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Abstract

Background: There is an increasing interest in targeted application of probiotic bac-
teria for prevention and treatment of airway diseases, including allergies. Here, we
investigated the beneficial effects of preventive intranasal treatment with probiotics
Lactobacillus rhamnosus GG and L. rhamnosus GR-1 in a mouse model of allergic
asthma.

Methods: Lactobacillus rhamnosus was administered intranasally eight times on days
1-4 and 8-11 at 5 x 108 CFU/dose, followed by a 2-week asthma induction protocol
with birch pollen extract on alternating days. Effects of preventive treatment were
analyzed based on serum antibody levels, bronchoalveolar lavage cell counts, lung
histology, lung cytokine levels, and airway hyperreactivity. Colonization and translo-
cation of L. rhamnosus were assessed by bacterial cell counts in nasal mucosa, fecal
samples, cervical lymph nodes, and blood. Binding of fluorescent L. rhamnosus to
fixed murine nasal mucosal cells and airway macrophages was visualized by fluores-
cence microscopy.

Results: Transient colonization of the murine upper airways by L. rhamnosus GG
was demonstrated and was approximately ten times higher compared to L. rhamno-
sus GR-1. Marked binding of fluorescent L. rhamnosus GG to murine nasal mucosal
cells and airway macrophages was visualized. Preventive treatment with L. rhamno-
sus GG (but not L. rhamnosus GR-1) resulted in a significant decrease in bron-
choalveolar lavage eosinophil counts, lung interleukin-13 and interleukin-5 levels,
and airway hyperreactivity. A tendency toward a decrease in serum Bet v 1-specific
immunoglobulin G1 was likewise observed.

Conclusion: Intranasally administered L. rhamnosus GG prevents the development of

cardinal features of birch pollen-induced allergic asthma in a strain-specific manner.
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Intranasal Lactobacillus rhamnosus GG (but not L. rhamnosus GR-1) pretreatment prevents the development of airway inflammation and hyperre-

activity in a mouse model of birch pollen-induced asthma, without observable side effects. Effects of intranasally administered L. rhamnosus GG

are linked to a significant decrease in lung eosinophilia and lung IL-13 and IL-5 levels. L. rhamnosus GG adheres well to isolated murine nasal

mucosa cells and airway macrophages, and can transiently colonize the murine upper airways. This is less pronounced for L. rhamnosus GR-1.

1 | INTRODUCTION

Allergic airway disease is a result of dysregulated adaptive immune
reactions to innocuous environmental stimuli, characterized by a
shift toward local and systemic T helper 2 (Th2) responses. This
typically results in systemic allergic sensitization, reflected by an
increase in immunoglobulin E (IgE) levels, and Th2-type eosinophi-
lic airway inflammation. In patients with severe allergic asthma, air-
(AHR),
compromised airway function lead to an impaired quality of life

way  hyperreactivity mucus  hypersecretion,  and
and high socioeconomic costs.! Birch pollen (BP) containing the
major allergenic protein Bet v 1 represents a clinically relevant
and highly potent source of aeroallergens with a strong sensitizing
capacity, capable of triggering or aggravating allergic disease devel-
opment.2'3

Recent studies underline the importance of airway microbiota
and the role of particular bacterial strains in regulation of immune
functions and the maintenance of the Th1/Th2 balance.*® The use
of intranasal probiotics, or “live microorganisms that, when admin-
istered in adequate amounts, confer a health benefit on the
host”® represents a promising strategy for prevention and treat-
ment of allergic sensitization and disease. Interactions between

mucosally applied probiotics and the host can modulate both local

and systemic host immune responses.”® Although probiotic bacte-
ria were initially administered via the oral route, a wide range of
nonoral probiotic applications have been described up to date.®
An example of their use in the nasal cavity involves nasal

sprays containing lactic acid bacteria, which are increasingly
being explored in clinical trials against diseases such as otitis
media.”

