either spray dried with PBS or spray freeze dried 
with HBS, were similar to the immunogenicity of conventional liquid formulation. 
Moreover, pulmonary immunization with dry powder induced higher IgG titers than 
i.m. immunization. Finally, the powders were stable at ambient temperature for 3 years.
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abstract
In this study pulmonary vaccination with a new influenza subunit vaccine powder 
was evaluated. Vaccine powder was produced by spray freeze drying (SFD) using the 
oligosaccharide inulin as stabilizer. Immune responses after pulmonary vaccination of 
BALB/c mice with vaccine powder were determined and compared to those induced 
by intramuscular and pulmonary vaccination with a conventional liquid subunit 
vaccine. All vaccinations were performed without adjuvant. Pulmonary vaccination 
with liquid subunit vaccine resulted in systemic humoral (IgG) immune responses 
similar to intramuscular immunization. In contrast, the vaccine powder delivered by 
the pulmonary route, induced not only systemic humoral (IgG) responses, but also 
cell-mediated (IL-4, IFN-γ) and mucosal immune responses (IgA, IgG). This study 
demonstrates that the combination of pulmonary antigen delivery and antigen powder 
production by SFD improves the immunogenic potential of (influenza subunit) antigen. 
In conclusion, vaccination with a non-adjuvanted SFD subunit vaccine powder by 
inhalation might be feasible and could be an alternative to conventional parenteral 
vaccine administration. 
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1. iNtroductioN
Influenza is a highly contagious disease. During annual influenza epidemics 5-15% 
of the world population is affected [WHO fact sheet 2003], resulting in extensive 
morbidity and a substantial number of deaths especially in the elderly and other high-
risk populations. In humans, the primary targets for the influenza virus are epithelial 
cells in the upper and lower respiratory tract. After infection with influenza virus, the 
immune system reacts to replication of the virus in the respiratory tract by both innate 
and adaptive immune responses [1]. These immune reactions include antibody and 
T cell responses triggered against epitopes located on virus envelope antigens such as 
heamagglutinin (HA). The antibodies on the mucosal tissues (IgA produced locally and 
IgG transudating from serum) may give rise to mucosal immunity [2]. This mucosal 
immunity in the (upper) respiratory tract is of major importance as it provides the 
first line of defense against homologous virus infection [3] and might result in cross 
protection against infections by viruses that display antigenic drift [4-6].

Immunization against the flu is recognized as the most cost-effective method for 
controlling the disease. However, most currently marketed vaccines are administered 
parenterally and evoke a systemic immune response without a mucosal IgA response in 
the respiratory tract [7-9]. In addition, these vaccines have the disadvantages that they 
have to be administered by trained personnel and that they have to be transported via 
an expensive cold chain. 

Recently, vaccination against influenza via the intranasal route has drawn 
considerable attention, since it can be applied by self administration and has the 
potential to elicit a local immune response in addition to the systemic immune 
response [9-13]. However, in many cases, increased local but moderate systemic 
immune responses were found after intranasal vaccination. A further disadvantage of 
most intranasal influenza vaccines is that they are unable to elicit immune responses 
without an adjuvant [9]. Besides the use of adjuvants [14-17] other approaches, like 
the use of nanoparticles and microspheres [18, 19] or cold adapted live influenza virus 
[20, 21], have been demonstrated to improve the efficacy of intranasally administered 
influenza vaccine. However, in many cases safety and regulatory issues associated with 
these approaches negatively interfered with their development [22, 23]. As a result, 
there is still need for a non-adjuvanted vaccine that complies with safety and regulatory 
requirements.

Several studies report on the development of dry powder vaccine formulations 
for intranasal delivery. Besides facilitating a more convenient vaccine administration 
a dry powder vaccine precludes restrictions and problems, like sterility and stability, 
associated with liquid formulations [24, 25]. Improved stability of influenza vaccine 
powder was shown for vaccine formulations dried with carbohydrates like inulin and 
trehalose [26, 27]. In addition, dry powder formulations for intranasal delivery could 
be formulated with trehalose. However, dry powder vaccines for intranasal delivery 
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used thus far could only elicited a satisfying immune response when they were co-
formulated with a mucoadhesive polymer or mucosal adjuvant [28].

Pulmonary delivery may be an alternative to intranasal delivery of an influenza 
vaccine. The lungs are highly vascularized, have a larger absorptive surface area than 
the nose [29, 30] and contain mucosa-associated lymphoid tissue [15]. Furthermore, 
local antigen presenting cells like different types of macrophages and dendritic cells 
are ideally located for antigen sampling and subsequent presentation to T cells [31-33]. 
In addition, dry powder inhalation has proven (for decennia) to be very useful for 
to the induction of local as well as systemic effects. In general, dry powder inhalers 
and powders for inhalation are designed to guarantee a high deposition in the lower 
airways. The smaller the particles the further the particles travel through the airways 
during inhalation. Particles with an aerodynamic size in the range of 1-5 µm can reach 
the alveoli in the lower airways, while particles of 5-10 µm will be deposited in the 
upper airways, like the main bronchioles. Particle enginering techniques, like spray 
drying and spray freeze drying (SFD), can be used to produce particles with a broad 
size distribution which can be used to target both the lower airways as well as the main 
bronchioles. A vaccine powder having these characteristics offers the opportunity 
to expose a relatively large surface within the entire lung to (high doses of) antigen. 
Therefore, pulmonary delivery of an influenza vaccine is an interesting strategy that 
can offer the advantage of inducing both systemic and local immunity [34].

We investigated whether pulmonary delivery of inulin stabilized influenza subunit 
vaccine powder, produced by SFD, could induce an immune response in mice without 
the use of an adjuvant. For pulmonary immunization with vaccine powder, the powder 
was delivered by endotracheal insufflation into the lungs of BALB/c mice. Subsequently, 
systemic and mucosal antibody responses were determined and compared to those of 
mice immunized by pulmonary delivery or intramuscular injection of a conventional 
liquid subunit vaccine formulation. Additionally, cell-mediated immunity induced by 
the different immunization routes was monitored by measuring the frequency of IFNγ 
and IL-4 producing spleen cells. 

2. materials aNd methods

2.1 vaccines 
Monovalent influenza subunit vaccine (A/Panama/2007/99, H3N2) was a gift of 
Solvay Pharmaceuticals (Weesp, The Netherlands). The subunit vaccine was dialyzed 
against HBS (2 mM Hepes, 150 mM NaCl, pH 7.4) and subsequently stored at 4°C 
until further use. The concentration of antigen, HA, was determined by single radial 
immunodiffusion assay [35] .
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2.2 formulation of subunit vaccine powder for inhalation
The subunit vaccine powder was produced by SFD. A solution of 275 µg/ml HA and 
5.5% (w/v) inulin 4kD (Sensus, Roosendaal, Netherlands) in HBS, was sprayed into a 
vessel of liquid nitrogen with a two-fluid nozzle (diameter 0.5 mm) of the Büchi 190 
Mini Spray Dryer. The nozzle was placed approximately 5 cm above the surface of the 
liquid nitrogen and the vaccine solution was atomized with an air flow of 700 ln/h. After 
the spraying was completed, the vessel with liquid nitrogen and vaccine was transferred 
to a Christ model Epsilon 2-4 freeze dryer (Salm & Kipp, Breukelen, The Netherlands) 
pre-cooled at a shelf temperature of −40°C. After liquid nitrogen was evaporated, 
drying was performed at a pressure of 0.220 mbar with a condensor temperature of 
-85°C while the shelf temperature was gradually increased from -40°C to 5°C over a 
time period of 32 h. Next, the pressure was reduced to 0.055 mbar. In addition the shelf 
temperature was further gradually increased to 20 °C over a time period of 11 h. The 
obtained powders were stored at room temperature in a vacuum dessicator containing 
silicagel until further use.

2.3 aerosolization of vaccine solution and powder
Aerosolization of vaccine solution was performed using a MicroSprayerTM (Model 
IA-1C, 1¼ in. long, Penn-Century Inc., Philadelphia, USA). For the powder a dry 
powder insufflator (DP-4M-model, Penn-Century Inc., Philadelphia, USA), suitable for 
mice was used. The devices previously showed improved delivery efficiency compared 
to passive aerosol inhalation [36] and did not cause adverse effects after pulmonary 
delivery of liquid [37] or SFD powder [38]. 

2.4 aerosol droplet / particle size and morphology of sfd particles
The geometric particle size distributions of the SFD vaccine powder and liquid aerosols 
were measured with a Sympatic HELOS compact model KA laser diffraction apparatus 
(Sympatec GmbH, Clausthal-Zellerfeld, Germany). Small quantities of SFD vaccine 
powder were dispersed at a pressure of 0.5 bar using the RODOS dispersing system or 
the dry powder insufflator. Liquid aerosols were dispersed using the MicroSprayerTM. 
A 100-mm lens was used and calculations were based on the Fraunhofer theory. Data 
reported are the mean of at least three measurements.  

For evaluation of the morphology of the produced powder, scanning electron 
micrographs (SEM) were recorded with a JEOL JSM 6301-F microscope (JEOL, Japan). 
Powder was dispersed on top of double-sided adhesive carbon tape on a metal disk. 
Subsequently, particles were coated with 80 nm of gold/palladium using a Balzers 
120B sputtering device (BlazerUNION, Liechtenstein). Micrographs were taken at a 
magnification of 500x or 5000x.
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2.5 aerosol characterization
In vitro deposition of the aerosols dispersed from the insufflator or microsprayer was 
tested by cascade impactor analysis with a multi-stage liquid impinger (MSLI) of the 
Astra type (Erweka, Heusenstamm, Germany) as described in the Pharmacopoeia 
[39]. This test was used to determine the fine particle characteristics of the aerosol 
clouds generated during inhalation. The insufflator or microsprayer was attached to the 
induction port. A flow rate of 30 l/min was used during each dispersion. Stages of the 
cascade impactor were filled with 25 ml of demineralized water and in the final stage, 
a dry glass filter (Pall Corp., Michigan, US) was used for the retention of particles that 
passed the fourth stage. In each experiment 10 or 5 insufflations were performed using 
a dose of 2 mg vaccine powder or 50 µl 5% glucose solution (as model) per insufflation, 
respectively. Each dose (one insufflation) in the DP-4-insufflator was administered 
using 10 air puffs of 200 µl. The deposition (determined as inulin or glucose) at each 
stage as well as losses in the insufflator and the induction port were determined using 
the anthrone assay as described earlier [40]. All the experiments were performed under 
controlled ambient conditions (20°C/50% relative humidity). The data reported are 
the mean of three independent experiments and in each experiment the recovery was 
above 95%.

2.6 biochemical integrity and in vitro antigenicity
To ensure that the conformation and antigenicity of HA in the vaccine was unaffected 
during the powder production process, powder samples were reconstituted in ultra 
pure water and subjected to a proteolytic assay and a single radial immunodiffusion 
assay (SRID), respectively. In the proteolytic assay HA is subjected to trypsin 
treatment; when its conformation is changed trypsin cleavage sites become exposed 
and HA is digested into small fragments resulting in decreased recovery of the HA 
monomer band after SDS-PAGE under non-reducing conditions. The proteolytic assay 
with trypsin was performed according to Amorij et al. [26] and the SRID analysis was 
performed acccording to European Pharmacopoeia guidelines [35]. 

2.7 animal experiments 
Animal experiments were conducted according to the guidelines provided by the 
Dutch Animal Protection Act and were approved by the Committee for Animal 
Experimentation of the University of Groningen, The Netherlands. For all experiments 
female BALB/c mice (6-8 weeks old) were obtained from Harlan (Zeist, The 
Netherlands). All the animals were immunized three times i.e. on day 0, 14, and 28 
with 5 µg HA. From previous research it is known that i.m. immunization of BALB/c 
mice according to this immunization scheme (three times 5 µg HA) results in a robust 
immune response [14].
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2.8 In vivo immunogenicity
To test the effect of the SFD process on the in vivo potency of the vaccine, vaccine 
powder was reconstituted and the immunogenicity was determined in mice after 
i.m. injection (three times with 5 µg HA; day 0, 14, and 28). One group of mice 
(n=8) received reconstituted SFD powder and one group of mice (n=4) received the 
unprocessed vaccine. Animals were anaesthesized by an i.p injection with 10 ml/kg 
Fentanyl, fluanisone-midazolam (FFM) and injected i.m. with 50 µl of the vaccine 
divided over the posterior thigh muscles.

