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Abstract

Introduction: The use of probiotics has been broadly popu-
larized due to positive effects in the attenuation of aberrant
immune responses such as asthma. Allergic asthma is a
chronic respiratory disease characterized by airway inflam-
mation and remodelling. Objective: This study was aimed to
evaluate the effect of oral administration of Lactococcus lac-
tis NZ9000 on asthmatic airway inflammation and lung tis-
sue remodelling in rats and its relation to the maintenance
of an adequate intestinal barrier. Methods: Wistar rats were
ovalbumin (OVA) sensitized and challenged and orally treat-
ed with L. lactis. Lung inflammatory infiltrates and cytokines
were measured, and remodelling was evaluated. Serum
OVA-specific immunoglobulin (Ig) E levels were assessed.
We also evaluated changes on intestinal environment and

on systemic immune response. Results: L. lactis diminished
the infiltration of proinflammatory leucocytes, mainly eosin-
ophils, in the bronchoalveolar compartment, decreased
lung IL-4 and IL-5 expression, and reduced the level of serum
allergen-specific IgE. Furthermore, L. lactis prevented eosin-
ophil influx, collagen deposition, and goblet cell hyperplasia
in lung tissue. In the intestine, L. lactis-treated asthmatic rats
increased Peyer’s patch and goblet cell quantity and mRNA
expression of IgA, MUC-2, and claudin. Additionally, intesti-
nal morphological alterations were normalized by L. lactis
administration. Splenocyte proliferative response to OVA
was abolished, and serum levels of transforming growth fac-
tor (TGF)- were increased by L. lactis treatment. Conclu-
sions: These findings suggest that L. lactis is a potential can-
didate for asthma prevention, and the effect is mediated by
the improvement of intestinal barrier function and systemic

TGF- production. ©2020 S. Karger AG, Basel
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Introduction

Allergic asthma is the most common and heteroge-
neous disease in which lower airways are compromised
by chronic inflammation that progressively diminishes
the functional capacity of the lungs. It is estimated that
asthma affects approximately 300 million people world-
wide [1]. The prevalence of asthma is continually increas-
ing mainly in Western countries, where urbanization and
exacerbated exposure to hygienic conditions increase the
risk of allergic diseases [2, 3]. Constant exposure to aller-
gens, among other environmental and genetic factors,
stimulates immune cells to secrete cytokines that induce
the activation of T cells, generating a Th2 response. Then,
cytokines such as interleukin (IL)-4, IL-5, and IL-13 stim-
ulate eosinophil migration to the lung parenchyma and
allergen-specific immunoglobulin (Ig) E secretion, in-
crease collagen deposition, and induce goblet cell hyper-
plasia [4].

An increasing number of works have focussed on
studying the role of rural conditions and beneficial mi-
crobiota in the reduction of allergen-sensitization risk [5,
6]. Moreover, there is strong evidence that gut microbio-
ta in early life appear to influence allergic disease onset
later in life. Microbiota diversity and dysbiosis in neo-
nates are associated with an increased risk of asthma de-
velopment [7]. Additionally, the absence of early micro-
biota transmission from the mother in caesarean sections
increases the risk of asthma in newborns [8]. This evi-
dence suggests that beneficial bacteria with probiotic
properties may regulate atypical immune responses by
modulating the mucosal immune system. Based on these
observations, a clinical trial in which Lactobacillus rham-
nosus GG was administered to pregnant women with
first-degree atopic ancestry prior to delivery and later to
newborns demonstrated that the children’s risk of devel-
oping eczema was reduced by 50% [9]. Moreover, analy-
ses of accumulated data have demonstrated the preven-
tive potential of probiotics in the reduction of allergic
conditions in early life. In a meta-analysis conducted by
Zuccotti and coworkers [10], children with high risk of
developing eczema treated with probiotic mixtures had
significantly reduced incidence of eczema although it is
important to mention that other allergic pathologies like
asthma or rhino-conjunctivitis were not prevented.

Lactococcus lactis (L. lactis) are lactic acid bacteria
(LAB) that are generally regarded as safe. Strains of the
Lactococcus genus of LAB are widely used as starter bac-
teria in manufacturing cheese and other fermented dairy
products and are also found in fermented vegetables [11].
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Various studies have demonstrated the probiotic and im-
munomodulatory properties of L. lactis in a strain-specif-
ic manner [12]. In in vitro assays, L. lactis HY 449 inhib-
its Streptococcus mutans growth in cariogenic biofilms,
and the strain NK34 decreases the production of nitric
oxide and proinflammatory cytokines by lipopolysaccha-
ride-activated macrophages [13, 14]. When orally admin-
istered, L. lactis NCC 2287 attenuates oesophageal eosin-
ophilic inflammation in a rodent model of eosinophilic
oesophagitis, and the G121 strain isolated from a cow-
shed on a farm diminishes allergic reactions in mice [15,
16]. Besides, oral administration of L. lactis C59 reduces
serum IgE levels in allergen-sensitized mice models [17].

L. lactis presents a great biomedical potential mainly
as a drug delivery system and a mucosal vaccine vector
[18]. In particular, L. lactis NZ9000 is used in the produc-
tion of heterologous proteins through the NICE expres-
sion system inserted in L. lactis MG1363 [19]. Recombi-
nant L. lactis NZ9000 producing cytokines [20] or anti-
gens [21] can modulate the host immune response.
However, for this strain, very few studies have focussed
on the study of per se immunomodulatory properties in
a non-recombinant state. Evidence shows that nasal-ad-
ministered L. lactis NZ9000 upregulates innate and spe-
cific immune responses in both local and systemic com-
partments [22]. The aim of this study was to analyze
whether the oral administration of L. lactis NZ9000 ame-
liorates lung inflammation and airway remodelling in ov-
albumin (OVA) sensitized and challenged rats and
whether this effect is linked to changes in intestinal bar-
rier function together with a systemic immunomodula-
tory response to propose a new strategy for the treatment
of asthma.

