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Introduction

Summary

Allergic asthma is a chronic inflammatory disease mediated by T helper
(Th)2 cell immune responses. Currently, immunotherapies based on both
immune deviation and immune suppression, including the development
of recombinant mycobacteria as immunoregulatory vaccines, are attractive
treatment strategies for asthma. In our previous studies, we created a
genetically recombinant form of bacille Calmette—Guerin (rBCG) that
expressed Der p2 of house dust mites and established that it induced a
shift from a Th2 response to a Thl response in naive mice. However, it is
unclear whether rBCG could suppress allergic airway inflammation in a
mouse model. In this article we report that rBCG dramatically inhibited
airway inflammation, eosinophilia, mucus production and mast cell
degranulation in allergic mice. Analysis of interferon-y (IFN-y) and inter-
leukin-4 (IL-4) levels in bronchoalveolar lavage fluid (BALF) and lung
tissue revealed that the suppression was associated with a shift from a
Th2 response to a Thl response. At the same time, rBCG induced a
CD4" CD25" Foxp3" T-cell subtype that could suppress the proliferation
of Th2 effector cells in vitro in an antigen-specific manner. Moreover,
suppression of CD4" CD25" T cells could be adoptively transferred. Thus,
our results demonstrate that rBCG induces both generic and specific
immune responses. The generic immune response is associated with a
shift from a Th2 to a Thl cytokine response, whereas the specific immune
response against Der p2 appears to be related to the expansion of trans-
forming growth factor-p (TGF-pB)-producing CD4" CD25" Foxp3™ regula-
tory T cells. rBCG can suppress asthmatic airway inflammation through
both immune deviation and immune suppression and may be a feasible,
efficient immunotherapy for asthma.

Keywords: airway inflammation; asthma; Dermatophagoides protein II
group; recombined BCG; regulatory T cell

Current asthma therapies, such as inhaled corticoster-
oids, PB,-agonists, M cholinergic receptor antagonists, or

Allergic asthma is a chronic disorder of the airways and is
characterized by reversible airflow obstruction and airway
eosinophil inflammation. The pathology in asthma occurs
as a consequence of the increased production of interleukin
(IL)-4, IL-5 and IL-13 by allergen-specific CD4" T helper
(Th)2 cells."”* In addition, the risk of developing asthma is
directly related to the acquisition of immediate hypersensi-
tivity to environmental allelrgens.3 Meanwhile, house dust
mites are the most important sources of indoor allergens
responsible for the development of asthma.

anti-leukotrienes, are directed at symptom relief, reduction
or neutralization of effector molecules and inflammatory
mediators. These therapies are effective for acute disease
and for relieving symptoms. However, they have limited
long-term salutary effects. Conventional allergen immuno-
therapy, while having long-term and impressive efficacy,
requires multiple injections over several years and is associ-
ated with frequent failure and occasional immunoglobulin
E (IgE)-mediated adverse events.! Therefore, an alternative,
more effective and long-lasting therapeutic approach for
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asthma has been focused on the development of vaccine
strategies that alter the underlying immune response and
convert detrimental allergic responses to protective
immune responses, thereby modifying the course of the
disease.

We previously modified bacille Calmette—Guerin (BCG)
to express Der p2 of house dust mites on the bacterial cell
wall.”> Subsequently, we established that the Der p2 rBCG
induced a shift from a Th2 response to a Thl response in
naive mice.® However, the regulatory role of the Der p2
rBCG in an animal model of Th2-dominated illness is still
unknown.

The BCG vaccine is the most widely used Thl-inducing
vaccine.” Several studies have argued that BCG may be
applied to treatment of allergy by inducing an immune
deviation from Th2 to Th1.27' However, recently the
Th1/Th2 bias theory was challenged by an immune-
suppression theory because some data showed the impor-
tance of regulatory T cells (Tregs) in the pathogenesis of
asthma. Accordingly, several studies suggested that myco-
bacteria can be used as an adjuvant to induce Tregs.
Treatment of mice with mycobacterium-induced allergen-
specific Tregs produced IL-10 and transforming growth
factor-p (TGF-B), which protected against airway inflam-
mation."" Killed Mycobacterium vaccae can suppress
airway eosinophilia through the induction of allergen-
specific Tregs.'? Therefore, whether immune deviation or
immune suppression may be responsible for the suppres-
sive effect of BCG/rBCG on allergic airway inflammation
remains to be further investigated.

