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SUMMARY

 

The pathophysiological and immunological characteristics of allergic immune responses are controlled
by a variety of factors. We have studied the extent to which the route of sensitization influences allergen-
specific IgE synthesis and local airway inflammation using a mouse model of allergic sensitization to the
major birch pollen allergen Bet v 1. Sensitization of BALB/c mice with recombinant (r)Bet v 1 was per-
formed using intraperitoneal (IP), subcutaneous (SC) or aerosol (AS) sensitization protocols. Mice
were analysed for allergen-specific serum antibodies by ELISA and IgE-dependent basophil degranu-
lation. Proliferative responses and cytokine production of splenocytes were measured upon Bet v 1
stimulation 

 

in vitro

 

. Bronchoalveolar lavages were performed after airway challenge with aerosolized
birch pollen extract for assessment of eosinophilic airway inflammation and local cytokine production

 

in vivo.

 

 Highest allergen specific IgE levels and IgE-dependent basophil degranulation were achieved
using the SC route. High IL-5 production by spleen and lung cells was associated with pronounced eosi-
nophilia in bronchoalveolar lavages. After IP sensitization, despite giving the highest IgG levels, only
low IgE levels, basophil degranulation and IL-5 production were seen. On the other hand, AS sensiti-
zation, resulting in the lowest systemic IgE and IL-5 levels, led to a comparably strong airway inflam-
mation as the SC route. Our finding that the route of sensitization can result in a dissociation of local
and systemic immune responses may contribute to a better understanding of the pathogenesis of allergic
diseases and help to develop new treatment strategies.
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INTRODUCTION

 

Allergic diseases are characterized by the development of patho-
logic immune responses against normally innocuous molecules
(allergens), involving complex interactions between exogenous
and genetically determined factors.

The development of allergen-specific IgE responses repre-
sents a hallmark of type I allergy. It is closely linked to allergen-
specific T helper (Th) cell responses, characterized by a predom-
inant production of type-2 cytokines (Interleukin (IL)-4, IL-5 and
IL-13), as it is seen at sites of acute allergic inflammation [1]. IL-
4, produced by Th2 cells, induces germ line transcription of C

 

e

 

 in

human and additionally C

 

g

 

1 exons in murine B cells, leading to
IgE and IgG1 antibody class switching [2], whereas IL-13 is
required for optimal induction of IgE synthesis, particularly in sit-
uations where IL-4 production is low [3]. Moreover, IL-13 can
induce IgE class switching of human B cells in the absence of IL-
4 [4] and increased levels of IgE are found in IL-4 deficient mice
carrying IL-13 transgenes [5]. Once allergen-specific IgE antibod-
ies are bound to basophils and tissue mast cells, allergen contact
leads to cross-linkage of IgE and release of histamine, leukot-
rienes and other mediators of acute allergic inflammation.

Allergic asthma is characterized by bronchial inflammation
and airway hyperreactivity. Eosinophilic infiltration into the air-
ways represents a hallmark of allergic asthma. Large numbers of
eosinophil granulocytes can be found in bronchoalveolar lavages
(BAL) [6] and induced sputum of allergic patients [7] after airway
challenge with an allergen. Recruitment of eosinophils to sites of
allergic inflammation is closely related to production of IL-5
by Th2 lymphocytes and activated mast cells [8]. Furthermore,
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allergen challenge induces local production of the chemokine
CCL11 (eotaxin) by airway epithelial cells and macrophages,
which selectively recruits eosinophils via its receptor CCR3 to the
lungs [9]. Additionally, the CCR3/eotaxin axis contributes to fur-
ther recruitment of Th2 lymphocytes to sites of allergic inflamma-
tion [10]. In asthmatic subjects, high levels of both IL-5 and
eotaxin can be found in the sputum after spontaneous exacerba-
tion [11] or allergen inhalation [12,13]. Additionally IL-13 is
believed to play a central role in allergic airway inflammation and
hyperreactivity [14].