Materials and Methods

Animal Conditions

Conventional male Wistar rats (8 weeks old, 150-200 g) were
obtained from the Central Bioterium of the Autonomous Univer-
sity of Aguascalientes and kept in the local Animal Core Facility at
25°C with 12-h light/dark cycles. The rats were fed Laboratory
Chow 5001 (Purina, Mexico City, Mexico) and provided tap water
ad libitum. All animals were treated with enrofloxacin (0.06%) pre-
pared in drinking water for 3 days. Finally, animals were kept un-
der standard and hygienic conditions to acclimatize for 7 days be-
fore starting the asthma induction protocol.

L. lactis Strain and Culture Conditions

L. lactis strain NZ9000 (kindly donated by Oscar P. Kuipers
from the University of Groningen) was grown in 10% glucose-M17
broth (BD Difco, Sparks, MD, USA) at 30°C. Cells were harvested
at 9,000 g for 5 min. Finally, cell suspensions were adjusted to 5 x
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Fig. 1. Experimental design of OVA-induced asthma model and
treatment. Asthma was induced (asthma, A-Ll, and A-Bude) by an
IM injection of 1 mg of OVA in AI[OH]; gel at days 0 and 7. B.
pertussis was injected SC only on day 0. Daily nebulization of OVA
1% was performed from days 14 to 19. At day 29, animals were
nebulized with 5% OVA as a final challenge. Sham animals were
injected only with adjuvants and nebulized with deionized water.

10° cells/mL in sterile water based on an optical density (OD) at
600 nm of 1.0, corresponding to 5 x 108 cells/mL.

Allergen Sensitization and Challenge Protocol

Twenty male Wistar rats were randomly divided into 4 groups
of 5 animals each as follows: (i) sensitization and challenge control
(sham), (ii) OVA-induced asthma (asthma), (iii) OV A-induced
asthma treated with L. lactis (A-Ll), and (iv) OV A-induced asthma
treated with budesonide (A-Bude; AstraZeneca, London, UK). As
previously described, we developed a rat model of asthma by OVA
sensitization and inhalation [23]. In brief, the animals were sensi-
tized intramuscularly with 1 mg of OVA (Sigma-Aldrich, St Louis,
MO, USA) absorbed into 7.8 mg of aluminium (Imject™; Thermo
Scientific, Waltham, MA, USA) in 1 mL of isosmotic saline solu-
tion at days 0 and 7; the sham group was administered an equal
volume of isosmotic saline solution. As an adjuvant, all animals
received 10-15 x 10° heat-killed bacilli/mL of Bordetella pertussis
contained in 0.5 mL of the diphtheria-pertussis-tetanus vaccine
(Biofarma, Bandung, Indonesia) by subcutaneous injection on day
0. Allergen challenges were performed by 1% OV A nebulization in
an acrylic container (60 x 50 x 35 cm) with an ultrasonic nebu-
lizer for 30 min on days 14-19 and a final OV A nebulization on
day 29 with 5% OVA for 30 min. The sham group was nebulized
with deionized water. The A-Ll group received 5 x 10°L. lactis cells
in 1 mL of sterile water using an oesophageal catheter from day -3
until day 29. At the same time, the sham, asthma, and A-Bude
groups received the same volume of tap water. Rats from the A-
Bude group were nebulized with 1 mg of budesonide 30 min after
each 1% OVA challenge (days 14-19). Samples were collected 24
h after a final 5% OVA challenge. For the evaluation of airway in-
flammation and remodelling, samples of the 4 experimental groups
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L. lactis (A-Ll) or water (sham, asthma, and A-Bude) was orally
administered from day -3 to 29. Besides, the A-Bude group was
nebulized with 1 mg of budesonide 30 min after each 1% OVA
challenge at days 14-19. On day 30, the animals were euthanized
and samples were collected. OV A, ovalbumin; IM, intramuscular;
SC, subcutaneously; L. lactis, Lactococcus lactis.

were processed, and budesonide was used as a standard asthma
treatment for comparison with L. lactis results in relation to asth-
matic features. In order to evaluate the intestinal parameters, sam-
ples of the sham, asthma, and A-LI groups were analyzed. A-Bude
group was not considered because the action mechanism of in-
haled budesonide is restricted to airways [24]. The experimental
protocol is summarized in Figure 1.

Specimen Collection

On day 30, the rats were anaesthetized by peritoneal injection
of ketamine/xylazine at doses of 95 and 1 mg/mL/kg (PiSA, Hi-
dalgo, Mexico) in order to obtain blood samples, bronchoalveolar
lavage fluid (BALF), the spleen, and lung and intestinal tissues. In
brief, blood samples were collected from the cava vein, centrifuged
at 800 g for 8 min, and serum samples were aliquoted and frozen
at —80°C. For BALF recovery, the thoracic cavity was exposed and
opened, and a catheter was inserted into the left lung through a
small incision in the trachea for perfusion with 1 mL of phosphate-
buffered saline (PBS)/0.05% bovine serum albumin (BSA). BALF
was recovered by gentle aspiration and centrifuged at 500 g for 5
min at 4°C. The resulting cell pellets were suspended in 100 pL of
PBS (pH 7.4) for cellular determination. The spleen was removed
aseptically from rats to spleen cell isolation. The right lung middle
lobe was perfused with 1 mL of neutral formalin, dissected, and cut
into 3 pieces, and the middle third was used for histological assays.
The small intestine was dissected, and a 1-cm segment of the distal
portion was immersed in neutral formalin. Both tissues were fixed
for 24 h and later embedded in paraffin. Caecal contents were ob-
tained and stored at —80°C. Besides, lung (right caudal lobe) and
distal small intestine tissues were immersed in RN Alater (Ambion,
Austin, TX, USA) and stored at —80°C until use.
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Table 1. Oligonucleotides used in this study

