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The Th1/Th2 balance deregulation toward a Th2 immune response plays a central role in allergy. We
previously demonstrated that administration of recombinant Lactococcus lactis strains expressing bovine
B-lactoglobulin (BLG), a major cow’s milk allergen, partially prevents mice from sensitization. In the present
study, we aimed to improve this preventive effect by coadministration of L. lactis BLG and a second recombi-
nant L. lactis strain producing biologically active interleukin-12 (IL-12). This L. lactis strain producing IL-12
was previously used to enhance the Thl immune response in a tumoral murine model (L. G. Bermiidez-
Humaran et al., J. Immunol. 175:7297-7302, 2005). A comparison of the administration of either BLG alone
or BLG in the presence of IL-12 was conducted. A BLG-specific primary Thl immune response was observed
only after intranasal coadministration of both L. lactis BLG and IL-12-producing L. lactis, as demonstrated by
the induction of serum-specific immunoglobulin G2a (IgG2a) concomitant with gamma interferon secretion by
splenocytes, confirming the adjuvanticity of IL-12-producing L. lactis. Inmunized mice were further sensitized
by intraperitoneal administration of purified BLG, and the allergic reaction was elicited by intranasal chal-
lenge with purified BLG. Mice pretreated with BLG in either the presence or the absence of IL-12 were
rendered completely tolerant to further allergic sensitization and elicitation. Pretreatment with either L. lactis
BLG or L. lactis BLG and IL-12-producing L. lactis induces specific anti-BLG IgG2a production in serum and
bronchoalveolar lavage (BAL) fluid. Although specific serum IgE was not affected by these pretreatments, the
levels of eosinophilia and IL-5 secretion in BAL fluid were significantly reduced after BLG challenge in the
groups pretreated with L. lactis BLG and L. lactis BLG-IL-12-producing L. lactis, demonstrating a decreased
allergic reaction. Our data demonstrate for the first time (i) the induction of a protective Th1 response by
the association of L. lactis BLG and IL-12-producing L. lactis which inhibits the elicitation of the allergic
reaction to BLG in mice and (ii) the efficiency of intranasal administration of BLG for the induction of

tolerance.

Food allergies, i.e., immediate-type, immunoglobulin E (IgE)-
mediated immune responses, affect 2 to 2.5% of the general
populations of Western countries (22, 24, 25). It results from the
activation of the Th2-type helper lymphocytes. In mice, this re-
sponse is mainly characterized by the production of interleukin-4
(IL-4) and IL-13, which induce the production of IgE and IgGl,
and of IL-5, which attracts eosinophils. In contrast, the Thl re-
sponse is characterized by the induction of gamma interferon
(IFN-y) and IL-2 production and the stimulation of cellular im-
munity. Th1 and Th2 cells regulate their own development via the
cytokines produced: IFN-y suppresses Th2-cell proliferation and
promotes Thl-cell proliferation, whereas IL-4 promotes addi-
tional Th2-cell proliferation and inhibits Thl-cell development
(39, 43, 45).

A recent study suggests that an early allergen-specific induc-
tion of Thl cells before allergy sensitization could not effi-
ciently prevent the development of atopic disorders: Th1 prim-
ing was abolished in the presence of allergen-specific Th2 cells,
whereas Thl cells could not inhibit subsequent priming of Th2
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33 1 69085907. E-mail: karine.patient@cea.fr.

¥ Published ahead of print on 3 January 2007.

226

cells (58). The use of adjuvants that increase the proliferation
of Thl cells and that render them more efficient in inhibiting
Th2 cells would therefore be of great interest in the manage-
ment of allergic diseases. These observations prompted us to
explore the adjuvant effect of IL-12 in a mouse model of
allergic reaction to bovine 3-lactoglobulin (BLG), a major milk
allergen (2). IL-12 is a heterodimeric cytokine produced by
antigen-presenting cells that promotes the development of na-
ive Th cells into Thl effector cells and that induces IFN-y
production (51, 52, 54). IL-12 also inhibits Th2 class switching
by repression of the IL-4 cytokine (15, 17, 46, 54, 55). More-
over, treatment with recombinant IL-12 has been shown to
have positive effects on bronchial hyperresponsiveness and the
eosinophilic response (11). Unfortunately, despite the thera-
peutic potential of this molecule, the toxicity of systemic IL-12
treatment observed during clinical trials has limited its use (18,
31, 32, 33, 40). This toxicity correlates with increased IFN-y
levels, decreased glucose levels, and altered histological re-
sponses in the spleen and duodenum. This has motivated sev-
eral recent investigations demonstrating that intranasal deliv-
ery of IL-12 is a less toxic route of inoculation compared to the
commonly used systemic one (6, 7, 26).