Lactobacillus rhamnosus GG and Lactobacillus rhamnosus GR-1
represent model probiotic strains with demonstrated immunomodu-
latory and immunostimulatory properties.'®'* Oral administration of
L. rhamnosus GG was previously shown to offer benefits in the con-
text of allergic disease prevention and treatment, both in animal

1517 and in human clinical trials.'®?° However, current

models
knowledge on the systemic and mucosal impact of L. rhamnosus GG
and L. rhamnosus GR-1 when they are applied via the nasal route is
limited.

In this work, we explored the effects of intranasally administered
L. rhamnosus GG and L. rhamnosus GR-1 as a preventive treatment in
a mouse model of BP-induced allergic airway disease. We also
explored the potential of L. rhamnosus strains to colonize the nose
or distribute from the nose to the gastrointestinal tract. In addition,
we visualized their binding abilities to murine nasal mucosal cells and

airway macrophages.
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2 | MATERIALS AND METHODS

21 | Animals

Five- to 6-week-old male BALB/cOlaHsd mice housed in specific-
pathogen-free conditions (Envigo, the Netherlands) were used.
Experiments were approved by the Ethical Committee for Animal
Research (KU Leuven, project P063/2014).

2.2 | Colonization and translocation potential of
L. rhamnosus

To study translocation and colonization by L. rhamnosus, naive mice
were intranasally instilled with 5 x 108 CFU of L. rhamnosus GG
(strain CMPG11261) and L. rhamnosus GR-1 (strain CMPG11265).%
The strains were cultured as described in Ref 21. Bacterial suspen-
sions were prepared and administered as described below for wild-
type L. rhamnosus. The phosphate buffered saline (PBS) group
received PBS (BioWhittaker® Lonza) intranasally. All intranasal instil-
lations were performed after anesthesia with isoflurane (Schering-
Plough Animal Health). Blood, nasal mucosae, cervical lymph nodes,
and fecal samples were collected in sterile conditions 24 and
72 hours after intranasal L. rhamnosus instillation. Blood was col-
lected by retro-orbital bleeding. Bronchoalveolar lavage fluid (BALF)
was obtained by lavaging the lungs thrice with 0.7 mL of sterile sal-
ine (0.9% NaCl, B. Braun).

Single-cell suspensions of nasal mucosa and cervical lymph nodes
were prepared in 200 pL PBS using a 40-um cell strainer (BD Bio-
science). Fecal samples were dissolved in 500 uL PBS by vortexing.
Hundred microliters of blood, nasal mucosa, cervical lymph nodes, or
fecal suspensions were plated out on selective de Man-Rogosa-
Sharpe (MRS) agar with 5 pg/mL erythromycin and 10 pg/mL chlo-

ramphenicol for detection of live L. rhamnosus.

2.3 | Adhesion of L. rhamnosus to murine nasal
mucosal cells and airway macrophages

Single-cell suspensions of nasal mucosa cells and BALF containing
airway macrophages were collected from naive mice as described
above. Two hundred microliters of single-cell suspension was trans-
ferred onto glass slides using the cytospin system (Shandon, Tech-

Gen, Zellik, Belgium). To visualize bacterial adhesion, recombinant

L. rhamnosus GG (strain CMPG11261) and L. rhamnosus GR-1 (strain
CMPG11265) producing the red fluorescent protein mCherry, and
recombinant L. rhamnosus GG (strain CMPG11260) and L. rhamnosus
GR-1 (strain CMPG11264) producing the blue fluorescent protein
mTagBFP2 were used. The strains were induced with nisin and cul-
tured overnight as previously described.?! Adhesion assay was per-
formed as previously described.2*?? Briefly, mouse nasal mucosa or
BALF cells were fixed on glass slides in glutaraldehyde/formaldehyde
buffer for 1 hour, and 10”7 CFU of nisin-induced fluorescent L. rham-
nosus was subsequently added on top of the cells. Following 1 hour
of co-incubation at 37°C, the slides were washed in PBS and visual-
ized using the Zeiss Axio Imager Z1 microscope with an AxioCam
MRm and the AxioVision software.

