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Abstract

The indigenous microflora plays an integrative role in the maintenance of immunological homeostasis. Several studies reported that immunologi-
cal tolerance is dependent on microbial colonization of the gut. In the present study, we investigated whether the absence of the microflora influences
the sensitization process to an allergen as well as the ability to develop mucosal tolerance in a mouse model of birch pollen allergy. Germ-free or
conventional BALB/c mice were intranasally or intragastrically pre-treated with the major birch pollen allergen Bet v 1 prior to sensitization with
this allergen. Both germ-free and conventional mice displayed comparable Th2 biased immune responses after allergic sensitization. Oral as well
as intranasal tolerization led to suppression of allergen-specific serum antibodies (IgG1, IgE, IgA) as well as cytokine production by splenocytes
(IL-5, IFN-v) in both germ-free and conventional animals. Peyer’s patches of germ-free animals were approximately 20 times smaller than in
conventional animals, but the relative distribution of lymphocyte subpopulations was equal. We conclude that the absence of the microflora does
not influence the ability to mount Th2 responses nor to establish tolerance towards the aeroallergen Bet v 1. Our findings may challenge the view
that the commensal microflora is a key factor for breakdown of physiological tolerance and allergy development.
© 2008 Elsevier B.V. All rights reserved.
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1. Introduction tissue needs to discriminate between pathogens towards which
protective immunity has to be established and innocuous anti-

The largest areas of the body exposed to the external environ- gens that need to be tolerated. Immunological tolerance of

ment are formed by the mucosal surfaces, thereby constituting a
major site of contact with foreign material. The majority of anti-
gens that are encountered by the mucosae of the gastrointestinal
and respiratory tract consist of foods, harmless environmental
antigens and microorganisms. The mucosa associated lymphoid
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mucosal tissues to harmless exogenous antigens is of great
importance to avoid potentially detrimental immune responses
against dietary proteins and the commensal microflora. In this
respect, a failure or breakdown of mucosal tolerance may
lead to the development of immunological disorders such as
allergy or inflammatory bowel disease [1]. In animal mod-
els, immunological unresponsiveness after feeding of a defined
antigen was first demonstrated using ovalbumin and referred
to as “oral tolerance” [2]. As it was shown that immunosup-
pression is inducible via other mucosal routes (inhalative [3]
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or intranasal [4]), it is now generally referred to as “mucosal
tolerance”.

The mucosal surfaces are colonized by a vast variety of
microbes. In particular, in the gut the commensal flora consti-
tutes an important first line of defense against orally intruding
pathogens by inhibiting their attachment and replication. In addi-
tion, the microflora directly promotes the development of the
gut associated lymphoid tissue (GALT) by inducing lympho-
cyte influx to the mucosa and expansion of the Peyer’s patches
(PP) with the formation of germinal centers and the production of
secretory IgA [5]. Apart from boosting the anti-infectious capac-
ities of the GALT, it has been proposed that also the capacity to
induce oral tolerance is only fully developed under the influence
of microbial colonization [6]. In this respect, it has been shown
that animals reared under sterile conditions cannot be tolerized
[7-9] or show a reduced capacity to maintain tolerance [10].
However, there are also reports showing that tolerance can be
very well established under germ-free (GF) conditions [11,12].
Recent epidemiological and experimental studies [13] have indi-
cated that the development of type I allergy may be linked to an
altered microbial colonization of the gut. These studies are sup-
ported by investigations in GF mice showing that the capacity to
establish tolerance towards an allergen can be only introduced
after bacterial colonization [8,14].

We previously established a mouse model of type I allergy to
birch pollen demonstrating that mucosal tolerance to the major
birch pollen allergen Bet v 1 can be induced in naive and sensi-
tized conventional (CV) mice [15,16]. In the present study, we
were interested to evaluate the role of the microflora for allergy
development and tolerance induction. For this purpose GF and
CV mice were orally or intranasally tolerized with Bet v 1 prior to
sensitization. Our results indicate that the commensal microflora
is not a pre-requisite for the development of an immunological
environment capable of establishing mucosal tolerance.

