
 

 

 University of Groningen

New strategies for simplifying influenza vaccination
Murugappan, Senthil

IMPORTANT NOTE: You are advised to consult the publisher's version (publisher's PDF) if you wish to cite from
it. Please check the document version below.

Document Version
Publisher's PDF, also known as Version of record

Publication date:
2014

Link to publication in University of Groningen/UMCG research database

Citation for published version (APA):
Murugappan, S. (2014). New strategies for simplifying influenza vaccination. [Thesis fully internal (DIV),
University of Groningen]. s.n.

Copyright
Other than for strictly personal use, it is not permitted to download or to forward/distribute the text or part of it without the consent of the
author(s) and/or copyright holder(s), unless the work is under an open content license (like Creative Commons).

The publication may also be distributed here under the terms of Article 25fa of the Dutch Copyright Act, indicated by the “Taverne” license.
More information can be found on the University of Groningen website: https://www.rug.nl/library/open-access/self-archiving-pure/taverne-
amendment.

Take-down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to the work immediately
and investigate your claim.

Downloaded from the University of Groningen/UMCG research database (Pure): http://www.rug.nl/research/portal. For technical reasons the
number of authors shown on this cover page is limited to 10 maximum.

Download date: 24-05-2023

https://research.rug.nl/en/publications/8d777215-23cb-4034-82a4-d91f883a2c89


Evaluation of monophosphoryl lipid A as adjuvant for pulmonary 
delivered influenza vaccine

Harshad Patil, Senthil Murugappan, Wouter ter Veer, Tjarko Meijerhof, Aalzen de Haan, 
Henderik W. Frijlink, Jan Wilschut, Wouter L.J. Hinrichs, Anke Huckriede 

Chapter  5

J Control Release. 2014 Jan 28;174:51-62



64

Abstract
Prophylaxis against influenza could be improved by the development of a stable, 
easy to deliver, potent mucosal vaccine. In this study, we spray-freeze-dried 
(SFD) whole inactivated virus influenza vaccine (WIV) alone or supplemented 
with monophosphoryl lipid A (MPLA) using inulin as a lyoprotectant. Physical 
characterization revealed that the SFD powder consisted of highly porous particles 
with a size distribution suitable for pulmonary administration. The receptor-binding 
properties of WIV and the immunostimulatory properties of MPLA were preserved 
after spray-freeze-drying as indicated by unchanged hemagglutination titers and a 
retained ability of the vaccine to activate NFkB after incubation with a reporter 
cell line, respectively. Pulmonary vaccination of mice with MPLA-adjuvanted 
liquid or powder WIV resulted in induction of higher mucosal and systemic 
antibody concentrations than vaccination with non-adjuvanted formulations. When 
exposed to influenza virus, mice immunized with MPLA-adjuvanted pulmonary 
vaccine showed similar protection in terms of reduction in lung virus titers and 
prevention of weight loss as mice immunized intramuscularly with subunit vaccine. 
Characterization of the antibody response revealed a balanced IgG2a-to-IgG1 profile 
along with induction of both memory IgA- and IgG-producing B cells in mice 
immunized with MPLA-adjuvanted vaccine. These studies suggest that the mucosal 
and systemic immune responses to pulmonary delivered influenza vaccines can be 
significantly enhanced by using MPLA as adjuvant. MPLA-adjuvanted SFD vaccine 
was particularly effective implying that delivery of adjuvanted vaccine powder to the 
lungs can be an attractive way of immunization against influenza.
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1. Introduction
Influenza virus spreads via aerosols and is therefore easily transmitted from person to person. 
According to the World Health Organization (WHO), around 250,000 to 500,000 
people yearly die because of influenza infections, and around 3 to 5 million people 
suffer from severe illness[1]. During a pandemic, this number can increase by several-
fold, as demonstrated by the 1918 Spanish Flu with 40 to 50 million deaths[2,3]. 
Today, the spread of a virus would be much faster than in previous pandemics because 
of global travel and contacts, and therefore vaccine distribution and administration 
should be similarly rapid. Hence, in the context of pandemic preparedness there is 
a need for a vaccine which can be stockpiled for years[4,5], is easy to administer, 
and when administered, evokes a serum IgG antibody response along with a robust 
mucosal IgA antibody response which neutralizes the virus at the port of entry and 
provides some degree of cross-protection[6]. 

Inactivated influenza vaccines available today are administered by intramuscular 
(i.m.) injection. These formulations have several disadvantages for use as a pandemic 
vaccine. First, current vaccines are liquid and require a cold chain until vaccine delivery, 
making vaccine distribution difficult in remote areas. Second, for administration 
of needle-based vaccines trained medical personnel is required[6]. Third, vaccine 
injection is time consuming, especially when dealing with people suffering from 
needlephobia[7-9]. Finally, current inactivated influenza vaccine, being administered 
parenterally, induce serum IgG  but no mucosal IgA. Pulmonary vaccination is an 
attractive method for vaccine delivery. This vaccination strategy targets the lungs 
which are highly vascularized organs and offer a large surface area with strategically 
located dendritic cells and macrophages for antigen capture and presentation [6,10]. 
Pulmonary immunization can be performed with aerosolized liquid vaccine or with 
vaccine formulated as dry powder. Dry powder influenza vaccines are particularly 
attractive since they offer higher stability than liquid vaccine at low as well as at 
elevated temperatures [11,12]. Pulmonary delivery strategies have been successfully 
employed for several vaccines. The development of this strategy is most advanced 
for the live attenuated measles vaccine which has been successfully tested in several 
field trials [13]. In the context of influenza vaccines, early studies by Waldmann 
et al and Haigh et al[14,15] indicated the feasibility of pulmonary immunization 
strategies in a clinical setting but pulmonary influenza vaccination has been studied 
most extensively in mice. Immunization with liquid or dry powder subunit or split 
influenza vaccine formulations resulted in immune responses comparable to or 
higher than those induced by i.m. immunization[11,16,17]. Moreover, pulmonary 
immunized mice showed the same level of protection against virus growth in the 
lungs as mice that were conventionally immunized by the i.m. route[18]. 

