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Introduction

Summary

Pulmonary vaccination is a promising immunization route. However,
there still remains a crucial need to characterize the different parameters
affecting the efficacy of inhaled vaccination. This study aimed at assessing
the impact of antigen distribution within the respiratory tract on the
immune response to a monovalent A/Panama/2007/99 H3N2 influenza
split virus vaccine administered to BALB/c mice. Varying the administra-
tion technique allowed the targeting of the vaccine to different sites of the
mouse respiratory tract, i.e. the nasal cavity, the upper or central airways,
or the deep lung. This targeting was verified by using ovalbumin as a tra-
cer compound. The immune responses generated following influenza vac-
cine administration to the different respiratory tract sites were compared
to each other and to those elicited by intramuscular and peroral intra-
gastric immunization. Delivery of the vaccine to the different respiratory
regions generated systemic, local and cellular virus-specific immune
responses, which increased with the depth of vaccine deposition, culmin-
ating in deep-lung vaccination. The latter induced virus-specific serum
immunoglobulin G and neutralizing antibody titres as elevated as intra-
muscular vaccination, whereas the production of mucosal secretory
immunoglobulin A was significantly superior in deep-lung-vaccinated ani-
mals. The analysis of cytokines secreted by mononuclear cells during an
in vitro recall response indicated that deep-lung vaccination induced a
local shift of the cellular immune response towards a T helper type 1 pheno-
type as compared to intramuscular vaccination. In conclusion, antigen dis-
tribution within the respiratory tract has a major effect on the immune
response, with the deep lung as the best target for inhaled influenza
vaccination.

Keywords: antigen delivery site; influenza virus; mucosal/cellular immu-
nity; pulmonary vaccination

that are administered seasonally by injection principally
to people at high-risk of influenza complications.

Yearly outbreaks of influenza cause significant morbidity
in the general population and mortality in high-risk
patient groups." The World Health Organization indicates
that 5-15% of the world population fall ill with influenza
every year, resulting in a significant socio-economic bur-
den.” Vaccination can limit influenza virus infection as
well as spread.

The vast majority of currently licensed influenza vac-
cines are unadjuvanted inactivated split virus preparations
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Although these vaccines are known to induce serum
immunoglobulin G (IgG) antibodies, they are poor stimu-
lators of secretory IgA (S-IgA) at respiratory mucosal
sites. This may be considered as a lack because S-IgA has
been shown to increase protection through its role in
viral clearance and its effective intracellular and extracel-
lular neutralization of influenza virus at the point of viral
entry.” Existing injectable influenza split vaccines also
show sporadic CD8" cytotoxic T lymphocyte activation,
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particularly in the elderly.*> Therefore, there is a need for
improvement, not only in vaccine efficacy but also in ease
of administration and immunization coverage.

To overcome the limitations of existing parenteral vac-
cines, alternative vaccination strategies have been evalu-
ated. One of these strategies is mucosal vaccination
because the advantages of generating both a mucosal and
a systemic immunity have been recognized.® In addition,
delivery to mucosa is needle-free and painless, and might
therefore improve patient compliance. Mucosal vaccin-
ation is also more suitable for mass vaccination cam-
paigns and thereby might help to increase the herd
immunity.”® This is particularly critical in children
because it has been shown that the risk for acquiring
influenza infection in all age groups could be reduced
substantially by community-wide routine vaccination in
young children.’

Different types of influenza vaccines have been evalu-
ated for delivery to the respiratory mucosa. Some studies
made with non-replicative influenza virus vaccines
showed them to be poorly immunogenic when adminis-
tered intranasally (in.) and this prompted subsequent
studies with adjuvanted vaccines.'®"? The choice of adju-
vant remains, however, critical because safety concerns
have been observed in some cases (e.g. heat-labile Escheri-
chia coli toxin'®). The development of cold-adapted live
attenuated influenza vaccines for nasal administration has
been more successful.'* An intranasal vaccine of live
attenuated virus has been licensed (Flumist®) and its
potential to induce a broad cross-reactive immunity rep-
resents a clear asset. Yet, its use remains limited because
of its restricted target group of healthy people aged from
5 to 49 years, its frozen storage and its high cost.

