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Adjuvants
Stable vaccines administered to the lungs by inhalation could circumvent many of the problems associ-
ated with current immunizations against respiratory infections. We earlier provided proof of concept in
mice that pulmonary delivered whole inactivated virus (WIV) influenza vaccine formulated as a stable
dry powder effectively elicits influenza-specific antibodies in lung and serum. Yet, mucosal IgA,
considered particularly important for protection at the site of virus entry, was poorly induced. Here
we investigate the suitability of various Toll-like receptor (TLR) ligands and the saponin-derived com-
pound GPI-0100 to serve as adjuvant for influenza vaccine administered to the lungs as dry powder.
The TLR ligands palmitoyl-3-cysteine-serine-lysine-4 (Pam3CSK4), monophosphoryl lipid A (MPLA) and
CpG oligodeoxynucleotides (CpG ODN) as well as GPI-0100 tolerated the process of spray freeze-drying
well. While Pam3CSK4 had no effect on systemic antibody titers, all the other adjuvants significantly
increased influenza-specific serum and lung IgG titers. Yet, only GPI-0100 also enhanced mucosal IgA
titers. Moreover, only GPI-0100-adjuvanted WIV provided partial protection against heterologous virus
challenge. Pulmonary immunization with GPI-0100-adjuvanted vaccine did not induce an overt inflam-
matory response since influx of neutrophils and production of inflammatory cytokines were moderate
and transient and lung histology was normal. Our results indicate that a GPI-0100-adjuvanted dry
powder influenza vaccine is a safe and effective alternative to current parenteral vaccines.

� 2015 Elsevier B.V. All rights reserved.
1. Introduction

Influenza virus is well known for its ability to cause seasonal
epidemics and occasional pandemics. The virus is transmitted by
aerosols and binds to and infects epithelial cells in the respiratory
tract [1]. Pre-existing secretory IgA in the nose plays a vital role in
preventing binding of influenza virus to its cellular receptor and
further spreading of the virus in the respiratory tract [2,3].
Moreover, IgA is known for its ability to provide crossprotection
against heterologous influenza virus [3,4]. However, currently
available inactivated influenza vaccines are administered by the
intramuscular, subcutaneous or intradermal route and do not
induce mucosal IgA [5].

Induction of mucosal immunity requires vaccine administration
to mucosal sites. Recently, the lung has appeared as a particularly
attractive target site for mucosal vaccination since it has a large sur-
face and harbors effective immune mechanisms [6,7]. Upon interac-
tion with e.g. respiratory viruses, airway epithelial cells produce
cytokines and chemokines promoting recruitment of inflammatory
cells and directing the adaptive immune response according to stim-
uli received [8]. Antigen presenting cells like dendritic cells (DC),
present beneath the epithelial layer, and alveolar macrophages
(AM), present in the lumen, constantly patrol the large surface area
of the lung [9,10]. Upon activation by pathogens, these epithelial
cells, DC and AM effectively bypass the steady state anti-inflamma-
tory T helper 2 (Th2) responses in the lung and initiate innate and
adaptive immunity against the invading pathogen [11].

We previously showed that pulmonary delivery of spray freeze-
dried (SFD) whole inactivated virus (WIV) influenza vaccine
induces the production of systemic IgG antibody levels similar to
those evoked by standard intramuscular (i.m.) immunization with-
out causing inflammation in the lungs [12]. Pulmonary vaccination
also resulted in induction of IgA antibodies in nose and lungs.
However, the levels of IgA in the respiratory tract and the amount
of systemic IgG2a antibodies, the protective antibody subclass in
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mice, were low [12]. An approach to overcome this drawback is
addition of a potent adjuvant to the pulmonary vaccine.

An important class of adjuvants is Toll like receptor (TLR) ligands.
TLR ligands are pathogen associated molecular patterns or sub-
stances mimicking such patterns that are recognized by TLRs pre-
sent on the plasma membrane or the endosomal membranes of
host cells. Binding of TLR ligands to TLRs induces engagement of
the adaptor proteins MyD88 or TRIF, followed by further down-
stream signaling and eventually the activation of transcription fac-
tors. The most important transcription factors engaged upon TLR
signaling are NfjB, driving the expression of pro-inflammatory
cytokines, and interferon-regulatory factors (IRF) 3 and 7, driving
expression of type I interferons [13,14]. Another class of adjuvants
consists of saponins, glycosides usually derived from the bark of
the Molina tree (Quillaja saponaria) which are composed of a triter-
penoid backbone with complex oligosaccharide substituents. GPI-
0100 is a semisynthetic derivative of the saponin Quil A with
improved stability and strongly reduced toxicity [15,16]. GPI-0100
is not recognized by known pattern recognition receptors (PRRs)
and its mechanism of action is so far poorly understood.

Our previous study showed that addition of a low amount
(0.625 lg) of monophosphoryl lipid A (MPLA), a TLR4 agonist, to
pulmonary delivered WIV improved IgA levels in the lung, but
had little effect on IgA titers in the nose [17]. Therefore, to find a
more effective pulmonary adjuvant we performed a head-to-head
comparison of several candidate adjuvants. Among the TLR ligands
we choose for Pam3CSK4 (recognized by TLR1 and TLR2), MPLA
(TLR4) and CpG oligodeoxynucleotide (CpG-ODN-1826, TLR9). All
these adjuvants have been described to improve humoral
responses against parenterally administered split or subunit influ-
enza vaccines [18,19] and have been successfully used as mucosal
adjuvants [20,21]. Furthermore, we included GPI-0100 as adjuvant
candidate. We earlier showed that pulmonary vaccination with
GPI-0100-adjuvanted influenza subunit vaccine, administered as
aerosol, induces potent mucosal and systemic antibody responses
as well as efficient protection against virus challenge [7].