2.4 | Allergic sensitization and provocation

Allergic sensitization and airway inflammation were induced by intra-
nasal instillations of 50 uL of BP extract (Greer, USA) at 5 mg total
protein/mL using a micropipette on days 14, 16, 18, 22, 24, 26, and
29, as depicted in Figure 1. The negative control saline group
received saline intranasally. All intranasal instillations were performed
after anesthesia with isoflurane. Mice were killed on day 31 by a
lethal intraperitoneal injection of pentobarbital (Nembutal, Sanofi
Santé Animale, CEVA, Belgium).

2.5 | Preventive treatment with L. rhamnosus

Lactobacillus rhamnosus was administered as depicted in Figure 1.
Wild-type L. rhamnosus GG (ATCC 53103)?2 and L. rhamnosus GR-1
(ATCC 5582)%° were grown in MRS medium at 37°C in static condi-
tions overnight. Cultures were pelleted (3000 g, 5 minutes) and
washed twice in sterile PBS. The pellet was resuspended in PBS, and
5 x 108 CFU in 10 pL PBS was administered eight times by intrana-
sal instillations using a micropipette on days 1-4 and 8-11. The saline
and BP groups received PBS. All experiments were repeated at least

twice.

2.6 | Total IgE, Bet v 1-specific 1gG1 and IgG2a
determination

Total IgE and Bet v 1-specific 1gG1 and IgG2a in serum were
determined by ELISA. Plates were coated overnight with 5 pg Bet
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v 1/mL PBS for IgG1l and IgG2a, or with capture IgE antibody
(553413) for total IgE, and blocked with 2% gelatin (for 1gG1 and
IgG2a) or bovine serum albumin (for total IgE) in PBS. After incuba-
tion with biotin-anti-mouse-IgG1 (553441), biotin-anti-mouse-1gG2a
(553388), or biotin-anti-mouse-IgE (553414) antibodies diluted
1:1000 in PBS, detection was performed with streptavidin-horse-
radish peroxidase (Lucron), 3,3,5,5'-tetramethylbenzidine (TMB)
(Acros Organics), and H,O,. Absorbance at 450 nm was measured
using a spectrophotometer (Multiskan RC, Thermo Scientific) and
converted into arbitrary units/mL based on a pool of Bet v 1-reac-
tive sera. All antibodies were purchased from BD Pharmingen, BD

Bioscience.

2.7 | Total and differential cell counts in BALF

Total cell counts in BALF were performed in a Biirker hemocytome-
ter using trypan blue coloring (BioWhittaker® Lonza). Differential cell
counts were performed in duplicate on cytospins (Shandon, Tech-
Gen, Belgium) stained by the Diff-Quik method (Medical Diagnostics,
Germany). For each slide, the percentage of macrophages, eosino-
phils, neutrophils, and lymphocytes was counted in 250 cells.

2.8 | Lung histology

Lungs were fixed in 4% paraformaldehyde for 24 hours and stored
in 70% ethanol. After embedding in paraffin, 5-um-thick sections
were stained with hematoxylin and eosin (H&E), or with periodic
acid-Schiff (PAS) staining. The light microscopic examination was
performed at 40x magnification (Primo Star, Zeiss, Plan Achromat
40x/0.65 objective).

2.9 | Lung cytokine analysis

Lungs were homogenized in 500 pL PBS, and the supernatant was
collected by centrifugation (10 000 g, 10 minutes). Lung IL-13 cyto-
kine analysis was performed using the BD CBA Mouse/Rat Soluble
Protein Master Buffer Kit and BD CBA Mouse IL-13 Flex Set accord-
ing to the manufacturer's instructions (detection limit 2.4 pg/mL).
The acquisition was performed using FACSArray (BD Biosciences),
and data were subsequently processed with FlowJo software (TreeS-
tar, Inc.). Levels of other cytokines were determined with the MSD
U-PLEX Custom Biomarker Mouse Multiplex assay combined with
U-PLEX Mouse Antibody Sets for each cytokine. All cytokine levels
were adjusted for lung weight.