However, despite these promising results immune responses achieved by pulmonary 
immunization need further optimization. While pulmonary immunization with 
unadjuvanted influenza subunit or WIV vaccines did result in induction of IgA 
antibodies in the lungs, only some of the immunized  mice mounted measurable IgA 
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responses in the nose and in those that did antibody titers were low[17,18]. Next to 
IgA also IgG participates in protection from influenza[19]. In mice the Th1 related 
IgG subtype IgG2a is particularly effective[20]. Yet, antibody responses observed in 
mice after pulmonary vaccination with whole inactivated virus (WIV) or subunit 
influenza vaccine were dominated by the Th2-related antibody subtype IgG1[21]
[18]. Although the relevance of different IgG subtypes for protection in humans is 
so far unclear we expect a Th1 type response to be favorable for protection.  One 
potential solution to the above mentioned problems might involve the addition of 
an adjuvant to the vaccine in order to steer the immune response to the desired Th1 
phenotype and to enhance the stimulation of mucosal immune responses. Initiation 
of Th1 response leads to activation of pro-inflammatory cytokines which promotes 
IgG2a antibody production. Toll-like receptor (TLR) ligands are acknowledged for 
their ability to induce potent immune responses to antigen with which they are 
co-administered[22]. One such TLR ligand is monophosphoryl lipid A (MPLA), 
a low toxicity derivative of lipopolysaccharide (LPS) derived from the cell wall of 
gram-negative bacteria. As LPS, MPLA is a ligand of TLR 4 which is expressed on 
immune as well as on respiratory epithelial cells[23,24]. MPLA is recognized for its 
ability to skew responses towards Th1 thus promoting IgG2a antibody production 
in mice. In addition, MPLA has been shown to effectively stimulate IgA antibody 
responses against mucosally administered Hepatitis B surface antigen, tetanus toxoid, 
respiratory syncytium virus (RSV) vaccine and influenza subunit vaccine[25,26] . 
MPLA, together with alum is part of the adjuvant AS04, which is FDA approved and 
commercially used in the Hepatitis B vaccine Fendrix and in the Human Papilloma 
Virus (HPV) vaccine Cervarix[27,28]. Moreover, the combination of MPLA and a 
TLR7 ligand, as also present in WIV in the form of single stranded viral RNA,  is 
particularly effective in inducing long-lasting immune responses[29].

In the present study, we investigated whether inclusion of MPLA as an adjuvant 
in liquid or dry powder influenza vaccine promotes mucosal and systemic (Th1-
skewed) immune responses after pulmonary vaccination. To this end, WIV influenza 
vaccine and a mixture of WIV and MPLA were either used as such or spray-freeze-
dried using inulin as a lyoprotectant. Our results indicate that MPLA is a suitable 
adjuvant for use in liquid as well dry vaccine formulations and enhances systemic 
and mucosal immune responses upon pulmonary delivery together with influenza 
vaccine.

2. Material and Methods

2.1. Virus preparation
A/Hiroshima/52/2005 (A/Hir/H3N2) influenza virus was kindly provided by Abbott 
(Weesp, The Netherlands). A/PR/8/34 H1N1 viruses were cultured in embryonated 
eggs by allantoic inoculation of the seed virus as described previously[18].
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2.2. Vaccine preparation
For preparation of WIV, live A/Hir/H3N2 or A/PR/8/H1N1 viruses were 
inactivated by overnight incubation at room temperature under continuous rotation 
in 0.1 % β-propiolacton prepared in sterile citrate buffer (125 mM citrate, 150 mM 
NaCl, pH 8.2). The inactivated virus was then dialysed overnight at 4 °C against 
hepes buffered saline (HBS; 145 mM NaCl, 5 mM Hepes, pH 7.4). Subunit 
vaccine was produced by solubilizing WIV for 3 hours at 4 °C under continuous 
rotation at a final concentration of 800 µg/ml in sterile HBS containing 12 mg/
ml Tween 80 (Sigma-Aldrich Chemie B.V., Zwijndrecht, The Netherlands) and 
6 mg/ml hexadecyltrimethylammonium bromide (Sigma-Aldrich Chemie B.V., 
Zwijndrecht, The Netherlands). Virus solubilization was followed by centrifugation 
at 50000 RPM at 4 °C for 30 minutes in a TLA100.3 rotor. The supernatant was 
recovered and detergents were removed using absorbent Bio-Beads SM-2 (Bio-Rad, 
Veenendaal, The Netherlands). Vaccine protein content was determined by micro-
Lowry assay and purity was analyzed by SDS PAGE followed by silver staining. The 
hemagglutinin (HA) content was assumed to be one third of the total protein weight 
of the whole inactivated virus (based on the known protein composition of influenza 
virus and the molecular weight of the viral proteins) and to be equal to the total 
amount of protein for subunit vaccine (based on the SDS analysis). WIV-MPLA was 
obtained by mixing WIV with MPLA (InvivoGen, Toulouse, France) at a weight 
ratio of 8:1 (HA of WIV: MPLA) prior to spray-freeze-drying or immunization.

2.3. Spray-freeze-drying
Spray-freeze-drying by mixing WIV or a solution containing WIV and MPLA (in a 
ratio of 0.125 µg MPLA/µg HA)  with a 5 % (w/v) solution of inulin 4 kD (Sensus, 
Roosendaal, The Netherlands) in HBS, pH 7.2 to a final HA:inulin weight ratio of 
1:200. The mixture was pumped at a flow rate of 5 ml/min through a two-fluid nozzle 
(diameter 0.5 mm) of a Büchi 190 Mini Spray Dryer (Büchi, Flawil, Switzerland), 
and sprayed using an atomizing airflow of 500 l/hr in liquid nitrogen. The liquid 
nitrogen was evaporated in a Christ Epsilon 2-4 freeze dryer precooled at a shelf 
temperature of -55 °C. Drying was performed at a pressure of 0.220 mBar with a 
condenser temperature of -85 °C. The shelf temperature was steadily increased from 
-55 °C to 4 °C over a time period of 32 hours. The pressure was decreased to 0.055 
mBar and the shelf temperature was gradually increased to 20 °C in a time period of 
11 hours. The vaccine powder was collected in a cabinet with a relative humidity less 
than 10 % and stored at 4 °C under air tight conditions.

2.4. Analysis of influenza WIV
The size of WIV derived from A/PR/8/H1N1 before and after addition of MPLA 
was analyzed using a nanoparticle tracking system (LM-14, NanoSight, Wiltshire, 
United Kingdom). One dose of vaccine corresponding to 5 µg HA of WIV and 
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0.626 µg MPLA was diluted with 5 ml PBS (Gibco Life Technologies B.V., Bleiswijk, 
The Netherlands) to a final concentration 1 µg/ml and 0.125 µg/ml, respectively. 
Particle size analysis was done using Nanoparticle Tracking Analysis (NTA) software 
(NanoSight) and particle size distribution plots were obtained.