To find an optimal adjuvant that is compatible with formulation
of the vaccine as dry powder and that effectively enhances systemic
and mucosal immune responses to pulmonary administered vac-
cine, in this study, WIV was SFD along with the above mentioned
adjuvants using inulin as stabilizer [12]. Inulin was chosen as stabi-
lizer since it renders powders with excellent physiochemical and
immunological stability during processing and during storage for
3 months at 30 �C [22,23]. For each of the adjuvants the amount
used per vaccine dose was chosen on basis of the minimal amount
required for effective adjuvantation according to the literature. We
evaluated the compatibility of the adjuvants with the process of
spray freeze-drying, and determined in mice the safety of pul-
monary administration of the adjuvanted SFD vaccines, and the
capacity of the vaccines to induce systemic and mucosal immune
responses and protect from heterologous virus challenge.

2. Material and methods

2.1. Virus

A/PR/8. H1N1 (A/PR/8) was cultured in embryonated eggs as
described previously [12].

2.2. Vaccine preparation

WIV derived from A/California/07/2009 H1N1 (A/Cal) was
kindly provided by Solvay Biologicals (Weesp, The Netherlands).
WIV was dialyzed overnight at 4 �C against HBS, pH 7.2, and pro-
tein content was determined by micro-Lowry assay. Purity of
WIV was confirmed by SDS–PAGE followed by silver staining.
The hemagglutinin (HA) content was assumed to be one third of
the total protein for whole inactivated virus (based on the known
protein composition of influenza virus and the molecular weight
of the viral proteins). Adjuvanted vaccine solutions were prepared
by adding adjuvant to WIV based on the ratios described in the lit-
erature for vaccine formulations and the experiments performed
on RAW-Blue™ cells for NFkB activation (supp. Fig. 1). The amount
of adjuvants used per vaccine dose (2.5 lg HA of WIV) was 2.5 lg
Pam3CSK4 (EMC Microcollections GmbH, Tubingen, Germany) [20],
2.5 lg MPLA (Avanti Polar Lipids, Inc, Alabama, USA) [24], 10 lg
CpG ODN 1826 (Eurogentec, Maastricht, The Netherlands) [25] or
12.5 lg GPI-0100 (Hawaii Biotech, Hawaii, USA).

2.3. Spray freeze-drying

Powder vaccine was prepared using inulin from dahlia
tubers, MW �5000, as stabilizer (Sigma–Aldrich, Chemie B.V.
Zwijndrecht, The Netherlands). Spray freeze-drying was performed
using previously optimized conditions [12,17]. Briefly, a mixture of
WIV in HBS buffer containing 5% w/v inulin was prepared at an HA
to inulin (w/w) ratio of 1:200. The mixture was then 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 in liquid nitrogen using an atomizing
air flow of 600 ln/h. After evaporation of the liquid nitrogen, the
frozen droplets containing the active ingredients and inulin were
placed on the shelf pre-cooled to a temperature of �55 �C of a
Christ Epsilon 2–4 freeze dryer. Drying was performed at a pres-
sure of 0.220 mBar with a condenser temperature of �85 �C. The
shelf temperature was gradually increased from �55 �C to 4 �C
during 32 h. Subsequently, the pressure was decreased to
0.055 mBar, and the shelf temperature was gradually increased
to 20 �C during 11 h. The powder vaccine was then collected in a
cabinet at a relative humidity of less than 10% and then stored at
4 �C in sealed injection vials until further use.

2.4. Physical characterization of powder vaccine

Geometric particle size distribution of powder vaccines was
measured as described previously [17,23]. X10, X50 and X90 values
of the geometric diameter were determined from cumulative
undersize curves and the span was calculated as (X90–X10)/X50.
The aerodynamic size distribution was calculated from the geo-
metric particle size distribution by the following equation [26,27]:

dae ¼ de

ffiffiffiffiffiffiffiffiffi
qp

qov

s

where dae is the aerodynamic diameter, de the geometric particle
size, qp the density of the particles (g/cm3), q0 the unit density
(1 g/cm3) and, v the dynamic shape factor. The density of the SFD
particles was earlier determined to be 0.05 g/cm3 and the shape
was found to be spherical in scanning electron microscopy [23,26].

The specific surface area of powder vaccines was measured
using a Tristar surface analyzer (Micrometrics Instrument Corp.,
Norcross, USA) as described previously [23].

Scanning electron microscope (SEM) images of powder vaccines
were taken using a JEOL JSM 6301-F microscope (JEOL Ltd., Tokyo,
Japan) as described previously [23]. Images were taken at magnifi-
cation of 1000�.

2.5. Characterization of the cell-stimulating capacity of adjuvanted
vaccines

The cell-stimulating capacity of adjuvants and adjuvanted vac-
cines before and after spray freeze-drying was measured using
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RAW-Blue™ cells (Invivogen, San Diego, USA) following the manu-
facturer’s instructions. Escherichia coli lipopolysaccharide (LPS;
Sigma–Aldrich Chemie B.V. Zwijndrecht, The Netherlands) was
used as reference.