The aim of this study was to investigate whether Der
p2 rBCG can regulate allergic eosinophil inflammation in
a mouse model of asthma and to explore the possible
mechanisms of this regulation.

Materials and methods

Animals

Healthy female C57BL/6 mice (6-8 weeks of age) and
green fluorescent protein (GFP) transgenic mice (6-8
weeks of age) were purchased from the experimental
animal center of Forth Military Medical University (Xi’an,
China). All mice were bred under pathogen-free condi-
tions. All mouse protocols were approved by the Animal
Experiment Administration Committee of Fourth Military
Medical University.

Der p2 rBCG

Der p2 rBCG was constructed in our own laboratory by
professor Shi.” In brief, the gene fragment encoding the
19 000 molecular weight antigen and the upstream con-
trol element (19-ss) was amplified by polymerase chain
reaction (PCR) from Mycobacterium tuberculosis H37Rv.

The 19 000 molecular weight antigen is a cell wall-asso-
ciated lipoprotein present in Mycobacterium tuberculosis
and in BCG vaccine strains.'»'* After sequencing, the
PCR product was cloned into the Escherichia coli-BCG
shuttle vector, pOLYG, and then into pCW. The Der p2
gene was also cloned into the pCW vector, and the Der
p2-pCW-rBCG construct was induced into BCG by elec-
troporation.

Administration of BCG or rBCG

Mice were vaccinated intraperitoneally (i.p.) with 10° col-
ony-forming units (CFU) of rBCG or BCG on day 1.
Control mice were injected with physiological saline (PS).
Six weeks later, mice were sensitized (to investigate the
effect of rBCG on allergic airway inflammation) or killed
(for analysis of spleen cells, proliferation assays and adop-
tive cell transfer) on day 43.

Allergen sensitization and challenge protocol

Mice were sensitized ip. with 100 ug of ovalbumin
(OVA) (A5503; Sigma-Aldrich, St Louis, MO) or Der p2
(Indoor Biotechnologies Inc., Charlottesville, VA)
adsorbed to 9% potassium alum (A1577; Sigma-Aldrich)
on days 43 and 50. On days 57 and 64, mice were chal-
lenged with 100 pg of OVA or Der p2 in phosphate-buf-
fered saline (PBS) by the intratracheal route. Control mice
were treated with PS."

Bronchoalveolar lavage fluid

Twenty-four hours after the final challenge, mice were
killed. Bronchoalveolar lavage fluid (BALF) was obtained
by the slow injection of ice-cold saline (0-3 ml) into the
trachea three times (total, 0-9 ml). Fluids were centrifuged
at 1200 g, and pellets were recovered for cellular analysis.
Supernatants were stored at —80° for biochemical analyses.
The total number of cells in BALF was counted using a
haemocytometer. A differential count was performed using
cytomear preparations. The cells were fixed and stained
with Wright’s stain. Differential counts of 200 cells were
carried out using standard morphological criteria to
identify eosinophils.

Histology

For histopathology, lungs were inflated and fixed with 10%
buffered formalin after collection of BALF. Samples were
embedded in paraffin and then sectioned (5 pm). Sections
were stained with haematoxylin and eosin (H & E) for
analyzing airway inflammation and pathological changes.
Goblet cells were stained with Alcian blue—periodic acid
schiff (AB-PAS), and the histological mucus index was
quantified for goblet cell hyperplasia.'®
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Enzyme-linked immunosorbent assay

The concentrations of IL-4, interferon-y (IFN-vy), IL-5,
IL-13, IL-10 and TGF-B in BALF were determined
(JingMei Biotech, Shenzhen, China) according to the
manufacturer’s protocols.

To detect PB-hexosaminidase activity, samples were
incubated with 80 pl of substrate solution [1-3 mg/ml of
p-nitrophenyl-p-p-2-acetamido-2-eoxyglucopyranozide
(Sigma-Aldrich) in 0-1 M citrate, pH 4-5]. The reaction
was stopped by the addition of 200 pl of 0-2 M glycine
(pH 10-7). Peta-hexosaminidase activity was expressed as
the absorbance at 405 nm.