Oligonucleotide Sequence Access number

IL-5 Fw: CAGTGGTGAAAGAGACCTTG NM_021834.1
Rv: GTATGTCTAGCCCCTGAAAG

IL-13 Fw: ATCGAGGAGCTGAGCAACAT NM_053828.1
Rv: ATCCGAGGCCTTTTGGTTAC

TGF-p Fw: GACTCTCCACCTGCAAGACCAT NM_021578.2
Rv: CGGGTGACTTCTTTGGCGTA

Fc-IgA Fw: CGGAACTATGAATGTGACCT AJ510151.1
Rv: GACTAAGGAGGGTTTTGGAC

MUC-2 Fw: GTATGTGCTCGCCTGTATGC XM_017604244.1
Rv: TGACCTCCAGATGTGAGCAG

Claudin-1 Fw: AACCTCTTACCCAACACCACG NM_031699.2
Rv: GCCAAGACCCTCATAGCCAT

Occludin Fw: AGGACAGACCCAGACCACTA NM_031329.2
Rv: ACTCTTCGCTCTCCTCTCTG

FoxP3 Fw: CGGGAGAGTTTCTCAAGCAC NM_001108250.1
Rv: CACAGGTGGAGCTTTTGTCA

GATA-3 Fw: AGAAGGCAGGGAGTGTGTGA NM_133293.1
Rv: TTAGCGTTCCTCCTCCAGAG

RORyt Fw: GCAGCAACGGGAACAAGTAG XM_006232926.3
Rv: GGGCTATACTCAAGGTGGCA

B-Act Fw: GTCGTACCACTGGCATTGTG NM_031144.3

Rv: GCTGTGGTGGTGAAGCTGTA

TGF, transforming growth factor.

Cellularity of BALF

For total BALF cell quantification, 10 uL of suspended cell pel-
let was mixed with 10 pL of 0.4% trypan blue, and viable cells were
counted in a Neubauer chamber under a light microscope. Differ-
ential cell counts were performed by smearing 50 uL of the sus-
pended cell pellets for Wright staining (Hycel, Jalisco, Mexico).
Differential cellular analysis was performed under a light micro-
scope at x400 magnification by identifying 100 cells in triplicate
per sample. Absolute counts were calculated based on the total
number of cells and the percentage of each cell type.

Quantification of OVA-Specific IgE

Levels of OV A-specific IgE were measured by ELISA. In brief,
50 puL of OV A (200 ug/mL) in carbonate/bicarbonate coating buf-
fer (50/50 mMm, pH 9.6) was added to all wells and incubated over-
night at 4°C with gentle orbital shaking. The plates were washed 3
times with 150 pL of PBS-Tween 20 (PBST, pH 7.4). Blocking was
performed with 150 puL of BSA 5% in carbonate/bicarbonate coat-
ing buffer for 30 min at room temperature. The plates were washed
3 times with PBST. Then, 50 pL of serum samples at a 1:5 dilution
in PBST 1% BSA were added to each well in triplicate. The reaction
was incubated for 1 h at 37°C with gentle orbital shaking and
washed 3 times with PBST. Then, wells were incubated with 50 uL
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of biotin-labelled mouse monoclonal anti-rat IgE (1:100 diluted in
PBST-BSA; Sigma-Aldrich). After washing 3 times with PBST, 50
uL of HRP-streptavidin (1:60,000 diluted in PBST-BSA; Sigma-
Aldrich) was added, and the plate was incubated for 1 h at 37°C
with gentle orbital shaking, followed by 3 washes with PBST. Sub-
sequently, 50 pL of o-phenylenediamine (Sigma-Aldrich) was add-
ed, and the plate was incubated for 30 min at room temperature in
a dark chamber. The reaction was stopped by the addition of 50 uL
of 4 N sulphuric acid, and the colour produced was measured in
an iMark Microplate reader (Bio-Rad, Hercules, CA, USA) at 490
nm. Data were presented in relation to the positive index [25],
which was calculated as follows: positive index = OD mean of 10
control non-immune sera + 2 standard deviations. The net OD of
each sample was divided by the positive index. Values below 1.0
were considered negative for anti-OVA IgE antibodies and those
above 1.0 were considered positive.

Histological Analysis of Lung and Intestine Tissues

Fixed lung and intestine tissues were embedded in paraffin, and
5-pm sections were cut. The sections were stained with haema-
toxylin and eosin (H&E), Masson’s trichrome, and periodic acid-
Schiff for lung tissue and H&E and alcian blue/nuclear red staining
for intestine tissue (all kits were purchased from Hycel). Prepara-
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tions were observed with an AxioPlan microscope (Zeiss,
Oberkochen, Germany) at x1,000 or x100 magnification. Mea-
surements were performed using AxioVision Rel. 4.8 software
(Zeiss). In slices stained with H&E, eosinophils were counted in
the lung parenchyma and represented as cells per area of the pul-
monary interstitium (40,000 pm?). Collagen deposition was mea-
sured in slices stained with Masson’s trichrome as the ratio of the
area of collagen per subepithelial basement perimeter. For lung
and intestine tissues, counted goblet cells in periodic acid-Schiff-
stained slices were presented as cells per bronchial or intestinal
perimeter, respectively. Intestinal histomorphometric parameters
were evaluated in H&E-stained slices by measuring villus height
and crypt depth, analyzing 5 villi and 5 crypts per slice and 3 slices/
sample at x100 magnification. Villus height was defined as the dis-
tance between the villus apex and villus-crypt junction, and the
crypt depth was measured as the distance from the villus-crypt
junction to the crypt base.

Measurement of Peyer’s Patches

Peyer’s patches were identified as whitish cumulus of protrud-
ing lymphoid tissue. Weight (w) and height (h) were measured
with a digital Vernier. The area was determined as follows: 7 x (w
x h)/2.

RNA Isolation and Quantitative Real-Time PCR

Total RNA was isolated from intestine and lung tissues con-
served in RN Alater using the SV Total RN A Isolation System (Pro-
mega, Madison, MI, USA) with the aid of the basic Ultra-Turrax
Homogenizer system (Ika, Staufen, Germany) and then quantified
with Nanodrop 2000 (Thermo Scientific, Waltham, MA, USA).
For ¢cDNA synthesis, reverse transcription was carried out using
the GoScript Reverse Transcription System (Promega) in a 2720
thermal cycler (Applied Biosystems, Foster City, CA, USA) ac-
cording to the manufacturer’s protocol. Quantitative real-time
PCR was performed with the GoTaq qPCR master mix system
(Promega) in a StepOne real-time PCR system (Applied Biosys-
tems). Oligonucleotides used for the quantification of mRNA ex-
pression are listed in Table 1. Levels of gene expression were de-
termined with the 2724 method using B-actin as a housekeeping
gene [26].