2.6. Immunization, challenge and sample collection

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 performed in 6–
8 weeks old female BALB/c mice (Harlan, Zeist, The Netherlands).

Mice (n = 6) were vaccinated under isoflurane/O2 anesthesia via
the pulmonary route twice, with an interval of 3 weeks as described
previously [23]. Briefly, the mice were intubated using a modified
Autoguard catheter (Becton Dickinson, Breda, The Netherlands).
Mice were held in an upright position and powder vaccine was
delivered to the lungs by applying a single puff of 200 ll using a
dry powder insufflator (DPI, Penn-Century Inc., Wyndmoor, USA).
Prior to immunization the approximate dose propelled from the
DPI was estimated using the anthrone assay, a colorimetric test that
quantitates carbohydrates, in our case inulin [28]. A 200 ll puff
with the air pump Model AP-1 (Penn-Century) was found to deliver
approximately 500 lg powder containing 2.5 lg HA (data not
shown). When evaluating inflammatory responses in the lung,
50 ll of HBS containing 10 lg LPS was pulmonary administered
to mice as positive control. Administration was done using an IA-
1C micro-sprayer attached to a FMJ-250 high-pressure syringe
(Penn-Century Inc., Wyndmoor, USA).

Inflammatory responses in the lungs were determined in mice
(n = 3) one and three days after the first and second immunization.
For obtaining bronchoalveolar lavages (BAL) a small incision was
made in the trachea of sacrificed mice through which a 20G
Insyte Autoguard catheter (Becton Dickinson BV, Alphen aan de
Rijn, The Netherlands) connected to a 1 ml syringe was inserted.
BAL was performed by injecting 1 ml PBS (pH 7.4) into the lungs
and immediately retrieving the buffer. Subsequently, lungs were
perfused through the heart with 20 ml PBS containing 0.1% heparin
and blown up using 1 ml of 1:1 diluted Tissue-Tek OCT (Sakura,
Alphen aan den Rijn, Netherlands) and stored at �80 �C until use
[7,29].

The protective efficacy of the vaccines was determined by chal-
lenge of the immunized mice (n = 6) with live virus of the heterol-
ogous strain A/PR/8 (H1N1) one month after the booster
vaccination as previously described [17]. Three days after chal-
lenge, mice were sacrificed under isoflurane/O2 anesthesia. Blood,
nose washes, perfused lungs and spleens were collected and pro-
cessed for further use. Nose washes were obtained using 1 ml
PBS (pH 7.4), containing complete protease inhibitor cocktail,
Almere, The Netherlands [30]. Lungs were collected in 1 ml
Iscove’s Modified Dulbecco’s Medium (IMDM, Gibco, Life
Technologies BV, Bleiswijk, The Netherlands) containing 5% FBS
(Lonza, Basel, Switzerland), 100 U/ml penicillin, 100 mg/ml strep-
tomycin and 0.05 M 2-mercaptoethanol (Invitrogen, Breda, The
Netherlands) after perfusion with 10 ml PBS containing 0.1 lg/ml
heparin. Spleens were collected in 5 ml complete IMDM medium.

2.7. ELISA

Nose washes, lung supernatants and serum samples were used
for evaluation of humoral responses. For detection of influenza-
specific IgG, IgG1, IgG2a and IgA antibodies, ELISA plates (Greiner
Bio One, Alphen, The Netherlands) were coated with 500 ng/well
of WIV derived from A/Cal (H1N1) or A/PR/8 (H1N1) overnight at
37 �C. ELISA was performed as previously described [23].

Cytokine ELISAs were performed using Ready-SET Go ELISA kits
(eBioscience, Vienna, Austria). 50 ll of BAL was diluted 1:1 in 1%
Tween 20 and IFNc, IL6 and MCP-1 levels were determined accord-
ing to the manufacturer’s protocol.

2.8. Lung histology

Thin sections (5 lm) of the frozen lungs were made as
described previously [7] and stained with hematoxylin and eosin
using standard procedures.

2.9. Hemagglutination inhibition

Hemagglutination inhibition (HI) assay was performed as
described previously [12] using pooled sera of mice from each
experimental group. Four hemagglutination units (HAU) inacti-
vated A/Cal virus were added to the diluted serum samples. HI
titers are expressed as log2 values of the highest dilution prevent-
ing hemagglutination.

2.10. FACS staining

Spleens were collected in complete IMDM medium three days
after challenge and were processed to single cell suspension using
GentleMACS C tubes and a GentleMACS dissociator (Mitenyi Biotec
B, Leiden, The Netherlands). RBCs were lysed using ACK buffer
(0.83% NH4Cl, 1 mM KHCO3, 0.1 mM EDTA, pH 7.2). Similarly, lungs
were collected in complete IMDM medium and were processed as
described previously [29]. After extensive washing 1 � 106 cells
were added to FACS tubes (Corning Incorporated, New York,
USA). Cells were centrifuged at 1200 rpm for 5 min at 4 �C.
Pelleted cells were resuspended and stained with Alexa Fluro647
anti-GL7 (0.1 lg/100 ll) and PE anti-B220 PE (0.2 lg/100 ll) (all
antibodies from eBioscience, Vienna, Austria) in FACS buffer (1%
bovine serum albumin in PBS, pH 7.4) at 4 �C for 60 min. Cells were
then washed three times with FACS buffer and analyzed.
Neutrophils in the BAL were processed and stained as described
previously [12]. All samples were analyzed using a MACSQuant
flow cytometer (Miltenyi Biotec B, Leiden, The Netherlands). Data
were analyzed using Kaluza flow cytometry analysis software ver-
sion 1.2 (Beckman Coulter, Woerden, The Netherlands).