Quantitative reverse transcription—PCR

Total RNA was isolated from lung tissue using TRIzol (In-
vitrogen, Carlsbad, CA) and quantified. Two micrograms
of total RNA was reverse transcribed using reverse trans-
criptase (Promega, Madison, WI) according to the manu-
facturer’s instructions. Real-time PCR was performed
using a kit (SYBR Premix EX Tagq; Takara, Dalian, China)
and the ABI PRISM 7300 Real-Time PCR system, with
B-actin as a reference control. Primers for B-actin, IL-4
and IFN-y were as follows: p-actin, 5-CTAAGG
CCAACCGTGAAAAG,  5-AGCCTGGATGGCTACGTA
CAT; 1L-4, 5-ACAGGAGAAGGGACGCCAT, 5-GAAGC
CCTACAGACGAGCTCA; and IFN-y, 5-TCTTGAAC
GGCAGCTCTGAG, 5'-TGGCGACAGGTCATTCATCA.

Flow cytometric analysis

Splenocytes were freshly isolated. For surface staining, cells
were labeled with anti-CD4—phycoerythrin (PE) (553049;
BD Biosciences) or anti-CD25—fluorescein isothiocyanate
(FITC) (553071; BD Biosciences, San Jose, CA). For stain-
ing intracellular TGF-p, cells were permeabilized in cytofix/
cytoperm, washed in perm/wash buffer (BD Biosciences)
and stained with anti-TGF-B-biotin (sc-80346; Santa Cruz
Biotechnology, Santa Cruz, CA) for 30 min. For staining
Foxp3, a kit from eBioscience containing the monoclonal
antibody (mAb) FKJ-16s was used according to the manu-
facturer’s instructions. Labeled cells were analysed using a
flow cytometer (BD Calibur, San Jose, CA). The frequency
of each cell subset was calculated based on the percentage
of positive cells in the CD4 gate.

Isolation of CD4™ CD25" T cells and CD4" CD25~
T cells

Isolation of mouse CD4", CD4" CD257, and CD4" CD25"
T cells was performed by using a mouse Treg isolation kit
(Miltenyi Biotec, Bergisch Gladbach, Germany), according
to the manufacturer’s instructions. Briefly, CD4" T cells
were first enriched through negative selection by magneti-

Der p2 rBCG prevents allergy

cally removing other types of cells. The CD4" T cells were
incubated with magnetic beads conjugated with an anti-
CD25 IgG to separate CD4" CD25~ and CD4" CD25"
T-cell subpopulations. The purity of the resulting T-cell
subpopulations was confirmed to be higher than 95% by
flow cytometry.

Reverse transcription—PCR analysis

The CD4" T cells were isolated and the total RNA was
isolated from each sample using TRIzol (Invitrogen) and
quantified. Two micrograms of total RNA was reverse
transcribed with reverse transcriptase (Promega) accord-
ing to the manufacturer’s instructions. All PCR experi-
ments were performed with Taq polymerase (Promega)
and  the  primers 5-AGGAGAAAGCGGATACCA
and 5'-TGTGAGGACTACCGAGCC for Foxp3, and 5'-
AACCCTAAGGCCAACCGTGAAAAG and 5'-GCAGGAT
GGCGTGAGGGAGAG for the B-actin control.

Proliferation assays

Cells were cultured in RPMI-1640 supplemented with
10% heat-inactivated fetal bovine serum (FBS), peni-
cillin (100 U/ml), streptomycin (100 pg/ml), glutamine
(2 mmol/l), non-essential amino acids (0-1 mol/l), sodium
pyruvate (1 mmol/l) and 2-mercaptoethanol (2-ME)
(55 pmol/l) (all from Invitrogen Life Technologies, Carlsbad,
CA). To assay the suppressive activity of rBCG-induced
Tregs, 10° CD4" CD25 T cells from OVA-sensitized or Der
p2-sensitized mice, 10° CD4" CD25" Tregs from rBCG-
vaccinated mice, 10° antigen-presenting cells (APCs) and
allergens (OVA or Der p2) were plated in triplicate in 96-well
plates for 7 days. APCs were irradiated spleen cells depleted
of T cells. Dead cells were excluded by Trypan Blue staining
and cell proliferation was assessed by cell counting on day 7.
We also assessed proliferation by 5(6)-(N-Succinimidyloxy-
carbonyl)-3',6',0,0'-diacetylfluorescein ~ (CFSE)  dilution.
CD4" CD25" T cells were first labeled with 1 pM CFSE.
After 7 days of culture, CFSE dilution was assessed and
analysed using ceLL QUEST (BD Biosciences).