Determination of SCFAs in Caecal Samples

Caecal samples (100 mg) were thawed and suspended in 200 pL
of sterile deionized water for 5 min by vortexing. After centrifuga-
tion at 16,000 g for 10 min, the supernatant was collected and mea-
sured in a gas chromatograph (6850 Network GC System; Agilent
Technologies, Santa Clara, CA, USA) with an HP-5MS column
(Agilent) and coupled to a 5975C VL MSD mass spectrometer with
triple-axis detector (Agilent). The initial temperature in the oven
was 100°C with an increment rate of 15°C/min. The injector and
detector temperatures were both set at 270°C, and helium was used
as the carrier gas at a 1.5 mL/min flow rate. Individual acetic and
butyric acid concentrations were determined by comparing peaks
with a standard curve made with the WSFA-2 standard (Sigma-
Aldrich).

Spleen Cell Isolation

Each spleen was perfused individually with cold saline solution,
and the obtained cell suspension was centrifuged at 212 g for 10
min at 10°C and depleted of erythrocytes by incubation in hypo-
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tonic lysis buffer (0.17 M Tris, 0.15 M NH,Cl, pH 7.2) for 5 min on
ice; the reaction was stopped by adding cold saline solution and
centrifugation at 212 g for 10 min at 10°C. Then, cells were washed
twice in saline solution by centrifugation, and the pellet was sus-
pended in the RPMI-1640 medium without phenol red (Sigma-
Aldrich) supplemented with 10% foetal bovine serum (Gibco,
Grand Island, NY, USA) and 1% penicillin/streptomycin (Sigma-
Aldrich). Splenocyte suspensions were used to determine whether
purity was 290% and viability by the trypan blue exclusion assay
>98%. Cells were cultivated at a density of 2 x 10° splenocytes in
100 pL of the supplemented RPMI medium.

Splenocyte Proliferation Assay

Cultured cells were incubated with OVA (0.1 mg/mL), con-
canavalin A (ConA, 1 pg/mL; Sigma-Aldrich), or culture medium
as basal condition for 96 h at 37°C under an atmosphere of 5% CO,.
Then, 10 pL of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazo-
lium bromide (Sigma-Aldrich) solution (5 mg/mL) was added to
each well, and the cells were incubated for an additional 4 h. The
purple formazan crystals were solubilized with 0.1 N hydrochloric
acid in isopropyl alcohol, and plates were mixed thoroughly and
read at 595 nm on an iMark Microplate reader. Data were pre-
sented as the stimulation index (SI) that was defined as the ratio of
OD of the test sample to that of the control sample.

Quantification of TGF-f

Levels of transforming growth factor (TGF)-p were measured
in serum samples and in allergen-stimulated splenocyte superna-
tants according to the manufacturer’s protocol with the commer-
cially available rat ELISA kit (Invitrogen, Carlsbad, CA, USA). To
stimulate splenocytes, cells were incubated with OVA (2 mg/mL)
or culture medium as basal condition for 96 h at 37°C under an
atmosphere of 5% CO,.

Statistical Analysis

Statistical comparison of the means among groups was deter-
mined with the one-way analysis of variance (ANOVA) test with
the Bonferroni post hoc test using GraphPad Prism v.5.01 software
(GraphPad Software Inc., La Jolla, CA, USA). Differences were
considered significant at p < 0.05.

Results

L. lactis Reduces Airway Inflammation and Prevents

Lung Remodelling

To analyze the effect on airway inflammation associ-
ated with allergic asthma, L. lactis was administered oral-
ly 3 days before and during OV A sensitization and OVA
challenge in a rat model. As budesonide has high anti-
inflammatory potency and is one of the primary alterna-
tives for asthma treatment [24], we compared the effect
of oral L. lactis with inhaled budesonide treatment on the
lung inflammation. Total leucocyte numbers in BALF
were significantly increased by 2.76-fold in asthmatic rats
(Fig. 2a) compared to sham rats; the BALF cellularity in
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Fig. 2. Effect of orally administered L. lactis on total (a) and differ-
ential (b) leucocyte infiltration in the bronchoalveolar compart-
ment, OVA-specific IgE levels in the serum of animals (c), and IL-5
(d) and IL-13 (e) mRNA expression in lung tissue. The results are
presented as mean + standard error of the mean. N = 5 animals per

asthmatic rats treated with L. lactis (A-Ll) was significant-
ly reduced by 57.44% compared to that of asthmatic rats.
As expected, budesonide treatment also reduced inflam-
matory cell infiltration in asthmatic rats by 66.05% in the
bronchoalveolar compartment. L. lactis and budesonide
treatments had similar effects since there was no signifi-
cant difference between the 2 groups of treated rats. The
asthma group was characterized by eosinophilic infiltra-
tion since the number of these cells was significantly in-
creased by 3.79-fold than the sham group (Fig. 2b). The
eosinophil count obtained in the A-LI group was signifi-
cantly reduced by 68.10% compared to that of the asthma
group, and no significant change was observed between
the A-Lland A-Bude groups. Another cellular population
that increased in the BALF of asthmatic animals was
monocytes. L. lactis and budesonide treatment reduced
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group; samples from each rat were analyzed in duplicate. *p < 0.05,
**p < 0.01, and ***p < 0.001 versus the asthma group. A-LI, OVA-
induced asthmatic animals treated with L. lactis; A-Bude, OVA-in-
duced asthmatic animals treated with budesonide. L. lactis, Lacto-
coccus lactis; OV A, ovalbumin; BALF, bronchoalveolar lavage fluid.

the number of monocytes by 49.13 and 60.09%, respec-
tively, although the effect was significant only in the A-
Bude group. No significant changes in bronchoalveolar
basophil, neutrophil, and lymphocyte numbers were ob-
served in asthmatic animals compared to the sham ani-
mals.