The gram-positive and nonpathogenic lactic acid bacteria
are used as delivery vehicles for therapeutic proteins (23).
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FIG. 1. Experimental protocol. Groups of mice (n = 12) were intranasally immunized on days 1 to 3, 14 to 16, and 28 to 30 with a live
recombinant L. lactis strain producing BLG, L. lactis BLG plus IL-12-producing recombinant L. lactis, nonrecombinant L. lactis, purified protein
BLG alone, or BLG in combination with IL-12. Control animals were immunized with saline. On days 37 and 50 the mice were intraperitoneally
sensitized with 5 pg of BLG emulsified in incomplete Freund’s adjuvant. Allergen challenge was performed on days 55 and 56 by intranasal

administration of 20 pg BLG. Naive mice (n = 5) were left untreated.

Their immunostimulatory effects in patients with allergies have
demonstrated that they stimulate Thl cells and inhibit Th2
cells (35, 37, 47). A recent study demonstrated the inhibition of
Der p5-induced airway inflammation and hyperreactivity by
recombinant Lactobacillus acidophilus or Streptococcus ther-
mophilus (12). Lactococcus lactis is a lactic acid bacterium
widely used in the food industry and extensively engineered for
the production of therapeutic proteins (9). L. lactis is of par-
ticular interest for the mucosal delivery of functional proteins
since it is a noninvasive and nonpathogenic food bacterium
that does not survive when it is administered to animal and
humans (19, 30), and it was recently shown that the use of
genetically modified L. lactis for the mucosal delivery of pro-
teins to humans is feasible. These properties could ensure
transient and limited IL-12 expression, thereby limiting the
risks of IL-12-related toxicity.

We previously engineered L. lactis strains to produce bio-
logically active IL-12 (L. lactis IL-12) and demonstrated that
intranasal administration of L. lactis IL-12 to mice resulted in
high levels of stimulation of Th1 cells without the induction of
any toxicity (8, 10, 57). Administration of recombinant L. lactis
producing BLG allowed the induction of a BLG-specific im-
mune response in mice (13, 14) and partial protection for
further sensitization (1). In order to improve the immuno-
modulatory effect of L. lactis BLG on allergen sensitization
and on the elicitation of the allergic reaction, we investigated
the effect of the prophylactic coadministration of L. lactis BLG
and L. lactis IL-12 in a mouse model of allergy (2). So far, as
contradictory results have been reported with ovalbumin
(OVA) and house dust mite allergens after intranasal admin-
istration (tolerance versus sensitization) (28, 29), we also in-
vestigated the effect of intranasal administration of BLG as a
protein either alone or coadministered with the IL-12 protein.

MATERIALS AND METHODS

Apparatus and reagents. All enzyme immunoassays were performed in 96-well
microtiter plates (Immunoplate Maxisorb; Nunc, Roskilde, Denmark) by using
specialized Titertek microtitration equipment from Labsystems (Helsinki, Fin-
land). BLG was purified from cow’s milk, as described previously (41). Unless
otherwise stated, all reagents, including recombinant IL-12, were of analytical
grade and were obtained from Sigma (St Louis, MO).

Recombinant lactococcal strains and preparation of live inocula for immuni-
zation. The constructions of recombinant L. lactis NZ9000 strains expressing a
secreted form of IL-12 (L. lactis TL-12) and BLG fused with the LEISSTCDA

propeptide (L. lactis BLG) have been described previously (8, 42). The control
strain, i.e., L. lactis NZ9000, containing an empty vector and all derived recom-
binant strains were grown at 30°C without shaking in M17 medium (Difco)
supplemented with 0.5% glucose and 10 pg/ml chloramphenicol. To induce the
nisin promoter, all strains (including the control strain) were grown to an optical
density at 600 nm (ODgq) of 0.4 and induced with 10 ng/ml nisin for 3 to 4 h to
achieve an ODg of ~1.0. Cellular pellets were then harvested by centrifugation
(5,000 X g, 10 min at 4°C) and washed two times with saline (sterile solution of
0.9% NaCl). The pellets were resuspended in saline to a final concentration of
5 X 10° CFU in 10 pl (inoculum) and were immediately administered to mice.
The production and amounts of IL-12 and BLG in recombinant lactococci strains
were assessed by immunoblotting and were quantified by enzyme-linked immu-
nosorbent assay (ELISA).