2.9 pulmonary immunization
Animals were anaesthetized by i.p. injection with 10 ml/kg FFM. In order to reduce 
mucus secretion during intubation animals were s.c injected with 0.04 mg/kg atropine 
5 min prior to intubation. Then the animals were placed in a supinely position at an 
angle of 45° using a platform according to a method derived from Bivas-Benita et al. 
[41]. Mice were oropharyngeally intubated using a modified 20G Insyte Autoguard 
catheter (Becton Dickinson BV, Alphen aan de Rijn, The Netherlands). BALB/c mice 
were subsequently immunized by pulmonary delivery of liquid vaccine aerosols (l.i. = 
liquid insufflation) or vaccine powder (p.i. = powder insufflation). The animals were 
immunized three times, i.e., on day 0, 14, and 28 with 5 µg HA.

For liquid aerosol insufflation (l.i.), the MicroSprayerTM connected to a pre-filled 
high-pressure syringe (Model FMJ-250, Penn-Century Inc., Philadelphia, USA) 
was inserted through the oropharyngeal tube. Subsequently, 50 µl vaccine solution 
containing 5 µg HA was insufflated.  

For powder aerosol insufflation (p.i.), the pre-filled dry powder insufflator was 
inserted through the oropharyngeal tube ensuring that the tip of the insufflator was 5 
mm outside the tube at carina height for proper aerosolization of the powder. For each 
administration the insufflator was filled with 1 mg of vaccine powder and 10 air puffs of 
200 µl were used for aerosolization of the powder. After administration of the powder 
the insufflator was taken out and refilled for the subsequent inhalations. A total of 5 µg 
HA was given. The insufflator was weighed before and after filling as well as after each 
administration to ensure accurate dosing of each mouse.

2.10 sample collection
Before the first and last vaccine administration blood samples (approx. 40 µl) were 
taken from the mice by an orbita punction under isoflurane/O2 anaesthesia. Two weeks 
after the last vaccination (day 42), the animals were sacrificed. For determination of 
serum and mucosal antibody responses mice were bled under isoflurane anaesthesia by 
draining the abdominal aorta. Serum samples were obtained by centrifugation at 1200 
x g for 5 min and were stored at -20°C until further analysis.

The spleens were harvested immediately after sacrification of the mice and stored 
until further analysis in ice-cold IMDM Glutamax medium (Life Technologies, Paisley, 
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UK) supplemented with 10% (w/v) FCS (PAA Laboratories, Linz, Austria), 100 U/ml 
penicillin (Life Technologies), 100 µg/ml streptomycin (Life Technologies) and 50 mM 
β-mercaptoethanol.

Next, nasal and lung lavages were performed by cannulating the trachea via a 
small incision using a 20G Insyte Autoguard catheter (Becton Dickinson BV, Alphen 
aan de Rijn, The Netherlands) connected to a 1 ml syringe. Nasal lavage fluids were 
obtained by flushing twice with the same 1 ml PBS (Fluka) through the nasopharynx. 
Lung lavages were performed by repeated flushing of the lungs with the same 1 ml 
PBS (Fluka). Immediately after each sample collection, the lavage was mixed with 10 
μl stock solution (1 tablet/2ml PBS) of Complete® protease inhibitor cocktail (Roche 
Diagnostics GmbH, Penzberg, Germany). The nasal and lung lavages were stored at  
-20°C until analysis.

2.11 elisa
Influenza subunit antigen-specific antibody responses were determined by ELISA as 
described previously [26]. In brief, ELISA plates (96-well flat bottom, Microlon®600, 
Greiner, Alphen a/d Rijn, The Netherlands) were coated with 200 ng of influenza 
subunit antigen per well. Appropriate dilutions of sera and mucosal lavage fluids of 
each individual mouse were applied to the plates. Sera were analyzed for IgG, IgA, IgE, 
IgG1, and IgG2a, while lavages were analyzed for IgG and IgA. In addition, as a positive 
control for the IgE determination, plates were coated with 100 ng of goat antibody 
directed against mouse IgE, and subsequently incubated with mouse myeloma IgE. 
Antigen-specific IgG-, IgA-, IgG1-, IgG2a-, and IgE-responses were determined using 
horseradish peroxidase-conjugated goat antibodies or rat antibody (for IgE only) 
directed against mouse (1:5000; Southern Biotech, Birmingham, Alabama, USA) and 
1,2-phenylendiamine-dihydrochloride. Absorbances at 492 nm were measured with 
a Benchmark Microplate reader (BioRad, Hercules, CA, USA). Titers are given as 
the reciprocal of the calculated sample dilution corresponding to an A492 = 0.2 after 
background correction.

2.12 haemagglutination inhibition assay 
The haemagglutination inhibition (HI) titers in serum were determined as described 
previously [26]. Briefly, test sera were inactivated at 56°C for 30 min. One part of test 
sera was mixed with three parts of a 25% (w/v) kaolin stock solution and incubated for 
20 min at room temperature. After incubation sera were centrifuged at 1200 x g for 2 
min to remove from kaolin. Fifty μl containing four hemagglutinating units of influenza 
virus was then added to wells containing 50 μl of serially diluted test sera, mixed and 
incubated at room temperature. After 40 min, 50 μl 1% (v/v) guinea pig erythrocyte 
solution was added to each well and plates were incubated at room temperature for 1-2 
h allowing haemagglutination to occur. The HI titers are defined as the highest serum 
dilution capable of preventing haemagglutination. 
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2.13 elispot 
For determination of the cytokine production of spleen cells from the immunized mice 
an ELISPOT assay was performed according to a protocol, which was a combination 
of the procedures described by Bungener et al. [42] and McCutcheon et al. [43]. 
96-microwell plates with a Nylon 6,6 BiodyneTM B membrane bottom (Nunc Silent 
Screen Plates, Nunc, USA) were coated with purified anti-mouse IFN-γ or anti-mouse 
IL-4 (BD Pharmingen, Erembodegem, Belgium), in a concentration of 5 µg/ml. After 
overnight incubation at 4°C plates were washed three times with sterile PBS containing 
0.02% (w/v) Tween80 and incubated with blocking buffer (PBS + 4% (w/v) BSA) at 
37°C for 1h. Spleen cells were isolated in IMDM-medium containing 10% (w/v) FCS, 
plated in different quantities (0.125 – 2.0 x106 cells) in 96 wells and incubated overnight 
at 37°C with or without 500 ng of influenza subunit antigen/well. After overnight 
stimulation, cells were lysed by incubating them on ice for 15 min. After washing the 
plates 5 times with PBS/Tween, IFN-γ or IL-4 were detected using biotinylated anti-
mouse antibodies and streptavidin-alkaline phosphatase (1:1000, BD Pharmingen). 
For the development of spots, 100 µl substrate solution, (1 mg/ml 5-bromo-4-chloro-
3-indolylphosphate, 0.92% (w/v) 2-amino-2-methyl-1-propanol and 0.08 µl/ml Triton 
X-405 in water) was added to each well and plates were incubated at room temperature. 
Spots were subsequently counted on an Elispot reader (A.EL.VIS Elispot reader). The 
number of IFN-γ or IL-4-secreting cells was obtained by subtracting the background 
(number of spots after incubation without antigen) from the number of spots observed 
in wells containing spleen cells incubated with influenza subunit antigen. 

2.14 statistical analysis
The statistical analyses were performed using Student’s t test with p<0.05 as the 
minimal level of significance. The results are presented as mean ± standard error unless 
indicated otherwise.

3. results

3.1 biochemical integrity and immunogenicity
To ensure that the conformation and antigenicity of HA in the vaccine was unaffected 
during the powder production process used in the present study, i.e., the combination 
of spraying and lyophilization, the biochemical and antigenic properties of the vaccine 
powder were evaluated. The structural integrity of HA in the SFD powder was tested 
using a proteolytic assay. In the native conformation, HA is resistant to digestion by 
trypsin, but when trypsin cleavage sites of HA are exposed due to a conformational 
change, HA is digested into small fragments. The digestion of HA can be readily 
resolved by PAGE. In Fig.1 it is shown that the protein band (A) associated with the 
intact HA monomer (~75kDa), was identical to that of the sample of the SFD powder 
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Figure 1. Analysis of the structural integrity of HA in the spray 
freeze dried vaccine by the proteolytic assay. Shown are the HA 
monomer (~75 kDa) bands revealed by SDS-PAGE (under non-
reducing conditions) after incubation with trypsin. (A) Positive 
control: unprocessed subunit vaccine, (B) Negative control: acid treated subunit vaccine, and (C) 
SFD subunit vaccine. 

(C). In contrast, in an acid-treated sample, which was used as a negative control, no 
intact HA monomer was present after trypsin digestion (B).

The antigenic integrity of HA was investigated in vitro by measuring the HA 
potency by SRID analysis. SRID analysis revealed a HA potency recovery of 104%. The 
HA potency of SFD vaccine and the unprocessed vaccine did not significantly differ 
indicating that the potency of HA was not affected by the SFD process. 

The immunogenicity of the SFD powder was assessed by i.m. immunization of 
BALB/c mice with reconstituted SFD vaccine powder or unprocessed influenza subunit 
vaccine. As shown in Fig.2 both vaccines elicited equivalent serum IgG titers and HI 
titers. These results demonstrate that SFD of subunit vaccine using inulin as a stabilizer 
did neither affect the biochemical integrity nor the immunogenicity of the vaccine.
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Figure 2. Analysis of the immunogenicity of 
spray freeze dried vaccine. Mice were i.m. 
immunized three times at day 0, 14, and 28 
with 5 µg HA of either unprocessed subunit 
vaccine (four mice) or reconstituted SFD 
vaccine powder (eight mice) and sacrificed 
after 42 days. IgG titers (black bars) and 
HI-titers (grey bars) are shown.

3.2 particle size, morphology and aerosol characterization
The particle size distributions of the SFD vaccine powder and of the aerosols of the 
vaccine powder and liquid vaccine are given in Table 1. The geometrical mean particle 
size of subunit vaccine powder as determined by laser diffraction analysis was in 
the range of 10-11 µm. Moreover, the vaccine powder possessed a relative large size 
distribution (Span 1.88) when the RODOS dispersing system was used and even larger 
after dispersion from the Insufflator (Span=2.3). Scanning electron micrographs (Fig. 
3A and B) revealed that the SFD powder consisted of particles that were spherical and 
highly porous. 



PuLMonAry IMMunIzAtIon WItH InFLuenzA VAccIne PoWder

6

99

The size of the SFD particles revealed by SEM corresponded with the size measured 
by laser diffraction. Liquid aerosols possessed a larger geometrical mean particle size 
(Table 1), in the range of 25 µm, but a smaller size distribution (Span = 1.21).  

Dispersion efficiencies from the insufflator and microsprayer, respectively, were 
assessed using cascade impactor analysis. (Fig.4) The cascade impactor analysis 
revealed that the vaccine powder aerosolized by the insufflator had a fine particle 
fraction (FPF) of 38% and an aerodynamic diameter (daero) of 5.3 µm. 

A B

Figure 3. Analysis of spray freeze dried subunit vaccine powder by scanning electron microscopy. 
(A) Magnification 500x and (B) Magnification 5000x. Bar represents 50 µm and 5 µm, respectively.
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Figure 4. Aerosol characterization by 
cascade impactor analysis. Dispersion 
efficiency of spray freeze dried subunit 
vaccine powder from the DP4-
Insufflator. Recovery as percentage of 
the insufflated dose. FPF is the weight 
fraction of the insufflated dose having 
an aerodynamic diameter < 5 µm.

table 1. Analysis of the geometric particle size of SFD powder, powder-, and liquid vaccine aerosols by laser 
diffraction. 