Transmission electron microscopy (TEM) was performed using a Philips CM 12 
transmission electron microscope (Philips, Eindhoven, The Netherlands). SFD 
vaccines were rehydrated using sterile-filtered water. Liquid and reconstituted SFD 
formulations were dialysed against ammonium acetate buffer (75 mM ammonium 
acetate, 2.5 mM Hepes, pH 7.4) overnight at 4 °C. Dialyzed samples were added to 
glow-discharged 200 mesh copper grids covered with Formvar film. Samples were 
stained with 3% ammonium molybdate, pH 7.2 and analyzed.

The capacity of WIV derived from A/PR/8/H1N1 to bind to cells was assessed by a 
hemagglutination assay, performed as described previously[18]. WIV was dissolved 
in PBS to a final concentration of 0.1 µg HA/µl and 50 µl was added to 96-well 
V-bottom plates containing 50 µl of PBS. Two-fold dilutions were performed 
followed by addition of 50 µl of a 1% guinea pig red blood cell (RBC) suspension 
prepared in PBS. Hemagglutination was read 2 hours after incubation at room 
temperature. Hemagglutination titers were expressed as log2 of the highest dilution 
showing agglutination of RBC.

Activation of NFκB by the vaccines was detected using the RAW-BlueTM cell line 
(InvivoGen, Toulouse, France). RAW-BlueTM cells are reporter cells expressing a 
range of pattern recognition receptors and secreting embryonic alkaline phosphatase 
(SEAP) upon induction of NfκB following ligand binding to one of these receptors. 
The assay was performed according to the manufacturer’s protocol. Briefly, 
RAW-BlueTM cells were maintained in DMEM with high glucose (Gibco Life 
Technologies BV, Bleiswijk, The Netherlands) containing 10 % Fetal Bovine Serum 
(FBS, Lonza, Basel, Switzerland), 100 µg/ml NormocinTM (InvivoGen, Toulouse, 
France), 2 mM L-glutamine. For stimulation, 1 x 105 RAW-BlueTM cells were added 
to flat bottom 96-well plates (Corning Incorporated, Corning, USA). Cells were 
stimulated with 1.25 µg MPLA (6.25 µg/ml) or with liquid vaccine or reconstituted 
vaccine powder containing 5 µg (25 µg/ml) of HA of A/PR/8 H1N1 WIV with 
or without 1.25 µg MPLA and were incubated at 37 °C with 5 % CO2 for 16 
hours. 40 µl of cell supernatant was collected in a 96-well ELISA plate (Greiner 
Bio One, Alphen a/d Rijn, The Netherlands) to which 160 µl/well QUANTI-
BlueTM (InvivoGen, Toulouse France) was added. The plate was incubated at 37˚C 
for 1 hour. Secreted embryonic alkaline phosphatase (SEAP) levels from cells were 
determined by measuring absorbance at 620 nm.

2.5. Physical characterization of vaccine powders
Scanning electron microscopy (SEM) was performed with a JEOL JSM 6301-F microscope 
(JEOL Ltd., Tokyo, Japan). Samples were prepared by placing powders onto double-
sided sticky carbon tape on a metal disk. Then particles were coated with 30 nm 
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of gold using a Balzer’s 120B sputtering device (Balzer UNION, Liechtenstein, 
Austria). Images were taken at magnification of 1000x and 5000x.

Geometric particle sizes of SFD vaccine powders were measured using a HELOS 
compact model KA laser diffraction apparatus (Sympatec GmbH, Germany). The 
RODOS dispersing system (Sympatec GmbH, Clausthal-Zellerfeld, Germany) was 
used to disperse vaccine powders at a pressure of 1 bar.

The specific surface area of vaccines powders was determined using a Tristar surface 
analyser (Micrometrics Instrument Corp., Norcross, USA). The specific surface area 
was determined using the multipoint BET method from the nitrogen adsorption 
isotherm at 77 K as described previously [11].

2.6. Immunization and challenge of mice
Animal experiments were approved by The Institutional Animal Care and Use 
Committee of the University of Groningen (IACUC-RuG), The Netherlands. In-
vivo experiments were carried out in 8-10 weeks old female BALB/c mice obtained 
from Harlan (Zeist, The Netherlands).

Mice received two immunizations with an interval of 3 weeks using vaccine 
formulations containing 5 µg HA of A/Hir/H3N2 or A/PR/8/H1N1 WIV. Subunit 
vaccine was administered via the i.m. route. 50 µl of vaccine containing 5 µg of HA 
was divided over both hind legs. 

For pulmonary vaccination, mice were anaesthetized by subcutaneous injection of 
dormitor (0.75 mg/kg body weight) and ketamine (50 mg/kg body weight). Then 
mice were brought to a vertical position and intubated with a modified Autograde 
catheter (Becton Dickinson, Breda, The Netherlands). 50 µl of liquid vaccine was 
administered using an IA-1C Microsprayer Aerosolizer for mice attached to a 
FMJ-250 High Pressure Syringe (Penn-Century Inc., Wyndmoor, USA). Vaccine 
powders were delivered using a dry powder insufflator (DPI), (Penn-Century Inc.). 
Approximately 1 mg of vaccine powder containing 5 µg HA was delivered to the 
lungs by applying 3 puffs of 200 µl. Antisedan (0.75 mg/kg body weight) was 
administered subcutaneously for awakening mice. Before they were brought back to 
the housing facility after awaking, mice were placed in a recovery incubator with a 
temperature of 25 °C for 2 hours.

One week after the second vaccine dose, mice (n=4) were sacrificed for evaluation of 
the immune response. After sacrifice, blood was obtained by heart puncture. Serum 
was collected and stored at -20 °C until use. Nose washes and bronchioalveolar 
lavages (BAL) were obtained using 1 ml PBS (pH 7.4), containing Complete 
protease inhibitor cocktail tablets (Roche, Almere, The Netherlands) as described 
previously[17].

The protective efficacy of the vaccines was determined by challenge of the immunized 
mice (n=6) with live virus (A/PR/8/H1N1) 4 weeks after the booster vaccination. 
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Briefly, mice were anaesthetized with isoflurane/O2 and 40 µl of HBS containing 
200 plaque forming units (PFU) A/PR8/H1N1 viruses were slowly administered 
via the nostrils. Mice were observed daily for weight loss followed by sacrifice on 
three days after challenge by heart puncture under the anesthesia with isoflurane/O2. 
Nose wash, lungs and spleens were collected and processed for further use.