2.11. IFNc or IL4 ELISpot

Influenza specific IFNc- and IL4-producing T cells were enumer-
ated by ELISpot using a murine IFNc ELISpot kit (Gen-Probe Diaclone
SAS, Besancon Cedex, France) or an in-house IL4 ELISpot protocol,
respectively. Briefly, 5 � 105 lymphocytes from lungs or splenocytes
were added to MultiScreenHTS-HA filter plates (Millipore, Billerica,
Massachusetts) coated with anti-IFNc or anti-IL4 antibodies (BD
Biosciences, Breda, The Netherlands). Splenocytes were incubated
overnight at 37 �C with 5% CO2 in IMDM complete medium without
or with 10 lg/ml WIV obtained from A/Cal. IFNc- or IL4-producing
cells were detected using alkaline phosphatase-labeled anti-mouse
IFNc or IL4 antibodies (eBioscience, Vienna, Austria). Plates were
washed and spots were developed using BCIP/NBT substrate
(Roche, Almere, The Netherlands). The reaction was stopped by
washing plates with tap water.

2.12. Virus titration

Perfused lungs collected after challenge were homogenized in
PBS (pH 7.4) and centrifuged at 1200 rpm for 10 min.
Supernatants were collected, 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 [12].
Virus titers are presented as log10 titer per gram lung.
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2.13. Statistical analysis

Mann Whitney U-test was used for data analysis. One-tailed
tests were performed for comparison of data from groups immu-
nized with non-adjuvanted vs adjuvanted vaccines. For other com-
parisons a two-sided test was employed. P values <0.05 were
considered to represent statistically significant differences. ⁄, ⁄⁄ sig-
nify p < 0.05, p < 0.01, respectively.

3. Results

3.1. In vitro characterization of SFD powder vaccines

In order to evaluate whether addition of adjuvants to WIV prior
to spray freeze-drying affects the physical characteristics of the
obtained powder, particle size, surface area and morphology of
powder vaccines were analyzed. Laser diffraction revealed that
90% of the powder particles had a geometric size <17 lm with a
narrow size distribution (Fig. 1a and Table 1). Calculation of the
aerodynamic size, which is more relevant for the behavior of
particles in an air stream, showed that the diameter of 90% of the
particles was <5 lm for all the vaccine powders (Fig. 1b). These
powders thus have the dimensions (diameter of 1–5 lm) required
for pulmonary delivery [6,31]. All SFD vaccines consisted of
particles with high specific surface areas >60 m2/g proving that
the particles were highly porous (Fig. 1c). Among the SFD vaccines,
WIV-Pam3CSK4 had the lowest surface area (65 m2/g) while WIV-
GPI-0100 had the highest (97 m2/g). The physical appearance of
the powder particles was further investigated by SEM. SEM images
show that all adjuvanted powder formulations consisted of
spherical particles with interconnected pores (Fig. 1d–h). For each
powder there was some minor variation in particle size distribu-
tion. Yet, the general appearance of the powders was very similar.
Overall the results of the physical characterization of the SFD pow-
ders indicate that addition of the adjuvants had negligible effects
on powder size and morphology.

In order to determine whether the biological properties of the
adjuvants were affected by spray freeze drying, RAW-Blue™ cells
were exposed to non-treated adjuvants, adjuvanted WIV and SFD
adjuvanted WIV (supp. Fig. 1). The TLR ligands Pam3CSK4, MPLA
and CpG activated the NFjB transcription factor while GPI-0100
did not. All adjuvants were equally active after combination with
WIV and spray freeze-drying had, if any, a positive effect on the
cell-activating properties of the adjuvanted vaccines. This result
demonstrates that the capacity of the adjuvants to activate the
respective TLRs was not negatively affected by spray freeze-drying.

3.2. Effects of vaccine powder administration on the lungs

In order to determine the immediate effects of vaccine admin-
istration on the lungs, mice were inoculated with the different vac-
cine powders and inflammatory responses in the lungs were
evaluated one and three days after the first as well as after the sec-
ond immunization (Fig. 2). After the first administration of either of
the vaccines the number of neutrophils (Fig. 2a) was slightly ele-
vated on day 1 but had returned to baseline levels on day 3. In con-
trast, administration of LPS, which was used as a positive control,
to the lungs resulted in high numbers of infiltrating neutrophils
and these numbers stayed high. After the second vaccine adminis-
tration the numbers of infiltrating neutrophils were higher than
after the first dose, yet neutrophil influx was again transient. As
expected, adjuvanted vaccines had stronger effects than the non-
adjuvanted vaccine, with only minor differences among the differ-
ent adjuvants.

Similarly, the pro-inflammatory cytokines IFNc and IL6 were
transiently elevated in BAL after administration of adjuvanted
vaccines, especially after the booster dose (Fig. 2b and c). Among
groups immunized with adjuvanted vaccine, levels of IFNc and
IL6 were lowest for the GPI-0100 group. Yet, in all groups immu-
nized with adjuvanted vaccines cytokine levels were significantly
lower than in the LPS control group and had decreased to almost
baseline levels on day 3 after vaccine administration. Vaccines that
were adjuvanted with one of the TLR ligands induced transient
production of the monocyte-attracting chemokine MCP-1
(Fig. 2d) while non-adjuvanted or GPI-0100-adjuvanted vaccine
had little effects on MCP-1 levels.