X10 (μm ± SD) X50 (μm ± SD) X90 (μm ± SD) Spana

SFD vaccine powder from RODOS 
dispersing system

4.44 ± 0.03 10.36 ± 0.04 23.93 ± 0.30 1.88 ± 0.03

SFD vaccine powder from Insufflator 4.20 ± 0.05 11.05 ± 0.11 29.66 ± 1.45 2.30 ± 0.12

Liquid vaccine from MicrosprayerTM 13.77 ± 1.31 24.57 ± 1.88 42.02 ± 3.60 1.21 ± 1.55

aSpan = (X90-X10)/X50
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As described by Concessio and Hickey [44], the aerodynamic diameter (daero) of 
spherical particles is determined by the geometric diameter (dgeo), the density of the 
particle (ρp) and the reference density (ρr; the density of water taken as 1000 kg/m3) 
[45].:      . As a result, the difference between the measured aerodynamic 
mean particle size (daero) and the geometric mean particle size (dgeo) can be explained by 
the low density of the particles (ρp ~ 230 kg/m3; ρp << ρr) due to their high porosity as 
revealed by the SEM micrographs.

In contrast to the aerosolized vaccine powder, the aerosols from aerosolized 
conventional liquid vaccine were too large in size (X50 = 24.57±1.88) to pass the first 
tube and to perform proper cascade impactor analysis.

3.3 systemic immune response
In order to evaluate the potential of pulmonary delivery of the SFD vaccine powder, 
mice were immunized three times with 5 µg HA (day 0, 14, and 28) without adjuvant by 
the different administration routes. The immune responses induced after pulmonary 
vaccination with aerosolized conventional liquid vaccine (l.i. = liquid insufflation) or 
SFD vaccine powder (p.i. = powder insufflation) were compared with those induced 
after intramuscular (i.m.) vaccination with conventional liquid vaccine. 

First, the HI titers of the sera were assessed in an HI assay (Fig. 5). I.m. immunization 
with conventional vaccine resulted in high HI titers. Also l.i. immunization with 
conventional vaccine resulted in substantial HI titers. However, these HI titers were 
significantly lower (p = 0.021) than those after standard i.m. immunization. In contrast, 
pulmonary immunization with SFD 
vaccine powder (p.i.) induced HI activity 
in serum that was significantly higher (p < 
0.01) than in the two control groups. 

In Fig. 6 the serum IgG titers are 
shown after 0 (day 0), 2 (day 28), and 3 
(day 42) immunizations. Fig. 6 shows that 
already after the second immunization 
high IgG responses (day 28) were present, 
independent of the route of immunization. 
Moreover, the IgG titers revealed after two 
and three immunizations corresponded 
in rank order with the HI titers found 
after three vaccinations by the different 
immunization routes: l.i.< i.m. < p.i.. In 
addition, already after two pulmonary 
immunizations with SFD powder (p.i.) IgG 
titers were of the same order as those after 
three i.m. immunizations.

i.m. l.i. p.i.
0

2

4

6

8

10

12

** 

* 

*** 

2 lo
g 

H
I t

ite
r

Figure 5. Haemagglutination inhibiting 
activity of sera. The HI titer of sera was 
assessed in an HI assay using A/Panama 
virus and guinea pig erythrocytes. * l.i. 
vs. i.m.: p<0.05 ; ** p.i. vs. i.m.: p<0.02 ; 
*** p.i. vs. l.i.: p<0.001.
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the vaccine powder aerosolized by the insufflator had a fine particle fraction (FPF) of 38% and 

an aerodynamic diameter (daero) of 5.3 µm.  

 

 

 

 

 

 

Figure 4. Aerosol characterization by cascade impactor analysis. Dispersion efficiency of spray freeze dried subunit 
vaccine powder from the DP4-Insufflator. Recovery as percentage of the insufflated dose. FPF is the weight 
fraction of the insufflated dose having an aerodynamic diameter < 5 µm. 
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result, the difference between the measured aerodynamic mean particle size (daero) and the 

geometric mean particle size (dgeo) can be explained by the low density of the particles (ρp ~ 230 

kg/m3 ;  ρp << ρr) due to their high porosity as revealed by the SEM micrographs. 

In contrast to the aerosolized vaccine powder, the aerosols from aerosolized 

conventional liquid vaccine were too large in size (X50 = 24.57±1.88) to pass the first tube and to 

perform proper cascade impactor analysis. 

3.3 Systemic immune response.  

In order to evaluate the potential of pulmonary delivery of the SFD vaccine powder, mice were 

immunized three times with 5 µg HA (day 0, 14, and 28) without adjuvant by the different 

administration routes. The immune responses induced after pulmonary vaccination with 

aerosolized conventional liquid vaccine (l.i. = liquid insufflation) or SFD vaccine powder (p.i. = 
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In Fig. 7 the serum antibody titers 
after three immunizations are shown. As 
described above, after i.m. immunization 
high serum IgG responses were elicit. 
l.i. immunization resulted in lower 
IgG responses (p = 0.0018). When 
mice received SFD vaccine powder 
via the lung, serum IgG antibody 
responses were significantly higher 
than the corresponding responses in 
l.i. immunized mice (p < 0.0001) and 
even higher than i.m. immunized mice 
(p = 0.0001). I.m. and l.i. immunization 
resulted in no substantial serum IgA 
responses. In contrast, p.i. immunization 
resulted in high serum IgA responses 
that differed significantly from those in 
the control groups (p < 0.0001). In none 
of the mice, we found a subunit antigen-
specific IgE response, which is associated 
with hypersensitivity reactions (Fig. 7).

3.4 mucosal immune response
In order to evaluate whether any of the immunization regimens induced a mucosal 
immune response, both influenza antigen specific IgG and IgA antibodies in nasal and 
lung lavages of immunized mice were assessed (Fig. 8). Nasal IgG was found in all of 
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Figure 6. Serum IgG. Comparative analysis 
of influenza A/Panama subunit antigen-
specific serum IgG responses in mice 
immunized i.m., l.i. or p.i. at 0, 28, and 42 
days after the first immunization. Standard 
errors < 0.15.  * l.i. vs. i.m.: p<0.05 ; ** p.i. 
vs. i.m.: p<0.01 ; *** p.i. vs. l.i.: p<0.001.

Figure 7. Systemic immune responses. Comparative analysis of influenza A/Panama subunit 
antigen-specific serum isotype responses in mice immunized i.m., l.i. or p.i.. * l.i. vs. i.m.: p<0.01 ; 
** p.i. vs. i.m.: p<0.001; *** p.i. vs. l.i.: p<0.0001.
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the i.m. and one out of eight of the l.i. immunized mice, but titers were very low. In 
the p.i. immunized group in six out of eight mice nasal IgG was found. Moreover, after 
p.i. immunization the nasal IgG titers were significantly higher than after i.m. and l.i. 
immunization (p<0.05). 
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Figure 8. Mucosal immune responses. Comparative analysis of influenza A/Panama subunit 
antigen-specific IgG and IgA antibodies in nasal (black bars) and lung lavages (grey bars) of 
immunized mice. The numbers above the columns indicate the number of responders per group. * 
p.i. vs. i.m.: p<0.02 ; ** p.i. vs. i.m.: p<0.0001 ; *** p.i. vs. l.i.: p<0.0001; **** p.i. vs. i.m.: p<0.01; 
**** p.i. vs. l.i.: p<0.01.

Lung IgG titers were found in all immunized mice and they were higher than nasal 
IgG. The IgG titers in the lungs of p.i. immunized mice were about 50 fold higher than 
in the l.i. or i.m. groups. Moreover, the lung IgG titers corresponded in rank order with 
the IgG titers found in serum by the different immunization routes: l.i.< i.m. < p.i.. 

While i.m and l.i. immunization of mice induced only minor IgA titers in nasal and 
lung lavages, pulmonary immunization with SFD influenza vaccine powder induced 
substantial/higher influenza specific IgA titers both in the nose (p < 0.01) and lungs (p 
< 0.001) in seven and eight mice, respectively. Furthermore, preliminary data showed 
that the lung lavages of mice pulmonarily immunized with powder were capable of 
inhibiting heamagglutination of virus (data not shown). 

3.5 cell-mediated immune response
In order to evaluate whether the immunization regimens induced cell-mediated 
immune response, both the antigen specific frequency of IFN-γ and IL-4 producing 
spleen cells of immunized mice was assessed (Fig. 9).

Intramuscular immunization induced no IFN-γ producing spleen cells but 
substantial frequencies of IL-4 producing spleen cells, indicating a predominant 
T-helper 2 (Th2) response. Pulmonary immunization with liquid subunit vaccine 
resulted in low frequencies of both IFNγ- and IL-4 producing spleen cells, indicating 
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a poor but balanced Th1 and Th2 response. In contrast, pulmonary immunization 
with SFD influenza vaccine powder not only induced a balanced Th1 and Th2 
response, but also high frequencies of both IFNγ- and IL-4 producing spleen cells. 

Next, the IgG subtype profile in 
the sera of the differently immunized 
mice was analysed (Fig. 10). In 
all immunized mice there was 
induction of both IgG1 and IgG2a. 
l.i. immunization induced lower IgG1 
titers (p = 0.009), but comparable 
IgG2a titers (p = 0.88) than i.m. 
immunization. In contrast, p.i. 
immunization induced both higher 
IgG1 (p = 0.0004) as well as higher 
IgG2a titers (p = 0.0002) than the 
i.m. immunization. All immunized 
mice exhibited an IgG1/IgG2a ratio 
favoring IgG1 (p < 0.001), indicating 
a predominant Th2 response. Yet, the 
IgG1/Ig2a ratio after p.i. immunization 
was significant lower than after i.m. 
immunization (p = 0.017), indicating 
a more balanced Th1/Th2 response.
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Figure 9. Cell-mediated immune responses. Cytokine release profile of the effector cell population 
from mice i.m., l.i. or p.i. immunized with subunit antigen. Results of (A) IFN-γ and (B) IL-4-
producing spleen cells are presented as the geometric mean ± SEM. * vs. i.m.: p<0.05; ** vs. i.m.: 
p<0.02; *** vs. l.i.: p<0.05.

IgG1 IgG2a

i.m. l.i. p.i.
0

1

2

3

4

5

6

7

*
**

**

10
lo

g 
Ig

G
-s

ub
ty

pe
 ti

te
r

Figure 10. Serum IgG subtype distribution in 
sera of mice immunized i.m., l.i. or p.i. Subunit 
antigen-specific serum IgG1 responses (black 
bars) were significantly (P<0.001) dominant 
over IgG2a (grey bars) in all immunized mice, 
resulting in IgG1/IgG2a ratio’s > 1. * vs. i.m.: 
p<0.01; ** vs. i.m.: p<0.001.
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4. discussioN
The present study demonstrates that pulmonary administration of an influenza subunit 
vaccine powder, prepared by SFD can induce a strong immune response in BALB/c 
mice even when administered without adjuvant.

The new powder formulation of subunit influenza vaccine used in this study, i.e., 
SFD formulation, has the potential to be used for vaccination by dry powder inhalation 
in humans. First, it is shown that the vaccine antigen, HA, retained its structural and 
antigenic properties after SFD using inulin as stabilizer. Secondly, the SFD formulation 
is suitable for vaccine delivery into the lungs by inhalation. SFD has been described 
as a suitable process to produce a powder that possesses the required characteristics 
needed for dry powder inhalation [46, 47]. Our SFD formulation consisted of large 
porous particles having a geometric diameter of approximately 11 µm with a broad 
size distribution (4-24 µm) facilitating vaccine deposition over the large surface area 
of the lungs. In general, the larger the particles are, the higher their site of deposition 
in the airways. Our SFD formulation consisted of highly porous particles with an 
average aerodynamic diameter of 5.3 µm and a broad size distribution. As a result the 
SFD particles are capable to be deposited throughout the entire lung, including the 
lower airways. This is supported by the FPF of the SFD formulation (38%) measured 
with cascade impactor analysis and previous experience with SFD formulations for 
inhalation [47, 48]. Also Maa et al. produced a stable influenza subunit powder using 
SFD [27]. However, they used a solution with a high solid content (35 wt % excipient) 
for SFD in order to produce high density particles in the range of 30-60 µm suitable for 
epidermal immunization. 

Pulmonary delivery of the SFD formulation in BALB/c mice (p.i.) induced strong 
cell-mediated as well as systemic and mucosal humoral immune responses. With 
respect to the cell-mediated immune responses, pulmonary delivery of the SFD 
formulation resulted in higher numbers of IFNγ- and IL4-producing T-helper cells 
than the conventional i.m. injection of influenza subunit vaccine. Moreover, the 
phenotype of these immune responses was more balanced. A relative high contribution 
of Th1 cells is thought to be important, since they are superior to Th2 cells in providing 
protection against viral infection and can provide a certain degree of cross-protective 
immunity [49, 50] . 