2. Materials and methods
2.1. Animals and rearing conditions

Seven to eight week-old GF and CV inbred BALB/c mice
were used for all experiments. GF mice (n=7/group) were born
and housed under sterile conditions and fed a sterile standard pel-
let diet (ST1, Inst. Physiol., Acad. Sci. Czech Republic, 59 kGy
irradiated for 30 min) and sterile water ad libitum. CV mice were
reared under standard conditions and fed the same but non-sterile
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diet. All animals were kept in a room with a 12h light—dark
cycle at 22 °C. Faecal samples of GF animals were weekly eval-
uated for the presence of aerobic and anaerobic bacteria, moulds
and yeast by standard microbiological methodology. All exper-
iments were approved by the Animal Experimentation Ethics
Committee of the Institute of Microbiology, Academy of Sci-
ences of the Czech Republic an conducted in accordance with
the “European Convention for the Protection of Vertebrate Ani-
mals used for Experimental and other Scientific Purposes (CETS
no. 123)”.

2.2. Tolerization and immunization protocol (Fig. 1)

For tolerance induction, recombinant Bet v 1 (Biomay,
Vienna, Austria, EU) was applied to GF and CV mice three
times at 7-day intervals either intragastrically (i.g.), at a concen-
tration of 100 wg/500 w1 3% NaHCOs3, or intranasally (i.n.) at
a concentration of 10 pg/30 .l saline. Ten days later, all mice
were sensitized three times at 2-week intervals by subcutaneous
(s.c.)injection of 1 wg Bet v 1 absorbed to 2 mg AI(OH)3 (Serva,
Heidelberg, Germany, EU) in 100 w1 phosphate buffered saline.
Controls were sensitized without pre-treatment. Mice were sac-
rificed 7 days after the last immunization. Sera were prepared
for analysis of allergen-specific antibodies and spleens were
removed under sterile conditions for assessment of spleen cell
proliferative responses and cytokine production.

2.3. Allergen-specific antibody responses

Allergen-specific serum IgG1, IgG2a and IgA levels were
determined by ELISA as previously described [15]. Briefly, 96-
well microtiter plates (Nunc, Roskilde, Denmark, EU) were
coated with Bet v 1 (2 ug/ml). Serum samples were diluted
1/1000 for IgG1, 1/100 for IgG2a and 1/10 for IgA. Rat anti-
mouse IgG1, IgG2a and IgA antibodies (1 pg/ml, Pharmingen,
San Diego, CA, USA) were applied, followed by peroxidase-
conjugated mouse anti-rat IgG antibodies (1/1000; Jackson,
Immuno Labs., West Grove, PA, USA) for detection. Anti-
body levels were reported as optical density units or arbitrary
ELISA-units, which were calculated from a standard curve,
obtained with a pool of standard sera of Bet v 1 sensitized
mice. Allergen-specific IgE levels in sera were quantified by
degranulation of rat basophil leukemia (RBL) cells as pre-
viously described [17]. Briefly, RBL-2H3 cells were plated
in 96-well tissue culture plates (4 x 10* cells per well) and

PRE-TREATMENT SENSITIZATION SACRIFICE
INTRANASAL 3xi.g. 100 ug rBet v 1
GF orCV < INTRAGASTRIC 3xin10pgrBetv1  3xs.c.1ug rBetv 1/AOH)s sz:gggs
CONTROLS
vVYyVv v v v v
day 0 7 14 24 38 52 59