Delivery of vaccines to the lungs is a potential alternat-
ive for mucosal immunization of the respiratory tract.
The utility, effectiveness and safety of pulmonary vaccin-
ation have been especially well established for measles,
with the pioneering studies of Sabin in the early 1980s
and more recently with the mass vaccination campaigns
in Mexico and South Africa.'>™” One laboratory has pre-
viously investigated the pulmonary administration of
influenza vaccines."®'® Their goal was to optimize an
inhalation dry powder of the inactivated whole or split
influenza virus using surfactant lipids as well as IgG for
targeting phagocytes, or a detergent for facilitating anti-
gen release. The immunity induced by pulmonary delivery
of the dry powder could be higher than that generated by
injection of the vaccine.

Pulmonary vaccination is a promising immunization
route. However, there still remains a crucial need to char-
acterize the different parameters affecting the efficacy of
inhaled vaccination. A critical parameter might be the site
of antigen deposition within the respiratory tract.*® Tar-
geting within human lungs can be accurately controlled
by aerosol particle size and the choice of the optimal
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aerosol particle size might be a potential question in
future clinical trials.”"** This was illustrated by Menzel
et al., who showed that alveolar targeting of a pneumo-
coccal polysaccharide vaccine in humans induced a trend
towards increased serum antibody responses as compared
to vaccine delivery to large airways.”’

The aim of the present study was to assess the impact
of the delivery site of a monovalent split influenza vaccine
within the respiratory tract on the intensity and on the
type of immune responses induced in mice. First, we veri-
fied that different techniques of administration were able
to target different respiratory tract regions by using oval-
bumin (OVA) as a marker of antigen distribution. Sec-
ond, we administered the monovalent influenza vaccine
to the different respiratory tract regions, identified the
optimal delivery site and compared the immune responses
with those induced by intramuscular (i.m.) or oral
administration of a same dose of the vaccine.

Materials and methods

Mice

Female NMRI mice, aged between 6 and 8 weeks, from
specific-pathogen-free colonies bred at the Université cath-
olique de Louvain (Brussels, Belgium) were used for the
lung deposition studies. Specific-pathogen-free BALB/c
female mice (Elevage Janvier, Le Genest-St-Isle, France),
6-8 weeks old, were used for the immunization studies.
Different mouse strains were used for the deposition and
immunization study for practical reasons of accessibility
to the mice and for reasons of cost. However, mice in the
deposition study were controlled for equivalent body
weight to those in the immunization study. All experimen-
tal protocols in mice were approved by the Institutional
Animal Care and Use Committee of the Université catho-
lique de Louvain.

Deposition study

Deposition of the instillate in the nasal passages, the tra-
chea, and the central and peripheral parts of the lung
lobes was measured using OVA as a distribution marker.
NMRI mice were anaesthetized using ketamine/xylazine
(90/10 mg/kg) intraperitoneal injection. Fifty micrograms
OVA in phosphate-buffered saline were then instilled
using various administration methods (Table 1). Intra-
nasal and intratracheal (i.t.) instillations were performed
using a micropipette (Finnpipette) and a 100-pl precision
microsyringe (Hamilton, Bonaduz, Switzerland), respect-
ively. The mice were killed by a lethal injection of pento-
barbital immediately after OVA administration. A nasal
wash was performed by cannulating the trachea towards
the nasal cavity and rapidly instilling 3 ml Hanks’ bal-
anced salt solution (HBSS). The fluid emerging from the
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Table 1. Administration techniques for targeting the different sites of
the respiratory tract

Vol. (ul)
Targeted site Delivery solution Angle of tilt Air
of deposition route delivered of mouse bolus
Nasal passages in. 10 90° none
Upper airways in. 50 90° none
Central airways it 10 0° none
Deep lung it 25 45° 1

Targeting was achieved by varying the delivery route, the volume of
solution and the position of the mouse and by the possible insuffla-
tion of a 200 pl air bolus following administration.

nostrils was collected and stored at —20°. The lungs were
then removed and divided into trachea (with main bron-
chi) and pulmonary lobes. Each lobe was cut in two equal
parts by mass: one central part cut round in shape
around the bronchus hilum, and one peripheral part. The
subdivision was made visually and allowed to obtain a
relatively constant weight ratio of the central to the per-
ipheral part. The trachea and central parts of the lung
lobes were pooled and represent the central airways frac-
tion. The peripheral parts of the lung lobes were also
pooled and constitute the deep-lung fraction. The differ-
ent tissue fractions were ground for release of the marker
in 2 ml ultrapure water with a tissue grinder Potter
(Merck Eurolab, Leuven, Belgium) for 2 min and the tis-
sue grinder was rinsed with 1 ml ultrapure water. The tis-
sue homogenates were then centrifuged at 8000 g and 4°
for 15 min. The supernatants were stored at —20° until
they were assayed for OVA content. When known OVA
quantities were added to lung tissue or nasal wash, they
were entirely recovered by enzyme-linked immunosorbent

assay (ELISA), indicating that degradation or tissue bind-
ing was insignificant during sample preparation. The
amount of OVA recovered in each fraction was expressed
as a percentage of the administered OVA dose.