In general, the development of influenza vaccines aims at the induction of an 
adequate level of virus-neutralizing antibodies in the serum due to current criteria 
for vaccine immunogenicity, indicated by an HI titer higher than 40 in humans 
[51]. However, additional induction of mucosal antibodies in the respiratory tract 
is considered highly advantageous because these antibodies can provide protection 
against influenza virus at the port of entry [52, 53]. IgA is regarded as the main effector 
antibody that provides mucosal immunity. However, also mucosal IgG has shown to 
correlate with protection during challenge experiments in mice [54, 55]. Pulmonary 
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delivery of the SFD formulation not only resulted in enhanced systemic humoral 
as well as cell-mediated immune responses but also in strong mucosal IgA and IgG 
responses in the respiratory tract, in particular in the lungs. Moreover, significant 
levels of antigen-specific IgA antibodies appeared in the nose, while the powder was 
administered to the lungs. This generation of IgA antibodies at distant mucosal sites can 
be explained by cellular migration of primed antigen-specific B cells from the original 
mucosal induction site [56, 57]. These results suggest that effective targeting of lung-
associated lymphoid tissue results in development of immune effector cells locally, that 
successfully colonize the secondary lymphoid organs throughout the body [58].

The induction of strong mucosal immune responses in the respiratory tract by 
pulmonary vaccination with SFD vaccine as demonstrated here is in contrast to a study 
performed by Smith et al [58]. These authors found increased serum IgG antibody levels, 
but no mucosal IgA antibodies in the respiratory tract upon pulmonary immunization 
of rats with an influenza subunit vaccine powder [58]. This difference may be explained 
by the difference in solubility and particle size distribution of the formulations and the 
animal model used. Smith et al. used a spray dried formulation suitable for delivery 
to the lower airways (particles of 1-5 µm) consisting of 1,2-dipalmitoyl-sn-glycero-3-
phosphocholine (DPPC), which decreases the dissolution rate of the formulation [58]. 
Although DPPC is considered to decrease the particle uptake by macrophages [59, 
60], the particulate nature of the spray dried formulation could promote phagocytic 
clearance from the lung by alveolar macrophages [60], which are considered as rather 
inefficient stimulators of immune responses [61-65]. In contrast to the microparticles 
used by Smith et al., our SFD particles have a broader size distribution, are hygroscopic 
[66] and highly porous; and therefore will instantaneously dissolve in the lung fluids. 
This will result in release of antigen within the entire lung and subsequent persistence 
of antigen on the lung surfaces. As a result, SFD particles escape the phagocytic 
clearance from the lung and release the antigen efficiently thus promoting effective 
targeting of lung-associated lymphoid tissue (within the entire lung) such that mucosal 
and systemic humoral immune responses can be initiated. 

Aerosolized liquid vaccine (l.i.) induced substantial systemic (both IgG- and HI 
titers) but low mucosal humoral immune responses. Differences in immune response 
between the aerosolized liquid vaccine and the SFD vaccine powder may be explained 
by differences in targeting of the (lower) respiratory tract as result of aerosol behavior. 
After aerosolization with the MicrosprayerTM, the liquid vaccine aerosols had a size of 
20-25 μm, a size that could not pass the inlet tube during cascade impactor analysis. 
As a result, it is expected that after insufflation the vaccine would reach mainly the 
upper parts of the lungs of mice. In contrast, the SFD vaccine powder consisted of 
porous particles with a mean aerodynamic particle size of 5.3 μm and a broad size 
distribution suitable to expose a relatively large surface within the entire lung to (high 
doses of) antigen. In addition, the inulin in the SFD vaccine powder might facilitate 
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antigen uptake by hindering mucociliary clearence of vaccine (that is not deposited in 
the alveoli) by increasing local viscosity after dissolution at the lung mucosa.

5. coNclusioNs
This study demonstrates that pulmonary vaccination with an SFD influenza subunit 
vaccine powder induces mucosal, systemic humoral as well as cell-mediated immune 
responses even in the absence of adjuvant. These responses were superior to those 
elicited by conventional i.m. vaccination or pulmonary vaccination with a liquid 
aerosolized vaccine. Our results imply that vaccination with a non-adjuvanted SFD 
subunit influenza vaccine powder by inhalation might be feasible.
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abstract
Stockpiling of pre-pandemic influenza vaccines guarantees immediate vaccine 
availability to counteract an emerging pandemic. Generally, influenza vaccines need 
to be stored and handled refrigerated to prevent thermal degradation of the antigenic 
component. Requirement of a cold-chain, however, complicates stockpiling and the 
logistics of vaccine distribution. We, therefore, investigated the effect of elevated storage 
temperatures on the immunogenicity of a pre-pandemic influenza A H5N1 whole 
inactivated virus vaccine. Either suspended in liquid or kept as a freeze-dried powder, 
vaccines could be stored for 1 year at ambient temperature (20°C) with minimal loss 
of immunogenicity in mice. Elevation of the storage temperature to 40°C, however, 
resulted in a significant loss of immunogenic potency within 3 months if vaccines were 
stored in liquid suspension. In sharp contrast, freeze-dried powder formulations were 
stable at 40°C for at least 3 months. The presence of inulin or trehalose sugar excipients 
during freeze-drying of the vaccine proved to be critical to maintain its immunogenic 
potency during storage, and to preserve the characteristic Th1-type response to whole 
inactivated virus vaccine. These results indicate that whole inactivated virus vaccines 
may be stored and handled at room temperature in moderate climate zones for over a 
year with minimal decline and, if converted to dry-powder, even in hot climate zones 
for at least 3 months. The increased stability of dry-powder vaccine at 40°C may also 
point to an extended shelf-life when stored at 4°C. Use of the more stable dry-powder 
formulation could simplify stockpiling and thereby facilitating successful pandemic 
intervention. 
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1. iNtroductioN
Animal influenza A viruses that cross the species barrier to humans pose a potential 
pandemic threat [1]. Generally, these virus subtypes are antigenically different from 
the circulating human viruses and thus may spread rapidly in the immunologically 
naïve population, if human-to-human transmission is sustained. Recently, a novel 
H1N1 influenza virus of combined swine, avian, and human origin became pandemic 
within 2 months after its emergence in humans in April 2009 [2, 3]. In terms of 
virulence, this virus is comparable to the H2N2 virus that caused the relatively mild 
pandemic of 1957 [4-7]. However, a similar pandemic scenario with a more virulent 
virus subtype like the highly pathogenic avian influenza (HPAI) H5N1 virus would be 
potentially catastrophic [8, 9]. With a lethality rate of approximately 60% in reported 
laboratory-confirmed human H5N1 cases [10], maximum preparedness is warranted 
in case sustained human-to-human transmission were to evolve.

Vaccines and antivirals are critical assets in intervention strategies against pandemic 
influenza [11, 12]. They represent the only countermeasures that are clearly efficacious 
in preventing infection and treating illness [13] and their availability plays a central 
role in pandemic preparedness planning. Prophylactic use of antivirals could provide 
short-term protection and may be helpful for early containment of an emerging 
pandemic [14, 15]. However, the control of infection in a pandemic will ultimately 
depend on protection provided by vaccination. 

For the H5N1 virus, effective pre-pandemic vaccines have recently been developed, 
including whole inactivated virus (WIV) vaccine and split virus vaccine combined 
with the oil-in-water emulsion adjuvants AS-03 or MF59 [16-19]. Because the eventual 
pandemic virus may be an antigenic drift variant of the strain used to produce such pre-
pandemic vaccines, a complete match with the pandemic strain cannot be guaranteed. 
However, the above vaccines have been shown to induce substantial cross-reactive 
immune responses to viruses of different H5N1 clades [16-18, 20-23]. Moreover, even 
at suboptimal efficacy, pre-pandemic vaccines may reduce attack rates if deployed in 
an early stage of the pandemic [24, 25] or may serve as priming dose for the true 
pandemic vaccine, thus saving time and resources [26]. Stockpiling of pre-pandemic 
H5N1 vaccines is therefore considered an effective tool for containment and mitigation 
of an emerging pandemic [15], and stockpiles have already been established by multiple 
countries [27]. 

Current inactivated influenza vaccine formulations need to be stored refrigerated 
because the major antigenic component, the viral haemagglutinin (HA), is prone 
to degradation at higher temperatures [28]. However, cold chain requirements may 
seriously complicate the logistics of storage and deployment of pre-pandemic and 
pandemic vaccines, with a risk of vaccines escaping refrigeration. In general, cold-
chain failure and thermal instability is a major cause of vaccine loss in developing 
countries [29], and has been linked to serious disease outbreaks [30]. Development of 
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temperature-stable vaccines for pandemic use would promote worldwide usability by 
diminishing the complexity of refrigerated storage and distribution logistics.  

A well-known strategy to improve stability is conversion of the liquid vaccine into 
dry powder [31]. Biopharmaceuticals like influenza vaccines are preferably desiccated 
using freeze-drying techniques [32]. The vaccine is rapidly frozen and water is, 
subsequently, extracted by sublimation under reduced pressure. Detrimental stresses 
acting on the HA antigenic components as a result of the freeze-dry process, as well as 
degradation of the HA during subsequent storage, can be counteracted by the use of 
cryoprotectants such as specific sugars [33, 34]. Sugar is mixed with the liquid vaccine, 
and during rapid freezing a glassy sugar matrix is formed in which water and vaccine 
constituents are captured. The physical barrier separating the vaccine constituents and 
molecular immobility provided by the matrix prevent the vaccine from degradation. 
Also, the matrix prevents further crystallization of water molecules upon extended 
cooling. After drying, the vaccine components are incorporated in a dry sugar glass, in 
which the water has been spatially replaced by sugar and the structural integrity of the 
vaccine constituents is preserved.

Here, we investigated the effect of ambient and high storage temperatures over time 
on the immunogenicity of influenza A/Vietnam/1203/2004 (H5N1) whole inactivated 
virus (WIV) vaccine. Vaccines were either stored conventionally in buffer solution 
or as sugar stabilized dry powder formulations and immunogenicity was assessed 
in a mouse model. Inulin and trehalose sugars, which have the intrinsic capacity to 
maintain a glassy state at high temperatures [35, 36], were used as stabilizing agents. 

2. methods

2.1 vaccine preparation and storage conditions
H5N1 virus (NIBRG-14) was provided by the National Institute for Biological 
Standards and Controls (NIBSC, Potters Bar, UK), and is a 2:6 reassortant between 
A/Vietnam/1194/2004 (H5N1) and A/PR/8/34 (H1N1) virus produced by reverse 
genetics technology. WIV was obtained by virus propagation on embryonated chicken 
eggs, and inactivation of the virus preparation with 0.1% β-propiolactone. The 
haemagglutinin protein concentration in the vaccines was determined by single radial 
immunodiffusion (SRID) [37].

Freeze-drying of WIV was performed as described previously [38]. Briefly, glass 
vials containing a mixture of 200 µl of a 16% (w/v) sugar (either trehalose or inulin) 
solution in HBS (2 mM Hepes, 0.15 M NaCl, pH 7.4), or HBS without sugar, and 200 
µl WIV (66 µg HA) in HBS (approximated sugar:HA ratio of 500:1 (w/w) were frozen 
in liquid nitrogen for 10 minutes and subsequently lyophilized in a Christ Alpha 1-4 
freeze-dryer (Salm en Kipp, Breukelen, The Netherlands). The setting of the freeze-
dryer was -35°C for the shelf temperature, -55°C for the condenser temperature, and 
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0.220 mbar pressure. After 24 h the pressure was reduced to 0.060 mbar and the shelf 
temperature was gradually raised to 20°C. This status was maintained for another 24 
h. The dried samples were either directly rehydrated for experiments or stored in a 
silica gel containing desiccator at 20°C or 40°C. The humidity in the dessicator was 
maintained at the level of 10± 2 % RH. As shown by Hinrichs et al. at 10% RH, trehalose 
and inulin glasses are equally hygroscopic [39]. After storage vaccines were rehydrated 
shortly before immunization.

2.2 hemagglutination of erythrocytes
To determine the particle titer of the vaccines a standard hemagglutination assay was 
used. Vaccines were serially diluted two fold in PBS in duplicate, starting with a 10 times 
dilution in the first well of a microtiter plate, so that the end volume per well was 50 µl.  
An equal volume of a 1% suspension of fresh guinea pig erythrocytes in PBS was added 
and the plates were incubated at room temperature for 2 h. The titer was determined as 
the reciprocal of the highest dilution that yielded complete hemagglutination.