The overall structure of the lung was not affected by any of the
vaccines (Fig. 3). No signs of bronchiolitis or alveolitis were
observed at day 1 or 3 after the first or second vaccine administra-
tion (data shown for day 1 after the second immunization only,
Fig. 3a–e). In contrast, clear signs of perivasculitis and peribronchi-
olitis were detected 3 days after administration of LPS (Fig. 3f).

Overall the data suggest that vaccine administration to the
lungs has moderate and transient effects on lung cell populations
and cytokine/chemokine levels but does not cause gross inflamma-
tion. Not surprisingly, adjuvanted vaccines were more prone to
cause these changes than non-adjuvanted vaccine. Among the
adjuvants, GPI-100 caused the least pronounced changes.

3.3. Mucosal antibody responses after pulmonary vaccination

Earlier we described that pulmonary immunization with non-
adjuvanted WIV induced lung IgA but rather little IgA in the nose
[12]. To investigate whether the use of one of the adjuvants
improved mucosal immune responses, antibody levels were deter-
mined in nose washes and lung supernatants of vaccinated and
subsequently challenged mice. Nose IgA responses in mice immu-
nized with non-adjuvanted SFD WIV were higher than in our pre-
vious experiment [14], possibly due to some changes in
vaccination technique (Fig. 4a). None of the adjuvanted vaccines
induced significantly higher nose IgA levels than non-adjuvanted
WIV; yet, there was a trend toward higher nose IgA levels in mice
immunized with WIV-CpG or WIV-GPI-0100.

Evaluation of lung supernatants for IgA antibody (Fig. 4b)
showed that mice immunized with WIV-GPI-0100 developed
approximately 250-fold higher IgA titers than mice administered
with unadjuvanted WIV. A trend toward higher IgA induction in
the lungs was also observed in mice vaccinated with WIV-CpG,
but differences were not significant. MPLA and Pam3CSK4 had no
or even a detrimental effect on lung IgA levels. All adjuvants except
Pam3CSK4 significantly stimulated lung IgG responses (Fig. 4c). The
IgG titers were highest in mice vaccinated with WIV-GPI-0100;
this was reflected by an elevated percentage of lung B cells carry-
ing the germinal center marker GL-7 (Fig. 4d).

3.4. Systemic antibody responses after pulmonary vaccination

The immunological properties of the adjuvanted powder vacci-
nes were evaluated in mice that received two doses of 2.5 lg HA by
the pulmonary route. After a single immunization only mice
immunized with WIV-GPI-0100 developed serum HI titers greater
than 40 (Fig. 5a; dashed line indicates titer of 40), which is consid-
ered to be protective in humans [32,33]. This titer was further
boosted to >4000 after the second immunization with WIV-GPI
and was by far the highest among all immunized groups. The other
adjuvanted vaccine formulations, except WIV-Pam3CSK4, also
induced HI titers higher than unadjuvanted WIV but titers greater
than 40 were reached only after the second immunization. These
titers remained constant for a month after booster.

Determination of IgG titers in serum (Fig. 5b) showed that all
tested adjuvants, except for Pam3CSK4, significantly enhanced anti-
body titers induced by WIV after the first as well as after the



Fig. 1. Physical characterization of SFD powder vaccines. WIV derived from A/Cal was mixed with the indicated adjuvants and SFD using inulin as stabilizer. Evaluation of (a)
geometric particle size [X10 (white bars), X50 (gray bars) and X90 (black bars)] and (b) aerodynamic particle size of SFD powder vaccines by laser diffraction using RODOS. (c)
Specific surface area of SFD vaccine formulations. Scanning electron microscope images of SFD vaccines representing (d) WIV, (e) WIV-Pam3CSK4, (f) WIV-MPLA, (g) WIV-CpG
ODN 1826 and (h) WIV-GPI-0100.
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Table 1
Analysis of powder vaccines by laser diffraction for geometric size distribution.
Particle diameters are indicated in lm. X10, X50, and X90 give the average size of
10%, 50%, and 90%, respectively, of the powder particles after spray freeze drying.

Vaccines Laser diffraction (lm) Span

X10 X50 X90

WIV 1.930 5.637 13.953 2.133
WIV Pam3CSK4 2.617 6.263 15.040 1.984
WIV MPLA 3.537 8.660 16.460 1.492
WIV CpG ODN 1826 1.820 5.747 16.160 2.495
WIV GPI-0100 1.893 5.497 12.980 2.017

Fig. 2. Inflammatory responses in the lungs after pulmonary immunization. Mice
were immunized with the indicated dry powder vaccines (2.5 lg HA +/� adjuvant)
on day 0 and day 21 or received 10 lg aerosolized LPS (day 0 only). Control mice
were left untreated. BAL was collected from 3 mice per group on day 1 (white bars),
day 3 (gray bars), day 22 (striped white bars) and day 24 (striped gray bars) and was
evaluated for (a) total number of neutrophils, (b) IFN c, (c) IL6 and (d) MCP-1. Data
are expressed as mean ± S.E.M.
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second immunization. In mice immunized with CpG- or GPI-0100-
adjuvanted vaccines IgG titers remained significantly higher than
in mice immunized with plain vaccine for at least a month. At each
time point studied, mice immunized with GPI-0100 adjuvanted
vaccine displayed the highest IgG titers.