Adoptive cell transfer

CD4" CD25" T cells from rBCG-vaccinated mice were
isolated on day 42. Approximately 3 x 10° CD4" CD25"
T cells were transferred into Der p2-sensitized or OVA-
sensitized recipient mice. For analysis of the migration of
donor CD4" CD25" T cells, Der p2-sensitized GFP Tg
mice were used as recipients.

Statistical analysis

Data were expressed as mean + standard error of the
mean (SEM). Statistical analyses were performed on the
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data using single-factor analysis of variance (aNova) on
the three groups and with a Student’s unpaired t-test for
comparisons of two groups. A P-value of < 0-05 was
assumed to be significant.

Results

Significantly reduced airway inflammation in
rBCG-vaccinated mice

We first studied the effect of rBCG vaccination on the
airway environment, having established that no changes
in airway cell composition or BALF cytokine secretion in
mice occurred as a result of rBCG vaccination per se
(H.-F. Ou-Yang, J.-R. Shi, C.-G. Wu, unpublished data).
Mice were sensitized twice with allergen Der p2, on days
43 and 50 after BCG or rBCG vaccination (day 1), before
airway challenge on days 57 and 64. Recovery of BALF
was performed on day 65.

Both BCG and rBCG significantly reduced the amount
of airway cellular infiltrates after challenge with Der p2
(BCG, P < 0-01; rBCG, P < 0-01) (Fig. 1a). Differential
cell counting revealed a profound reduction of airway
eosinophilia in both BCG- and rBCG-vaccinated mice
(Fig. 1b; BCG, P < 0-05; rBCG, P < 0-01). Notably, rBCG
had a more potently suppressive effect on local airway
inflammation than BCG (total cell number, P < 0-01;
number of eosinophils, P < 0-01) (Fig. la,b).
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Reduced tissue pathology in rBCG-vaccinated mice

To determine whether suppressed airway cellular infiltra-
tion represented a more general down-modulation of
pathology, lung histological sections were compared in
four groups of mice. H & E staining was used to char-
acterize cellular infiltrates, and AB-PAS was used to
identify mucus-producing goblet cells in the epithelial
border. In addition, mast cell degranulation was esti-
mated by measuring the levels of B-hexosaminidase in
BALF.

In asthmatic control mice, airway challenge leads to a
dense peribronchiolar inflammatory infiltrate of lympho-
cytes, and to the production of mononuclear and poly-
morphonuclear cells with epithelial shedding and
extended columnal cells (Fig. 1c). Furthermore, an accu-
mulation of mucin-containing goblet cells line the con-
necting airways, underpinning the overall increase in
mucus production (Fig. 1c). In BCG- and rBCG-vacci-
nated mice, however, tissue inflammation was greatly
reduced, with significantly less peribronchial and peri-
vascular cellular infiltration and mucin staining (Fig. 1c).
Goblet cell numbers were substantially reduced in both
BCG- and rBCG-vaccinated mice (Fig. 1d; BCG, P <
0-05; rBCG, P < 0-01). In addition, the allergen-induced
increase in BALF P-hexosaminidase, indicating mast cell
mediator release, was also attenuated in both BCG- and
rBCG-vaccinated mice (Fig. le; BCG, P < 0-01; rBCG,
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Figure 1. Airway cell infiltration and tissue pathology were inhibited in mice vaccinated with bacille Calmette—Guérin (BCG)- and recombinant
bacille Calmette-Guérin (rBCG)-. Mice were vaccinated intraperitoneally (i.p.) with 10° colony-forming units (CFU) of BCG or rBCG on day 1.
Six weeks later, mice were sensitized i.p. with 100 pg of Der p2 adsorbed to 9% potassium alum on days 43 and 50. On days 57 and 64, mice

were challenged with 100 pg of Der p2 in phosphate-buffered solution (PBS) by the intratracheal route. Lavage cells were recovered 24 hr after

final airway challenge (day 65), and histological sections of lung tissues were made. Labels indicate treatment/sensitization/challenge. The letter