Administration of proteins or lactococci and evaluation of primary immune
response. Specific-pathogen-free female BALB/c mice (age, 6 weeks; Centre
d’Elevage René Janvier, Le Genest Saint-Isle, France) were maintained under
normal husbandry conditions. All animal experiments were started after the
animals were allowed 2 weeks of acclimation and were performed according to
European Community rules of animal care and with authorization 91-122 of the
French Veterinary Services. The immunization protocol is detailed in Fig. 1.
Briefly, the mice were slightly anesthetized with isofluorane and were intranasally
immunized twice for 3 consecutive days, with a 2-week interval used between the
two sets of immunizations. Treatments consisted of the administration of 10 pl
into one nostril with the use of a micropipette. Two groups of 12 mice received
intranasally an inoculum of L. lactis BLG alone or mixed with L. lactis 1L-12. In
parallel, two other groups of 12 mice each received intranasally 5 pg of BLG
either alone or in combination with 50 ng of recombinant active IL-12 (rIL-12);
the concentrations corresponded to the BLG and IL-12 concentrations con-
tained in the inoculum of recombinant lactococci. Control mice (n = 12) re-
ceived either saline or 5 X 10° CFU of L. lactis. One last group of mice (n = 10)
was untreated (naive mice).

The primary immune response was analyzed by using serum samples collected
5 days after the last administration (day 35), as described previously (1). On day
44, five mice from each group were humanely killed, and their spleens were
removed under sterile conditions to evaluate cytokine production under specific
ex vivo restimulation (see below).

Sensitization and intranasal challenge. On days 37 and 50, treated mice (n =
7 per group) were sensitized by intraperitoneal injection of 5 pg of BLG emul-
sified in incomplete Freund’s adjuvant (Difco Laboratories, Detroit, MI), as
described previously (2, 3). Naive mice were left untreated (n = 5). Allergen
challenge was performed with all mice on days 55 and 56 by intranasal admin-
istration of 20 pg of BLG in 50 pl of saline, as described previously (2).

Serum samples were collected on days 48 and 54. On day 57, after the intra-
nasal challenge, the mice were deeply anesthetized by intraperitoneal injection of
urethane (15 mg/10 g body weight) and the trachea was cannulated to recover
bronchoalveolar lavage (BAL) fluid by infusion with saline. The cells in the BAL
fluid were counted on a Malassez slide after trypan blue exclusion, and differ-
ential cells counts were performed after cytocentrifugation and staining with
May-Grunwald and Giemsa stains (LaboModerne). Morphological characteris-
tics were used for the differentiation of at least 300 cells/sample and allowed
quantification of eosinophils, lymphocytes, neutrophils, and macrophages. Ali-
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quots of the remaining BAL fluids were centrifuged and stored at —80°C until
the cytokines were assayed.

Quantification of anti-BLG IgE, IgG1, and IgG2a. The anti-BLG IgE, 1gGl1,
and IgG2a titers of individual serum samples were determined by immunoassays,
as described previously (4). Quantitative determination of specific IgE after a
booster injection (i.e., on day 54) was preceded by removal of serum IgG by using
protein G (PROSEP; Bioprocessing, Consett, United Kingdom) to avoid the
interference of IgG with IgE detection (2, 3).