2.7. ELISA
Nose washes, BAL and serum samples were used for ELISA and HA-specific IgG, 
IgG1, IgG2a and IgA antibodies were determined. ELISA plates (Greiner Bio One, 
Alphen, The Netherlands) were coated with 200 ng/well of A/Hir/H3N2 or A/PR/8 
H1N1 subunit vaccine overnight at 37 ˚C. ELISA was performed as previously 
described[18] except that the substrate solution consisted of  citrate phosphate 
buffer, pH 5, containing 0.04 % (w/v) o-phenylenediamine and 0.012 % (v/v) 
H2O2. The enzymatic reaction was allowed to proceed at room temperature for 30 
minutes and stopped using 50 µl of 2 M H2SO4. Absorbance was measured at 492 
nm using a Synergy HT reader (BioTek, Winooski, USA). Average IgG titers were 
determined as log10 of the reciprocal of the sample dilution corresponding to an 
absorbance at 492 nm of 0.2. IgA levels are presented as average of the maximum 
absorbance of 1:1 diluted nose and lung washes. IgG1 and IgG2a concentrations 
were determined using calibration curves made by overnight coating of ELISA plates 
with 0.1 µg anti IgG (Southern Biotech, Birmingham, USA) at 37 °C. Following 
extensive washing increasing concentrations of 100 µl of IgG1 or IgG2a (Southern 
Biotech, Birmingham, USA) were added to the plates. Average influenza HA-specific 
IgG1 or IgG2a responses are presented as concentration (µg/ml). 

2.8. Hemagglutination inhibition
Hemagglutination inhibition (HI) assay was performed as described previously with 
minor changes[18]. The changes were as follows: pooled sera from vaccinated mice 
were used for determining HI titers, and 4 Hemagglutination units (HAU) live virus 
was added to the diluted serum samples. HI titers are expressed as the highest serum 
dilution preventing hemagglutination.

2.9. Virus titration
Lungs collected after challenge were homogenized in PBS (pH 7.4) and centrifuged 
at 1200 rpm for 10 minutes, supernatants were snap-frozen in liquid nitrogen and 
stored at -80 °C until use. Lung virus titers were determined by infecting MDCK cells 
grown in 96-well plates with serial dilutions of the lung homogenate supernatants 
as described previously[18]. Log10 virus titers were calculated as per milliliter of lung 
homogenate supernatant.

Chapter 5



71

2.10. Determination of influenza specific antibody secreting 
cells
 The number of influenza-specific antibody secreting cells (ASC) was 
determined using the protocol as described previously [30]. Spleens collected 
in Iscove’s Modified Dulbecco’s Medium (IMDM) complete medium (Gibco, 
Life Technologies B.V., Bleiswijk, The Netherlands) containing 5 % FBS (Lonza, 
Basel, Switzerland), 100 U/ml penicillin, 100 mg/ml streptomycin and 0.05 M 
2-mercaptoethanol (Invitrogen, Breda, The Netherlands) were processed to single 
cell suspensions using cell strainers (BD Biosciences, Breda, The Netherlands) 
followed by RBC lysis using hypotonic medium (0.83 % NH4Cl, 10 mM KHCO3, 
0.1 mM EDTA, pH 7.2). After extensive washing, 1 x 106 splenocytes, pooled per 
experimental group, were added to 6-well plates (Corning incorporated, New York, 
USA) followed by incubation at 37 °C with 5 % CO2 for 6 days in complete IMDM 
medium with or without subunit vaccine (5 µg/ml) in the presence of imiquimode 
(5 µg/ml, InvivoGen, Toulouse, France). After incubation, cells were recovered 
and washed with complete IMDM medium followed by addition of 5 x 105 cells 
to MultiScreenHTS-HA filter plates (Millipore, Billerica, Massachusetts) coated 
with subunit vaccine 0.5 µg /well. Memory IgA or IgG ASC were detected using 
alkaline phosphatase labeled anti-mouse IgA antibody (Sigma-Aldrich Chemie B.V., 
Zwijndrecht, The Netherlands) or horse radish peroxidase labeled anti-mouse IgG 
antibody (Southern Biotech, Birmingham, USA). Plates were washed and memory 
influenza-specific IgA ASC spots were stained using 3-amino-9-ethylcarbazole 
substrate (Sigma-Aldrich Chemie B.V., Zwijndrecht, The Netherlands). Plates were 
washed with PBS again and memory influenza-specific IgG ASC spots were stained 
using 5-Bromo-4-chloro-3-indolyl phosphate/Nitro blue tetrazolium substrate 
(Roche, Almere, The Netherlands). Spots were allowed to develop and the reaction 
was stopped by washing plates with tap water. Spots were counted manually using a 
microscope (Wild Heerbrugg, Gais, Switzerland).

2.11. Cytokine ELISA
To determine IFNγ levels in the lungs of the challenged mice, lung supernatants 
were obtained as described above. Lung supernatants were stored at -80 °C until use. 
IFNγ levels in lung supernatants were determined using Ready-SET-Go ELISA kits 
(Ebioscience, Vienna, Austria) according to the manufacturer protocols.

2.12. Statistical analysis
Mann Whitney U-test was used for data analysis. One-tailed tests were performed 
for comparison of data from groups immunized with non-adjuvanted vs adjuvanted 
vaccines. For other comparisons two-sided tests were employed. P values less than 
0.05 were considered to represent statistically significant differences. *, **, *** 
represent p<0.05, p<0.01, p<0.001 respectively.
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Figure 1. Characterization of virus particles in liquid and SFD vaccine. (a) Number 
size distribution of WIV, WIV in combination with MPLA, and MPLA only (c) 
Transmission electron microscope images of WIV and WIV MPLA before and after spray-
freeze-drying (bar represents 200 nm). (d) Hemagglutination activity of WIV and WIV 
MPLA before and after spray-freeze-drying (e). NfκB activation by MPLA, WIV, and 
WIV-MPLA before and after spray-freeze-drying. Levels of significance are presented as 
*p<0.5, **p<0.01, ***p<0.001.
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3. Results

3.1. Analysis of effects of MPLA on the structure and biological 
properties of whole inactivated virus influenza vaccine
In order to further improve immune responses elicited by pulmonary administered 
WIV influenza vaccine we decided to evaluate MPLA as an adjuvant. MPLA is an 
amphiphilic molecule which potentially could interact with the membrane of the 
WIV particles. To determine the effect of MPLA on morphology and size of WIV, 
the particle size of WIV derived from A/Hir/H3N2 was evaluated before and after 
addition of MPLA using NanoSight, a microscope-based nanoparticle tracking 
system, to characterize and measure nanoparticles in liquid dispersion. The size 
distribution of plain and adjuvanted virus particles showed that liquid WIV and 
liquid WIV-MPLA consisted of a relatively homogenous population of virus particles 
as indicated by a single narrow peak at 115 nm and 114 nm respectively (Figure 1a). 
No particles were observed when MPLA was analyzed alone. Cumulative undersize 
curves showed virus particles had a size range between 80 to 300 nm and that the 
distribution of sizes was very similar for non-adjuvanted and adjuvanted WIV. This 
result suggests that addition of MPLA did not affect virus particle size.