Vaccines

Monovalent split influenza virus and monovalent whole
inactivated influenza virus were provided by Glaxo-
SmithKline Biologicals (Rixensart, Belgium). They were
prepared from the strain A/Panama/2007/99 (H3N2).
Briefly, the virus was inactivated with organic solvents to
produce whole inactivated virus. It was then disrupted
with detergents and centrifuged, and the split virus was
extracted. Vaccine doses were expressed in terms of haem-
agglutinin (HA) content. The HA was assayed by single
radial immunodiffusion as described previously.”* All
immunogens were prepared in phosphate-buffered saline.

Immunization

BALB/c mice were immunized as described in Table 2.
On day 0, mice were lightly anaesthetized and i.n. primed
by instillation of 20 pl (10 pl in each nostril) monovalent
A/Panama/2007/99 H3N2 influenza whole virus sterile
suspension containing 5 pg HA. This was performed to
generate background immunity and thereby to more clo-
sely mimic the natural priming that occurs in humans.
On day 28, mice were anaesthetized by intraperitoneal
injection of ketamine/xylazine. They were then vaccinated
with a 1-5-pg HA dose of monovalent split virus sterile
suspension of the same influenza strain used for priming,
and administered either i.m. (25 pl in both quadriceps),
orally (intragastric injection) or to the different sites
of the respiratory tract using the different techniques

Table 2. Immunization protocols

Priming Vaccination
HA dose Vol. HA dose

Vaccination group Day Route (ng) Day Route (ul) (ng)
Priming control 0 in. 5 - - - -
Intramuscular 0 in. 5 28 im. 50 15
Nasal cavity 0 in. 5 28 in. 10 15
Upper airways 0 in. 5 28 in. 50 15
Central airways 0 in. 5 28 it 10 15
Deep lung 0 in. 5 28 it 25 15

Oral 0 in. 5 28 p-o. 25 15

On day 0, mice were i.n. primed by instillation of 20 pl monovalent A/Panama/2007/99 H3N2
influenza whole virus sterile suspension containing 5 pg HA. On day 28, mice were vaccinated

with a 1-5 pg HA dose of monovalent split virus sterile suspension of the same influenza

strain used for priming, and administered either i.m., orally or to different sites of the respir-

atory tract using the different techniques described in Table 1 and validated in Fig. 1 by local-

ization of ovalbumin. i.n., intranasal; i.t., intratracheal; p.o., per os.
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described in Table 1. Control mice only received the pri-
ming dose of whole virus. The groups were named
according to the targeted site of deposition within the
respiratory tract (Table 1). As the deposition in the per-
ipheral lobe parts was significantly higher in the 25-pl i.t.
group compared to the other groups, this group represen-
ted the ‘deeper’ lung deposition and was named ‘deep
lung’ for clarity.

Sample collection

Sera were collected from the retro-orbital plexus on days
0, 28 and 42 and stored at —20° until assayed. On day
42, mice were killed with an overdose of pentobarbital
and nasal washes and bronchoalveolar lavages (BAL) were
performed. A nasal wash was performed using 1 ml
HBSS, as described above. The BALs were performed by
inversing the cannula in the trachea towards the lungs,
slowly injecting 1 ml HBSS and withdrawing the fluid.
After centrifugation (1000 g at 4° for 10 min), the resul-
tant cell-free supernatant was stored at —20°.

Virus neutralization assay

Sera were heat inactivated at 56° for 30 min and two-fold
dilutions were prepared in a 50-pl volume. One hundred
tissue infectious dose 50 of wild-type A/Panama/2007/99
virus was added in a volume of 50 pl and the mixture
was incubated at room temperature for 90 min. After
incubation, 100 ul MDCK cells (4-8 x 10° cells/ml) were
added to each well. The cells were incubated at 35° with
5% CO,. After 7 days of incubation, cytopathic effect was
visually scored in each well under the microscope. Con-
trols for viral activity and cellular survival were included
on each plate. The neutralization titre of a serum was
expressed as the reciprocal of the highest dilution of
serum that completely inhibited cytopathic effect. As the
first dilution of sera was 1 : 20, an undetectable level was
scored as a titre equal to 10.