Knowledge of the factors controlling allergic immune
responses is essential for our understanding of the pathogenesis
of allergic diseases. Important information about the pathogene-
sis of type I allergy is derived from animal models [15–17]. The
level and quality of the immune response in such models is con-
trolled by a variety of factors such as the dose and frequency of
exposure to the allergen, the type of adjuvant [18] and the genetic
background of the mouse strain [19]. We have previously shown
that BALB/c mice are high IgE responders to the clinically rele-
vant aeroallergen Bet v 1 [18]. Now we were interested in evalu-
ating the influence of the route of sensitization on the
development of IgE antibody responses and allergic airway
inflammation using a mouse model of type I allergy to the major
birch pollen allergen Bet v 1.

 

MATERIALS AND METHODS

 

Animals

 

Female, 7-week-old BALB/c mice were obtained from Charles
River (Sulzfeld, Germany). The experiments were approved by
the Animal Experimentation Ethics Committee of the University
of Vienna and the Ministry of Education, Science and Culture.

 

Antigens

 

Recombinant (r)Bet v 1 was obtained from Biomay GmbH
(Vienna, Austria). Birch pollen (BP) (Allergon AB, Engelholm,
Sweden) was used for preparation of an aqueous extract and total
protein content was determined as previously described [18].

 

Experimental design

 

To compare the influence of the route of sensitization on the aller-
gic immune responses, three different approaches were followed.
One group of mice (group I) (

 

n

 

 = 10) was sensitized via the intra-
peritoneal (IP) route by three IP injections with 1 

 

m

 

g of rBet v 1
adsorbed to 2 mg Al(OH)

 

3

 

 (Serva, Heidelberg, Germany) in a
total volume of 150 

 

m

 

l. Another group (group II) of mice (

 

n

 

 = 8)
was subcutaneously (SC) injected three times with the same
amount of antigen adsorbed to 2 mg Al(OH)

 

3

 

; the third group
(group III) of mice (

 

n

 

 = 7) was sensitized via an aerosol of
BP extract solution (aerosol sensitization, AS), as previously
described [18]. Briefly, mice were exposed 10 times to aerosolized
0·1% BP extract (4 ml of 1 mg/ml) in an aerosol chamber, subse-
quent to an initial priming by a single IP injection with 1 

 

m

 

g rBet
v 1/Al(OH)

 

3

 

 (Fig. 1).
For induction of allergic airway inflammation mice were chal-

lenged twice (day 35 and 36) with an aerosol of a 1% BP extract
solution (4 ml of 10 mg/ml).

 

Sampling

 

Blood samples were taken by tail bleeding at day 0 from
untreated mice and one day before the mice were killed (day 37,

Fig. 1). Sera were prepared for measurement of allergen-specific
antibodies and performance of rat basophil release assays, and
stored at –20

 

∞

 

C until analysis.
Spleens were removed under sterile conditions and cell sus-

pensions were prepared as previously described [18]. Briefly, the
organs were homogenized, filtered through sterile nylon cell
strainers and red blood cells were lysed. The cells were washed
and re-suspended in RPMI 1640 medium supplemented with 10%
fetal calf serum, 0·1 mg/ml gentamicin, 2 m

 

M

 

 glutamine and 50 

 

m

 

M

 

2-mercaptoethanol.
Bronchoalveolar lavages (BAL) were performed using a

blunted 23 Gauge needle. Lungs were flushed twice with 0·8 ml
ice-cold PBS and approximately 1·4 ml of clear BAL fluid was
recovered for assessment of eosinophilic airway inflammation and
local cytokine production (IL-5, eotaxin).

 

Allergen-specific serum antibody levels

 

Allergen-specific antibody levels were determined by ELISA, as
previously described [18]. Microtitre plates (Nunc-Immuno Plate)
were coated with rBet v 1 (2 

 

m

 

g/ml). Serum samples were diluted
1/1000 for IgG1, 1/500 for IgG2a and 1/10 for IgE. Rat anti-mouse
Immunoglobulin (Ig)G1, IgG2a, and IgE antibodies (1 

 

m

 

g/ml,
Pharmingen, San Diego, CA, USA) were applied and peroxidase-
conjugated mouse anti-rat IgG antibodies (1/1000; Jackson,
Immuno Laboratories Inc, West Grove, PA, USA) were used for
detection. The rat anti-mouse IgE antibody was tested for cross-
reactivity with mouse IgG1 using a monoclonal purified mouse
IgG1 (BIP-1) [20]. Antibody levels were expressed as arbitrary
ELISA-units, which were calculated from a standard curve
obtained with a standard serum pool of rBet v 1 immunized mice.