‘D’ denotes Der p2. PS, physiological saline. (a) Total bronchoalveolar lavage (BAL) cell numbers (n = 15). Horizontal bars denote paired experi-

mental groups for which statistical significance is displayed in the figure. Data represent one of three independent experiments. (b) Eosinophil

numbers (n = 15). (c) Formalin-fixed lung 5-pm sections stained with haematoxylin and eosin (H & E) or Alcian blue—periodic acid schiff (AB-

PAS). Scale bar, 40 pm. (d) Enumeration of goblet cells. Data represent the mean + standard deviation (SD) of five mice, with a mean score

from three representative lung sections per mouse. (e) Beta-hexosaminidase in bronchoalveolar lavage fluid (BALF) (n = 10). A, absorbance.
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P <0:01). rBCG had a more potently suppressive
effect on the proliferation of goblet cells (Fig. 1d, P <
0-01) and mast cell mediator release (Fig. le, P < 0-01)
than BCG .

Thus, both BCG and rBCG can protect mice against a
range of allergic airway inflammatory pathologies, includ-
ing the infiltration of inflammatory cells, mast cell
degranulation and goblet cell proliferation. Furthermore,
rBCG had a more potent inhibitory effect than BCG. We
selected cellular infiltration in BALF as the keynote
parameter to dissect the mechanisms leading to this
broader diminution of pathology.

Reversion of Th2 bias by rBCG in allergic mice

Reportedly, BCG can reduce allergic asthma to OVA in
BALB/c mice,"” rats'® and guinea pigs'® through inducing
an immune deviation from Th2 to Thl. To examine
whether vaccination with rBCG could also reverse the
Th2 bias, the levels of IFN-y and IL-4 in BALF were mea-
sured. BCG- and rBCG-vaccinated mice all showed
diminished IL-4 responses (Fig. 2a; BCG, P < 0-01; rBCG,
P < 0-01), whereas the concentration of the Thl cell sig-
nature cytokine, IFN-y, was elevated (Fig. 2a; BCG,
P < 0-01; rBCG, P < 0-01). The ratio of IFN-vy : IL-4 was
higher in BCG- or rBCG-vaccinated mice than in unvac-
cinated mice (Fig. 2a; BCG, P < 0-01; rBCG, P < 0-01).
However, there was no difference between BCG-vacci-
nated mice and rBCG-vaccinated mice in the content of
IFN-y (Fig. 2a, P > 0-05), IL-4 (Fig. 2a, P > 0-05) and
the ratio of IFN-vy : IL-4(Fig. 2a, P > 0-05).

We also analysed the levels of IFN-y and IL-4 mRNA
in lung tissue using real-time PCR, and the ratio of IFN-
v : IL-4 mRNA was established. The data show that this
ratio was significantly higher in the BCG- and rBCG-vac-
cinated groups than in the asthmatic control group
(Fig. 2b; BCG, P < 0-05; rBCG, P < 0-05) and there was
no significant difference between BCG-vaccinated mice
and rBCG-vaccinated mice (Fig. 2b, P > 0-05).

These data indicate that BCG and rBCG had a similar
ability to induce a shift from the Th2 to the Thl response
in an animal model of asthma and altered the highly
polarized type 2 cytokine environment both in local
airway and in whole-lung tissue.

Suppression of local type 2 effector cytokines

To analyse in greater detail the mechanism of the inhibi-
tory effect of BCG and rBCG, we measured local cytokine
IL-5 and IL-13 levels in BALF. After airway challenge the
levels of both IL-5 and IL-13 were elevated in the BALF
of asthmatic control mice (Fig. 3a). However, IL-5 was
significantly diminished by BCG or rBCG vaccination
(Fig. 3a; BCG, P < 0-01; rBCG, P < 0-01). Reductions in
the key agents in the mobilization and extravasation of
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Figure 2. Reversion of the T helper (Th)1/Th2 bias by bacille Cal-
mette-Guérin (BCG) and recombinant bacille Calmette-Guérin
(rBCG) in asthmatic mice. Labels indicate treatment/sensitization/
challenge. D, Der p2; NS, not significant; PS, physiological saline.
(a) The levels of interferon-y (IFN-y) and interleukin-4 (IL-4) in
bronchoalveolar lavage fluid (BALF) from four mice per group and
the ratio of IFN-y : IL-4 (n = 10). Data represent one of three inde-
pendent experiments. (b) The levels of IFN-y and IL-4 mRNA iso-
lated from lung tissue were quantified using the real-time
polymerase chain reaction (PCR) SYBR Green System (1 = 10). The
results represent the expression of the individual mRNAs with nor-
malization to [-actin, using the cycle threshold (Ct) method. The
results represent values from duplicate measurements from one of
three independent experiments.
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Figure 3. Cytokine responses in bronchoalveolar lavage fluid
(BALF). BALF from a group of four mice were assayed for the indi-
cated cytokines (n = 10). Data represent one of three independent
experiments. Labels indicate treatment/sensitization/challenge. BCG,
bacille Calmette—Guérin; D, Der p2; NS, not significant; PS, physio-
logical saline; rBCG, recombinant bacille Calmette—Guérin. (a) Inter-
leukin (IL)-5 and IL-13. (b) IL-10 and transforming growth factor-f8
(TGE-p).