Fig. 1. Experimental design. Germ-free (GF) or conventional (CV) BALB/c mice were pre-treated i.g. or i.n. with recombinant (r) Bet v 1 or left untreated (controls)
prior to subcutaneous (s.c.) sensitization with Bet v 1/A1(OH)3. Spleens were removed for in vitro proliferation and cytokine assays. Blood samples were taken for

measurement of Bet v 1 specific antibody levels.
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passively sensitized by incubation with mouse sera (1/10)
for 2h. After washing, Bet v 1 (0.3 pwg/ml) was added for
30min at 37°C for degranulation. Supernatants were incu-
bated with 4-methylumbelliferyl-N-acetyl-3-D-glucosaminide
(Sigma—Aldrich, St. Louis, MO, USA) for analysis of (-
hexosaminidase using a fluorescence microplate reader (Aex:
360 nm/Aem: 465 nm, Spectrafluor, Tecan, Austria). Results are
reported as percentage of total B-hexosaminidase release from
cells after disruption with 1% Triton X-100.

2.4. Cellular immune responses: spleen cell proliferation
and cytokine production

Lymphocyte proliferation and production of cytokines
were assessed as previously described [15]. For proliferative
responses, 2 x 10° spleen cells/well were cultured in 96-well
round-bottom plates (Costar, Cambridge, MA, USA) with or
without Bet v 1 (2 ng/well) for 5 days and proliferation was
measured by *H-thymidine incorporation. For in vitro cytokine
production 5 x 10° spleen cells/500 wl were cultured in 48-well
flat bottom plates with or without Bet v 1 (10 pg/well) and
supernatants were taken after 48 h for measurement of inter-
leukin (IL)-5 and interferon (IFN)-y as previously described
[16]. Cytokine levels were expressed as the percentage of
cytokine levels produced by spleen cells of sensitized animals.
Concanavalin A was used as a positive control in cell culture
experiments (0.5 pg/well in proliferation assays, 2.5 wg/well in
cytokine assays) to assess proliferation of cells at visual inspec-
tion (clonal proliferation of cells in light microscopy).

2.5. Peyer’s patches of GF and CV mice lymphocyte
subpopulations

2.5.1. Histology of Peyer’s patches

Sections of ileum including Peyer’s patches (PPs) from
untreated GF and CV mice were excised, fixed in Carnoy’s fluid
for 30 min and transferred into 96% ethanol overnight, then via
100% ethanol (3 x 1 h) into methylsalicylate (4 h/overnight/4 h),
benzene (3x 10min) and benzene/paraffin (30 min) to paraffin
(2x overnight). Tissue segments were sliced into 5-pm sections
stained with haematoxylin—eosin and viewed under an Olym-
pus BX 40 microscope equipped with a digital camera Olympus
Camedia C-2000. Photographs were taken on proposal of Came-
dia Master 2.5 and DP-Soft (Olympus, Hamburg, Germany).

2.5.2. Flow cytometry analysis of Peyer’s patch
lymphocytes

Peyer’s patches from untreated GF and CV mice (n=5)
were carefully excised, disrupted in RPMI 1640 medium and
filtered through a 70-pwm cell strainer to obtain a single cell
suspension. Cells were washed, counted and re-suspended in
phosphate buffered saline containing 0.5% bovine serum albu-
min (Sigma, St. Louis, MO, USA) and 0.1% NaN3, and placed in
96-well microtiter plates. For analysis of lymphocyte subpop-
ulations, cells (10° cells/ml, 100 pl/well) were incubated with
monoclonal antibodies (FITC anti-mouse CD3e (145-2C11),
FITC anti-mouse CD4 (L3T4), PE anti-mouse CD8a (Ly-2), PE

anti-mouse TCR+yd (GL3), PE anti-mouse CD45R/B220 (RA3-
6B2), FITC anti-mouse DX5/CD49b (Hal/29) for 30 min in
the dark at 4 °C (all antibodies by Pharmingen). For the detec-
tion of CD4*Foxp3™* regulatory T cells, cell suspensions were
intracellularly stained with PE anti-mouse Foxp3 (FJK-16s;
eBioscience) according to the manufacturer’s specifications.
Analysis was performed using a FACS-Calibur® cytometer
(Becton Dickinson, San José, CA, USA), acquiring 30,000 lym-
phocytes per sample, based on the forward and side light scatter
properties of the cell preparations. Positive and negative controls
have been included.