In allergic asthma, high levels of allergen-specific IgE
are present in the blood [4]. To verify that animals were al-
lergen sensitized, we analyzed the levels of OV A-specific
IgE. Sham animals were negative for OV A-specific IgE an-
tibodies, which indicated that adjuvants alone did not in-
duce an allergen-specific IgE response. On day 30, serum
IgE levels in the asthma group were increased 2.12-fold,
but L. lactis administration significantly reduced allergen-
specific IgE levels by 17.74% (Fig. 2c). There was no effect
on IgE levels with budesonide treatment. Another indica-
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tor of the asthmatic airway inflammation in the lung is the
production of Th2 cytokines. Since IL-5 is an important
eosinophil activator and chemoattractant [27] and IL-13
induces IgE production and airway mucus secretion [4],
we assessed the mRNA levels of both Th2 cytokines
(Fig. 2d, e). The mRNA expression of IL-5 and IL-13 was
significantly increased in the asthma group (4.39- and
5.30-fold, respectively). In the A-Ll group, the expression
of both cytokines was significantly reduced, by 65.55% for
IL-5 and by 78.57% for IL-13. Likewise, budesonide treat-
ment also reduced the mRNA levels of IL-5 and IL-13
(70.67 and 88.97%, respectively). There was no significant
difference in the mRNA expression of IL-5 and IL-13 be-
tween the A-Ll and A-Bude groups, demonstrating that L.
lactis NZ9000 is as effective as budesonide in suppressing
the expression of these cytokines.

Airway remodelling is driven by constant allergen in-
sult and the consequent inflammatory process. Lung
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are presented as mean + standard error of the mean. N = 4 animals
per group; samples from each rat were analyzed in triplicate. *p <
0.05 and **p < 0.01 versus the asthma group. +p < 0.05 between the
indicated groups. A-Ll, OVA-induced asthmatic animals treated
with L. lactis; A-Bude, OVA-induced asthmatic animals treated
with budesonide. L. lactis, Lactococcus lactis; OV A, ovalbumin.

changes include eosinophil migration through parenchy-
ma, extracellular matrix remodelling, and goblet cell hy-
perplasia, events that are characteristics in the onset of
chronic asthma [4]. The histological analysis showed
marked reconstruction of the lung architecture in the
asthmatic group compared to the sham group, with sig-
nificant increases in eosinophil influx, subepithelial col-
lagen deposition, and goblet cell hyperplasia, of 2.01-,
1.74-, and 2.36-fold, respectively (Fig. 3). However, lung
inflammation in the L. lactis-treated group was signifi-
cantly suppressed compared to that of the asthma group
since the peribronchial eosinophil number, collagen de-
position, and goblet cell hyperplasia were reduced by
86.24, 72.80, and 79.17%, respectively. This activity was
also observed in the A-Bude group. Surprisingly, al-
though the effect of both treatments was equivalent in
relation to the reduction in eosinophil and goblet cell
counts, the decrease in collagen accumulation in the ex-
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Fig. 5. Analysis of intestinal morphology in experimental groups.
Intestine villus height (red arrow) (a), crypt depth (green arrow)
(b), and intestinal goblet cells (black arrows) (c). Representative
histological images were obtained at a magnification of x100. The
results are presented as mean + standard error of the mean. N =5

tracellular matrix was significantly increased in the A-LI
group (47.82% compared to A-Bude). Oral administra-
tion of L. lactis effectively inhibited the OV A-induced
pulmonary inflammation and progression of lung archi-
tecture remodelling in allergic asthmatic animals in a
similar manner to that of the standard treatment.

Intestinal Morphology Is Improved in Asthmatic Rats

by L. lactis Administration

To investigate whether positive effects on asthma in
orally administered L. lactis animals are accompanied by
an improvement of intestinal morphology, we then mea-
sured the quantity and size of Peyer’s patches and histo-
morphometric characteristics of the intestine. In the dys-
biosis process, Peyer’s patches are atrophied [28]. In asth-
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per group. Samples from each rat were analyzed in triplicate. *p <
0.05 and **p < 0.01 versus the asthma group. A-Ll, OVA-induced
asthmatic animals treated with L. lactis. L. lactis, Lactococcus lactis;
OVA, ovalbumin; H&E, haematoxylin and eosin; AB/NR, alcian
blue/nuclear red.

matic rats, the quantity of Peyer’s patches was slightly, but
not significantly, increased; however, in the A-LI group,
the number of Peyer’s patches was significantly higher
(1.44-fold) than that of the asthma group (Fig. 4a). Nev-
ertheless, the Peyer’s patch size remained unchanged
among the experimental groups (Fig. 4b).

In contrast, villus height and crypt depth (Fig. 5a, b)
were significantly reduced in the asthma group, with val-
ues 20.81 and 34.57% lower than those in the sham ani-
mals, respectively. This phenomenon was prevented by
the administration of L. lactis since the villus height in the
A-Llgroup was increased by 1.61-fold and the crypt depth
by 1.75-fold. In relation to the number of intestinal goblet
cells, there was no difference between the sham and asth-
matic rats; however, the A-LI group exhibited a marked

Cervantes-Garcia et al.

Color version available online

Downloaded by:

Access provided by the University of Michigan Library

141.215.93.165 - 5/21/2021 10:47:48 AM



T
Asthma

‘ Asthma

_ 39 T>" 35
g *kk 2
Q c
§ 27 727
2 ¢
¢ B
SRR — R
o o
< O
o =)
0 y )
a Sham Asthma A-LI b Sham
2.0 — 201
5 b
a3 1.5 = 1.5+
$ o
Sg 2
25 104 —— GEJ. 1.0
S 3
E 0.5 ® 0.5
8 3
0 T 0
d Sham  Asthma A-LI e Sham
80 10 4
s g
Z 60- 1 g 8
] T 6 —_
2 40 ®
.9 2 4
© &
B 20 2 2
0 T
g Sham Asthma A-LI h Sham

T
Asthma

0 Claudin-1 expression
level
o
L

A-LI Sham ‘ Asthma A-LI

=h RORyt expression level

A-LI Sham | Asthma = A-LI

Fig.6. Relative mRNA expression of intestinal barrier function and
immunoregulatory transcription factor genes and caecal SCFA
quantification in experimental groups. Total IgA (a), MUC-2 (b),
claudin-1 (c), occludin (d), FoxP3 (e), and RORyt (f) in intestinal
tissue. Levels of acetic (g) and butyric (h) acid in the caecum. The

increase in goblet cell number, being 2.30-fold greater
than that of the asthma group (Fig. 5¢). Taken together,
these results show that L. lactis improves intestinal mor-
phology which is associated with a proper barrier func-
tion.