eosinophils provided a mechanistic explanation for the
dramatically reduced airway eosinophilia in BCG- and
rBCG-vaccinated mice. Similarly, the elevation of the
IL-13 level was also reversed by BCG or rBCG vaccination
(Fig. 3a; BCG, P < 0-05; rBCG, P < 0-01), which may
explain the down-regulation of goblet cell number in

BCG- and rBCG-vaccinated mice. Notably, rBCG had a
more potent inhibitory effect on the level of IL-5 and
IL-13 than BCG (Fig. 3a; IL-5, P < 0-05; IL-13, P < 0-05).
We also examined the regulatory cytokines IL-10 and
TGF-B (Fig. 3b). There was no difference in the IL-10
level among asthmatic control mice, BCG-vaccinated mice
and rBCG-vaccinated mice. However, rBCG, but not
BCG, can up-regulate the level of TGF-f in BALF
(Fig. 3b; BCG, P > 0-05; rBCG, P < 0-01). This difference
suggested that, in addition to inducing an immune devia-
tion from Th2 to Thl, rBCG may down-regulate the
allergic immune response through other regulatory mech-
anisms that may be mediated mainly through TGF-p.

Induction of antigen-specific CD4" CD25" Foxp3*
T cells by rBCG

Reportedly, the suppressive function of both adaptive
CD4" CD25" Foxp3"™ T cells and CD4" TGF-B" Foxp3~
T cells (Th3) was associated with TGF-B. To investigate
whether a defined subset of regulatory T cells were generated
after vaccination with rBCG, we analysed spleen cells taken
from mice that had been vaccinated with rBCG or BCG
42 days previously. As shown in Fig. 4a, the relative propor-
tion and the absolute number of CD4" CD25" Foxp3™ T
cells increased after vaccination with rBCG (Fig. 4a,
P < 0-05), but not with BCG. However, the relative propor-
tion and the absolute number of CD4" TGF-B* Foxp3™ T
cells were not skewed. We also determined Foxp3 expression
by reverse transcription—-PCR: CD4" spleen cells from
rBCG-vaccinated mice contained a level of Foxp3 mRNA
that was more than threefold higher than found in similar
cells from naive animals (Fig. 4b; P < 0-01). Therefore,
rBCG may induce a CD4" Foxp3" T-cell subtype.

To determine the suppressive activity of the induced
CD4" CD25" Foxp3™ T cells and the specificity of the
inhibitory response, we performed proliferation assays
in vitro. CD4* CD25" T cells from rBCG-vaccinated mice
were isolated from spleen cells by magnetic antibody cell
sorting (MACS). CD4" CD25™ T cells from OVA- or Der
p2-sensitized mice were also isolated as responders.
CD4" CD25" T cells, CD4" CD25" T cells alone and
CD4" CD25" T cells plus CD4" CD25 T cells, were
assayed Fig. 4c. Cell proliferation was assessed by cell
counting on day 7. The data showed that the proliferation
of CD4" CD25™ T cells from Der p2-sensitized mice was
significantly inhibited. However, although the prolifera-
tion of CD4" CD25™ T cells from OVA-sensitized mice
was also down-regulated by CD4" CD25" T cells, this did
not reach statistical significance. We also determined the
suppressive activity of CD4" CD25" T cells by CFSE dilu-
tion. CD4" CD25™ T cells from Der p2-sensitized mice
were labeled with CFSE and cocultured with APCs and
Der p2, in the presence or absence of CD4" CD25*
T cells. CFSE dilution was assessed and analysed by flow