Antibody ELISA assays

Virus-specific antibody ELISA. Virus-specific 1gG, IgGl,
IgG2a and IgA titres were measured by ELISA in sera,
BALs and nasal washes. Plates (96-well, Nunc-Immuno-
plate Maxisorb Surface, Gibco BRL Life Technologies,
Merelbeke, Belgium) were coated with influenza HA (split
A/Panama/2007/99 virus suspension). After washing and
blocking, serial dilutions of sera, BALs or nasal washes
were added. Plates were washed again, then incubated
with horseradish-peroxidase-conjugated goat anti-mouse
IgG (Jackson ImmunoResearch, West Grove, PA) or IgA
(Sigma, St Louis, MO). For IgG titre determination, plates
were developed by incubation with o-phenylenediamine
substrate and optical densities were read at 492/620 nm
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(SpectraMax 190, Molecular Devices Corp, Sunnyvale,
CA). For IgA titre determination, plates were developed
by incubation with tetramethylbenzidine substrate and
optical densities were read at 450/620 nm (SpectraMax
190). The endpoint titres were defined as the reciprocal
dilution corresponding to an optical density value of 0-6.
To correct for variations in lavage efficiency, the nasal
and bronchoalveolar anti-influenza virus immunoglobulin
responses were expressed as a ratio of specific response
(end-point titre) in the lavage to the total amount of
immunoglobulin (in micrograms) measured in the same
sample.

Total antibody ELISA. Total IgG and IgA titres in BALs
or nasal washes were determined by ELISA as above, sub-
stituting influenza HA with goat anti-mouse IgG (Jackson
ImmunoResearch) or goat anti-mouse IgA (Sigma). Serial
dilutions of BALs or nasal washes, and standard curves
constituted from mouse IgG (Chrompure, Jackson Immu-
noResearch) or purified mouse myeloma protein IgA
(MP Biomedicals, Aurora, OH) were added to the plates.
The quantification limits of the IgG and IgA assays were
0-9 and 2-4 ng/ml, respectively.

Evaluation of proliferative responses and cytokine
production in vitro

The spleens as well as the parathymic and posterior
mediastinal lymph nodes (LN) were removed aseptically
from mice after killing on day 42. Spleen and LN cells
were centrifuged on Lympholyte M cell separation med-
ium gradient (Cedarlane, Hornby, Canada) for the iso-
lation of viable lymphocytes. Spleen and lung-draining
LN mononuclear cells (MNCs) were resuspended in
Dulbecco’s modified Eagle’s medium supplemented with
10% volume/volume heat-inactivated fetal bovine serum,
0-05 mmMm B-mercaptoethanol, 0-55 mwm L-arginine, 0-24 mm
L-asparagine, 1-5 mm L-glutamine. Proliferation assays
were set up in flat-bottom 96-well plates (Nunc) with
5 x 10° spleen MNCs and 1-6 x 10> LN MNCs in each
well. The stimulants used were 3 pg/ml influenza HA
(split A/Panama/2007/99 virus suspension) or 5 pg/ml
concanavalin A. Negative control cultures received no
stimulants. All cultures were incubated for 48 hr and then
pulsed overnight with 0-5 pCi [’H]thymidine per well.
Cell pellets were filtered onto microplate unifilters and
the activity was counted using a TopCount scintillation
counter (PerkinElmer, Zaventem, Belgium). The results
were expressed as stimulation index, calculated using the
following formula: stimulation index = (mean c.p.m. of
antigen-stimulated cultures)/(mean c.p.m. of relevant neg-
ative control cultures), where c.p.m. is counts/min. Super-
natants were harvested for interferon-y (IFN-y) and
interleukin-4 (IL-4) assays (mouse IFN-y and IL-4 DuoSet
ELISA Developments kits, R & D Systems Europe LTD,

319



A. Minne et al.

Abingdon, UK).>> The detection limits were 3-1 pg/ml
and 0-6 pg/ml for the IFN-y and IL-4 assays, respectively.

Statistics

Values are expressed as means + the standard error of the
mean. In the deposition study, groups of mice comprised
five or six animals and, in the immunization study,
groups included seven to nine mice. Data were analysed
by using the JMP version 4-0.2 and GraPHPAD Prism
version 4-00 software programs. The normal distribution
of the data was checked by applying the Shapiro-Wilk
W-test (Goodness-of-fit test, JMP version 4-0.2) on the
residual differences between the individual data and their
respective partial means, allowing us to check normality
on a larger data population. Log transformation was
applied in case of log-normal distribution.