 

Rat basophil leukaemia (RBL) cell degranulation

 

The allergenic antibody serum activity was determined as previ-
ously described [21]. Briefly, RBL-2H3 cells were plated in 96 well
tissue culture plates (4 

 

¥

 

 10

 

4

 

 cells per well) and passively sensi-
tized by incubation with serum samples of the respective experi-
mental groups or serum of naïve control mice in final dilutions of
1/10, 1/30, 1/90 and 1/270 for two hours. Unbound antibodies were
removed by two washings with Tyrode’s buffer and degranulation
was induced by addition of rBet v 1 (0·3 

 

m

 

g/ml). The supernatants
were analysed for 

 

b

 

-hexosaminidase content by incubation with
80 

 

m

 

M

 

 4-methylumbelliferyl-N-acetyl-

 

b

 

-D-glucosaminide (Sigma)
in citrate buffer (0·1 

 

M

 

, pH 4·5) and fluorescence was measured at

 

l

 

ex

 

: 360 nm/

 

l

 

em

 

: 465 nm using a fluorescence microplate reader
(Cytofluor 2350, Millipore, MA, USA). Results are reported as
the percentage of total 

 

b

 

-hexosaminidase release after addition of
1% Triton X-100.

 

Allergen specific stimulation of splenocytes
Proliferative  responses.  

 

For determination of allergen-
specific lympho-proliferation, spleen cell suspensions of the
experimental groups and naïve mice were stimulated with or
without rBet v 1 (2 

 

m

 

g/well) for 5 days and lymphocyte prolifera-
tion was measured by 

 

3

 

H-thymidine incorporation as previously
described [18]. For epitope mapping experiments, pools of spleen
cells of the respective experimental groups were stimulated with
overlapping dodecapeptides, covering the whole sequence of Bet
v 1, as previously described [22].

 

Cytokine production.

 

Cytokine production upon 

 

in vitro

 

 re-
stimulation with rBet v 1 was measured in spleen cell cultures of
the different experimental groups and naïve mice. Splenocytes
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were cultured in 48-well flat bottom plates at a concentration of
5 

 

¥

 

 10

 

6

 

 cells/500 

 

m

 

l with or without rBet v 1 (10 

 

m

 

g/well). Super-
natants were taken after 48 h for measurement of IL-4, IL-5, IL-
13, eotaxin and interferon (IFN)-

 

g

 

.

 

Cytokine analysis

 

IFN-

 

g

 

 was measured by ELISA as previously described [23]. All
other cytokines were measured with commercially available
mouse ELISA kits; IL-4 and IL-5 (Endogen, Woburn, MA,
USA), IL-13 and eotaxin (R & D Systems, MN, USA), with sen-
sitivities of 

 

<

 

5 pg/ml for IL-4 and IL-5, 

 

<

 

1·5 pg/ml for IL-13 and

 

<

 

3 pg/ml for eotaxin.

 

Eosinophilic airway inflammation

 

To evaluate allergic airway inflammation after allergen airway
challenge, BAL fluid was collected two days after aerosol chal-
lenge with 1% BP extract, and 100 

 

m

 

l were spun onto micro-
scope slides at 110 

 

g

 

 for 3 min (Shandon Cytospin®, Shandon
Southern Instruments, USA), dried overnight at room tempera-
ture and stained with a blood smear staining set (Hemacolor®,
Merck, Darmstadt, Germany). At least 200 cells per slide were
counted and differentiated by light microscopy according to
standard morphologic criteria and the fraction of eosin-positive
cells was determined and expressed as the percentage of total
BAL cells.

 

Local cytokine production in the airways

 

BAL fluids of the respective groups were analysed for IL-5 and
eotaxin by ELISA.

 

Statistics

 

Mann–Whitney 

 

U

 

-test was used for all statistical analysis. Level of
significance was set at 5% for all comparisons.

 

RESULTS

 

Allergen-specific serum antibody levels

 

The highest IgG1 (

 

P

 

 

 

<

 

 0·01, Fig. 2a) and IgG2a levels (

 

P

 

 

 

<

 

 0·05,
Fig. 2b) were induced via the IP route, compared to animals sen-
sitized via the SC route or the airways (AS).