In order to further assess whether addition of MPLA to WIV and stress of spray-
freeze-drying induced structural changes in the virus particles, WIV derived from 
A/Hir/H3N2 was SFD with or without addition of MPLA using inulin as a lyo-
protectant. The morphological integrity of the virus particles in non-treated and 
reconstituted SFD WIV and SFD WIV-MPLA was evaluated by TEM (Figure 1b). 
The morphology of liquid WIV-MPLA was similar to that of liquid WIV. Moreover, 
the morphology of WIV and WIV-MPLA reconstituted from SFD formulations was 
similar to that of the non-spray freeze-dried counterparts. The virus structure was 
intact with clearly visible spikes protruding from the virus membrane. These results 
suggest that addition of MPLA to WIV did not have effects on the structure of the 
virus particles in WIV vaccine.

To evaluate whether addition of MPLA or spray-freeze-drying or both affected the 
biological activity of HA, in particular its capacity to bind to its cellular receptor, a 
hemagglutination assay was performed using the reconstituted vaccines prepared from 
A/PR/8/H1N1 and guinea pig RBCs. Evaluation of liquid WIV and liquid WIV-
MPLA suggests that addition of MPLA to WIV did not affect the hemagglutinating 
properties of the virus particles (Figure 1c). Moreover, after spray-freeze-drying, the 
haemagglutination activity of the reconstituted vaccine formulations was similar to 
that of the liquid vaccine formulations, indicating that the capacity of WIV to bind 
to RBC was fully preserved after spray-freeze-drying.

We next evaluated in how far spray-freeze-drying had any effect on the biological 
activity of MPLA. For this purpose, adjuvanted liquid and reconstituted powder 
vaccine formulations were tested for their capacity to activate NFκB using RAW-
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Figure 2. Physical characterization of spray freeze dried vaccine powder. 

(a) X10, X50 and X90 undersize values of the cumulative geometric volume size 
distributions of SFD particles containing inulin alone or in combination with WIV or 
WIV-MPLA. (b) Specific surface area of SFD particles containing inulin alone or in 
combination with WIV or WIV-MPLA. Scanning electron microscope images at 1000X 
and 5000X of (c) SFD WIV and (d) SFD WIV-MPLA. 

d
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BlueTM cells (Figure 1d). Unexpectedly, WIV derived from A/PR/8/H1N1 by 
itself was poorly capable of activating NFκB. MPLA-adjuvanted A/PR/8/H1N1 
WIV activated NFκB to a significantly higher extent than WIV alone. The capacity 
of MPLA to activate NFκB was fully retained after spray-freeze-drying, suggesting 
that stress during the drying procedure did not affect MPLA’s efficacy to bind and 
activate TLR4. MPLA-adjuvanted WIV tended to have a higher capacity to activate 
RAW-BlueTM cells than MPLA alone; this trend was significant for SFD WIV-
MPLA.

The above results demonstrate that addition of MPLA to WIV did neither change 
the physical nor the biological characteristics of WIV. Moreover, spray-freeze-drying 
had no detrimental effect on the physical and biological properties of WIV or MPLA.

3.2. Physical characterization of the vaccine powder
We next evaluated whether addition of MPLA to WIV derived from A/Hir/H3N2 
affects the characteristics of the SFD vaccine powder particles. The particle size 
distribution was measured by laser diffraction. The X10, X50 and X90 values were 
determined from cumulative undersize curves. The X50 values for SFD inulin, SFD 
WIV and SFD WIV-MPLA were found to be 7.64 µm, 7.56 µm and 7.87 µm 
respectively with span [span = (X90 – X10)/X50] of 1.52, 1.49 and 1.64 (Figure 
2a-2b). These results reveal that addition of MPLA to WIV did not noticeably 
change the particle size of the SFD powder. Laser diffraction measurements yield 
the geometric particle size, while for pulmonary administration the aerodynamic 
particle size is more relevant. The aerodynamic particle size (Table 1) was calculated 
from the geometric particle size using an approach described earlier[17,31]. From 
this calculation it can be concluded that powder particles obtained after spray-freeze-
drying had aerodynamic diameters within the limits for pulmonary vaccination (1-5 
µm)[32,33]. 

Table 1. Aerodynamic particle size of SFD powder vaccines

Sample X10 (µm + SD) X50 (µm + SD) X90 (µm + SD)

Inulin 0.768 + 0.007 1.701 + 0.009 3.166 + 0.007

SFD WIV 0.651 + 0.002 1.663 + 0.004 3.135 + 0.002

SFD WIV MPLA 0.669 + 0.009 1.731 + 0.009 3.509 + 0.011

Porosity is important for dispersion of the powder from the DPI and for the solubility 
of the powder particles. As a measure of porosity, the specific surface areas of the SFD 
inulin, SFD WIV and SFD WIV-MPLA powders were determined. The specific 
surface areas were found to be 93.76 m2/g, 102.67 m2/g and 82.38 m2/g for the three 
formulations, respectively. These readings indicate that addition of MPLA to WIV 
had some effect on the specific surface area of the SFD powder; yet, the effects on 
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Figure 3. Systemic and mucosal antibody 
responses after pulmonary immunization. 

a b

c d

e

Mice were immunized on day 0 and day 21 with 5 µg subunit vaccine (i.m.) or 5 µg 
HA of whole inactivated A/Hir/H3N2 with or without MPLA in liquid or powder form 
(pulmonary). Control mice received HBS (total respiratory track). Systemic responses were 
evaluated from serum three weeks after the first (white bars) and one week after the second 
immunization (black bars). (a) IgG titers of individual mice. (b) HI titers in sera pooled 
per experimental group. Mucosal antibody responses were evaluated one week after the 
second immunization
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the overall particle architecture were limited. These findings were further confirmed 
by analysis of the vaccine powders using SEM (Figure 2c,d). SEM analysis revealed 
highly porous structures with interconnected pores with little difference in particle 
architecture between SFD WIV and SFD WIV-MPLA. The geometric particle size 
ranged between 1 µm and 10 µm in both SFD WIV and SFD WIV-MPLA. The size 
of the particles, as seen in the SEM images, correlated well with the particle sizes as 
determined by laser diffraction. In line with the high porosity, all powders dissolved 
very easily within seconds when brought in contact with water. 

