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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.
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