In terms of IgE, there was a tendency towards higher IgE lev-
els in SC sensitized mice, which however, was not significant
(Fig. 2c). No cross reactivity of the rat anti-mouse IgE antibody
with mouse IgG1 was detected using a monoclonal mouse IgG1
(BIP-1) [20] (data not shown).

 

Rat basophil leukaemia (RBL) cell degranulation

 

The highest allergenic activity of sera was found in mice sensitized
via the SC route. IgE dependent degranulation, indicated by

 

b

 

-hexosaminidase release from the RBL-2H3 cells, was up to
four-fold stronger than after IP (

 

P

 

 

 

<

 

 0·05) and AS (

 

P

 

 

 

<

 

 0·05)

 

Fig. 1.

 

Experimental design. BALB/c mice were sensitized to Bet v 1 via three different routes. Group I (IP) received three intraperitoneal
injections of 1 

 

m

 

g rBet v 1/Al(OH)

 

3

 

, group II (SC) three subcutaneous injections of 1 

 

m

 

g rBet v 1/Al(OH)

 

3

 

, and group III (AS) was exposed
10 times to an aerosol of 0·1% birch pollen (BP) extract solution, subsequent to a single IP injection with 1 

 

m

 

g rBet v 1/Al(OH)

 

3.

 

 For
induction of allergic airway inflammation mice were aerosol challenged twice with 1% BP extract solution. At sacrifice (day 38), broncho-
alveolar lavages were taken for analysis of eosinophilic inflammation and cytokine analysis (IL-5, eotaxin). Spleens were removed for 

 

in
vitro

 

 proliferation and cytokine assays. Blood samples for measurement of Bet v 1-specific antibody levels were taken on day 0 and 37.

Experimental design

3 ¥ 1 mg rBet v 1/Alum 
i.p.

3 ¥ 1 mg rBet v 1/Alum 
s.c.

1 mg rBet v 1/Alum 
i.p.

10d Aerosol
0.1% BP

Group I. (IP)

Group II. (SC)

Group III. (AS)

Aerosol
challenge

1% BP

Aerosol
challenge

1% BP

Aerosol
challenge

1% BP

0 14 28 35,36 38

0 14 28 35,36 38

0 17 28 35,36 38
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sensitization. Naïve control sera showed significantly lower
release at all dilutions, indicating the specificity of the assay also at
high dilutions (Fig. 3).

 

Allergen specific stimulation of splenocytes
Proliferative responses.

 

Highest proliferative responses upon

 

in vitro

 

 re-stimulation with rBet v 1 were seen with spleen cells
from mice immunized via the SC route (Stimulation index
(SI) = 2·2 

 

±

 

 0·2 (SEM), whereas IP (SI = 1·6 

 

±

 

 0·2 SEM) and AS
(SI = 1·6 

 

±

 

 0·2 SEM) sensitization led to lower proliferative
responses. In comparison to spleen cells from naive mice (

 

n

 

 = 13)
stimulated with rBet v 1 (SI = 1·12 

 

±

 

 0·11 SEM), proliferative
responses of mice from all three experimental groups could be
considered significant (

 

P

 

 

 

<

 

 0·05). No differences between the
groups were found in epitope mapping experiments, revealing a
major T cell epitope at the C terminus of the Bet v 1 molecule as
previously described [22,24].

 

Cytokine production.

 

Spleen cells of mice sensitized via the
SC route displayed the highest production of Th2 cytokines after
rBet v 1 stimulation 

 

in vitro

 

, compared to spleen cells from mice
sensitized via the IP or AS route. IL-5 production of spleen cells
(Fig. 4b) was 10-fold higher than in IP sensitized (

 

P

 

 

 

<

 

 0·01), and
18-fold higher than in AS sensitized animals (

 

P

 

 

 

<

 

 0·01). IL-13 lev-
els (Fig. 4c) were 7 timers higher than after IP (

 

P

 

 

 

<

 

 0·01) and 26
times higher than after AS sensitization (

 

P

 

 

 

<

 