Statistical analysis was made by one-way analysis
of variance with Tukey’s multiple comparison post-test
(Figs 1-5). Comparison of the antigen-specific prolifera-
tive responses of the i.m. and deep-lung groups with the
priming control group was made using Student’s t-test
(Fig. 5a).

Results

Deposition study

To target the different regions of the respiratory tract in
mice, we developed different administration techniques.
Targeting was achieved by varying the administration
route, the volume of solution, the position of the mouse
and possibly by insufflating a 200-pl air bolus following
administration (Table 1). Figure 1 shows the regional
deposition of the poorly absorbed marker, OVA, in the
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Figure 1. Regional deposition in NMRI mice of instilled ovalbu-
min following delivery using the techniques described in Table 1.
* Indicates higher regional deposition fraction versus the corres-
ponding fraction of 10 pl it. (P < 0-05) and 25 pl it. (P < 0-01).
* Indicates higher regional deposition fraction as compared to the
corresponding fraction of 10 pl in. (P < 0-001), 50 pl i.n. (P < 0-01)
and 10 pl i.t. (P < 0-05).
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respiratory tract of NMRI mice following its administra-
tion by the different techniques. Instillation of a small
volume of solution in the nostrils (10 pl i.n.) resulted in
deposition of the majority of the OVA dose in the nasal
cavity. Increasing the volume administered in. (50 ul
i.n.) yielded a lower deposition as well as a more homo-
geneous distribution of OVA throughout the respiratory
tract with most of the dose deposited in the nasal cavity,
the trachea and the central airways. The i.t. delivery of a
small volume of solution to the mouse laid on its back
(10 pl it.) pushed the OVA solution further down into
the respiratory tract, with deposition of the largest frac-
tion of the OVA dose in the trachea and central airways.
The fraction of the OVA dose deposited in the deep lung
was significantly raised by increasing the volume of solu-
tion to 25 pl and by insufflating a 200-pl air bolus fol-
lowing administration (25 pl i.t.). The total percentages
of the OVA dose recovered from the respiratory tract fol-
lowing administration with the different techniques were
equivalent (P > 0-05) and within a range of 45-75%.

Serum antibody responses

BALB/c mice were primed in. with the monovalent
A/Panama/2007/99 H3N2 influenza whole virus to mimic
the natural priming that occurs in humans. They were then
immunized by delivering the monovalent split virus vac-
cine of the same influenza strain to the different regions of
the respiratory tract using the techniques described above.
Unvaccinated primed mice were used as controls. For
comparison, the monovalent vaccine was also delivered by
i.m. injection or orally (Table 2). Delivery of the mono-
valent split virus to the deep lung or to the muscle induced
a marked and equivalent rise in serum virus-neutralization
titres (Fig. 2a). In contrast, vaccine delivery to the nasal
cavity, upper or central airways or oral inoculation did not
induce a significant increase in neutralization titres as
compared to the control group (which only received the
priming). Serum anti-A/Panama/2007/99 IgG levels were
significantly increased following im. vaccine adminis-
tration or its delivery to the upper or central airways or to
the deep lung (Fig. 2b). An upward trend in serum IgG
levels was observed with the depth of deposition of the
vaccine within the lungs. Intramuscular and deep-lung vac-
cination were statistically equivalent, while i.m. vaccination
induced significantly superior serum anti-A/Panama/2007/
99 IgG levels compared to vaccine inoculation to the upper
or central airways.

Respiratory tract IgA and IgG responses

Similar to serum anti-A/Panama/2007/99 IgG levels,
BAL anti-A/Panama/2007/99 IgA levels increased with the
depth of deposition of the vaccine within the respiratory
tract and reached a maximum following delivery of the
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Figure 2. Impact of the delivery site of a monovalent A/Panama/
2007/99 H3N2 influenza split virus vaccine on serum antibody
responses. BALB/c mice were immunized as detailed in Table 2.
(a) A/Panama/2007/99 virus neutralization titre. (b) Anti-A/Panama/
2007/99 IgG titres. § Indicates significant difference from the pri-
ming control group. * Indicates significant difference from the deep-
lung-immunized group. * Indicates significant difference from the
i.m. immunized group. One symbol indicates P < 0-05, two symbols
indicate P < 0-01.

influenza vaccine to the deep lung (Fig. 3a). However,
except for deep-lung vaccination, BAL IgA titres in the
other vaccination groups were not significantly different
from those of the control group. There was a trend
towards increased nasal-wash virus-specific IgA levels fol-
lowing delivery of the split influenza vaccine to the differ-
ent sites of the respiratory tract (Fig. 3b). Intramuscular
or oral administration of the vaccine did not produce
nasal-wash IgA.