L. lactis Treatment Enhances the Expression of Genes

Related to Intestinal Barrier Integrity and Immune

Regulation

Probiotics have the potential to improve the mucosal
intestinal barrier [29]. Therefore, we evaluated whether
orally administered L. lactis promotes the mRNA expres-
sion of IgA, MUC-2, and tight junction-associated pro-
teins claudin-1 and occludin to prevent a remote aller-
gen-induced inflammatory process (Fig. 6a-d). Total IgA
did not change between the asthmatic and sham rats, and
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results are presented as mean + standard error of the mean. N =4
per group. *p < 0.05, **p < 0.01, and ***p < 0.005 versus the asthma
group. A-Ll, OVA-induced asthmatic animals treated with L. lac-
tis; SCFA, short-chain fatty acid; L. lactis, Lactococcus lactis; OVA,
ovalbumin.

MUC-2 and claudin-1 mRNA expression in the asthma
group was slightly minor than that of the control animals.
The L. lactis-treated group showed a 2.58-, 2.84-, and
1.74-fold increase in expression of total IgA, MUC-2, and
claudin-1 in contrast to the asthma group (Fig. 6a—c). Al-
though the occludin mRNA expression was 2.10-fold
higher in the L. lactis-treated group than that of the asth-
ma group, this increase was not significant (Fig. 6d).
These findings suggest that L. lactis administration im-
proves the intestinal mucosal barrier.

Since probiotic usage suppresses allergy symptoms by
inducing Treg cells [30] and Th17 cells are involved in
gut homeostasis [31], we analyzed the mRNA expression
levels of the transcription factors FoxP3 (Treg) and
RORyt (Th17) (Fig. 6e, f). In intestinal tissue, the asthma
group did not show significant changes in the expression
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levels of these transcription factors; only a slight reduc-
tion in FoxP3 expression and an increased RORyt ex-
pression tendency were observed in the asthma group
compared to that of the sham group. In the A-LI group,
the mRNA expression levels of the transcription factors
FoxP3 and RORyt were 2.09- and 2.11-fold higher than
those of the asthma group. Thus, this immune environ-
ment induced by L. lactis in the intestine of treated rats
might reflect in the lung through the regulation of asth-
matic inflammation. Because LAB are responsible for the
production of short-chain fatty acids (SCFAs), which
have anti-inflammatory and immunoregulatory effects
[30], acetic and butyric acid levels were assessed by gas
chromatography. The results showed that levels of acetic
acid (Fig. 6g) and butyric acid (Fig. 6h) were similar
among experimental groups, indicating that the produc-
tion of these two SCFAs in the caecum is not promoted
during asthma development nor as a consequence of L.
lactis administration.
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L. lactis Administration Reduces Allergen-Specific

Proliferation of Spleen Cells

To investigate whether L. lactis treatment is modulat-
ing the systemic immune response in asthmatic animals,
splenocyte proliferative response was evaluated. Spleen
cells were prepared from asthmatic rats with or without
treatments and cultured with the allergen or mitogen
ConA. Stimulation of splenocytes from the asthma group
with OVA resulted in a significantly enhanced prolifera-
tive response compared to that of sham animals, which
proves the development of a systemic allergen-specific
immune response (Fig. 7a). Remarkably, oral L. lactis ad-
ministration abolished the OV A-induced proliferation of
splenocytes. When proliferation by mitogen was assessed
(Fig. 7b), both the sham and asthma animals showed an
increased response in relation to basal condition, with an
SI1.7-fold greater than that stimulated by OV A in asthma
rats. Although spleen cells from rats treated with L. lactis
showed a slight reduction in the SI to the mitogen ConA
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compared to asthma animals, it remains not significant.
This datum suggests that L. lactis can induce mechanisms
of allergen-specific immune tolerance, without suppress-
ing immune competence in the animals. Proliferative re-
sponse of splenocytes from asthmatic rats treated with
budesonide was also evaluated to confirm that the action
mechanism of inhaled budesonide is restricted to air-
ways, as previously reported [24]. The SI of the A-Bude
group in response to OV A or ConA was unchanged com-
pared to that of the asthma group (Fig. 7a, b), showing
that in our experimental conditions, inhaled budesonide
is only modulating the allergic response at airways.

L. lactis Administration Increases TGF-f3 Production

by Spleen Cells and TGF-3 Level in Serum

TGF-p has been proposed as the principal initiator of
the immune regulatory mechanisms after probiotic treat-
ments [30]. To determine whether L. lactis administra-
tion influences TGF-f production by splenocytes in vitro,
spleen cells isolated from asthmatic animals with or with-
out treatments were stimulated by OVA, and the regula-
tory cytokine was quantified as mRNA and protein levels.
There was no statistical difference in TGF-p mRNA or
protein expression between the sham and asthma groups.
Oral treatment with L. lactis resulted in a significant in-
crease in mRNA expression of TGF-f by splenocytes in
response to the allergen, which was accompanied by a
significant rise in TGF-f secretion (Fig. 7¢c, d). TGF-{ ex-
pression was not modified in the A-Bude group in com-
parison with asthmatic animals without treatment. Final-
ly, we evaluated whether L. lactis administration impacts
on TGF-f level in serum of asthmatic animals. As shown
in Figure 7e, the quantity of TGF- was significantly di-
minished by 28.72% in the serum of asthmatic animals. L.
lactis treatment recovered serum TGF-f level to that of
sham animals. The A-Bude group showed a slight in-
crease in TGF-{ level, but it was not significant. Taken
together, the results suggest that L. lactis administration
exerts the systemic immunomodulatory effect by induc-
ing the TGF-{ production.