2.10 | Airway hyperreactivity (AHR) measurements

AHR was measured on day 31 using the FlexiVent forced oscillation
technique (FlexiVent 7, SCIREQ, Montreal, Canada) as previously
described.?*?5 Mice were anesthetized by intraperitoneal injection
of pentobarbital diluted in saline. Airway resistance (Rn) was
recorded in response to increasing concentrations of methacholine
(Sigma-Aldrich®) solution (0, 1.25, 2.5, 5, 10, and 20 mg/mL).

2.11 | Statistical analysis

Statistical analysis was performed using GraphPad Prism v.6 (La Jolla,
CA, USA). Mann-Whitney U test was used for pairwise comparisons
between two groups, and Kruskal-Wallis test with post hoc analysis
was implemented to compare between multiple groups. Two-way
ANOVA with a Bonferroni post hoc test was implemented for AHR
data analysis. Differences between groups were considered signifi-
cant when P < .05.

3 | RESULTS

3.1 | Colonization and translocation potential of
L. rhamnosus GG and L. rhamnosus GR-1 in naive mice

Live L. rhamnosus cells were detected on the nasal mucosa of mice
24 hours (Figure 2A) but not 72 hours after intranasal instillation.
(5.2 x 10*-
1.7 x 10° CFU/mouse) were retained on the nasal mucosa after
24 hours compared to L. rhamnosus GR-1 (1.6 x 10%-10* CFU/

mouse). Live L. rhamnosus cells were also detected in the gastroin-

Significantly more live L. rhamnosus GG cells

testinal tract of the mice 24 hours (Figure 2B), but not 72 hours
after intranasal instillation. Likewise, significantly more live L. rham-
nosus GG cells (1.9 x 10%-8 x 10° CFU/g feces) were present in the
fecal samples compared to L. rhamnosus GR-1 (0-2.4 x 10* CFU/g
feces). A small fraction of live L. rhamnosus GG cells (6 x 10%-
3.6 x 10?2 CFU/mouse) was found in the cervical lymph nodes of the
mice 24 hours after intranasal instillation (Figure 2C); however, the
bacterial cells were cleared 72 hours after their administration. No
live L. rhamnosus GR-1 could be detected in the cervical lymph
nodes. Intranasal administration of either L. rhamnosus GG or
L. rhamnosus GR-1 at the tested concentrations did not affect mouse
weight (Figure S1) or behavior, and no live L. rhamnosus cells were
detected in the blood of the mice.

Adherence of L. rhamnosus GG to isolated murine nasal mucosal
cells was observed by visualization of L. rhamnosus GG-derived fluo-
rescent strain CMPG11261 (expressing mCherry) that bound in large
numbers to fixed nasal mucosal cells (Figure 2D). In comparison, only
single L. rhamnosus GR-1-derived CMPG11265 (expressing mCherry)
cells were bound to the fixed nasal mucosal cells (Figure 2D). In
addition, the L rhamnosus GG-derived fluorescent strains
CMPG11261 (expressing mCherry) and CMPG11260 (expressing
mTagBFP2) demonstrated higher binding to murine airway macro-
phages when compared to the L. rhamnosus GR-1-derived
CMPG11265 (expressing mCherry) and CMPG11264 (expressing
mTagBFP2) strains (Figure 2E).