Overall, the physical characterization of the vaccine powders highlighted that the 
addition of low amounts of MPLA to WIV did not affect the size and structure of the 
powder particles obtained by spray-freeze-drying in the presence of inulin.

3.3. Immune responses induced by pulmonary immunization 
of mice with plain or MPLA-adjuvanted WIV vaccines
To evaluate the adjuvant activity of MPLA upon pulmonary vaccination, BALB/c 
mice were immunized twice with non-adjuvanted or MPLA-adjuvanted WIV vaccine 
(derived from A/Hir/H3N2 virus) in liquid or SFD powder form. Evaluation of 
serum samples for IgG antibodies after the first and second immunization showed 
that all immunized mice developed detectable serum IgG titers after a single dose 
(Figure 3a). These titers were further enhanced after the booster. Mice vaccinated 
with MPLA-adjuvanted formulations showed significantly increased IgG antibody 
titers after a single or after the booster dose compared to mice receiving non-
adjuvanted vaccines. However, mice vaccinated with liquid WIV-MPLA and SFD 
WIV-MPLA showed lower levels of IgG antibody than mice which received a 
standard i.m. immunization with subunit vaccine. Analysis of HI titers (Figure- 
3b) revealed that all formulations induced HI titers greater than 40 (regarded as 
protective in humans[34,35]) after the first immunization dose. These titers were 
further enhanced following the booster immunization. HI titers detected in the 
liquid WIV-MPLA and the SFD WIV-MPLA group on day 21 and 28 were two-
fold higher than those in the corresponding groups vaccinated with non-adjuvanted 
vaccines. Moreover, HI titers in mice receiving liquid WIV-MPLA and SFD WIV-
MPLA were comparable to those in mice vaccinated i.m. with subunit vaccine. 

Mucosal immune responses were analyzed on day 28 and one week after the second 
immunization. Evaluation of nose washes (Figure 3c) showed induction of nose IgA 
antibodies in mice immunized with powder formulations whereas little IgA antibody 
induction was observed in nose washes of mice vaccinated with liquid formulations. 
In contrast to the effect of MPLA on systemic antibody titers, no adjuvant effect 
of MPLA was observed on nasal IgA titers. However, in BAL (Figure 3d-3e), both 
liquid WIV-MPLA and SFD WIV-MPLA vaccines induced significantly higher 
levels of  IgA and IgG antibody than non-adjuvanted liquid WIV and SFD WIV 
vaccine. Levels of BAL IgA were similar for mice immunized with WIV-MPLA or 
SFD WIV-MPLA and were significantly higher than those found in mice vaccinated 
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Figure 4. Effect of vaccine formulation on 
protection against lethal virus challenge.

 Mice were immunized on day 0 and day 21 
with 5 µg subunit vaccine (i.m.) or 5 µg HA 
of whole inactivated A/PR/8/H1N1 with or 
without MPLA in liquid or powder form 
(pulmonary). Control mice received HBS 
(total respiratory track). Four weeks after the 
second vaccine dose, mice were infected with 
200 PFU A/PR8/H1N1 viruses. (a) Post 
challenge, mice were scored for weight loss for 

3 days until sacrifice (85% weight loss, dotted line, was used as humane end point). (b) 
Three days upon challenge, lungs from mice were harvested and lung supernatants were 
evaluated for virus titers. Virus titers are expressed at log10 per ml of lung supernatant. 
Levels of significance are presented as *p<0.05, **p<0.01.

i.m. with subunit vaccine. As expected, i.m. administered subunit vaccine failed to 
induce IgA antibody responses in nose and BAL while IgG was clearly detectable in 
BAL.

Overall, the data suggest that supplementation of pulmonary vaccines with 
MPLA adjuvant results in increased serum IgG antibody and HI titers along with 
enhanced IgA and IgG antibody levels in BAL. However, MPLA adjuvantation of 
the pulmonary administered vaccines did not improve nose IgA titers. The immune 
responses evoked by SFD vaccines tended to be higher than those evoked by the 
liquid versions but this trend was significant for nose IgA only.

3.4. Protection after influenza virus challenge
To compare the protective efficacy of MPLA-adjuvanted and non-adjuvanted, 
liquid or powder WIV or subunit vaccine derived from A/PR8/H1N1, mice were 
vaccinated twice on day 0 and 21 with 5 µg HA of WIV followed by a challenge 
with 200 PFU virus 5 weeks after the booster. The control group received plain HBS 
through the pulmonary route. Three days post infection, none of the mice in the 
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immunized and control groups showed more than 15 % body weight loss which 
was set as humane end point in this experiment (Figure 4a). However, control mice 
showed significantly more weight loss at day 3 than mice which received MPLA-
adjuvanted liquid (p=0.0411) or powder (p=0.0087) vaccine formulations. Mice 
immunized with non-adjuvanted SFD WIV showed more weight loss on day 3 than 
mice immunized with SFD WIV-MPLA, though the difference was not significant 
(p=0.0660).

 We next determined lung virus titers to assess the ability of infected mice to clear 
influenza virus from the lungs (Figure 4b). On day 3 after challenge, all immunized 
groups showed lower lung virus titers than the non-immunized control group and 
this difference was significant for all groups except the group that received non-
adjuvanted WIV. Mice vaccinated with the adjuvanted formulations showed reduced 
virus titers compared to mice that received non-adjuvanted formulations. MPLA-
adjuvanted pulmonary vaccines and i.m. administered subunit vaccine resulted in the 
best protection. In the SFD WIV-MPLA group, the virus levels were below detection 
level for two mice. These results indicate that the adjuvanted powder vaccine elicits 
a more potent protection against influenza infection than the adjuvanted liquid 
vaccine.

In non-immune mice with a primary influenza infection, production of IFNγ by 
NK cells is an early response of the innate immune system to the infection and an 
indication of active virus replication[36-38]. We, therefore, determined IFNγ levels 
3 days post challenge in lung supernatants as a measure for active viral replication 
(Figure 4c). ELISA revealed substantial amounts of IFNγ in the lung supernatants 
of the control group and of mice vaccinated with non-adjuvanted vaccines. Lower 
levels of IFNγ were found in mice which received MPLA-adjuvanted formulations 
or i.m. subunit vaccine. In line with our expectation the observed IFNγ levels were  
proportional to the measured lung virus titers. These results imply that strong (local) 
immune responses effectively control virus replication in the lungs.