The BAL virus-specific IgG levels closely paralleled
serum IgG levels (Figs 2b and 3c). An upward trend in
BAL anti-A/Panama/2007/99 IgG levels was observed with
the depth of deposition of the vaccine within the lungs.
Intramuscularly and deep-lung-vaccinated mice presented
highly significant and equivalent BAL anti-A/Panama/
2007/99 IgG levels (Fig. 3c).

Serum IgG subclasses

Serum IgGl and IgG2a subclasses were analysed as an
indirect assessment of the polarization of T-helper cell
populations. The highest IgGl and IgG2a levels were
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Figure 3. Impact of the delivery site of a monovalent A/Panama/
2007/99 H3N2 influenza split virus vaccine on the local respiratory
antibody response. BALB/c mice were immunized as detailed in
Table 2. (a) BAL and (b) nasal-wash anti-A/Panama/2007/99 IgA
titres, (c) BAL anti-A/Panama/2007/99 IgG titres. § Indicates signifi-
cant difference from the priming control group. * Indicates signifi-
cant difference from the deep-lung-immunized group. * Indicates
significant difference from the i.m. immunized group. One symbol
indicates P < 0-05, two symbols indicate P < 0-01.

observed following i.m. and deep-lung administration of
the monovalent split vaccine (Fig. 4). Both IgGl and
IgG2a production tended to increase with the depth of
deposition of the vaccine within the respiratory tract.
When compared to im. immunization, deep-lung
vaccination induced a trend towards lower IgGl and
slightly higher 1gG2a levels, suggesting a slight leaning of
the immune response towards T helper type 1 (Thl).

Cellular immune responses
Intramuscular and deep-lung vaccination against influ-

enza significantly increased the antigen-specific prolifera-
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Figure 4. Impact of the delivery site of a monovalent A/Panama/
2007/99 H3N2 influenza split virus vaccine on specific serum immu-
noglobulin G (IgG) subclasses response. BALB/c mice were immun-
ized as detailed in Table 2. § Indicates significant difference from the
priming control group. * Indicates significant difference from the
deep-lung-immunized group. * Indicates significant difference from
the i.m. immunized group. One symbol indicates P < 0-05, two sym-

bols indicate P < 0-01.

tive responses in pulmonary lymph nodes (Fig. 5a).
Moreover, the splenocytes derived from these animals
showed a trend towards increased proliferation as com-
pared to the control group or to the other groups. The
im. and deep-lung group were the only groups to show
stimulation index values superior to the threshold com-
monly used to express positive proliferation (i.e. >2.0).
Inoculation of the monovalent split vaccine in the nasal
cavity, upper or central airways, or in the stomach did
not significantly affect proliferative responses. Yet, these
groups showed a tendency towards increased uptake of
thymidine into MNCs derived from the lung-draining
lymph nodes. When exposed to the mitogenic stimulus,
concanavalin A, a significant uptake of [’H]thymidine
(P < 0-05, data not shown) was measured, confirming
that the replicative ability of the cells had not been com-
promised during isolation.

A 100-fold reduction in IL-4 (P < 0-01) and a 10-fold
increase in IFN-y levels in antigen-stimulated pulmonary
LN MNCs indicated that deep-lung vaccination, as com-
pared to im. vaccination, induced a significant local
shift towards a Thl cellular response (Fig. 5b). However,
at the central level, this shift was only noticeable by a
non-significant five-fold reduction in IL-4 levels in
spleen MNCs of deep-lung-vaccinated mice (Fig. 5¢).
The pulmonary LN cellular response showed a trend
to increasingly shift towards a Thl response with the
depth of vaccine inoculation within the respiratory
tract, whereas the central response was not so affected
by antigen distribution within the respiratory tract
(Fig. 5b,¢).
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Figure 5. Impact of the delivery site of a monovalent A/Panama/
2007/99 H3N2 influenza split virus vaccine on cellular immune
responses. BALB/c mice were immunized as detailed in Table 2.
(a) Proliferation of spleen and pulmonary lymph node (LN) mono-
nuclear cells (MNCs) following in vitro split A/Panama/2007/99
virus stimulation. The results are expressed as stimulation indexes.
§ Indicates significant differences from the priming control group.
One symbol indicates P < 0-05, two symbols indicate P < 0-01. The
supernatants from the cultures of (b) pulmonary LN MNCs and
(c) spleen MNCs were assayed for IFN-y and IL-4. * Indicates
highly sifgnificant difference from the pulmonary LN IL-4 produc-
tion [Student’s t-test versus LD(IL-4), P < 0-01]. ND: below limit of
detection (LD); line A, LD for IFN-y = 0-49; line B, LD for IL-4 = 0-25.