 0·01). Only low lev-
els of IL-4 were produced by splenocytes of all groups with a ten-
dency towards highest levels in the SC immunized group (Fig. 4a).
IL-4 production of all three groups was significantly higher than in
naïve mice stimulated with rBet v 1 (0·16 pg 

 

±

 

 0·19 SEM,

 

P

 

 

 

<

 

 0·05). Mice sensitized via an aerosol (AS) generally showed
the lowest spleen cell cytokine production (Fig. 4). The chemok-
ine eotaxin was not detectable in any of the groups after 48 h
stimulation  with the allergen (data not shown). IFN-

 

g

 

 levels were
low in all three groups (IP: 13·13 

 

± 

 

3·8 pg/ml, SC: 9·53 

 

± 

 

3·7 pg/ml,
AS: 9·8 

 

±

 

 3·1 pg/ml) indicating a Th2 pronounced immune
response after sensitization via all three routes.

 

Fig. 2.

 

Serum antibody responses. Allergen-specific antibody levels (IgG1, IgG2a and IgE) were measured in sera of mice sensitized with
rBet v 1 intraperitoneally (IP), subcutaneously (SC) or via an aerosol (AS). Data are reported as individual values using arbitrary ELISA
units. Horizontal bars represent the mean value of each group. **

 

P

 

 

 

<

 

 0·01, *

 

P

 

 

 

<

 

 0·05 as determined by Mann–Whitney 

 

U

 

-test.
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Fig. 3.

 

Rat basophil (RBL) degranulation assay. RBL cells were preincu-
bated with sera of naïve control mice (NAIV) or mice sensitized with rBet
v 1 intraperitoneally (IP), subcutaneously (SC) or via an aerosol (AS) in
dilutions of 1/10, 1/30, 1/90 and 1/270. Degranulation of RBL cells loaded
with mouse IgE was induced with rBet v 1 (0·3 

 

m

 

g/ml), and 

 

b

 

-hexosamini-
dase release was measured and reported as the mean percentage of max-
imum release induced with 1% Triton X-100. Error bars indicate SEMs.
*significantly higher than IP (

 

P

 

 < 0·05), #significantly higher than AS
(P < 0·05), as determined by Mann–Whitney U-test. At any dilution b-
hexosaminidase release was significantly stronger with sera from the
experimental groups (IP, SC, AS) compared to sera of naive mice (NAIV,
not indicated).
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Local cytokine production in the airways
The highest local IL-5 production after airway challenge was
detected in BAL fluids of SC (43·0 ± 25·0 pg/ml) and AS
(27·2 ± 12·5 pg/ml) sensitized animals (Fig. 5b). IL-5 levels in
BALs of IP sensitized mice were only low (4·8 ± 2·3 pg/ml). Local
eotaxin production was highest in BALs of SC (15·1 ± 7·1 pg/ml)
and AS (4·9 ± 3·0 pg/ml) sensitized mice, but remained undetect-
able in mice sensitized via the IP route (Fig. 5c).

Eosinophilic airway inflammation
According to the local IL-5 and eotaxin production, the highest
percentages of eosinophilic granulocytes in BAL after challenge
with aerosolized BP extract solution were found after SC (29·5%)
and AS (23·0%) sensitization. On the other hand, in IP sensitized
mice the percentage of eosinophils in BAL fluid was significantly
lower (4·9%, Fig. 5a).

DISCUSSION

In this study we investigated the impact of different routes of sen-
sitization on allergen-specific immune responses and allergic air-
way inflammation, using the major birch pollen allergen Bet v 1.
We showed that the SC route was the most effective route for elic-
iting high IgE levels (Figs 2 and 3), preferential production of Th2
cytokines in spleen cells (Fig. 4), as well as allergic airway inflam-
mation (Fig. 5). The latter was also induced after aerosol sensiti-
zation, although the systemic humoral and cellular Th2 biased
immune responses were low. In case of IP sensitization IgG1 and
IgG2a levels were profoundly induced, but IgE dependent baso-
phil degranulation was only low and airway inflammation least
expressed.