2.6. Statistical analysis

Statistical comparison was performed between i.n. and i.g.
pre-treated mice of GF and CV animals and their respective sen-
sitized control group using the non-parametric Kruskal-Wallis
test followed by pair-wise comparison using the Mann—Whitney
U-test. P values <0.05 were considered significant. All data were
expressed as the mean =+ standard error of the mean.

3. Results

3.1. Humoral immune responses in germ-free and
conventional mice (Fig. 2)

Both GF and CV controls developed a Th2 biased immune
response towards Bet v 1, as depicted by high allergen-specific
IgG1 and IgE levels (Fig. 2A and C) versus low IgG2a anti-
body levels (Fig. 2B). Mucosal pre-treatment with Bet v 1 via
the i.g. and i.n. routes led to significant suppression of in vitro
IgE-dependent RBL cell degranulation (Fig. 2C) in GF and CV
animals compared to the respective sensitized controls. Simi-
larly, Bet v 1 specific serum IgG1 and IgA antibody levels were
suppressed after i.g. or i.n. pre-treatment in both GF and CV
animals (Fig. 2A and D). However, a significant reduction of
antibody responses was generally achieved by the i.n. route. Bet
v 1 specific IgG2a antibody levels were low and showed a ten-
dency (n.s.) towards reduced levels in both GF and CV mice
after i.n. pre-treatment (Fig. 2B).

3.2. Cellular immune responses in conventional and
germ-free mice (Fig. 3)

Lymphoproliferative responses to Bet v 1 were suppressed
in GF as well as CV mice pre-treated i.g. or i.n. with Bet
v 1 compared to those of sensitized control animals, but the
results did not reach statistical significance due to generally
weak proliferative responses (stimulation indices: GF mice: con-
trols 1.52+0.4, i.g. 1.19£0.17, in. 1.26 £0.18; CV mice:
controls 1.85+0.42, i.g. 1.294+0.43, i.n. 1.19£0.36). IL-5
levels upon stimulation of splenocytes with Bet v 1 were signif-
icantly reduced in both GF and CV mice particularly after i.n.
pre-treatment (not significantly in CV after i.g. pre-treatment,
—68.5%, p=0.22, Fig. 3A). Suppression of spleen cell INF-y
production (Fig. 3B) was more pronounced after i.n. compared
to i.g. pre-treatment with Bet v 1, but did not reach statisti-
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Fig. 2. Allergen-specific serum antibody responses. Bet v 1 specific serum antibody levels of germ-free (GF) and conventional (CV) animals were measured by
ELISA (IgGl, IgG2a and IgA) or RBL cell degranulation assay (IgE). Error bars represent standard error of the mean. Ctrl = controls sensitized without pre-treatment,
i.g. =intragastrically pre-treated with Bet v 1, i.n. =intranasally pre-treated with Bet v 1. L.n. and i.g. pre-treated mice of GF and CV animals were compared with
their respective sensitized control group, *significant difference, P <0.05, Mann—Whitney U after Kruskal-Wallis test.

cal significance in GF or CV mice. Polyclonal proliferation of
spleen cells was confirmed upon stimulation with concanavalin
A mitogen.

3.3. Peyer’s patches in germ-free and conventional mice

3.3.1. Intestinal Peyer’s patch histology of conventional
and germ-free mice (Fig. 4)

Images represent sections of ileum with PPs which cross the
muscularis mucosae forming domes that bulge into the lumen.
PPs of GF mice (Fig. 4A) were at least 20 times smaller than
those in CV mice (Fig. 4B) that were well developed with dis-
tinctive follicles.