6 © 2008 The Authors Journal compilation © 2008 Blackwell Publishing Ltd, Immunology
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CD25" Foxp3" T cells by recombinant bacille
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three experiments (n = 15). (c) Approximately
10° CD4" CD25" T cells
(OVA)-sensitized or Der p2-sensitized mice,
10° CD4" CD25" regulatory T cells (Tregs)
from rBCG-vaccinated mice, 10° antigen-pre-
senting cells (APCs) and allergens (OVA or
Der p2) were plated in triplicate in 96-well
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plates for 7 days. Cell proliferation was assessed
by cell counting and flow cytometry on day 7.
Data are the mean * SD from three experiments
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cytometry. As shown in Fig. 4c, when CD4" CD25"
T cells were added, the number of cells with reduced
CFSE expression decreased. Hence, CD4" CD25" T cells
induced by rBCG can suppress the proliferation of Th2
effector cells in vitro in a Der p2-specific manner.

Transfer of protection with CD4" CD25" T cells

To investigate the suppressive activity of the CD4" CD25"
T cells induced by rBCG in vivo, CD4" CD25" T cells
from rBCG-vaccinated mice were isolated from spleen

+OVA+Teff(O:O)

0 1 0 1

+Der p2+T,(D:D)

+APC

cells by MACS. Then, CD4" CD25" T cells were trans-
ferred into allergen-sensitized recipients 1 day before air-
way challenge (Fig. 5a).The most puissant reduction of
airway inflammation occurred in recipient mice (Fig. 5b).
The number of total airway cells and eosinophils were all
significantly decreased (total cell, P < 0-05; eosinophils,
P < 0-01). However, there was no significant difference in
OVA-sensitized mice (data not shown). Thus, our data
suggest that the CD4" CD25" phenotype T-cell popula-
tion can mediate Der p2-specific suppression of airway
allergy in vivo.
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Migration of donor CD4" CD25" T cells to the lungs
and thoracic lymph nodes (TLNs)

To investigate whether transferred CD4" CD25" T cells
can relocate to airway-associated tissues in recipient mice,
we followed the fate of transferred cells bearing the GFP
marker, which permits donor cell identification after
transfer into receptor mice. CD4" CD25" T cells from
rBCG-vaccinated GFP transgenic mice transferred i.v. into
sensitized mice 1 day before airway challenge could be
found in the local draining lymph nodes, comprising
0-39 + 0-09% (challenged with Der p2) and 0-16 = 0-06%
(challenged with PS) of the CD4" population, respectively
(Fig. 6). These data suggest that donor cells from rBCG-
vaccinated mice migrated to sites of inflammation, which
may directly suppress host responses.

Discussion

In this study we demonstrated, in a murine model of
allergic asthma, that Der p2 rBCG very effectively inhib-
ited airway inflammation. These effects were accompanied
by both immune deviation from the Th2 to the Thl
response and by the induction of a CD4" CD25" Foxp3™"
T-cell subtype. Our observations demonstrate that anti-
gen-recombined BCG is a very promising method in the
development of allergen immunotherapy.

Asthma is characterized by the overproduction of Th2
cytokines." The Th2-driven inflammatory process may be
a consequence of a relative insufficiency in IFN-y produc-

CD25*T

.
CD25"T units; D, Der p2; i.p., intraperitoneal.
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GFP* cells in CD4" populations
in thoracic lymph node (%)

|

Naive D:D D:PS D:D

Adoptive transfer with
CD4* CD25" GFP* cells
from rBCG-treated mice

Figure 6. Tracking of donor lymphocytes in recipient mice. Approx-
imately 3 x 10> CD4" CD25" T cells from recombinant bacille Cal-
mette—Guérin (rBCG)-vaccinated green fluorescent protein (GFP)
transgenic (Tg) mice were transferred into Der p2-sentisized recipi-
ent mice 1 day before challenge with physiological saline (PS) or Der
p2. After the second airway challenge, thoracic lymph node cells
were recovered and stained for CD4 expression. Data are the
mean + standard deviation (SD) of cells from three experiments
(n = 15). Labels indicate sensitization/challenge. D, Der p2.