To evaluate systemic immune responses after virus infection, IgG antibody in 
serum (Figure 5a) and serum HI (Figure 5b) titers were determined in the virus-
challenged mice. In line with the previous observations (Figure 3), IgG antibody 
and HI titers were higher in mice immunized with MPLA-adjuvanted A/PR/8 WIV 
formulations than in mice immunized with non-adjuvanted formulations. For the 
MPLA-adjuvanted vaccines, IgG and HI titers were similar to those induced by i.m. 
administered subunit vaccine. Analysis of nose washes revealed that nose IgA titers 
(Figure 5c) after immunization with A/PR/8 WIV were generally low except for the 
SFD WIV-MPLA group. In the lungs, increased IgA (Figure 5d) and IgG (Figure-
5e) antibody titers were observed in mice immunized with MPLA-adjuvanted 
formulations, compared to mice immunized with non-adjuvanted vaccine. Lung 
IgG antibody responses were in line with serum IgG responses. IgG1 and IgG2a 
responses were increased in mice immunized with MPLA-adjuvanted vaccines as 
compared to mice immunized with non-adjuvanted vaccine (Figure 5f ). However, 
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a b

c d

e f

g h

Figure 5. Effect of 
vaccine formulation 
on recall of immune 
response.Blood, nose 
wash, lungs and spleens 
from the mice described 
in the legend of Figure 
4 were collected after 
vaccination and 
challenge and analyzed 
for (a) serum IgG (b) 
serum HI titers (c) 
nose IgA (d) lung IgA 
(e) lung IgG (f ) serum 
IgG2a and IgG1 
response. Serum and 
lung IgG antibody 
titers are expressed as 
log10 titers. Nose and 
lung IgA responses 
are represented 
as absorbance at 
OD492. HI titers 
after vaccination and 
challenge are expressed 
as reciprocal of the 
highest dilution of sera 
resulting in complete 
h e m a g g l u t i n a t i o n 
inhibition. Splenocytes 
were pooled per 
experimental group 
and IgA (g) and IgG 
(h) ASCs specific 
for A/PR/8 HA 
were enumerated 
by ELISPOT assay. 
Bars represent the 
number of ASCs per 
5x105 cells +/- SD 
of quadruplicate 
measurements.   Levels 
of significance are 
presented as *p<0.5, 
**p<0.01.
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the differences reached statistical significance only for the groups immunized with 
liquid vaccine.

We next evaluated HA-specific memory B cells from immunized and challenged 
mice (Figure 5g). Spleens of mice vaccinated via the pulmonary route with MPLA-
adjuvanted vaccines contained significantly higher numbers of influenza-specific 
memory IgA-secreting B cells than spleens of mice vaccinated with non-adjuvanted 
formulations. Splenocytes from mice which received liquid WIV-MPLA showed 
approximately eight fold more memory IgA B cells compared to mice immunized 
with non-adjuvanted liquid WIV. Similarly, IgA-secreting memory B cells were 
approximately 3 times more frequent in splenocytes of mice immunized with SFD 
WIV-MPLA than in those of mice immunized with non-adjuvanted SFD WIV. 
Two-fold more memory IgA B cells were seen in spleens of in mice that received 
MPLA-adjuvanted pulmonary vaccines than in spleens of mice immunized i.m. 
with subunit vaccine. The number of memory IgG-secreting B cells (Figure 5h) was 
similar for all groups except for the group which received non-adjuvanted WIV via 
the pulmonary route. In this group the frequency of HA-specific memory IgG B cells 
was about 6 times lower than in the other groups.

Taken together, these results indicate that MPLA-adjuvanted vaccine formulations 
elicit more robust immune responses and protection, therefore causing less 
recruitment of IFNγ-producing NK cells to the lungs, than non-adjuvanted liquid 
WIV or SFD WIV. Across all parameters studied, SFD WIV-MPLA was found to be 
the best vaccine for its ability to induce more potent mucosal and systemic responses 
along with better protection than other vaccines.

4. Discussion
 In the current study, we evaluated whether inclusion of MPLA as 
adjuvant in a liquid or powder influenza vaccine for pulmonary administration has 
advantageous effects on the immune response. WIV was chosen as basic vaccine 
formulation, since it is known to be superior to split or subunit vaccine formulations 
in inducing immune responses[39]. Analysis of liquid WIV and liquid WIV-MPLA 
by nanoparticle tracking and TEM highlighted that MPLA did not have any adverse 
effect on the size and structure of the inactivated virus particles in WIV. Dry powder 
vaccines were produced by spray-freeze-drying liquid WIV and liquid WIV-MPLA 
using inulin as stabilizer. Analysis of SFD WIV or SFD WIV-MPLA revealed that the 
stress encountered during spray-freeze-drying did not affect the biological activity of 
either MPLA or HA. Characterization of the vaccine powders showed that particle 
size, specific surface area and morphology of SFD WIV and SFD WIV-MPLA were 
comparable and both vaccine powders were found to be suitable for pulmonary 
immunization. In vivo studies demonstrated that pulmonary administration with 
MPLA-adjuvanted formulations, in particular the SFD formulation, resulted in 
superior antibody responses compared to non-adjuvanted formulations. Moreover, 
in mice, vaccinated with MPLA-adjuvanted formulations, decreased weight loss 
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and lower lung virus titers were observed after challenge with live influenza virus. 
Pulmonary immunization with MPLA-adjuvanted vaccines was at least as effective 
as i.m. immunization in reducing lung virus titers.

MPLA is an amphiphilic molecule and as such may have detrimental effects on the 
structure of the inactivated virus particles, like WIV. The structural integrity of the 
virus particles is important as only intact virus particles will provide protection for 
the ssRNA present in WIV; viral ssRNA has been shown to be recognized by TLR7 
and to act as an intrinsic adjuvant in WIV[40]. Evaluation of the size and structure 
of the WIV virus particles by the nanoparticle tracking system and TEM did not 
reveal any effect of MPLA on these properties. Thus, addition of MPLA did not 
interfere with the structural integrity of the virus particles. HA-mediated binding of 
the WIV virus particles to cellular receptors is important for vaccine internalization 
by antigen-presenting cells. Moreover, a proper natural conformation of the HA 
would also be important to induce antibodies that recognize conformational epitopes 
and thus are able to interact with the native HA on infectious virus. We observed 
that the hemagglutination properties of WIV with and without MPLA were similar 
indicating that MPLA had no effect on the biological activity of HA. Thus, neither 
the structural integrity nor the cell-binding properties of the WIV virus particles 
were affected by addition of MPLA.