Quantification of IgG subclasses (Fig. 5c and d) demonstrated
that mice immunized with adjuvanted formulations, except the
one containing Pam3CSK4, developed significantly higher levels of
influenza-specific IgG1 than mice immunized with unadjuvanted
vaccine. By far the highest IgG1 titers were measured in mice
immunized with WIV-GPI-0100, especially after the booster
immunization. IgG2a levels were enhanced only in mice immu-
nized with CpG- or GPI-0100-adjuvanted vaccine. GPI-0100-adju-
vanted vaccine induced early induction of IgG2a while by day 51,
CpG and GPI-0100 both enhanced IgG2a levels by about a factor
of 10 as compared to non-adjuvanted WIV.

3.5. Cellular responses after pulmonary vaccination

Cellular immune responses were assessed in spleens of immu-
nized and non-immunized mice three days after virus challenge
(Fig. 6). Neither non-adjuvanted WIV nor WIV adjuvanted with
one of the TLR ligands induced significant numbers of influenza-
specific IL4-producing T cells. In contrast, immunization with
WIV-GPI-0100 resulted in a very strong IL4 response. All vaccines
induced influenza-specific IFNc-producing T cells to about similar
levels, no adjuvant effect was observed in this respect. For the
groups immunized with plain vaccine or vaccine adjuvanted with
one of the TLR ligands the numbers of IL4- and IFNc-producing T
cells were about equal or there was a dominance of IFNc-producing
T cells. For the group immunized with GPI 0100-adjuvanted vaccine
the number of IL4-producing T cells was about 3 times higher than
the number of IFNc-producing T cells.

3.6. Crossprotection after pulmonary vaccination

In our earlier studies we proved that pulmonary vaccination is
capable of providing protection against homologous virus chal-
lenge [7,12,17]. Now we investigated in how far pulmonary immu-
nized mice were protected against challenge with a heterologous
virus strain (of the same virus subtype) and whether adjuvants
contributed to this protection. To this end, mice were immunized
with (adjuvanted) SFD vaccines derived from A/Cal (H1N1) and
were challenged with about 20LD50 of A/PR/8 (H1N1) one month
after the second vaccination.

Analysis of serum samples for IgG titers after virus challenge
revealed that pulmonary delivery of all SFD A/Cal vaccines induced
IgG antibodies cross-reactive with A/PR/8 (Fig. 7a). Adjuvantation
of the vaccine with GPI-0100 but not with any of the other adju-
vants significantly increased the titer of the cross-reactive IgG.
Despite the presence of cross-reactive IgG antibodies in all exper-
imental groups, only mice vaccinated with WIV-GPI-0100 had a
detectable A/PR/8-specific HI titer which was however low (8).



Fig. 3. Effect of pulmonary immunization on lung histology. Representative images of lung sections from mice immunized with SFD (a) WIV, (b) WIV-Pam3CSK4, (c) WIV-
MPLA, (d) WIV-CpG or (e) WIV-GPI-0100 three days after second immunization; (f) from mice three days after pulmonary delivery of LPS (positive control); and (g) from non-
immunized control mice. All sections are shown at 200� magnification.
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Titration of lung supernatants obtained 3 days after challenge
for presence of virus showed that none of the vaccinated mice
was able to completely clear the virus (Fig. 7b). Yet, in mice vacci-
nated with WIV-GPI-0100 the lung virus titer was reduced by more
than 1 log10 as compared to the titer in non-immunized control
mice (p = 0.0124). In contrast, mice immunized with any of the
other adjuvanted vaccines did not have reduced virus load in the
lungs as compared to the control group.

4. Discussion

The aim of this study was to investigate the suitability of differ-
ent adjuvants to enhance immune responses to pulmonary deliv-
ered WIV influenza vaccine formulated as dry powder. To this
end, WIV supplemented with different TLR ligands or the non-
PRR binding, saponin-derived semi-synthetic compound GPI-
0100 was SFD using inulin as stabilizer. Physical characterization
of SFD vaccines showed that all adjuvanted vaccines were suitable
for pulmonary delivery. NFjB activation in RAW-Blue™ cells con-
firmed that spray freeze-drying did not affect the immune stimu-
lating properties of the adjuvants. A comparative pulmonary
immunization study in mice highlighted that all adjuvants, except
for Pam3CSK4, enhanced the induction of systemic IgG. However,
only GPI-0100 was capable of stimulating potent mucosal IgA
responses. Mice immunized with GPI-0100-adjuvanted WIV were
partially protected against heterologous virus challenge while mice
immunized with any of the other adjuvanted vaccines were not.

Our study aimed at delivering the adjuvanted WIV vaccines to
the lungs as dry powder. For effective pulmonary delivery particle
size of the powder vaccines is an important parameter [26]. The
size of SFD particles is determined by the compounds present in
the dried material and the spray freeze-drying conditions [12].
Our data indicate that none of the adjuvants affected the particle
size of SFD WIV. This might be due to the high inulin content in
the formulation (inulin:adjuvant weight ratio 1:40 to 1:200). The
high inulin content probably also contributed to complete preser-
vation of the cell-stimulating properties of the adjuvants after
spray freeze-drying.

