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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 



cHAPter 6

92

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 



cHAPter 6

98

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. 
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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.
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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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Pulmonary immunization with influenza vaccine powder 

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. 

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].: r
p

geoaero dd ρ
ρ= . 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. = 
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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.
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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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