3.3.2. Lymphocyte subpopulations in Peyer’s patches
(Table 1)

Surface marker expression on PP lymphocytes did not evi-
dently differ between GF and CV mice (Table 1). The expression
of CD3 in GF mice was 15% compared to 17% in CV mice. The
expression of the B cell marker CD45R (B220) was found on

79% of PP cells in both GF and CV mice. CD3*CD4" T helper
lymphocytes were present in 10% in PPs of GF and 12% in
PPs of CV mice. CD3*CD8" positive cells were very low, 4%
in PP of CV and 5% in GF mice. The percentage of regulatory
CD4/Foxp3™ cells was comparable in GF and CV animals. Other
cell populations such as NK cells (CD49b) and CD3*y3TcR*
were negligible/hardly detectable.

Table 1

FACS analysis of lymphocyte subpopulations in Peyer’s patches (PP). Pooled
PPs from untreated germ-free and conventional (CV) mice (n=5) in percentage
of total lymphocytes

Subpopulation PP lymphocytes (%)

GF Cv
CD3*CD4* 10 12
CD3*CD8* 5 4
CD3*y8TcR* 1 2
B220/CD45* 79 79
CD4*Foxp3* 3.0 3.1
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Fig. 3. Spleen cell cytokine production. Spleen cells of the different experimental groups were re-stimulated in vitro with recombinant (r) Bet v 1 for 48 h. IL-5
(A) and IFN-vy (B) levels were measured by ELISA in supernatants. Cytokine production was expressed as the mean percentage of production in sensitized controls
(ctrl). Error bars represent standard error of the mean. Ln. and i.g. pre-treated mice of GF and CV animals were compared with their respective sensitized control
group, *significant difference, P <0.05, Mann—Whitney U after Kruskal-Wallis test.
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Fig. 4. Peyer’s patches histology. Peyer’s patches from ileum of untreated germ-free (A) and conventional (B) BALB/c mice were excised, fixed and stained with
hematoxylin—eosin.
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4. Discussion

It is generally accepted that the gut microflora has an
important impact on mechanisms of immune defense and reg-
ulation [5]. In particular, with respect to harmless antigens it
is believed that the microflora is involved in induction and
maintenance of physiological tolerance, thereby preventing
hyper-responsiveness and untoward immune responses leading
to allergies and food enteropathies. Studies in GF animals aimed
to directly investigate the influence of the microflora on immune
responses as well as tolerance induction. However, the litera-
ture shows diverse and inconclusive results on the significance
of the microflora for tolerance induction [7,9,11,12,14,18,19].
Our data from this study clearly show that mucosal (oral as
well as nasal) tolerance induction can be equally induced in
mice with or without the presence of a commensal bacterial
flora. In CV mice, we have previously demonstrated that Bet v 1
acts as a potent tolerogen when mucosally applied prior or after
sensitization [15,16,20]. Here, we show that the same suppres-
sive effects of humoral and cellular responses were inducible
under GF conditions. Both, nasal and oral application of Bet
v 1 prior to sensitization led to marked reduction of allergen
specific antibodies of all isotypes (Fig. 2), along with reduced
IL-5 and IFN-v levels (Fig. 3). Notably, in both GF and CV
mice, the i.n. route seemed to be more effective compared to the
oral route, which might in part be explained by a lack of anti-
gen degradation by acidic and enzymatic processes. In contrast
to other studies postulating that Th2 responses cannot be sup-
pressed under GF [8] or CV [21,22] conditions, this is the first
report showing that a general suppression of allergen specific
immune responses can be achieved independent of the pres-
ence or absence of the commensal microflora. Furthermore,
our data demonstrate that the degree of allergic sensitization
in control animals did not differ between GF and CV animals
(Figs. 2 and 3), arguing against previous observations that a
lack of bacterial microflora is provoking an enhancement of
allergic responses [8]. Along with recent epidemiological stud-
ies [13] it might therefore be argued that rather changes in
the composition than the overall presence or absence of the
microflora may have an impact on the development of aller-
gies.