Discussion

This work emphasizes the importance of targeting an
inactivated influenza vaccine to the deep lung to induce
the broadest and most intense immunity. The immune
response to the monovalent A/Panama/2007/99 H3N2
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influenza split virus vaccine increased and shifted towards
a local Thl phenotype with the depth of vaccine depos-
ition within the respiratory tract in mice (Figs 2, 4 and 5).
Deep-lung induced  systemic
responses as intense as those induced by i.m. vaccination
(Fig. 2). However, in contrast to i.m. immunization, deliv-

vaccination immune

ery of the monovalent split vaccine to the deep lung resul-
ted in secretion of mucosal S-IgA (Fig. 3a,b) and in a local
immunity that was more shifted towards Thl (Figs 4, 5).

Delivery of the monovalent A/Panama/2007/99 H3N2
influenza split virus vaccine to the lung periphery was
more effective in generating specific immunity than its
delivery to the nasal cavity or to the upper or central air-
ways (Figs 2-5). Targeting was attained by varying the
technique of administration and was confirmed by quan-
tifying OVA in the different regions of the mouse respir-
atory tract (Fig. 1). The impact of the site of deposition
of vaccines within the respiratory tract had not been sys-
tematically investigated previously. However, our results
are consistent with the limited previous studies. Alveo-
lar delivery of a pneumococcal polysaccharide vaccine
induced slightly superior antibody levels than its bron-
chial targeting in humans.*> Specific hepatitis B antibod-
ies were produced following i.t. instillation (25 pl) of the
hepatitis B surface antigen in mice, but no antibodies
could be detected following i.n. instillation (10 u)*®. The
in. application of a large volume (> 50 pl) in mice
yielded significantly higher immune responses than the
application of a small volume (20 pl) because large vol-
umes flow into the trachea and lung while small ones
remain within the nasal cavity.*®

The increased efficacy of deep-lung vaccination might
be explained by the ensuing long residence time of the
split influenza virus within the lungs. In fact, the deeper
the deposition of macromolecules and particles within the
respiratory tract, the slower their clearance.””*® Haemag-
glutinin and neuraminidase have respective molecular
weights of 220 000 and 240 000 and large proteins are
poorly absorbed systemically following inhalation.*® Exo-
genous substances are cleared within minutes from the
nasal mucosa by mucociliary clearance (nasal mucociliary
transit time is 12—15 min in humans®). The tracheobron-
chial region clears them with half-times of a few hours
(4 hr in mice and 3 hr in humans®"*?). In contrast, macro-
molecules and particles can remain in the alveoli for
several days,”>*° although alveolar macrophages can endo-
cytose a fraction of the amount delivered.’>** A long
residence time of antigens within the respiratory tract
will permit their prolonged contact with local lymphoid
cells and structures, such as dendritic cells and the bron-
chus- and nasal-associated lymphoid tissues.’>*® These
lymphoid cells and tissues play an important role in
recruiting and priming lymphocytes in response to
inhaled immunization. The widespread use of muco-
adhesive polymers as adjuvants in mucosal vaccination
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demonstrates the interest in increasing the duration of
presence of an antigen at mucosal surfaces to optimize
immune responses.”’