Cytokine assays. The spleens were harvested under sterile conditions. After
lysis of red blood cells (180 mM NH,CI, 17 mM disodium EDTA) and several
washes, the splenocytes were resuspended in RPMI-10 (RPMI supplemented
with 10% fetal calf serum, 2 mM r-glutamine, 100 U penicillin, 100 pg/ml
streptomycin). Cells were incubated for 60 h at 37°C (5% CO,) in 96-well culture
plates (10° cells/well) in the presence of BLG (20 wg/ml) or concanavalin A (1
pg/ml), which was used as a positive control (1, 2, 3). Incubations with saline or
OVA (20 pg/ml) were performed as negative controls. The supernatants were
then removed and stored at —80°C until further assays. IL-4 and IFN-y were
assayed by using CytoSets kits (BioSource International Europe, Nivelles, Bel-
gium). IL-5 was assayed by using an immunometric assay with monoclonal
antibody TRFK4 for capture and acetylcholinesterase-labeled TRFK5 monoclo-
nal antibody for development (21).

Cytokine levels in BAL fluid were analyzed by using a Bio-plex multiple
cytokine assay system, according to the recommendations of the manufacturer
(Bio-Rad).

Statistical analyses. Data were analyzed by analysis of variance with JMP
statistical software. Tukey-Kramer’s test was used to compare the differences
between groups. Comparisons with a control were performed by Dunnett’s
method. A P value of <0.05 was considered significant.

RESULTS

Effect of intranasal administration of proteins and live re-
combinant lactococci producing BLG and IL-12 on BLG-spe-
cific IFN-y and IgG2a production. Mice treated with BLG,
BLG plus IL-12, L. lactis BLG, or L. lactis did not produce
significant levels of anti-BLG IgG2a, anti-BLG IgE, or anti-
BLG IgG1 (Fig. 2A and data not shown). In contrast, anti-
BLG IgG2a was significantly induced in mice that received a
coadministration of L. lactis BLG and L. lactis IL-12 (Fig. 2A).
Reactivated splenocytes from those mice also produced signif-
icantly higher levels of IFN-y (P < 0.05) than the splenocytes
from the other groups (Fig. 2B). It is noteworthy that the level
of IFN-y production was higher in all treated groups than in
untreated mice, whereas specific antibodies were undetectable.
This demonstrates the induction of a discrete cellular immune
response in the treated mice.

These results indicate that the IL-12 delivered by recombi-
nant lactococci favored the induction of a specific Th1 systemic
response in L. lactis BLG-treated mice, whereas BLG admin-
istered as a protein in the presence or absence of IL-12 or BLG
delivered by a recombinant L. lactis strain did not induce any
detectable humoral response.

Immunomodulatory effects of BLG and IL-12 proteins and
recombinant lactococci on further sensitization. We then in-
vestigated the effects of the different treatments on a further
sensitization (Fig. 1). After the booster injection (day 54), mice
treated with saline (control) demonstrated a high Th2 re-
sponse, as shown by the induction of specific IgE (Fig. 3A) and
IgG1 (Fig. 3B) without the induction of specific IgG2a (Fig.
3C). Mice pretreated with L. lactis BLG alone or L. lactis BLG
in combination with L. lactis IL-12 produced equivalent levels
of IgE (Fig. 3A) and higher levels of IgG1 (Fig. 3B) than the
control mice. Interestingly, these mice also developed a higher
anti-BLG IgG2a response (Fig. 3C). However, the last differ-
ence was significant only for mice treated with L. lactis BLG
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FIG. 2. Intranasal treatment of mice with L. lactis BLG (L[BLG])
plus L. lactis TL-12 (L[IL-12]) induces a BLG-specific Thl immune
response. Immunized mice (n = 5; Fig. 1) were killed on day 42. Serum
samples and spleen cells restimulated in vitro with BLG were tested for
IgG2a (A) and IFN-y (B) production, respectively. Bars represent the
means * standard deviations. The P values obtained with JMP soft-
ware after comparison of the treated group and the saline (control)
group are shown, and a P value of <0.05 indicated statistical signifi-
cance when the results for the different groups are compared. L—, L.
lactis strain containing an empty vector.

plus L. lactis 1L-12 due to high individual variability. L. lactis
treatment led to nonsignificant changes in the response to the
sensitization compared to that in the control mice.