MPLA is known to retain its adjuvant activity but to be less toxic when integrated 
in a membranous environment[41]. Furthermore, LPS, the molecule from which 
MPLA is derived, was described to be more active when integrated into a virosomal 
membrane than when being present freely in solution[42]. Whether or not MPLA 
added to WIV in our experiments did integrate in the membrane of the virus 
particles remains elusive. MPLA easily inserts into lipid membranes of liposomes 
and virosomes when added during constitution of these structures[21,41]. If not 
inserted MPLA will form micelles when present in sufficiently high concentration 
(> 5 µM, [34]). We did not find evidence for either incorporation or the presence 
of micelles in our studies. The amount of MPLA used per vaccine dose (0.35 nmol) 
equals about 7% of the viral lipids in the vaccine. This amount is insufficient to 
increase the size of virus particles to an extent detectable by the nanoparticle tracking 
system or TEM. Indeed, we did not observe an increase in mean diameter of the 
WIV particles. We did not detect MPLA micelles either which might be due to the 
high dilution used for analysis by the nanoparticle tracking system by which the 
MPLA concentration was lower than its critical micelle concentration. The fate of 
MPLA added to WIV thus remains to be determined.  

Earlier we reported that spray-freeze-drying is an effective technique to produce 
subunit or WIV vaccine powders suitable for pulmonary delivery[6,12,18]. Particle 
size distribution and specific surface area are key parameters for pulmonary delivery 
of the vaccine powder. The aerodynamic particle size determines the distribution of 
the powder vaccine in the respiratory tract while surface area, indicative of porosity, 
determines dispersion of powder particles from the DPI. Moreover, porous particles 
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dissolve instantaneously when they come in contact with aqueous solutions making 
them ideal for pulmonary vaccine delivery. These parameters may get affected by the 
presence of amphiphilic molecules like MPLA in vaccine formulations during spray-
freeze-drying. Our data shows that the characteristics of powder particles generated 
from WIV in absence or presence of MPLA are similar. Possibly, the detrimental 
effects of MPLA are limited because we used a very high inulin to MPLA weight 
ratio (1600:1). Alternatively, interaction of the MPLA acyl chains with inulin may 
be prevented due to insertion of MPLA into the lipid bilayer of WIV. 

After evaluating SFD vaccine powders for their physical characteristics, immune 
responses induced by pulmonary administered MPLA-adjuvanted or non-
adjuvanted WIV were determined. MPLA-adjuvanted vaccine formulations induced 
significantly higher IgG and HI titers in serum than non-adjuvanted formulations, 
indicating a beneficial effect of including MPLA in pulmonary vaccines. These 
results are in agreement with previous observations demonstrating enhancement of 
immune responses to Hepatitis B surface antigen, tetanus toxoid, influenza subunit 
vaccine or RSV-derived virosomes administered to the total respiratory tract when 
MPLA was used as adjuvant[25,26,43].

A major aim of pulmonary vaccination is the induction of IgA responses at the site 
of virus entry. As expected, subunit delivered i.m., used as a golden standard in 
our experiments, was a rather poor inducer of lung IgA and failed to induce IgA in 
the nose. Pulmonary immunization with MPLA-adjuvanted vaccine as compared to 
non-adjuvanted formulations resulted in significantly increased IgA antibody levels 
in lung but not in nose. The low amounts of IgA in the upper respiratory tract 
may be explained by the fact that the antigen was directly delivered to the lungs, 
thus bypassing the nasal mucosa and its associated lymphoid tissue. Indeed, MPLA-
adjuvanted RSV virosomes delivered to the total respiratory tract via the nose were 
found to effectively induce IgA in the lung as well as in the nose[26,44]. Another 
explanation could be that the amount of MPLA used in the vaccine was insufficient 
to induce nasal IgA upon pulmonary immunization. Based on in vitro experiments 
using the NFκB reporter cell line RAWBlueTM, we chose a dose of 0.625µg MPLA 
per vaccine dose of 5 µg HA. This amount was obviously sufficient to stimulate 
production of IgA in the lungs, the site of vaccine administration, but not in the nose. 
In the studies on RSV virosomes, a much higher dose of MPLA was employed, i.e. 
5 µg versus 0.625 µg used in the present study[26,44]. Thus, MPLA adjuvantation 
of pulmonary administered vaccines is capable of stimulating IgA production in the 
lungs but higher amounts of adjuvant may be necessary to also induce nasal IgA. 

Analysis of lung virus titers and lung IFNγ levels upon influenza virus challenge 
revealed that MPLA-adjuvanted vaccines induced better protection in mice than 
non-adjuvanted formulations. For challenge, 200 PFU virus in 40 µl of buffer were 
inoculated in mice through the nasal route. In this model, the whole respiratory tract 
is challenged but most of the virus particles are delivered to the lungs because of 
the relative large volume used[45]. In mice immunized with the MPLA-adjuvanted 
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vaccines higher levels of IgA and IgG antibodies were produced in the lungs and 
might have played a vital role in neutralization of influenza virus and therefore 
reduction of virus titers. In addition, serum IgG antibody transuding into the lungs 
might have further helped in virus clearance[46]. Furthermore, MPLA-adjuvanted 
vaccines induced higher amounts of IgG2a than non-adjuvanted vaccines. In mice 
it has been shown that IgG2a antibody provides better protection than IgG1 against 
influenza virus upon challenge[20]. Thus, induction of higher levels of antibody 
and of the superior antibody subtype IgG2a probably contributed to the improved 
protection of mice immunized with MPLA-adjuvanted vaccine as compared to mice 
that received non-adjuvanted formulations. 

In conclusion, our data indicate that MPLA is an effective adjuvant for pulmonary 
vaccines. When delivered together with WIV influenza vaccine MPLA improves 
local and systemic immune responses as well as the protective capacity of the vaccine. 
A stable adjuvanted vaccine can be formulated by spray-freeze-drying in the presence 
of inulin. In fact, among the vaccine formulations studied SFD WIV-MPLA was 
the most potent, inducing the highest serum and mucosal antibody responses and 
providing the best protection against virus challenge. To our knowledge, this is the 
first study to demonstrate that MPLA can be SFD along with an antigen formulation, 
in this case WIV, with full retention of its adjuvant activity. MPLA adjuvantation of 
pulmonary administered WIV certainly had a positive effect on humoral response 
induction and the effect can probably be further improved by using higher amounts 
of the adjuvant, especially with respect to nasal IgA titers. Pulmonary immunization 
with SFD WIV-MPLA was equally effective as i.m. immunization with subunit 
vaccine, used as golden standard in our study, in inducing humoral immune 
response and was better in inducing mucosal antibodies and protection. Pulmonary 
administration of adjuvanted influenza vaccines is therefore a promising approach 
for induction of protective immune responses by user-friendly inhalation.
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