2.3 hemolysis of erythrocytes
The hemolysis assay was performed as described previously [40]. In short, WIV vaccine 
(1 µg HA) in 50 µl HNE buffer (5 mM Hepes, 0.15 M NaCl, 0.1 mM EDTA, pH 7.4) was 
added to 4 x 107 human erythrocytes in 800 µl HNE. Fifty microliters of fusion buffer 
(pH 5.5) was added to initiate viral membrane fusion. The total mixture was incubated 
0.5 h at 37°C, and subsequently centrifuged at 350 x g for 10 min. Absorbance of the 
supernatant was red at 540 nm, representing the haemoglobin liberated from the lysed 
erythrocytes. The absorbance was corrected for autohemolysis in absence of WIV 
vaccine. The amount of hemolysis was then given as a percentage of the maximal 
hemolysis, which was determined by lysing erythrocytes in water.

2.4 immunization
For immunization experiments, 8-10-week-old female Balb/c mice were purchased 
from Harlan Netherlands B.V. (Zeist, The Netherlands). All experiments were 
conducted with approval of the local Institutional Animal Care and Use Committee. 
Mice were intramuscularly injected in both their calf muscles with a total of 50 µl WIV 
vaccine (5 µg HA) in HBS, equally divided over both injection sites. Mouse numbers 
per immunization group were as follows: liquid WIV; n=5-6, freeze-dried WIV with 
or without sugar; n=6-8, liquid WIV after 1 year at 20°C; n=3. Twenty eight days after 
immunization, sera were collected for evaluation.

2.5 elisa
ELISA assays were performed as described previously [41]. Briefly, microtiter plates 
(Greiner, Alphen a/d Rijn, The Netherlands) coated with 0.2 µg influenza H5N1 
(NIBRG-14) subunit vaccine per well were blocked with a 2% milk solution. Two-fold 
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serial dilutions of serum samples in 0.05%Tween 20/PBS (PBS/T) were added to the 
wells in duplicate and incubated for 1.5 h. Bound H5N1 specific IgG, IgG1 or IgG2a 
antibodies were detected with a horseradish peroxidase-conjugated goat anti-mouse 
IgG-isotype antibody (Southern Biotech, Birmingham, Alabama). All incubations were 
performed at 37°C. The staining was performed with o-phenylene-diamine (OPD) 
(Eastman Kodak Company) and absorbance at 492 nm was measured by an ELISA 
reader (Bio-tek Instruments, Inc.). The antibody titer was calculated by extrapolating 
the serum dilution corresponding to an OD of 0.2, using linear regression. 

2.6 hemagglutination inhibition assay 
The Hemagglutination inhibition (HI) assay was performed as described previously 
[42]. In short, 50 µl kaolin absorbed, heat-inactivated mouse serum in PBS (1:4) 
was serially diluted two fold in a microtiter plate in duplicate. Next, 50 µl of four 
hemagglutination units (HAU) of H5N1 (NIBRG-14) virus in PBS was added and 
incubated for 40 min at RT. Finally, 50 µl of 1% guinea pig erythrocytes (Harlan) in 
PBS was added to each well and HI titers were determined after 2 h incubation at RT. 
HI titers are given as the reciprocal of the highest serum dilution producing complete 
inhibition of hemagglutination. 

2.7 statistical analysis
Statistical analysis on antibody titers was performed using the unpaired Student’s t 
test. p values of p<0.05 and p<0.01 were considered statistically significant and highly 
significant, respectively.

3. results

3.1 effect of freeze-drying and reconstitution on vaccine immunogenicity
WIV vaccines were freeze-dried with or without sugar and samples were stored, with 
WIV vaccine kept in suspension (liquid WIV). Immediately after drying, samples of 
each vaccine were reconstituted in water and tested alongside liquid WIV, to assess the 
effect of the actual freeze-drying process on the vaccines, and to obtain reference values 
for the storage experiments. Evaluation involved assessment of the hemagglutination 
or hemolytic activities of the vaccines as a measure for the structure and function of the 
viral particles. Any effect of inulin or trehalose on the hemagglutination and hemolysis 
assay was excluded, by testing a similar concentration of the freeze-dried sugar without 
viral particles. The results shown in Table 1 demonstrate that freeze-drying of WIV 
with or without trehalose or inulin did not have adverse effects on its hemagglutination 
or hemolytic activities. Preservation of these activities indicates that the sialic-acid-
binding capacity and the membrane fusion activity of the HA proteins were retained. 

To determine whether the preservation of in vitro vaccine activity after freeze-drying 
was accompanied by preservation of in vivo vaccine potency, mice were intramuscularly 
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injected with vaccine doses of 5 μg HA. Four weeks after immunization, the antibody 
responses induced by the freeze-dried vaccines were compared to those induced by 
liquid WIV. WIV freeze-dried without sugar (FD) induced slightly lower IgG titers 
(p=0.001) than liquid WIV, while hemagglutination-inhibition (HI) titers were not 
significantly diminished (p=0.08) (Fig. 1a, b; 0 Day). WIV freeze-dried with trehalose 
(FDT) was equally immunogenic as liquid WIV, while WIV freeze-dried with inulin 
(FDI) induced slightly lower IgG titers (p=0.02) but similar HI titers. In conclusion, 
freeze-drying with or without sugar did not affect the immunogenic potency of H5N1 
WIV vaccine substantially. 

3.2 effect of storage at ambient temperature on vaccine immunogenicity
The freeze-dried vaccines and liquid WIV were subsequently stored at 20°C. Three 
months and one year later samples were tested for their capacity to induce antibody 
responses in mice. After 3 months of storage, no significant differences in serum IgG 
and HI titers induced by liquid WIV, FDT, or FDI vaccines were observed compared 
to liquid WIV conventionally stored at 4°C (Fig 1a, b; 3 Months). In contrast, FD 
vaccine induced substantially lower mean IgG and HI titers compared to liquid WIV 
at 4°C (22.4-fold (p=0.03) and 3.5-fold (p=0.04), respectively (Fig 1a, b; 3 Months). 
Consequently, FD vaccine was excluded from further evaluation. 

After 1 year of storage at 20°C, liquid WIV and both FDT and FDI still induced 
considerable H5N1-specific antibody responses. The mean IgG titer induced by liquid 
WIV stored at 20°C was only slightly, but not significantly (p=0.07), lower than that 
induced by liquid WIV stored at 4°C (Fig. 1a, b; 1 Year), and also the mean HI titer was 
not significantly altered (Fig. 1a, b; 1 Year). IgG titers induced by FDI were moderately 
lower (2.2 fold, p=0.005) with only a marginal decrease in HI titers. FDT showed a more 
substantial decrease in both mean IgG and HI titers (p=0.003 and p=0.03, respectively).

Because ELISA and HI results obtained at different time points may be subject to 
inter-assay variation, (pooled) sera from all immunization experiments were tested in 
a single assay, in order to compare the immunogenicity of the vaccines over time (Fig. 

table 1. Effect of high storage temperature on hemagglutination and hemolysis activity of the vaccines.

Vaccine Hemagglutination titer (10 x 2log) Hemolysis (% of max)

Temperature - 40°C - 40°C

Duration 0 day 3 months 0 day 3 months

Liquid 11 5 67.9 0

FD ≥12 7 90.6 4.3

FDT 11 8 81.5 35.3

FDI 11 8 83.3 15.1

Immunization groups: liquid liquid WIV, FD freeze-dried WIV without sugar, FDT freeze-dried WIV with 
trehalose, FDI freeze-dried WIV with inulin
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2). Clearly, at 20°C the effect of storage duration on the immunogenic potency of the 
vaccine was minimal for liquid WIV and FDT and FDI vaccine. IgG titers dropped 
maximally by a factor of 1.9 (liquid WIV), and the maximum effect on HI titers was 
a two fold reduction (FDT and FDI), after 1 year of storage (Fig. 2a/b). More than 
two fold reductions in IgG or HI titers were only seen for FD vaccine after 3 months 
storage. In conclusion, liquid WIV and sugar stabilized freeze-dried WIV revealed 
only minor reductions in the immunogenicity after one year of storage at 20°C. At this 
condition, substantial deterioration of immunogenicity of WIV vaccine was seen only 
for WIV freeze-dried in absence of sugar excipient.
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Figure 1. Antibody responses induced by liquid and freeze-dried WIV vaccines before and after 
storage at ambient temperature. Serum H5N1-specific IgG titers were determined by ELISA and 
are given as geometric mean titers + standard error of the means (SEM), before storage, and after 
3 months and one year storage (A). The serum capacity to inhibit agglutination of guinea pig 
erythrocytes by H5N1 vaccine virus is given in geometric mean HI titers + SEM, before storage, 
and after 3 months and one year of storage (B). Immunization groups are plotted on the x-axis with 
the vaccines’ actual storage temperature in degrees Celsius: liquid liquid WIV, FD freeze-dried WIV 
without sugar, FDT freeze-dried WIV with trehalose, FDI freeze-dried WIV with inulin. HI titers 
below the detection limit were assigned half the value of the lowest detectable serum dilution, which 
was 8. * p<0.05,  ** p<0.01. nd not determined.
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3.3 effect of high storage temperature on vaccine immunogenicity
To simulate more challenging conditions vaccines may encounter during storage and 
transportation, the vaccines were put on shelf at 40°C for 3 months. These conditions 
negatively affected the hemagglutination and hemolysis activity of all vaccines, but 
strongest for liquid WIV and FD vaccine (Table 1). Subsequent immunization of 
mice revealed a strong decrease in IgG and HI titers induced by liquid WIV stored 
at 40°C, compared to WIV freshly prepared from a frozen virus stock (Fig. 3a, b). 
The immunogenic potency of vaccines freeze-dried with sugars was much better 
preserved under these challenging conditions. For FDT vaccine a slight decrease in 
mean IgG titer (1.4 fold, p=0.08) together with a more substantial decrease in HI titer 
(2.3 fold, p=0.01) was found. Responses to FDI vaccine were not significantly different 
from those to freshly prepared vaccine (Fig. 3a, b). In contrast, freeze-drying without 
additional measures to stabilize the vaccine resulted in strongly reduced IgG and HI 
titers after storage at 40°C. Compared to liquid WIV stored at 40°C, both FDT and 
FDI stored at 40°C induced significantly higher IgG titres (p=0.002 and p=0.00001, 
respectively), and HI titres (p=0.002 and p= 0.02, respectively), which was not the case 
for FD vaccine (Fig. 3a, b).

The effect of high storage temperature relative to ambient storage temperature 
on vaccine immunogenicity is summarized in Fig. 4. Serum pools of the different 
immunization groups were run in a single assay, and the IgG and HI titers were plotted 
including those induced by liquid WIV stored at 4°C as a reference. The deteriorating 
effect of increasing temperature was most explicit for liquid WIV and FD vaccine. In 
case of FD formulation, maximum deterioration was already observed at moderate 
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Figure 2. Effect of storage duration on the vaccines capacity to induce antibody responses. Pooled 
sera of each group of mice immunized at different time points with liquid or freeze-dried WIV 
vaccine were tested simultaneously on H5N1-specific IgG (A) or hemagglutination inhibiting 
capacity (B). Bars represent the average values of duplicate determinations (deviations were less 
than 0.2). Immunization groups are plotted and labelled as in Fig. 1. Storage duration: 0 day (white 
bars), 3 months (grey bars), 1 year (black bars). nd not determined.
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Figure 3. Effect of high storage temperature on the immunogenic potency of the vaccines Vaccines 
were stored for 3 months at 40°C and subsequently injected in mice. Serum H5N1-specific IgG 
titers (A) and HI titers (B) were determined, and are shown as geometric mean titers + SEM. 
Immunization groups are labelled as in Fig. 1. The group immunized with liquid WIV, which had 
not been subjected to the storage experiment, serves as a standard. * p<0.05, when compared with 
the standard, # p<0.05, ## p<0.01 when compared with liquid WIV stored at 40°C.
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Figure 4. Effect of storage temperature on the vaccines capacity to induce antibody responses. Pooled 
sera of each group of mice immunized with liquid or freeze-dried WIV vaccine, which had been 
stored for 3 months at different temperatures, were tested simultaneously on H5N1-specific IgG (A) 
or HI capacity (B). Bars represent the average values of duplicate determinations (deviations were 
less than 0.2). Immunization groups as in Fig 1. Storage temperatures: 4°C (white bars), 20°C (grey 
bars), 40°C (black bars).

temperatures. If stored as FDT or FDI formulation, however, vaccines remained stable 
independent of the storage temperature.