The immune response induced by deep-lung vaccin-
ation was significantly superior to that induced by oral
immunization (Figs 2, 4 and 5). This supports the possi-
bility that the effectiveness of deep-lung vaccination is the
result of local administration of the antigen and not of
mere swallowing of antigen after clearance from the res-
piratory tract. Differences in S-IgA levels following deep-
lung or oral vaccination were less significant (Fig. 3a,b),
possibly illustrating the concept of ‘common mucosal
immune system’ whereby immunocytes activated at one
site disseminate immunity to remote mucosal tissues
rather than to systemic sites.”®

The analysis of IgG subclasses and cytokines secreted
by MNCs in culture indicated that deep-lung vaccination
induced a trend of the cellular immune response to shift
towards a Thl phenotype as compared to the mixed
response induced by i.m. vaccination (Figs 4 and 5b,c).
This Th1 shift was mostly marked in the local pulmonary
compartment. This is unexpected because the lung micro-
environment has been shown to intrinsically favour pri-
ming for the differentiation of Th2 CD4" T cells.” This
especially holds true for BALB/c mice. However, in these
previous studies, antigen delivery was carried out by i.n.
instillation of large volumes.**™** In our study, i.n. instil-
lation of 50 pl resulted in antigen deposition in the upper
airways (Fig. 1) and also caused a Th2 polarized immu-
nity (Figs 4 and 5b,c). Thl responses have been shown to
be essential for efficient recovery from virus infection.*
In fact, IFN-y production and complement-activating
IgG2a participate in viral clearance.*®* The local Thl
polarization of deep-lung immunization might therefore
improve vaccine efficacy.

Different hypotheses could be presented to explain the
local Thl-shifted immune response against influenza fol-
lowing delivery to the deep lung. Differentiation to Thl
or Th2 phenotypes can be significantly influenced by a
variety of factors, including the microenvironment (e.g.
cytokines) at the actual antigen-presenting site, the type
of antigen-presenting cell (APC), the amount and nature
of the antigen, the presence of adjuvants, the genetic
background of the subject (including major histocompati-
bility complex), and the duration and strength of both
T-cell receptor and costimulatory signals.** In the present
study, the only difference between the deep-lung-vaccin-
ated group and the other groups was the site of antigen
deposition. Therefore, preferential activation of specific
Thl subsets must be linked to microenvironmental fac-
tors. A key factor in this respect appears to be the type of
APC subpopulation that will encounter the antigen and
produce certain cytokines. Studies have identified consid-
erable heterogeneity in surface marker expression and also
major functional differences between APC subpopulations
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from the conducting airways and the alveoli.*’ It has been
suggested, for example, that alveolar macrophages are
implicated in the induction of a Th1 microenvironment.**
It is therefore likely that the site at which the vaccine/
antigens are introduced may affect the differentiation of T
cells, as indicated by our findings.

Delivery of the monovalent split influenza vaccine to
the deep lung generated virus-specific serum antibody
responses and respiratory IgG levels as elevated as i.m.
vaccination did (Fig. 2). Moreover, it also resulted in
secretion of S-IgA in the airways, in contrast to i.m. vac-
cination which did not (Fig. 3a,b), in line with previous
findings.*>* Influenza is primarily an infection of the
upper respiratory tract which can spread to the lower res-
piratory tract and cause viral pneumonia or enhance sus-
ceptibility to bacterial infections.*> The respective role of
IgA versus IgG in controlling influenza infection has pre-
viously been highlighted in mice.*® Passive transfer of
polymeric IgA fully protected mice from influenza virus
infection in the nose and trachea while IgG did not at
three-fold higher doses. Secretory IgA is five to 10 times
more efficient than IgG in in vivo viral neutralization, it is
actively transported across respiratory epithelia and it is
the most stable antibody of the immune system.**>* How-
ever, polymeric IgA was unable to protect alveoli from
viral infection while IgG did so.*® This is because alveolar
cells do not express the polymeric immunoglobulin recep-
tor and polymeric IgA is therefore not transported into
the alveolar lumen. In contrast, IgG passively diffuses
from serum into the lungs. Serum IgG transudation into
the lungs is also suggested by our study because BAL IgG
levels paralleled serum levels (Figs 2c and 3b). Therefore,
an effective vaccination strategy should produce mucosal
S-IgA in the upper airways for immune exclusion and IgG
systemically for avoiding virus spread. Our study shows
that this could be attained by deep-lung vaccination.

In conclusion, our results identified antigen distribution
within the respiratory tract as a major parameter affecting
the efficacy of inhaled vaccination against influenza. We
showed that deep-lung immunization with an inactivated
influenza vaccine induced not only serum antibodies and
viral neutralization comparable to i.m. immunization, but
also S-IgA and a local Thl-biased response. This broad
response illustrates the promising potential of pulmonary
vaccination to further increase the efficacy of existing
inactivated split virus injectable vaccines. Therefore, we
suggest further investigations to confirm these murine
data. Trials using trivalent vaccines containing other
influenza strains could be conducted, and safety and effic-
acy trials in humans should be initiated.
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