3.2 | Preventive effects of intranasally administered
L. rhamnosus GG or L. rhamnosus GR-1 on allergic
asthma

The effects of intranasal administration of L. rhamnosus GG and

L. rhamnosus GR-1 were explored in a mouse model of BP-induced
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FIGURE 2 Detection of live Lactobacillus rhamnosus GG and L. rhamnosus GR-1 in murine nasal mucosa (A), fecal samples (B) and cervical
lymph nodes (C), and visualization of fluorescent L. rhamnosus strains binding to isolated murine nasal mucosal cells (D) and airway
macrophages (E). Enumeration of live L. rhamnosus GG (LGG) and L. rhamnosus GR-1 (LGR-1) in (A) homogenized nasal mucosa, (B) feces, and
(C) cervical lymph nodes 24 h after intranasal instillation of bacteria. Data are depicted as CFU per mouse or per g feces, and medians with
interquartile ranges per group. *P < .05 compared to L. rhamnosus GG; n = 4 mice per group. D, Visualization of adherence of fluorescent

L. rhamnosus GG-derived strain CMPG112261 and L. rhamnosus GR-1-derived strain CMPG112265 expressing the red fluorescent mCherry
protein (in red) to fixed murine nasal mucosal cells. Left panel represents brightfield and right panel represents a combination of brightfield
with fluorescent microscopy. E, Visualization of adherence of fluorescent L. rhamnosus GG-derived strain CMPG112261 and L. rhamnosus GR-
1-derived strain CMPG112265 expressing the red fluorescent mCherry protein (in red), and L. rhamnosus GG-derived strain CMPG112260 and
L. rhamnosus GR-1-derived strain CMPG112264 expressing the blue fluorescent mTagBFP2 protein (in blue) to fixed murine BALF
macrophages. All panels represent a combination of phase contrast and fluorescent microscopy. White bars are equal to 20 pm. White arrows

indicate bound fluorescent L. rhamnosus cells
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FIGURE 3 Serum total IgE and Bet v 1-specific antibody levels following intranasal preventive treatment with Lactobacillus rhamnosus GG
or L. rhamnosus GR-1 and exposure to BP. Levels of Bet v 1-specific 1gG1 (A), total IgE (B), Bet v 1-specific IgG2a (C) and the ratio of Bet v 1-
specific 1gG1 to IgG2a (D) in serum. Saline: no BP exposure, not pretreated; BP: BP-exposed, not pretreated; LGG/BP: BP-exposed, pretreated
with wild-type L. rhamnosus GG; LGR-1/BP: BP-exposed, pretreated with wild-type L. rhamnosus GR-1. Data are expressed as arbitrary units/mL
serum sample and depicted as values for individual mice with medians and interquartile ranges per group. #P < .01 compared to the saline

group; n = 5-6 mice per group

allergic asthma. The protocol is shown in Figure 1. L. rhamnosus GG
and L. rhamnosus GR-1 were administered on days 1-4 and 8-11 at
5 x 10® CFU/dose, followed by allergic asthma induction with BP
extract on days 14, 16, 18, 22, 24, 26, and 29. The effects on aller-
gic sensitization were examined by measuring serum antibody levels
against the major BP allergen Bet v 1 (Figure 3). A trend toward
decrease in Bet v 1-specific IgG1 was observed after preventive
treatment with L. rhamnosus GG (P = .0649) and was less pro-
nounced with L. rhamnosus GR-1 (P = .2381) compared to the not-
pretreated BP-exposed group (Figure 3A). No significant effects on
total IgE (Figure 3B), Bet v 1-specific 1gG2a, or Bet v 1-specific 1gG1-
to-1gG2a ratio (Figure 3D) were found compared to the not-pre-
treated BP-exposed mice.

Effects of preventive L. rhamnosus treatment on allergic airway
inflammation were examined by BALF differential cell counts, lung
histology, and lung cytokine analysis. Preventive treatment with
L. rhamnosus GG significantly decreased eosinophil counts in BALF
compared to the not-pretreated BP-exposed group (Figure 4C)
(P = .0043). Histological analysis of lung sections likewise demon-
strated a decrease in regions of eosinophilic infiltration (Figure 4F) in
mice pretreated with L. rhamnosus GG, as well as a moderate
decrease in PAS-positive cells (Figure 4G) compared to the not-pre-
treated mice. No statistically significant effects could be detected on

BALF total cell, macrophage, neutrophil, or lymphocyte cell counts in

any of the pretreated groups compared to the not-pretreated BP-
exposed group.