An important issue in pulmonary immunization is safety.
Clinical studies with aerosolized measles vaccine (live attenuated
virus) and a dry powder formulation of such a vaccine (recently
reviewed in [34]) as well as studies with a pneumococci vaccine
[35] have not shown major side effects indicating that pulmonary
immunization as such is safe. Yet, inclusion of an adjuvant in a pul-
monary administered vaccine could potentially induce harmful
inflammation in the lungs. Our data show that pulmonary delivery
of WIV along with adjuvants led to transient recruitment of neu-
trophils and production of cytokines after the first immunization.
After the second immunization the number of infiltrating neu-
trophils and the amount of cytokines and chemokines produced
were much higher, probably because of the recall response.
Nevertheless, also after the second immunization neutrophil num-
bers and cytokine levels returned to near baseline levels quickly. A
transient increase in inflammatory cytokines and transient influx
of neutrophils were also reported after pulmonary delivery of aero-
solized Mycobacterium tuberculosis antigen 85A together with CpG,
MPLA or LTB [21]. On basis of the limited extent and transient nat-
ure of inflammatory responses and the absence of overt histologi-
cal changes we conclude that pulmonary delivery of adjuvanted
influenza vaccine is safe. Yet, more detailed safety and toxicity
studies are needed before pulmonary administration of adjuvanted
vaccines in humans can be envisaged.

After analysis of inflammatory responses, the humoral immune
response induced by the adjuvanted pulmonary vaccines was



Fig. 4. Mucosal antibody responses after pulmonary vaccination. Mice (n = 6) were
vaccinated via the pulmonary route on day 0 and 21 with powder vaccines
containing 2.5 lg HA of A/Cal WIV without or with the indicated adjuvants. Control
mice were left untreated. Nose washes and lungs were collected on day 54, 3 days
after challenge with A/PR/8, and were analyzed for (a) nose IgA, (b) lung IgA, and (c)
lung IgG reacting with A/Cal. Nose IgA responses are presented as absorbance at
OD492 while lung IgA and IgG antibody levels are expressed as log10 titers.
Formation of germinal centers in the lungs was evaluated by determining the
percentage of B220+GL-7+ cells in homogenized lungs. Levels of significance are
presented as ⁄p < 0.05, ⁄⁄p < 0.01.

ig. 5. Systemic antibody responses after pulmonary vaccination. Mice (n = 6) were
accinated via the pulmonary route on day 0 and 21 with powder vaccines
ntaining 2.5 lg HA of WIV derived from A/Cal alone or with the indicated

djuvants. Control mice were left untreated. Influenza virus specific humoral
sponses were evaluated in serum collected on day 21 (white bars), 28 (gray bars)

nd 51 (black bars). (a) HI titers from pooled sera, (b) IgG titers, (c) IgG1
ncentration and (d) IgG2a concentration. Titers are shown as mean ± S.E.M. HI

ters after vaccination are expressed as reciprocal of the highest dilution resulting
complete inhibition of hemagglutination. IgG antibody levels are expressed as

g10 titers. IgG1 and IgG2a levels are shown as lg per ml. Levels of significance are
resented as ⁄p < 0.05, ⁄⁄p < 0.01.
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Fig. 6. Cellular immune responses after pulmonary vaccination. Effects of adjuvants
on the number of influenza-specific T cells were evaluated in the mice described in
the legend to Fig. 4 three days after heterologous challenge with A/PR/8.
Splenocytes were stimulated overnight with or without WIV derived from A/Cal.
The numbers of (a) IL4- and (b) IFNc-producing influenza-specific cells were
calculated by subtracting the number of spots formed by non-stimulated cells from
the number of spots formed by stimulated cells. The results are expressed as spot
forming cells per 5 � 105 cells. Levels of significance are presented as ⁄p < 0.5,
⁄⁄p < 0.01.

Fig. 7. Crossprotection after pulmonary vaccination. One month after the second
vaccination with WIV derived from A/Cal, the mice described in the legend to Fig. 5
were given a heterologous challenge with 200 PFU A/PR/8. Three days after
challenge, mice were sacrificed. (a) Serum samples were analyzed for A/PR/8-
specific IgG. (b) Lung homogenates were evaluated for virus titers. IgG antibody
levels are expressed as log10 titers per ml. Virus titers are expressed as log10 titers
per gram of lung tissue. Levels of significance are presented as ⁄p < 0.5, ⁄⁄p < 0.01.
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evaluated. Our results show that most adjuvants stimulated the
induction of HI titers to levels greater than those induced in mice
vaccinated with unadjuvanted WIV. Yet, Pam3CSK4 performed
poorly as an adjuvant. The reason for a suboptimal response to vac-
cines containing this TLR ligand might be that the signaling path-
ways used by the antigen (WIV activates TLR7 by virtue of the
single stranded viral RNA [36]) interfered with the TLR2 pathway
activated by Pam3CSK4. Favorable and less favorable interactions
of different TLR pathways have been described before but results
depended on the TLR ligands used and on the cytokines investi-
gated [37]. In general, combinations of TLR7 with TLR2 seem to
be unfavorable while combinations of TLR7 with TLR4 are moder-
ately favorable and combinations of TLR7 with the TLR9 ligand CpG
can be rather effective [38]. The same ranking was found in our
experiments in which CpG performed better than MPLA which in
turn performed better than Pam3CSK4. In general, these results
suggest that thorough knowledge of signal transduction pathways
used by antigen and adjuvants is required for the design of optimal
adjuvanted vaccine formulations.