Discussion and Conclusion

New therapies that act on the immunological mecha-
nisms of allergic disease are required. Probiotics are in-
teresting candidates in the prevention and treatment of
allergic disorders, as recent evidence points to dysbiosis
of the gut microbiota as a risk for atopy [7]. It is reported
that the immunomodulatory effects of probiotics are
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strain dependent [32], and the mechanisms of action of
probiotics are multi-faceted, as each probiotic may have
specific functions on the host [33]. In this study, we in-
vestigated the effect of orally administered L. lactis
NZ9000 on the prevention or relief of inflammatory pro-
cesses and airway remodelling in OVA-sensitized rats
and its relationship with the intestinal environment.

Allergic asthma is characterized by a Th2 immune re-
sponse, with high serum concentrations of allergen-spe-
cific IgE and Th2 cytokines [34]. In our experimental
model, high levels of IgE specific to OVA were detected
in the serum of allergic rats. Serum levels of OV A-specif-
ic IgE were significantly decreased in asthmatic rats by L.
lactis NZ9000 administration, indicating that the treat-
ment downregulates humoral response to the allergen. In
a previous report, the intranasal administration of L. lac-
tis G121, from 10 days before and during the experimen-
tal asthma model development, does not modify allergen-
specific IgE although it decreases allergen-specific IgG1
level indicating that the probiotic is modulating the hu-
moral response associated with asthma [15]. However,
our result differs from those previously reported on L.
lactis NZ9000 or the related strain MG1369, in which
probiotic pre-treatment before allergen sensitization
does not modify levels of allergen-specific IgE in animals
[35, 36]. Altogether, these results support a highly timing
and route administration- and strain-dependent effect of
L. lactis on the allergic humoral response. We also show
that L. lactis NZ9000 treatment decreases IL-13 expres-
sion in the lung. As IgE production is highly dependent
on IL-13 in asthmatic patients [4], reduction in IL-13 lev-
els by L. lactis NZ9000 may be related to the decreased
allergen-specific IgE.

The infiltrating leucocytes during asthmatic airway
inflammation induce lung damage with the consequent
remodelling of the tissue. Asthmatic pulmonary patho-
physiology includes eosinophil and neutrophil influx
into the parenchyma, subepithelial accumulation of ex-
tracellular matrix proteins, such as collagen type I, and
goblet cell hyperplasia [37]. We demonstrate that orally
administered L. lactis NZ9000 attenuates the asthmatic
airway inflammation in OV A-sensitized rats, as it reduc-
es the number of leucocytes, mainly eosinophils, in the
bronchoalveolar compartment and lung parenchyma,
and the expression of IL-5 and IL-13 in the lung. IL-5 is
essential for the development of pulmonary eosinophilia,
as well as the subsequent onset of lung damage [38]; IL-
13 is the major effector cytokine of goblet cell hyperpla-
sia, airway hyper-responsiveness, and inflammation in
asthma [39]. Thus, the downregulation on airway in-
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flammation mediated by L. lactis NZ9000 is consistent
with the attenuated remodelling of the lung architecture
since collagen accumulation and goblet cell hyperplasia
were diminished in our asthmatic rats treated with the
probiotic. In a previous study, orally pre-treated mice
with L. lactis NZ9000 before sensitization were used as
control to study the effect of pre-treatment with a recom-
binant L. lactis NZ9000 expressing the major dust mite
allergen Der p2 on later sensitization. The authors did
not report any improvement in airway remodelling with
the non-recombinant strain [40]. Timing and duration
of L. lactis NZ9000 supplementation differ between this
and our study, key parameters in probiotic treatment to
achieve beneficial effects in the prevention of allergic dis-
eases [32]. In this context, our results are concordant
with those of preceding studies that demonstrate that L.
lactis strains can regulate inflammatory cell infiltration
and airway remodelling in experimental models. Thus,
in a murine model of eosinophilic oesophagitis, animals
supplemented with the L. lactis strain NCC 2287 showed
a reduction in oesophageal and bronchoalveolar eosino-
philia [16]; in a mice model of induced allergic airway
inflammation by means of intranasal transfer of L. lactis
G121-treated OVA-pulsed BMDCs, a significant reduc-
tion in the number of eosinophils in BALF and lung tis-
sue, together with a decrease in mucus production, was
evidenced [41].

Inhaled budesonide is one of the main pharmacologi-
cal strategies for asthma treatment because it is targeted
to diminish airway inflammation and remodelling [24].
Oral L. lactis NZ9000 administration reduced pulmonary
inflammation and attenuated airway remodelling as effi-
ciently asinhaled budesonide. In our experimental condi-
tions, L. lactis NZ9000 treatment was more effective than
budesonide in modulating the allergic systemic immune
response, as it decreased allergen-specific IgE levels. Since
budesonide has a high ratio of local to systemic anti-in-
flammatory activity, after aerosolization, it remains in
therapeutically effective doses locally [42]. In this context,
a study in asthmatic children shows that certain doses of
inhaled budesonide have no effects on total and specific
IgE serum levels after 6 months of treatment although
they improve the lung function [43]. In the same studio,
aslightincrease in specific IgE was detected after 3 months
of budesonide administration. These results suggest that
the effect of budesonide in serum levels of IgE may be dif-
ferent depending on the dose and period of treatment.