The absence of a specific antibody (i.e., IgE, IgG1, and
IgG2a) response after sensitization was observed in mice
treated with BLG via the intranasal route (Fig. 3), suggesting
the induction of an efficient tolerance. Addition of IL-12 did
not inhibit the induction of the tolerance. Thus, intranasal
administration of BLG with or without IL-12 led to the induc-
tion of an efficient humoral tolerance in the periphery. In
contrast, when BLG and IL-12 were codelivered by recombi-
nant lactococci, such a tolerance was not induced and a Thl-
dependent antibody response was observed, confirming the
adjuvant role of this bacterium and its efficiency as a delivery
vector.
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FIG. 3. Pretreatment of recombinant lactococci did not affect BLG-specific IgE antibody production. Five days after the second sensitization
(day 55), the sera of mice (n = 7) were collected and tested for BLG-specific IgE (A), IgG1 (B), and IgG2a (C) antibodies. Bars represent the
means *+ standard deviations. The P values obtained with JMP software after comparison of treated group and the saline (control) are shown.
L[BLG], L. lactis BLG; L[IL-12], L. lactis 1L-12; L—, L. lactis strain containing an empty vector.

Treatment with BLG or live recombinant lactococci protects
sensitized mice against intranasal challenge with BLG aller-
gen. After two intranasal challenges of sensitized control mice,
specific IgG1 (Fig. 4A) was evidenced in BAL fluid, whereas
specific IgG2a were undetectable (Fig. 4B). Conversely, a sig-
nificant increase in anti-BLG IgG2a was observed in mice
pretreated with L. lactis BLG and L. lactis 1L-12 (Fig. 4B),
whereas the IgG1 levels were equivalent to those in the control
mice (Fig. 4A). The same profile was observed for mice treated
with L. lactis BLG alone, although the increase in the IgG2a
level was not significant compared to the level in the control
mice (Fig. 4B). No significant differences in anti-BLG specific
IgG1 and IgG2a levels were observed between the L. lactis and
control groups. Mice treated with BLG in the presence or in
absence of rIL-12 became tolerant to subsequent sensitization
and did not react to the challenge, as demonstrated by the
absence of specific antibodies in BAL fluid.

The cytokine levels in BAL fluid were then assayed. Local
secretions of IL-4 (Fig. 5SA) and IL-5 (Fig. 5B) were detected
in control mice after challenge, demonstrating the local elici-
tation of an allergic reaction. On the other hand, a significant
decrease in the level of IL-5 production was observed in the
BAL fluid of all treated mice compared to that in the BAL
fluid of the control mice (Fig. 5B), together with a significant

decrease in the level of IL-4 secretion in the BAL fluid of mice
treated with the proteins (Fig. 5A). Due to high individual
variability in the group treated with L. lactis BLG, no signifi-
cant decrease in the level of IL-4 secretion in BAL fluid was
observed in any of the groups treated with live recombinant
lactococci (Fig. 5A). Nevertheless, exclusion from the statisti-
cal analysis of the data for the mouse in the L. lactis BLG
group that responded with high IL-4 levels provided evidence
of a significant protective effect of coadministration of L. lactis
IL-12 and L. lactis BLG on IL-4 secretion. No significant dif-
ferences in the levels of production of the other cytokines were
observed between the different groups.

Finally, eosinophil influx was also evaluated in the differ-
ent groups of mice. Significant eosinophilia was detected in
the BAL fluid of control mice sensitized and challenged with
BLG (Fig. 5C), confirming the local elicitation of the aller-
gic reaction in those mice. The same result was obtained for
L. lactis-treated mice. Interestingly, a significantly decreased
eosinophilia was observed in mice treated with L. lactis BLG
and L. lactis BLG plus L. lactis 1L-12. This decrease was
equivalent to that observed in mice rendered tolerant by
treatment with BLG in the presence or the absence of IL-12
(Fig. 5C).
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FIG. 4. Pretreatment with L. lactis BLG (L[BLG]) and L. lactis
BLG plus L. lactis 1L-12 (L[IL-12]) allows the production of IgG2a in
BAL fluid. On day 57, sensitized and challenged mice (n = 7) were
killed and BAL fluids were collected as described in Materials and
Methods. BLG-specific IgG1 (A) and IgG2a (B) antibody concentra-
tions were determined by quantitative immunoassays. Bars represent
the means = standard deviations. The P values obtained with JMP
software after comparison of treated group and the saline (control) are
shown. L—, L. lactis strain containing an empty vector.