3.4 preservation of the quality of the immune response to wiv
The ratio of IgG2a and IgG1 subtype antibodies induced by the vaccine is important 
for protective efficacy. Relatively high IgG2a titers are representative of the Th1-type 
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response characteristically induced by whole virus particles [42, 43] and are associated 
with better protection against a challenge with homologous virus in mice [44]. We, 
therefore, evaluated the effect of freeze-drying and storage of the vaccine on the 
phenotype of the induced antibody response. 

When WIV was stored in buffer solution, the IgG2a-dominated antibody response 
was preserved at all storage temperatures and storage durations tested (Table 2). 
Freeze-drying in absence of a stabilizing sugar excipient reduced the IgG2a/IgG1 ratio 
to the level of a mixed IgG2a/IgG1 phenotype. Subsequent storage of the FD vaccine 
further lowered the IgG2a/IgG1 ratio resulting in a shift to a IgG1-dominated antibody 
response within 3 months, independent of the storage temperature. In contrast, 
FDT and FDI vaccine induced an IgG2a-dominated antibody response after storage 
independent of storage duration and temperature.

4. discussioN 
The immunogenicity of WIV vaccine depends on the presence and integrity of the 
HA proteins and an intact viral particle structure [42, 45]. The HA antigens provide 
the B-cell epitopes and define the specificity of the antibody response, while the viral 
particle acts as a vehicle for the vaccines primary immunopotentiating agent, the viral 
single-stranded RNA (ssRNA). Its immunopotentiating activity is exerted through 
binding to Toll-like receptor 7 (TLR7) in the endosomes of recipient host cells, and 
triggering of the innate immune system [41, 46, 47]. To a large extent, this mechanism 
accounts for the superior immunogenicity of WIV compared to split virus formulations 

table 2. Dominance of IgG subtypes in the antibody response to 
vaccination. Immunization groups are labelled as in Table 1.

Vaccine 0 month 3 months 12 months

Liquid 4°C IgG2aa IgG2a IgG2a

20°C nd IgG2a IgG2a

40°C nd IgG2a nd

FD 20°C IgG1/IgG2ab IgG1a nd

40°C nd IgG1 nd

FDT 20°C IgG2a IgG2a IgG2a

40°C nd IgG2a nd

FDI 20°C IgG2a IgG2a IgG2a

40°C nd IgG2a nd

nd not done; a IgG2a or IgG1 were defined dominant if the IgG2a/IgG1 
ratio was ≥ 1.5 or ≤ 0.5, respectively; b For ratios between 0.5 and 1.5, the 
response was defined as mixed
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or subunit vaccines, which do not contain intact viral RNA [41]. TLR7 signaling also 
determines the response type, being characteristically of a Th1 type for WIV, with a 
high amount of IgG2a/c antibodies in mice.

In liquid WIV vaccine, the antigenic properties of HA and the immunopotentiating 
activity provided by the ssRNA appear to be remarkably stable. Our results show 
that the immunogenicity of WIV vaccine stored in buffer solution at 20°C remained 
well preserved with minimal loss of activity over a period of at least 12 months. In 
contrast, seasonal subunit vaccine (H3N2) stored in buffer solution at ambient (25°C) 
temperature was reported to lose potency already over a period of 12 to 20 weeks [28]. 
Compared to subunit vaccine, WIV, therefore, appears to be more stable. Yet, it should 
be noted that the comparability of the two studies is limited since they differ in the 
virus strains used for vaccine production and the method by which vaccine stability 
was assessed (in vivo immunogenicity versus SRID [31]). At high storage temperature 
(40°C), the immunogenic potency of liquid WIV rapidly deteriorated. Progressive 
degradation of HA antigens and/or loss of intact viral particles, as reflected in the 
strongly reduced hemagglutination and hemolytic activity of the vaccine, may likely be 
the cause. Yet, the antibody response remained Th1 skewed, which may indicate that 
a small amount of viral particles escaped degradation, as it was shown previously that 
even a very low dose of viral particles is sufficient for Th1 skewing of the response to 
WIV vaccine [44].  

At high storage temperature, dry-powder formulations were superior to liquid 
WIV, as reported by others [29, 48]. With the use of sugar stabilization no substantial 
loss of immunogenicity was observed after storage of freeze-dried WIV for 3 months 
at 40°C. Furthermore, sugar stabilization played a critical role in preserving the Th1-
skewing capacity of the vaccine during freeze-drying and subsequent storage. Freeze-
drying in absence of sugar led to a mixed Th1/Th2 antibody response, which further 
shifted during storage at elevated temperature to an overt Th2 type response, while the 
characteristic Th1 phenotype of the WIV response was retained when sugars were used 
during freeze-drying. Sugar molecules obviously play a role in preserving effective 
TLR7 signaling by the ssRNA, probably by stabilizing the viral particle structure and 
protecting the viral ssRNA from degradation. Sugars are known to stabilize enveloped 
viruses during freeze-drying [49, 50], and trehalose and inulin have the capacity to 
stabilize lipid bilayers [35, 36, 51]. In freeze-drying experiments with ‘empty’ viral 
envelopes (virosomes), use of inulin was found to preserve the vesicular structure, while 
absence of sugar stabilization resulted in complete disintegration after rehydration 
[38]. The mode of action of trehalose and inulin is presumably by replacement of the 
water molecules situated in between the hydrophilic heads of the lipids. Hereby, a 
detrimental phase transition of the viral membrane upon rehydration is prevented and 
the vaccine particles are preserved [35]. 

By assessing immunogenicity in vivo we discovered an important role for sugar 
compounds in preserving not only the quantity but also the quality of the immune 
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response to WIV after freeze-drying and storage. Previous storage studies that showed 
improved stability of freeze-dried WIV used the hemagglutination assay to determine 
vaccine stability, which provides a quantitative measure only [29, 33]. The shift from a 
Th1 response to WIV before freeze-drying to a Th2 response to WIV after freeze-drying 
in absence of sugar stabilization could not have been predicted from hemagglutination 
results, nor by other in vitro tests that assess the integrity of the HA component, like 
the SRID. In vitro HA stability tests alone are therefore insufficient to obtain a complete 
representation of WIV vaccine stability. 

The efficacy of influenza vaccines is determined by the induction of an effective 
antibody response. The serum HI titer, which is a measure for the magnitude of the 
antibody response, is the principle correlate of protection used to evaluate the efficacy 
of current human seasonal and pre-pandemic influenza vaccines. For seasonal vaccines 
an HI titer of >40 is considered to be protective [52-55]. For the mouse model, no 
protective titre has been defined. Due to the intrinsic low immunogenicity of H5N1 
virus and the single dose immunization scheme the maximal titer reached in our 
experiments was 32. It has to be noted that immunogenicity in terms of HI and IgG titers 
does not necessarily correlate with protective efficacy. In the mouse model, the relative 
amounts of IgG1 and IgG2a (or IgG2c), expressed in the IgG2a/IgG1 ratio, appear to 
be decisive for protection [40, 56, 57] IgG2a-dominated responses are clearly more 
effective than IgG1-dominated responses. Yet, in the absence of significant differences 
in HI and IgG titers and similar IgG subtype dominance, as observed for example for 
liquid WIV, FDI and FDT during storage at ambient temperatures, protective efficacy 
is likely to be comparable.

The preservability of WIV vaccine is strongly increased by sugar stabilization and 
freeze-drying. Similarly, other formulations like subunit, split virus and virosome [31] 
vaccines have been successfully freeze-dried and stabilized with sugars (summarized 
in [31]). Yet, a combination of increased stability together with specific features of 
WIV which promote vaccine availability, like strong immunogenicity, dose sparing 
quality and manufacturing simplicity [46], make dry-powder WIV an apt candidate 
formulation for pre-pandemic stockpiling. Based on the results of storage at 40°C it 
may also be predicted that dry powder WIV will have a shelf-life exceeding that of 
liquid WIV, when kept under optimal refrigerated conditions [52, 58]. An extended 
vaccine shelf-life could delay costly replacement of stocks when vaccines reach their 
expiry date. In case of a pandemic emergency, deployment of dry powder vaccine stocks 
may be exerted without refrigeration unless the temperatures are extremely high. This 
could speed up pandemic intervention and reduce losses due to cold-chain failures. 

5. coNclusioNs
The lack of suitable vaccines during the initial emergence of the New Influenza A 
(H1N1)swl pandemic virus in 2009, and its rapidly global spread underscores the 
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importance of effective pre-pandemic vaccine stockpiles. Although this virus was of an 
unforeseen subtype, it remains important that stockpiles of vaccines against identified 
potentially dangerous virus strains like the H5N1 virus are prepared and kept in place. 
Our results suggest that for stockpiling liquid H5N1 WIV vaccine refrigeration may 
not be an absolute requirement to preserve the vaccines immunogenicity, as long as the 
temperature remains below 20°C. Furthermore, conversion from liquid to dry powder 
formulation increases the versatility of WIV vaccine by allowing storage outside the 
fridge at higher temperatures, up to 40°C for at least 3 months. Because of its improved 
stability, use of sugar stabilized freeze-dried H5N1 WIV vaccine could increase the 
efficacy of pre-pandemic stockpiling and subsequent vaccine deployment. 
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1. summary
Influenza infection is still one of the major causes for mortality and morbidity 
worldwide. Vaccination is considered the mainstay for prevention and control of 
influenza infections. However, the inactivated influenza vaccines currently used have 
drawbacks like limited immunogenicity, stability and the necessity for administration 
via injection. In this thesis, two approaches are evaluated for dealing with the drawbacks 
of current inactivated influenza vaccines:
• Evaluation of a novel adjuvant, Gram-positive enhancer matrix (GEM) particles, and 
• Development of stable powder formulations of vaccines for mucosal delivery

1.1. evaluation of gem particles as a novel adjuvant
In this part of the thesis we evaluated the immune responses induced by GEM 
adjuvanted influenza vaccines. The GEM adjuvanted vaccines were administered via 
three different routes; (i) intramuscular (i.m.), (ii) intranasal (i.n.), and (iii) gastro-
intestinal (g.i.). The i.m. delivery of GEM adjuvanted vaccines was studied to evaluate 
the antigen-sparing potential of the adjuvant. The i.n. and g.i. routes were tested as 
potential mucosal delivery routes for the adjuvanted vaccine.

In Chapter 2 we have shown that GEM particles can reduce the amount of antigen 
required for the protection of mice from influenza virus infection. After administration 
of GEM adjuvanted subunit influenza vaccine, haemagglutination inhibition (HI) titers 
were significantly increased compared to titers induced by non-adjuvanted subunit 
vaccine. Furthermore, adjuvantation of influenza subunit vaccine with GEM particles 
resulted in a shift of the immune response from a Th2-type to a balanced Th1/Th2-type 
immune phenotype. Therefore, we conclude that GEM particles when administered via 
the i.m. route can potentiate as well as modulate the immune response. Moreover, our 
results clearly show the antigen-sparing potential of the GEM particles, as the GEM 
particles were able to reduce the dose of antigen at least five fold. Next to showing the 
efficacy and potency of GEM particles as an adjuvant for i.m. administered influenza 
vaccine, we considered it interesting to explore the efficacy of GEM particles as adjuvant 
in mucosally administered influenza vaccine. We focused on testing i.n. (Chapter 3) 
and g.i. (Chapter 4) administration of the GEM adjuvanted influenza vaccine.

In Chapter 3 we evaluated i.n. immunization with an influenza subunit vaccine 
adjuvanted with GEM particles. We showed that simple mixing of the GEM particles 
and vaccine strongly improved the immune response after i.n. immunization. I.n. 
immunization with GEM adjuvanted influenza subunit vaccine induced a comparable 
systemic immune response to i.m. immunization with subunit influenza vaccine. 
However, the adjuvanted i.n. vaccine induced superior mucosal and cell-mediated 
immune responses compared with i.m. vaccination. With respect to the mucosal 
immune response, adjuvanted i.n. vaccine induced high levels of sIgA, which is a first 
line of defense during influenza infection in the upper respiratory tract. Moreover, 
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GEM adjuvanted influenza vaccine induced a skewed Th1 type immune response, 
which is considered to provide superior protection compared to a Th2 dominated 
immune response.