The contradictory results concerning oral tolerance obtained
under GF conditions may largely reflect the complexity of
mucosal tolerance, depending on several factors, such as the
dose and nature of the antigen, genetic background and tim-
ing of antigen application. Wannemuehler et al. [9] were the
first to show abrogation of oral tolerance in GF mice using a
particulate antigen, i.e. sheep red blood cells. However, since
particulate antigens display lower tolerogenic properties than
soluble molecules [23], the antigenic characteristics might have
played an important role for the outcome in this model. Along
these lines, using the soluble antigen ovalbumin Moreau et al.
[10,19] demonstrated that oral tolerance was inducible in the
absence of a microflora, although immunosuppression was of
shorter duration than under CV conditions. From our own pre-
vious studies in CV animals, we observed that also soluble
antigens differ in their tolerogenic potency, showing that Bet

v 1 is of higher efficacy compared to ovalbumin and other aller-
gens [24,25] leading to long-lasting immunosuppression [20].
Based on the fact that immunosuppression with Bet v 1 was suc-
cessful under GF and CV conditions, it might well be that the
impact of the commensal flora on tolerance is of minor impor-
tance when a strong tolerogen is used. Susceptibility to tolerance
induction has been also related to the genetic background [23].
In this study, we used BALB/c mice, known to be prone to
develop Th2 responses and being susceptible to mucosal toler-
ance induction [26]. Along these lines, tolerance induction using
ovalbumin was successfully demonstrated in GF BALB/C mice
[11,12], while a similar tolerizing protocol failed in NMRI mice
[7].

Several investigators have studied the inductive and effector
sites of mucosal tolerance induction within the gut associated
lymphoid tissue. The importance of Peyer’s patches (PPs) for
oral tolerance induction has been differentially validated show-
ing either a lack of tolerance induction in mice devoid of PPs
or successful tolerance induction independent of the presence
or functionality of PPs [27]. Furthermore, it was demonstrated
that the inability of oral tolerance can be attributed to a smaller
size and a reduced percentage of CD3* cells in PPs under GF
conditions [18]. In our hands, PPs of GF mice were also of
smaller size and reduced number of total lymphocytes (Fig. 4).
However, despite the smaller PPs size, the percentage of CD3*
cells did not differ compared to CV mice, as also described in
GF rats [28]. Moreover, the detection of CD4*Foxp3™ cells in
PPs of GF mice (Table 1) may indicate that these lymphoid
organs were of sufficient functionality during the tolerizing
process. Alternatively, the mesenteric lymph nodes rather than
the PPs might be involved in successful oral tolerance induc-
tion [27] via induction of regulatory cells after oral antigen
application. These cells have been shown to develop also in
the absence of microbial colonization, as CD4*CD25*Foxp3™*
cells were detected in mesenteric lymph nodes of GF mice
[29].

With respect to intranasal tolerance induction, we have
previously demonstrated in CV mice that also mucosal appli-
cation of Bet v 1 is associated with induction of T regulatory
cells and regulatory cytokines [20]. Since intranasal tolerance
induction in GF animals was as efficiently induced as in CV
mice, it is reasonable to assume that regulatory T cells were
also operating under GF conditions. This assumption is fur-
ther supported by the observation that the lymphoid tissue
of the nasopharynx develops independently of microbial con-
tact [30]. Further studies on regulatory T cells in different
lymphoid compartments of GF and CV mice are currently under-
taken.

Taken together, we demonstrated that the ability to estab-
lish nasal or oral tolerance or mount a Th2 response towards
the aeroallergen Bet v 1 is not dependent on the presence of
the commensal microflora. Our data may support the notion
from experimental and epidemiological studies that an aberrant
composition of the microflora [13,31] rather than the overall
presence of the microflora may play a role in those settings
where breakdown of tolerance with consequent development of
allergic diseases occurs.
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