A major requirement for an experimental model of allergic
sensitization is that it should mimic typical immunological fea-
tures of human type I allergy/asthma, such as the presence of

Fig. 4. Spleen cell cytokine production. Spleen cells of mice sensitized with rBet v 1 intraperitoneally (IP), subcutaneously (SC) or via an
aerosol (AS) were re-stimulated in vitro with rBet v 1 for 48 h. Cytokine levels (IL-4, IL-5 and IL-13) were measured in supernatants by
ELISA. Data shown are mean values ± SEMs. **P < 0·01, as determined by Mann–Whitney U-test.
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allergen-specific IgE, Th2 cytokines (i.e. IL-4, IL-5 and IL-13),
and eosinophilic infiltration of the lungs. These characteristics
were best achieved after immunization via the subcutaneous
route. In this case not only the IgE levels were highest (Fig. 2),
but also the IgE-dependent degranulation of rat basophils,
equivalent to allergic manifestations in vivo, was most strongly
expressed (Fig. 3). This was the case, even though IL-4 – a crucial
cytokine for IgG1 and IgE class switch of murine B cells [2]- did
not significantly differ between the SC-, AS- and IP-immunized
mice and was generally measurable at low concentrations, but
still within the detection limit of the ELISA (Fig. 4). However,
since IL-13, known to selectively increase IgE antibody levels in
vivo [5], was preferentially up-regulated in SC immunized mice,
this might be good enough to explain the high IgE vs. relatively
low IgG1 levels in this group. Our assumption is supported by a
recent paper by Herrick et al. [25] showing that Th2 responses
and airway inflammation after SC sensitization were inducible in
IL-4 knock out mice and dependent on a sufficient production of
IL-13. Another example for showing that the sub/epicutaneous
route is favourable in inducing allergic immune responses was
given by Nelde et al. [26] using ovalbumin as an antigen. In this
study high IgE levels were also reached after airway sensitization
via intranasal antigen instillation, which is in contrast to our find-
ings where airway sensitization was less effective compared to
the SC route. This might be explained by the fact that intranasal
antigen instillation may deliver higher amounts of antigen than
aerosol application to the sites of antigen uptake (personal
observation).

Eosinophilic inflammation is a hallmark of allergic asthma.
IL-5 and CCL11 (eotaxin) are important for the attraction and
survival of eosinophils at sites of allergic inflammation [8,9]. In
accordance with the high IgE antibody levels and systemic Th2
prone cytokine production, the IL-5 and eotaxin levels in BAL
fluids were also highest after SC immunization (Fig. 5). Similarly,
high IL-5 levels in BAL fluids, although lowest in spleen cell cul-
tures, and enhanced eotaxin levels were found in AS sensitized
mice after airway challenge. Consecutively, eosinophilic infiltra-
tion of the airways was comparably high as in SC sensitized mice.
CCL11 (eotaxin) was only detectable in the BAL but not in
spleen cell cultures of SC or AS immunized mice, probably
reflecting the local production of eotaxin by airway epithelial cells
in response to Th2 cytokines produced by local Th2 cells
[27].Thus, the dissociation of local and systemic Th2 responses in
AS sensitized mice indicates the establishment of a local Th2
response predominantly in the airways as previously described
after aerosol sensitization with OVA [28]. Contrary to that, in IP
sensitized mice the allergic immune responses were most
reflected at the systemic site and not locally in the airways.

In order to address the question which factors might influence
the differences of the immunological responses following these
distinct routes of immunization, we compared the T cell epitope
recognition pattern between the different groups. However, no
differences in the epitope distribution were found. Most likely the
influence of the microenvironment plays an important role in our
model. Depending on the nature of the antigen presenting cell at
the site of antigen contact, the resulting immune responses can
differ in their quality. In this respect it has been shown that den-
dritic cells in the skin and the epithelium of the mucosa of the res-
piratory tract favour Th2 responses [29,30] as it excessively occurs
in allergic diseases such as atopic dermatitis or allergic asthma,
whereas macrophages (found in large numbers in the peritoneal

cavity) tend to favour the induction of Th1/Th0 immune responses
[31]. Our findings might be explained in a similar way.

In summary, the present study examined the influence of the
route of allergic sensitization on systemic and local immune
responses and inflammation. Besides the methodological descrip-
tion of our results, these findings might be taken into account
when performing preclinical studies in mice on allergy and allergy
treatment. Additionally, our study might give information about
the influence of antigen delivery on the efficacy of a potential anti-
allergy treatment/vaccine.
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