Compared to the TLR ligand adjuvants, GPI-0100 enabled the
induction of robust HI and IgG titers upon pulmonary vaccination
already after a single immunization and most potently stimulated
overall antibody titers as well as IL4-producing T cells after two
immunizations. In addition, GPI-0100 was the only adjuvant that
enhanced mucosal IgA titers. The excellent performance of GPI-
0100 as pulmonary adjuvant is in line with our previous results
which show that GPI-0100 co-delivered with influenza subunit
vaccines to the lungs as liquid aerosol potently enhances systemic
and mucosal IgG as well as IgA titers [7]. Similar results were found
when ISCOMATRIX (IMX), another saponin-based adjuvant, was
used as adjuvant for pulmonary delivered influenza split vaccine
in mice or sheep [39,40]. The new data presented here provide fur-
ther evidence that saponins are highly suitable as pulmonary adju-
vants and demonstrate that they retain their adjuvanting capacity
even after spray freeze-drying.

The aim of pulmonary vaccination is to raise IgA at the mucosal
surfaces so that immediate neutralization of influenza virus is
obtained at the port of entry. In our study pulmonary immunization
with any of the vaccines resulted in high levels of IgA in the lungs
and moderate levels in the nose. Even GPI-0100, though enhancing
lung IgA titers by more than 100-fold, had only a minor effect on
nose IgA titers. The reason for the relatively low nasal IgA titers
could be that the vaccine was directly delivered to the lungs thereby
bypassing the nasal mucosa. This might have resulted in stimulation
of antigen-specific lymphocytes homing to the lungs rather than to
the nose [41–43]. Moreover, the surface area of the nasal mucosa is
much smaller than that of the lower respiratory tract which proba-
bly also contributed to moderate IgA levels in the nose [44].
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Earlier studies on mucosal immunity indicated that the
microenvironment in the respiratory tract of mice favors Th2-dom-
inated immune responses characterized by cytokines such as IL4,
IL5 and IL13 and the Th2-associated antibody subclass IgG1 [45–
47]. This phenomenon has also been observed in our previous
studies where pulmonary immunization with WIV resulted in a
Th2-dominated response while intramuscular immunization with
a WIV vaccine induced Th1-dominated responses [23,36]. In the
current study, use of adjuvants, except GPI-0100, resulted in a
dominant Th1 response. Yet, levels of IgG2a were relatively low
for Pam3CSK4 and MPLA-adjuvanted WIV. In contrast, the CpG-ad-
juvanted vaccine induced robust IgG2a production (with little pro-
duction of IgG1). GPI-0100-adjuvanted WIV elicited similar
amounts of IgG2a as CpG-adjuvanted vaccine but induced much
higher IgG1 titers leading to an ‘unfavorable’ IgG2a/IgG1 ratio of
0.281. Previous studies have shown that in mice both IgG1 and
IgG2a contribute to protection from influenza but that IgG2a is
more important due to effective activation of complement and
facilitation of virus uptake via Fc receptors [48,49]. This implies
that for protection the IgG2a/IgG1 ratio is not that important as
long as sufficient IgG2a is available which is in line with our previ-
ous observations. The immune response evoked by GPI-0100-adju-
vanted vaccine, characterized by very high IgG1 and high IgG2a
levels, is thus supposed to be highly effective in protecting from
influenza infection.

In addition to antibody responses, we evaluated the ability of
the adjuvanted vaccines to provide crossprotection upon heterolo-
gous challenge. We found that pulmonary immunization with A/
Cal (H1N1) alone or in combination with either of the adjuvants
resulted in production of antibodies which cross-reacted with A/
PR/8 (H1N1) in ELISA. However, a measurable HI titer (HI = 8)
against A/PR/8 (H1N1) was only observed in mice immunized with
GPI-0100-adjuvanted A/Cal WIV. Only the latter vaccine induced
partial protection against challenge with A/PR/8 virus. We earlier
reported that i.m. administration of non-adjuvanted WIV provides
protection against a heterologous influenza virus strain [29] with
cytotoxic T lymphocytes as major correlate of protection [50].
The same paper shows that in contrast to i.m. injection total respi-
ratory tract immunization with WIV does not elicit robust CTL
responses. Instead, moderate cross-protective efficacy of WIV
could be attributed to mucosal IgA [50]. Therefore, in our study
the reason for reduced virus titers in the lungs of mice immunized
with GPI-0100 could be the presence of high IgA in lungs as well as
in serum (supp. Fig. 2).

Taken together, our data show that all studied adjuvants toler-
ated the stresses associated with spray freeze drying and the use of
all adjuvants was compatible with the production of powder parti-
cles as desired for pulmonary administration. Neither of the adju-
vants induced overt inflammation of the lungs. Yet, the adjuvants
differed in their capacity to enhance systemic and particularly
mucosal immune responses, with GPI-0100 being clearly more
effective than the other adjuvants. To our knowledge this is the
first study which evaluates different adjuvants in a dry powder
vaccine formulation administered to the lungs. The results are very
encouraging and imply that pulmonary delivery of stable adju-
vanted powder vaccine could be a feasible and safe approach for
preventing spread of seasonal and pandemic influenza infections
in the future.
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