In Chapter 4 we investigated the oral and rectal route for the delivery of influenza 
subunit vaccine adjuvanted with GEM particles. It was shown that oral immunization 
with GEM adjuvanted influenza vaccine induces a better systemic immune response 
than oral immunization without GEM and also a higher response than rectal 
immunization with and without GEM particles. The results clearly indicate that 
GEM particles administered via the oral route enhance the immunogenicity of the 
oral influenza subunit vaccine and are capable of inducing high HI titers compared to 
oral immunization without GEM particles and rectal immunization with and without 
GEM particles. Furthermore, adjuvantation of orally administered vaccine with GEM 
particles also increased IgG2a and IgG1 titers, indicating a balanced Th1/Th2-type 
immune response.

1.2. powder influenza vaccines for mucosal delivery
In this part of the thesis, we developed stable dry powder formulations for subunit and 
whole inactivated virus (WIV) influenza vaccines. 

In Chapter 5 our objective was to develop stable dry powder formulations for 
pulmonary immunization. To obtain such powders, influenza subunit vaccine was 
spray dried (SD) or spray freeze dried (SFD) using inulin as excipient dissolved either 
in Hepes buffered saline (HBS) or in phosphate buffered saline (PBS). Proteolytic assay 
and SRID analysis showed that the HBS formulation could resist the SFD process but 
not SD process. Conversely, PBS formulation was stable during the SD process but not 
during SFD process. These results could be related to the pH of the solutions during 
drying. It was observed that the pH of PBS (pH 7.4) did not change during heating in 
contrast to that of HBS (pH 7.4) which showed a decrease. However, during freezing the 
pH of HBS did not change while the pH of PBS dropped. Thus, both formulations were 
optimized in different buffers to protect the haemagglutinin (HA) from pH changes 
during the formulation. Moreover, upon reconstitution the immunogenicity after i.m. 
immunization of both vaccine formulations (SFD/HBS and SD/PBS) was similar to 
that of a non-processed conventional liquid formulation. Both formulations remained 
stable for at least 3 years at 20 °C. Furthermore, both optimized formulations showed 
aerodynamic particle size distribution suitable for inhalation, when tested with the 
Twincer® as inhaler device. Therefore, in this study we developed suitable SD and SFD 
processes and stable formulations for the influenza subunit vaccine, we showed that 
buffers play an important role during the processes and that the resulting powders are 
suitable for inhalation. 

In Chapter 6 we evaluated the immune response induced by the spray freeze dried 
influenza vaccine powder. Pulmonary immunization with spray freeze dried influenza 
subunit vaccine powder induced higher systemic, mucosal as well as cell-mediated 
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immune responses than immune responses induced by i.m. immunization with 
conventional influenza subunit vaccine. Furthermore, the pulmonary immunization 
was able to shift the phenotype of immune response towards a balanced Th1/Th2 
type. In conclusion, we showed that non-adjuvanted vaccine powder delivered via 
the pulmonary route was able to induce superior immune responses compared to i.m. 
vaccination.

In Chapter 7 influenza whole inactivated virus vaccine (A/H5N1) was freeze-
dried using trehalose and inulin as excipents. The samples were stored at different 
temperatures. Mice were immunized with unprocessed formulations (stored at 
either -80 °C, 20 °C or 40 °C) or with rehydrated freeze dried vaccine formulations. 
Interestingly, the titers induced by unprocessed vaccine stored for 1 year at 20 °C were 
similar (p>0.05) to the titers found after administration of vaccine stored at -80 °C. 
This indicates that some influenza vaccines can be stored at room temperature for 
a long period of time, which is in contrast to the general opinion. However, during 
distribution the vaccine may undergo a thermal shock. Therefore, we stored the freeze 
dried and unprocessed vaccines at 40 °C for 3 months. The reconstituted freeze-dried 
and the unprocessed vaccines were intramuscularly injected to mice for determining the 
in vivo vaccine potency. The IgG and HI titers induced by the freeze dried formulation 
were significantly higher than the titers induced by unprocessed vaccine. These results 
show that freeze dried whole inactivated influenza vaccine (A/H5N1) can be stored at 
elevated temperatures without loss of immunological properties, at least for a limited 
period of time. Such a stable, dry formulation of influenza pandemic vaccine will help 
in stockpiling and distribution of vaccine.

2. coNcludiNg remarks aNd perspectives
In this thesis, we evaluated some options for optimization of influenza vaccines. We 
showed that the use of adjuvants and sugar glass technology can tackle some of the 
major problems associated with influenza vaccination like limited immunogenicity, 
lack of induction of mucosal immunity and storage stability.

The i.m. study with the GEM adjuvanted influenza vaccine yielded a promising and 
interesting starting point for the further evaluation of this product administered via 
this route of administration. We are the first to show the antigen-sparing potential of 
GEM particles. The results demonstrate the protective potential of the GEM adjuvanted 
influenza vaccines even at low doses. The vaccine formulation used in these studies is 
very simple, i.e. a mixture of the adjuvant particles with the influenza subunit vaccine 
prepared just prior to immunization. Hence, it is not required to produce the vaccine 
and adjuvant together in one formulation. Thus, large quantities of GEM particles can 
be produced and stored for a long period of time. Moreover, pre-clinical studies need to 
be performed to better understand the type of immune response and antigen-sparing 
potential of the GEM adjuvanted influenza vaccines. 
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The immunogenicity of the GEM adjuvanted influenza vaccine was also evaluated 
via two mucosal routes, i.e., oral and nasal. GEM adjuvanted influenza vaccine was able 
to induce a mucosal immune response after immunization via either route. However, 
i.n. immunization with GEM influenza vaccine was able to generate better nasal sIgA 
responses than the orally administered GEM influenza vaccine [1, 2]. This might be due 
to the better presentation of the antigen-adjuvant combination in the nasal associated 
lymphoid tissue rather than in gut associated lymphoid tissue. Thus, oral delivery of 
the GEM influenza subunit vaccine requires further optimization. In order to increase 
the absorption from the gut mucosa and improve antigen presentation, it could be 
considered to bind HA to the GEM particles. It has been shown previously that malarial 
antigens bound on the GEM particles induced a high systemic and mucosal immune 
response when administered via the oral route [3]. 

The nasal GEM adjuvanted influenza vaccine discussed in this thesis is a good 
starting point for future studies, as a challenge study and a pre-clinical toxicity study 
have shown promising results (Leenhouts, et al. unpublished results). A proof-of-
principle clinical study is already planned for the near future with the simple admixture 
formulation presented in this thesis.

In part II, we focused mainly on two approaches, stabilization of vaccines and 
development of mucosal vaccines. We demonstrated that influenza vaccines can be 
stabilized using sugar glass technology. The dry powder vaccines were stable for a long 
period of time, subunit vaccine (3 year/ 20 °C) and WIV vaccine (1 year/ 20 °C) [4, 5].

From the observations (Table 1) made in this thesis it is clear that dry influenza 
vaccines are more stable than liquid vaccine formulations. The incorporation of the 
vaccines in glassy sugar matrices can help in improving the storage and distribution of 
vaccines by reducing the cold chain requirement. In addition, the dried vaccines can 
facilitate the development of alternative delivery forms and administration routes for 
the influenza vaccines.

 In chapter 6 we evaluated the immunogenicity of the spray freeze dried formulation 
in mice. The pulmonary immunization with dry powder induced strong systemic, 
mucosal and cell-mediated immune response [6]. This study should be a starting point 
for further studies to evaluate the immune response induced by spray dried and spray 
freeze dried influenza vaccine formulations. In particular, it will be interesting to: i) 
study the in vivo distribution of the powder, ii) elucidate the mechanism of immune 
stimulation by these dried formulations, and iii) study the protective potential of 
pulmonary immunizations with the dried vaccines.

We evaluated different routes of immunization i.m., i.n., pulmonary and g.i (Table 
1). The choice between different routes of administration depends upon the available 
time and urgency of vaccination. For example, in the most recent pandemic (H1N1-
swl 2009) the i.m. route was chosen because it was well established (lot of clinical data 
support) and the vaccine formulation was rapidly available, which is required in mass 
vaccination. We showed that inclusion of GEM particles in parenteral influenza subunit 
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vaccines can increase the immunogenicity and also allows sparing of the antigen. 
However, there are several drawbacks to the i.m. route like a sub-optimal mucosal 
immune response, pain at the site of injection, the requirement of medical personal, 
and needle stick injuries. An alternative would be to utilize the interpandemic period 
for the further development of non invasive vaccines, so that we are better prepared 
when next pandemic strikes.  

It is wise to focus also on mucosal routes of delivery and establish clinical data, as 
these routes are better acceptable. Moreover, mucosal immunization has advantages 
like no pain and the induction of mucosal immune responses. The introduction of 
an i.n. LAIV vaccine was a promising first step, however combination of inactivated 
influenza vaccines and adjuvants can be a better alternative, as it can be used in all age 
groups. The i.n. GEM adjuvanted subunit influenza vaccine presented in this thesis can 
in potential fulfill this need, as it is a combination of a safe vaccine and a promising 
adjuvant.

The results from this thesis (Table 1) are consistent with earlier studies reporting 
that adjuvants are required for intranasal and oral influenza vaccination [7]. Pulmonary 
immunization, with dry powder vaccine, however, results in substantial immune 
responses even when no adjuvants are used. Moreover, we can deduce from Table 1 

table 1. Overview of the different immune responses, formulation types and their stability

Route Vaccine Formulation Stability

Immune response

Systemic Mucosal Type

Intramuscular Subunit vaccine Liquid 1 year/4°C +++ ---- Th2

Subunit vaccine 
+GEM

Liquid n.d. +++ n.d. Th1/
Th2

Whole inactivated 
virus vaccine

Liquid 1 year/20°C +++ n.d. Th1

Reconstituted dry 
powder (freeze dried)

1 year/20°C  
3 months/40°C

+++ n.d. Th1

Intranasal Subunit Vaccine Liquid 1 year/4°C + + Th2

Subunit vaccine 
+GEM

Liquid n.d. +++ +++ Th1/
Th2

Oral Subunit vaccine Liquid 1 year/4°C + + Th2

Subunit vaccine 
+GEM

Liquid n.d. ++ ++ Th1/
Th2

Rectal Subunit vaccine Liquid 1 year/4°C + + Th2

Subunit vaccine 
+GEM

Liquid n.d. + + Th2

Pulmonary Subunit vaccine Liquid 1 year/4°C + -- Th2

Dry powder (spray 
dried & spray freeze 
dried

3 years/20°C +++ +++ Th1/
Th2

n.d.: not determined
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that the dry powder vaccine formulation performs better than a liquid formulation for 
pulmonary immunization.

In the context of this thesis, we tested different formulations for immunization. 
It is evident from the results presented that GEM particles are a potent adjuvant for 
intranasally and intramuscularly delivered influenza subunit vaccine. Both the i.m. 
and i.n. route are already being used clinically for administration of influenza vaccine 
and testing GEM adjuvanted vaccines administered via these routes is therefore rather 
straightforward. Another potential route evaluated in this thesis that yielded promising 
results is pulmonary immunization with dry powder. However, in order to establish 
the pulmonary route as alternative for parenteral vaccine administration more clinical 
studies are required, to prove the safety and efficacy of this route.

In conclusion, in this thesis we present strategies to optimize the formulation of 
influenza vaccines, which can be implemented in the future to improve the protection 
against influenza infections.

bibliography
1. V. Saluja, J.P. Amorij, M.L. van Roosmalen, 

K. Leenhouts, A. Huckriede, W.L. Hinrichs, 
H.W. Frijlink, Intranasal delivery of influenza 
subunit vaccine formulated with GEM particles 
as an adjuvant. AAPS J 12(2) (2010) 109-116.

2. V. Saluja, M.R. Visser, M.L. van Roosmalen, K. 
Leenhouts, A. Huckriede, W.L. Hinrichs, H.W. 
Frijlink, Gastro-intestinal delivery of influenza 
subunit vaccine formulation adjuvanted 
with Gram- positive enhancer matrix (GEM) 
particles. Eur J Pharm Biopharm (2010).