The maintenance of a healthy gut barrier is one of the
mechanisms through which the probiotics regulate the
immune system [44]. Intestinal barrier function is medi-
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ated by a delicate and dynamic equilibrium among dif-
ferent elements, such as microbiota, IgA production,
Peyer’s patch development, and tight junctions between
intestinal epithelial cells [28]. An adequate mucous layer
and small intestine morphology are crucial for the main-
tenance of mucosal homeostasis, as well as a healthy gut
[45]. Increased gut permeability has been found in chil-
dren with food allergies [46] as well as in asthmatic pa-
tients [47], indicating that an altered intestinal barrier is
involved in the development or propagation over time of
asthma or other allergic conditions. In our experimental
asthma model, villus height and crypt depth were sig-
nificantly reduced, and a slight decrease in MUC-2 and
tight junction protein expression was observed. Our
findings indicate that orally administered L. lactis
NZ9000 enhances the expression of secretory IgA, MUC-
2, and claudin-1 and promotes healthy intestinal mor-
phology. Few studies have examined the effect of anti-
allergic probiotics on intestinal barrier function. Among
them, a mixture of Lactobacillus strains that reduces al-
lergen sensitization in Bet v1 pollen-sensitized mice up-
regulates the expression of occludin and the T] molecule
ZO-1, increases total intestinal and serum IgA levels, and
improves the function of the gut epithelial barrier [48];
Clostridium butyricum and Lactobacillus reuteri treat-
ments which downregulate allergic immune response in
a rat model of food sensitization decrease intestinal per-
meability and increase tight junction expression [49].
Additionally, it has been demonstrated that probiotic
lactobacilli (L. rhamnosus 19070-2 and L. reuteri DSM
12246) reduce small intestinal permeability in children
with atopic dermatitis [50]. Taken together, our study
and other studies demonstrate that although probiotics
are orally administered and believed to temporarily colo-
nize the intestine and colon where they improve intesti-
nal barrier function, its immunomodulatory activity is
exerted in a distant organ, such as the lung. Besides, in
the intestinal tissue of our asthmatic rats, a slight reduc-
tion in FoxP3 expression and an increased RORyt ex-
pression tendency were observed. It is known that in the
immunological environment associated with intestinal
homeostasis, Treg and Th17 cells predominate [51].
Treatment with L. lactis NZ9000 upregulates FoxP3 and
RORyt expression in the gut tissue of asthmatic rats.
These results demonstrate that intact and enhanced in-
testinal barrier function might play an important role in
the regulation of lung inflammatory processes by L. lactis
NZ9000. As oral administration of probiotics with anti-
allergic properties, such as L. rhamnosus and Bifidobac-
terium lactis, promotes the stimulation of regulatory T
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cells [30] and L. lactis NZ9000 increases FoxP3 expres-
sion, we suggest that regulatory T cells might be partici-
pating in anti-asthmatic effects of L. lactis NZ9000.
FoxP3+ regulatory T cells induced by probiotics at the
intestine can migrate to the sites of pathological inflam-
mation [52], as have been recently described in asthmat-
ic mice treated with L. rhamnosus [53].

Probiotic supplementation has demonstrated to in-
crease colonic SCFA levels, mainly acetate, propionate,
and butyrate, after fermentation of undigested food sub-
stances [54]. In healthy volunteers, Lactobacillus planta-
rum consumption favours an increase in SCFAs, such as
acetate and propionate [55]. Moreover, a mix of probi-
otic supplements (Bifidobacterium bifidum W23, Bifido-
bacterium animalis subsp. lactis W52, and L. lactis W58)
in the first 12 weeks after birth induces high levels of
SCFAs in children, which results in a protective effect
against the development of eczema [56]. Our results show
that L. lactis NZ9000, by itself, does not increase caecal
SCFA concentrations in asthmatic rats, indicating that
they are not involved in the immunomodulatory effects
of L. lactis on asthma. Studies on gut microbiota had re-
ported that acetate induces intestinal IgA production
[57]. We demonstrate that L. lactis NZ9000 promotes IgA
production without increasing acetate levels, so other
mechanisms might mediate its upregulating effect on IgA
levels. As Peyer’s patches produce secretory IgA to main-
tain an appropriate intestinal barrier function [28, 58],
the augmentation in Peyer’s patch quantity demonstrated
in the rats herein may be mediating the IgA increase.

Nowadays, there is increasing evidence supporting
the use of orally administered probiotics as a treatment
in various systemic diseases [59, 60]. One of the major
mechanisms of probiotics to prevent or ameliorate clin-
ical symptoms in patients with allergic diseases is
through increasing TGF-p responses [60]. TGF-p is a
pleiotropic cytokine with remarkable immunoregula-
tory and anti-inflammatory properties. Since long ago it
was described that TGF- controls the in vitro prolifera-
tion of T cells [61]. In Tgfb1~/~ mice, the inflammatory
process is exacerbated and mainly presented in the heart
and lung, with infiltration of lymphocytes and macro-
phages [62]. Also, the eosinophil survival is broadly af-
fected by in vitro exposition to TGF-f [63]. Our results
show that treatment with L. lactis NZ9000 leads to a de-
crease in splenocyte proliferation in response to OVA,
which may be explained by the in vitro upregulation of
TGEF-P. The reduction of airway inflammation in asth-
matic mice treated with either L. rhamnosus GG or B.
lactis is associated with a suppressed allergen-induced
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splenocyte proliferative response and an increased num-
ber of TGF-B-secreting T cells in mesenteric lymph
nodes [30]. Serum levels of TGF- were also increased
in L. lactis NZ9000-treated animals. Probiotic supple-
mentation in atopic dermatitis patients improves the
production of TGF-p in serum, which was accompanied
by symptom mitigation [64]. Hence, it is possible that
the systemic TGF-[ production might be responsible for
the prevention of asthmatic signs in our study. Impor-
tantly, L. lactis NZ9000 treatment does not affect the
ConA stimulation of lymphocytes, which indicates the
maintenance of the capacity of immune response in an-
imals.

In conclusion, we found that L. lactis NZ9000 possess-
es a prophylactic effect on the development of allergic
asthma. L. lactis NZ9000 effectively decreases serum al-
lergen-specific IgE, suppresses the number of total leuco-
cytes and eosinophils in BALF, and diminishes the num-
ber of eosinophils infiltrated in the lung interstitium.
Goblet cell hyperplasia and collagen deposition are also
attenuated by L. lactis NZ9000 treatment. The beneficial
effect of the probiotic in airways is associated with the
downregulation of IL-5 and IL-13 in lung tissue. The pul-
monary effect of L. lactis NZ9000 is related to an enhance-
ment of intestinal barrier function with the induction of
a regulatory and homeostatic mucosal environment, to
the abolishment of allergen-induced spleen cell prolifera-
tion, and to a systemic recuperation of TGF-p produc-
tion. This study provides the first experimental basis for
the potential use of L. lactis NZ9000 in the prevention of
airway inflammation and remodelling associated with al-
lergic asthma.
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