DISCUSSION

Previously, we have demonstrated that oral administration
of recombinant L. lactis strains producing BLG allows the
partial prevention of sensitization to this major cow’s milk
allergen (1). The highest level of IgE inhibition was obtained
with the L. lactis strain producing the largest amounts of BLG
fused with the staphylococcal nuclease (Nuc). However, the
potential immune response induced against Nuc limits its use
for human application. Although IgE was not suppressed, sig-
nificant increases in specific [gG2a and IFN-y responses were
obtained in a prophylaxis protocol with the recombinant strain
producing BLG (L. lactis BLG) fused with the synthetic
propeptide LEISSTCDA, whereas strains producing smaller
amounts of BLG alone were ineffective. We also demonstrated
that intranasal administration of a recombinant L. lactis strain
secreting biologically active IL-12 induces a Th1 antigen-spe-
cific immune response in mice (8, 10). To enhance the effi-
ciency of prophylaxis with the L. lactis BLG-producing strain,

CLIN. VACCINE IMMUNOL.

in the present study we coadministered L. lactis IL-12 and L.
lactis BLG strains, and the immune response evoked and its
effects on further sensitization and elicitation of the allergic
response were evaluated.

Our results demonstrate that intranasal coadministration of
live L. lactis BLG and L. lactis IL-12 allow the induction of a
primary Thl systemic immune response, as shown by the in-
duction of BLG-specific IgG2a in serum and IFN-y-producing
Th1 cells in the spleen. In contrast, specific IgG2a was not
detected either in mice treated with L. lactis BLG or in mice
treated with BLG plus IL-12. These results confirmed the
adjuvant effect of IL-12 delivered by L. lactis on the BLG-
specific response and the efficiency of the intranasal route of
administration in our model. Interestingly, mice treated with
an empty L. lactis strain produced significantly higher levels of
IFN-y (P < 0.05) than control mice during the primary im-
mune response. The intrinsic Th1l adjuvant effect of L. lactis or
other lactic acid bacterial strains has already been observed in
several studies (1, 34, 38, 48, 50).

Furthermore, we observed that administration of L. lactis
BLG with or without coadministration of L. lactis IL-12 sup-
pressed the further development of airway eosinophilia after
intranasal challenge, whereas specific IgE was not reduced.
These findings were correlated with the decreased levels of
IL-5 in BAL fluid and the level of increased IgG2a production
in serum and BAL fluid. These observations suggest that treat-
ments with recombinant lactococci allow the induction of
BLG-specific Thl cells that downregulate Th2 and effector
cells. This preventive effect was more efficient when L. lactis
BLG was coadministered with L. lactis IL-12. Surprisingly,
specific IgE levels were not decreased in those pretreated
groups. However, similar data have already been reported by
different laboratories (16, 20, 36, 58). For example, Erb et al.
(20) observed that infection of mice with Mycobacterium bovis
bacillus Calmette-Guérin (BCG) resulted in the inhibition of
airway eosinophilia correlated with reduced levels of IL-5,
while IgE production remained unaffected. The authors pro-
posed that the induction of a Thl immune response (e.g.,
IFN-y production) during local M. bovis BCG infection was
responsible for this protection and suggested that this protec-
tion did not extend to the systemic immune response against
the allergen. However, our results revealed the induction of
both systemic and local Th1 immune responses after intranasal
pretreatment with recombinant L. lactis, as demonstrated by
specific I[gG2a in serum and BAL fluid. It appears, then, that
although the systemic Th1 immune response induced by treat-
ment with L. lactis BLG and L. lactis BLG plus L. lactis 1L-12
cannot totally inhibit the systemic Th2 response induced by
intraperitoneal sensitization, it allows the redirection of the Th
subset toward a mixed systemic Th1/Th2 response. Moreover,
the local Thl immune response generated by recombinant
lactococci induced the production of specific IgG2a in BAL
fluid. Those IgG2a antibodies can efficiently capture BLG,
which then allows decreased levels of IgE binding to the aller-
gen and, finally, decreased levels of Th2 cytokine production
and eosinophilia after allergen challenge. This is in accordance
with the results obtained by Yasumi et al. (58), who showed
that primed Th2 cells proliferate more vigorously than primed
Th1 cells. Although the authors concluded that the induction
of allergen-specific Th1 cells, even before sensitization, will not
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FIG. 5. Intranasal pretreatment with L. lactis BLG (L[BLG]) and L. lactis BLG plus L. lactis IL-12 (L[IL-12]) reduced IL-5 and IL-4 levels and
decreased the level of airway eosinophilia. On day 57, sensitized and challenged mice were killed and BAL fluids were collected. IL-4 (A) and IL-5
(B) cytokines were measured by ELISA, and eosinophil influx (C) was quantified by differential cellular counts under May-Grunwald and Giemsa
staining. Bars represent the means * standard deviations. The P values obtained with JMP software after comparison of treated group and the
saline (control) are shown. L—, L. lactis strain containing an empty vector.