3. R. Ramasamy, S. Yasawardena, A. Zomer, G. 
Venema, J. Kok, K. Leenhouts, Immunogenicity 
of a malaria parasite antigen displayed by 
Lactococcus lactis in oral immunisations. 
Vaccine 24(18) (2006) 3900-3908.

4. F. Geeraedts, V. Saluja, W. ter Veer, J.P. Amorij, 
H.W. Frijlink, J. Wilschut, W.L. Hinrichs, A. 
Huckriede, Preservation of the immunogenicity 

of dry-powder influenza H5N1 whole 
inactivated virus vaccine at elevated storage 
temperatures. AAPS J 12(2) (2010) 215-222.

5. V. Saluja, J.P. Amorij, J.C. Kapteyn, A.H. de Boer, 
H.W. Frijlink, W.L. Hinrichs, A comparison 
between spray drying and spray freeze drying 
to produce an influenza subunit vaccine powder 
for inhalation. J Control Release 144(2) (2010) 
127-133.

6. J.P. Amorij, V. Saluja, A.H. Petersen, W.L. 
Hinrichs, A. Huckriede, H.W. Frijlink, 
Pulmonary delivery of an inulin-stabilized 
influenza subunit vaccine prepared by spray-
freeze drying induces systemic, mucosal 
humoral as well as cell-mediated immune 
responses in BALB/c mice. Vaccine 25(52) 
(2007) 8707-8717.

7. J. Holmgren, C. Czerkinsky, Mucosal immunity 
and vaccines. Nat Med 11(4 Suppl) (2005) S45-53.







SAMenVAttInG, concLuSIeS en PerSPectIeVen

c H a p t e r  9





SAMenVAttInG

9

143

1. sameNvattiNg
Influenza infectie is nog steeds een van de belangrijke wereldwijde oorzaak van ziekte 
en sterfte. Vaccinatie wordt gezien als de belangrijkste strategie bij de preventie tegen 
en de controle over deze influenza infecties. Echter, de geïnactiveerde influenza 
vaccins die nu gebruikt worden hebben nadelen zoals beperkte immunogeniteit, 
beperkte stabiliteit en de noodzaak om deze middels een injectie toe te dienen. In dit 
proefschrift, worden twee benaderingen besproken om om te gaan met de nadelen van 
geïnactiveerd influenza vaccins:
• Evaluatie van gram positieve enhancer matrix (GEM) deeltjes als nieuw adjuvans, en
• Ontwikkeling van een stabiele poederformulering van het vaccin voor mucosale 

toediening. 

De studie waarbij het met GEM geadjuveerde influenza vaccin intramusculair (i.m.) 
werd toegediend leverde een veelbelovend en interessant startpunt op voor verdere 
studies naar dit product toegediend via deze route. We waren de eersten die het antigen 
besparende potentieel van de GEM deeltjes aantoonden. De resultaten toonden zelfs 
bij lage doseringen het beschermende potentieel van het GEM geadjuveerde influenza 
vaccin aan. De formulering die in deze studie gebruikt is, is erg eenvoudig. Vlak voor 
toediening werden de adjuvans deeltjes gemengd met het influenza subunit vaccin. Het 
is daarom niet nodig om het vaccin en het adjuvans in één formulering te produceren. 
Grote hoeveelheden GEM deeltjes kunnen daarom geproduceerd worden en voor een 
langere periode worden opgeslagen. Echter, er moeten nog preklinische studies worden 
uitgevoerd om het type immuunreactie en het antigen besparende potentieel van het 
GEM geadjuveerde influenza vaccin beter te begrijpen. 

De immunogeniciteit van het GEM geadjuveerde influenza vaccin na toediening 
via twee mucosale routes, oraal (i.o.) en nasaal (i.n.) was ook bestudeerd. Het met 
GEM geadjuveerde influenza vaccin was in staat om na toediening via beide routes een 
mucosale immuunreactie op te wekken. Echter, i.n. immunisatie met GEM geadjuveerd 
influenza vaccin resulteerde echter in een betere nasale sIgA respons op dan wanneer 
het GEM influenza vaccin oraal werd toegediend [1, 2]. Dit zou kunnen komen door 
de betere presentatie van de antigen-adjuvans combinatie in het nasaal gerelateerde 
lymfatische weefsel dan de presentatie van de combinatie in het darmkanaal gerelateerde 
lymfatische weefsel. Orale toediening van het GEM influenza subunit vaccin vereist 
daarom verdere optimalisatie. Om de opname in het darmslijmvlies te verhogen en de 
presentatie van het antigen te verbeteren, zou het overwogen kunnen worden om HA 
te binden aan de GEM deeltjes. Eerder is namelijk al aangetoond dat malaria antigenen 
gebonden aan GEM deeltjes een hoge systemische en mucosale immuunreactie op 
wekten wanneer dit oraal werd toegediend [3]. 

Aangezien een ‘challenge-studie’ en een preklinische toxiciteitsstudie veelbelovende 
resultaten opleverden (Leenhouts, et al., niet gepubliceerd), is het GEM geadjuveerde 



cHAPter 9

144

influenza vaccin voor nasale toediening een goed startpunt voor verdere studies. Een 
‘proof-of principle’ klinische studie waarbij het eenvoudige mengsel, zoals beschreven 
in dit proefschrift, zal worden toegediend, is al gepland voor in de nabije toekomst. 

In deel 2, focusten we ons met name op twee strategieën: stabilisatie van vaccins en 
het ontwikkelen van mucosale vaccins. We toonden aan dat influenza vaccins kunnen 
worden gestabiliseerd met behulp van de suikerglastechnologie. De droogpoeder 
vaccins waren stabiel voor een lange tijd (subunit vaccin gedurende 3 jaar bij 20 °C en 
WIV vaccin gedurende 1 jaar bij 20 °C) [4, 5]. 

De bevindingen (Tabel 1) in dit proefschrift maken duidelijk dat droogpoeder 
vaccins stabieler zijn dan vloeibare vaccin formuleringen. Het inbouwen van vaccins 
in amorfe suiker matrices kan helpen bij het verbeteren van de opslag en distributie 
van vaccins en het verminderen van de noodzaak van een goed gecontroleerde koude 
keten (‘cold-chain’). Verder kunnen de gedroogde influenza vaccins de ontwikkeling 
van alternatieve toedieningsvormen en –routes vergemakkelijken. 

In hoofdstuk 6 bestuurden we de immunogeniciteit van de gesproeivriesdroogde 
formulering in muizen. De pulmonale immunisatie met het droge poeder wekte een 
sterke systemische, mucosale en cel-gemedieerde respons op [6]. Deze studie zou 
een startpunt kunnen zijn voor verdere studies naar de door gesproeidroogde en 
gesproeivriesdroogde influenza formuleringen opgewekte immuunreactie. Het zou 
in het bijzonder interessant zijn om i) de in-vivo verdeling van het poeder, ii) het 
mechanisme waarmee de immuunreactie wordt opgewekt door de deze gedroogde 
formuleringen en iii) het beschermende potentieel van pulmonale immunisatie met de 
gedroogde vaccins te bestuderen. 

We hebben verschillende toedieningsroutes voor immunisatie bestudeerd: i.m., 
i.n., pulmonaal en gastro-intestinaal (g.i.) (zie ook tabel 1). De keuze voor een bepaalde 
toedieningsroute hangt af van de beschikbare tijd en de urgentie van de vaccinatie. 
Bijvoorbeeld, tijdens de meest recente pandemie (H1N1-swl 2009) werd gekozen voor 
de i.m. toedieningsroute, omdat er al veel over bekend was (veel klinische data) en de 
vaccinformulering snel beschikbaar was, wat nodig was bij de massavaccinatie. Wij 
hebben aangetoond dat toevoeging van GEM deeltjes aan influenza subunit vaccin 
voor parenterale toediening de immunogeniteit kan verhogen en het ook mogelijk 
maakt om minder antigen te gebruiken. Er zijn echter ook nadelen aan intramusculaire 
toediening zoals niet-optimale mucosale immuunreactie, pijn op de plaats van 
toediening, de noodzaak van medisch personeel en verwondingen als gevolg van het 
gebruik van naalden. Een alternatief zou kunnen zijn om de interpandemische periode 
te gebruiken voor de verdere ontwikkeling van non-invasieve vaccins, zodat we beter 
beschermd zijn wanneer een volgende pandemie toeslaat. 

Het is verstandig om ook te letten op de mucosale toedieningsroutes en daar 
klinische data over te vergaren, aangezien deze toedieningsroutes beter geaccepteerd 
worden. Verder heeft mucosale immunisatie nog voordelen zoals de afwezigheid van 
pijn als gevolg van de toediening en het opwekken van een mucosale immuunreactie. 
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De introductie van een i.n. LAIV vaccin was een veelbelovende eerste stap, maar een 
combinatie van geïnactiveerd influenza virus vaccin en een adjuvans is een beter 
alternatief, aangezien dit aan mensen van alle leeftijdsklassen kan worden toegediend. 
Intranasaal toegediend GEM geadjuveerd influenza subunit vaccin, zoals beschreven 
in dit proefschrift, zou hier geschikt voor zijn, aangezien het een combinatie is van een 
veilig vaccin en een veelbelovend adjuvans. 

De resultaten in dit proefschrift (Tabel 1) komen overeen met eerdere studies waarin 
werd beschreven dat adjuvantia noodzakelijk zijn bij intranasale en orale influenza 
vaccinatie [7]. Pulmonale immunisatie met droogpoeder vaccins resulteerde echter 
in een substantiële immuunreactie, zelfs wanneer geen adjuvantia waren toegevoegd. 
Verder kunnen we uit tabel 1 afleiden dat de droogpoeder vaccinformulering beter is 
dan een vloeibare formulering voor pulmonale toediening. 

In dit proefschrift beschrijven we het testen van verschillende formuleringen voor 
immunisatie. Uit de resultaten blijkt duidelijk dat GEM deeltjes een potent adjuvans 
zijn voor intranasaal en intramusculair toegediend influenza subunit vaccin. Zowel 
de i.m. als i.n. routes worden al gebruikt bij klinische toediening van het influenza 
vaccin. Het is daarom relatief eenvoudig om het toedienen van GEM geadjuveerd 

tabel 1. Overzicht van de verschillende immuunreacties, typen formuleringen en de stabiliteit daarvan.

Route Vaccin Formulering Stabiliteit

Immuunreactie

Systemisch Mucosaal Type

Intramusculair Subunit vaccin Vloeibaar 1 jaar/4ºC +++ ---- Th2

Subunit vaccin 
+GEM

Vloeibaar n.b. +++ n.b. Th1/Th2

Geïnactiveerd 
virus vaccin

Vloeibaar 1 jaar/20ºC +++ n.b. Th1

Gereconstitueerd 
droog poeder 
(gevriesdroogd)

1 jaar/20ºC
3 maanden/40ºC

+++ n.b. Th1

Intranasaal Subunit vaccin Vloeibaar 1 jaar/4ºC + + Th2

Subunit vaccin 
+GEM

Vloeibaar n.b. +++ +++ Th1/Th2

Oraal Subunit vaccin Vloeibaar 1 jaar/4ºC + + Th2

Subunit vaccin 
+GEM

Vloeibaar n.b. ++ ++ Th1/Th2

Rectaal Subunit vaccin Vloeibaar 1 jaar/4ºC + + Th2

Subunit vaccin 
+GEM

Vloeibaar n.b. + + Th2

Pulmonaal Subunit vaccin Vloeibaar 1 jaar/4ºC + -- Th2

Droog poeder 
(gesproeidroogd & 
gesproeivriesdroogd)

3 jaar/20ºC +++ +++ Th1/Th2

n.b.: niet bepaald
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vaccin via deze routes te testen. Een andere veelbelovende toedieningsroute en -vorm 
die onderzocht is in dit proefschrift is de pulmonale immunisatie met droogpoeder. 
Echter, voordat pulmonale toediening een serieus alternatief is voor parenterale 
toediening van vaccins, zijn meer klinische studies noodzakelijk om de veiligheid en 
effectiviteit van deze toedieningsroute aan te tonen. 

Samenvattend, in dit proefschrift presenteren we strategieën om influenza vaccin 
formuleringen te optimaliseren, zodat deze in de toekomst kunnen worden gebruikt 
om de bescherming tegen influenza infecties te verbeteren. 
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