tion because IFN-y can inhibit the development of Th2
responses.”’ In addition, clinical studies have demon-
strated that reduced IFN-y secretion in neonates is associ-
ated with the subsequent development of atopy.”'
Furthermore, a predisposition towards the overproduc-
tion of Thl cytokines may protect against atopy. Thus,
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methods to enhance IFN-y production might be clinically
useful in the treatment of allergic asthma. Indeed,
immunotherapies and immune-modulatory approaches
that enhance Th1-dominated responses appear to be ben-
eficial in allergic individuals and in animal models of
allergic disease. BCG has a long record of safe use in
humans and is a potent activator of the Thl response, as
shown by delayed-type hypersensitivity or by IFN-y pro-
duction by peripheral blood lymphocytes. Our current
report describes that immunotherapy with Der p2 rBCG
is highly effective in preventing Der p2-induced allergic
airway inflammation. The down-regulation of airway
inflammation was associated with a significant increase in
IFN-y and a significant reduction of IL-4. Our results
extend earlier work with BCG that demonstrate a reduc-
tion in allergic asthma to OVA in BALB/c mice,"® rats'®
and guinea pigs."” These findings can be translated to the
human situation, in which exposure to M. tuberculosis
and development of allergy were inversely correlated in
Japanese schoolchildren in an epidemiological study.’
Notably, because BCG can reduce allergic airway inflam-
mation in both OVA- and Der p2-induced murine mod-
els of asthma, we speculate that the shift from a Th2 to a
Thl cytokine response induced by BCG/rBCG may be a
generic immune response.

In our study, we also found that rBCG had a more
potent inhibitory effect than BCG. The potent capacity of
rBCG to reduce airway inflammation might be a result of
the fact that rBCG activates multiple immunological
mechanisms. The fact that the TGF-B level in BALF was
elevated and that spleen cells from rBCG-vaccinated mice
contained incremental numbers of CD4" CD25" Foxp3*
T cells hinted that the activity of Tregs may also be
responsible for the rBCG-induced suppression. The results
of the suppression assay in vitro indicated that the
CD4" CD25" T-cell subtype induced can suppress the
proliferation of Th2 effector cells in vitro in a Der p2-spe-
cific manner. Using an adoptive cell transfer experiment,
we demonstrated that the induced CD4" CD25" T cells
also had antigen-specific suppressive activity in vivo.
Then, rBCG-induced suppression may also be mediated
through antigen-specific CD4" CD25" Foxp3™ Tregs.
Because Tregs can suppress both Thl and Th2 responses,
the elevation of IFN-y cannot be interpreted with
immune suppression. Therefore, our result suggests that
rBCG induces both generic and specific immune
responses. The generic immune response is associated
with a shift from a Th2 to a Thl cytokine response,
whereas the specific immune response against Der
p2 appears to be related to the expansion of TGF-B-
producing CD4" CD25" Foxp3" Tregs.

In the past few years, antigen-specific adaptive Tregs
have been induced by a number of different immuniza-
tion strategies. Many of these antigen-specific Tregs have
been shown to inhibit the development of allergy. Report-

Der p2 rBCG prevents allergy

edly, repeated low-dose inhaled exposure to antigen
Foxp3* CD4" T cells, which expressed
surface TGF-B and suppressed development of airway

induced

inflammation in vivo, and expressed antigen-induced
T-cell proliferation in vivo, through a contact-dependent
mechanism.”>*® Whether Der p2 rBCG induced Tregs
through a similar mechanism is currently under active
investigation.

Most studies agree that although different types of
Tregs are antigen specific, they exert suppressive activity
in a non-antigen-specific manner.** Then, why can sup-
pression by rBCG-induced Tregs not be transferred into
OVA-sensitized mice? In this respect, the possible reason
may be that the activation of Tregs requires adequate
antigen restimulation. As shown in another study, Tregs
specific for exogenous antigen suppressed bystander allo-
graft responses that required re-activation in the donor
before transfer.*”

In conclusion, we demonstrated that one dose of Der p2
rBCG can greatly inhibit allergic airway inflammation. The
effect involved two different mechanisms: eliciting an
immune deviation from Th2 to Thl; and inducing antigen-
specified regulatory T cells. Clinically, allergic asthmatic
patients usually appear to be hypersensitive to one major
allergen and to several minor allergens. Der p2 rBCG can
induce both a specific and a generic immune response to
inhibit the detrimental Th2 response across multiple aller-
gens. Therefore, our results suggest that allergen-recom-
bined BCG may be a feasible and highly attractive
immunotherapy for the treatment of allergic disease.
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