prevent the development of atopic disorder, these observations
suggest that treatment with recombinant lactococci should be
more efficient for therapy than for prophylaxis protocols.

An interesting finding of this study is that intranasal admin-
istration of low doses of BLG protein (5 pg) for 3 consecutive
days, repeated twice at a 2-week interval, induced a profound
state of tolerance in BALB/c mice, as demonstrated by the
total absence of both systemic and local responses in sensitized
and challenged mice. Indeed, previous studies have demon-
strated that short-term or continuous intranasal exposure of
mite allergen, but not of OVA, caused eosinophilia in BAL
fluid and bronchoconstriction in BALB/c mice, along with el-
evated Th2-cell-associated production of antibodies in serum
and Th2-cell-associated production of cytokines by splenocytes
(28, 49), whereas other studies have demonstrated that re-
peated exposure of BALB/c mice to an inhaled low dose of
OVA inhibited the potential to develop a specific Th2 response
in the periphery due to a noncompartmentalized induced im-
mune tolerance (5, 44). In a recent study, the prevention of a
cellular and a humoral Th2-mediated allergic response was
obtained by intranasal administration of three consecutive high
doses of OVA (100 wg), whereas lower doses (10 wg) were
found to be less effective and intranasal treatment was less

effective than orally induced tolerance (29). Thus, our results
suggest that BLG shares the same tolerogenic properties as
OVA when it is administered intranasally before sensitization.

Studies by Winkler et al. (56) demonstrate an increase in
transforming growth factor B (TGF-8) mRNA in spleen cells
from mice made Bet v1 tolerant intranasally. In this study, we
did not observe the production of cytokines such as IL-10 or
TGF-B in BAL fluid or reactivated splenocytes in mice pre-
treated with BLG (data not shown). This suggests a cell-con-
tact-dependent tolerance, which may involve CD4* T cells
expressing membrane-bound TGF-B, as previously demon-
strated in a study of low-dose induced airway tolerance and in
peptide intranasal immunotherapy (27, 44). IL-12 was ineffi-
cient in breaking tolerance induction in our model. This ob-
servation is surprising, as IL-12 has been demonstrated to have
a Th1 adjuvant effect, inhibiting bronchial hyperresponsiveness
and the eosinophilic response (11). This suggests either that
the doses of IL-12 that we administered were too low to exert
a Thl adjuvant effect or that intranasal tolerance is preferred
to the Thl response in the nose in our model.

The effect of intranasal administration of BLG in an already
sensitized animal should be evaluated to determine if it will
abrogate or amplify the elicitation of the allergic reaction in
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the respiratory tract. As examples, intranasal application of
recombinant birch allergen Bet v1 led to the suppression of the
allergic immune response in sensitized mice (56), and contin-
uous intranasal exposure to OVA in sensitized BALB/c ani-
mals led to the complete abrogation of airway inflammation
(53). However, the effectiveness of mucosal OVA administra-
tion in suppressing T-cell immunity declined when mucosal
antigen delivery started after immunization and became selec-
tive for the Th2-mediated pulmonary allergic response but not
for T-cell-mediated antibody production (29). The Thl adju-
vant effect of L. lactis BLG and L. lactis 1L-12 should then be
of great interest in controlling the ongoing Th2 response in our
model.

In conclusion, our study provides evidence of efficient toler-
ance induction by intranasal administration of low doses of
BLG protein. It also demonstrates the efficient prevention of
the elicitation of the allergic reaction to BLG by coadminis-
tration of recombinant L. lactis strains producing BLG and
IL-12 by induction of a specific Thl immune response regu-
lating systemic and local Th2 and effectors cells. These prom-
ising results therefore represent a step toward the development
of new strategies for the management of allergies.
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