The group pretreated with L. rhamnosus GG also had significantly
lowered lung IL-5 (P =.0390) and IL-13 (P =.0152) levels (Fig-
ure 5A,B) compared to the not-pretreated BP-exposed mice. No sig-
nificant effects of preventive treatment with L. rhamnosus GG or
L. rhamnosus GR-1 could be demonstrated on lung IL-4 (Figure 5C),
IFN-y (Figure 5D), IL-10 (Figure 5E), or IL-17 (Figure 5F) levels. Fur-
thermore, no significant difference was observed in the expression
of Gata3, Thbx21, Rorc, or Foxp3 mRNA (Figure S2) measured accord-
ing to Data S1; granulocyte-macrophage colony-stimulating factor
(GM-CSF), and IL-1p or IL-33 levels in lung tissue homogenates (Fig-
ure 5G,H,l) between the mice pretreated with L. rhamnosus GG or
L. rhamnosus GR-1 and the not-pretreated mice.

AHR is an essential hallmark of asthma. As shown in Figure 6,
repeated BP instillations induced AHR, as evaluated by airway resis-
tance (Rn) after exposure to increasing doses of methacholine. Inter-
estingly, we could observe a significantly lower Rn after exposure to
methacholine as a result of L. rhamnosus GG preventive treatment
(Figure 6A and B, P = .0152 for AUC of Rn), reflecting a decrease in
AHR compared to the not-pretreated BP-exposed group. Intermedi-
ate levels of AHR were observed in the L. rhamnosus GR-1 group;
however, the effect of preventive L. rhamnosus GR-1 treatment did

not reach statistical significance.
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FIGURE 4 BALF total and differential cell counts following intranasal preventive treatment with Lactobacillus rhamnosus GG or L. rhamnosus
GR-1 and exposure to BP. Total number of cells (A), macrophages (B), eosinophils (C), neutrophils (D), and lymphocytes (E) per mL BALF.
Representative sections of lungs stained with either H&E staining (F) or PAS staining (G) are shown, with red arrows indicating respectively
eosinophilic infiltration (F) or PAS-positive cells (G). Saline: no BP exposure, not pretreated; BP, BP-exposed, not pretreated; LGG/BP, BP-
exposed, pretreated with wild-type L. rhamnosus GG; LGR-1/BP: BP-exposed, pretreated with wild-type L. rhamnosus GR-1. Data are depicted
as values for individual mice and medians with interquartile ranges per group. *P < .05 and *P < .01 compared to the saline group; **P < .01
compared to the not-pretreated BP-exposed group; n = 5-6 mice per group
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FIGURE 5 Cytokine levels in lung homogenates following intranasal preventive treatment with Lactobacillus rhamnosus GG or L. rhamnosus
GR-1 and exposure to BP. Th2-associated cytokines IL-5 (A), IL-13 (B), IL-4 (C), Thil-associated cytokine IFN-y (D), Treg-associated cytokine IL-
10 (E), Th17-associated cytokine IL-17 (F), granulocyte-macrophage colony-stimulating factor (GM-CSF) (G), IL-1p (H) and IL-33 (1). Saline: no
BP exposure, not pretreated; BP: BP-exposed, not pretreated; LGG/BP: BP-exposed, pretreated with wild-type L. rhamnosus GG; LGR-1/BP: BP-
exposed, pretreated with wild-type L. rhamnosus GR-1. Data are depicted as values for individual mice and medians with interquartile ranges
per group. *P < .05 and #P < .01 compared to saline group; *P < .05 compared to not-pretreated BP-exposed group; n = 6 mice per group

4 | DISCUSSION and AHR following oral L. rhamnosus GG administration in murine
models of ovalbumin-induced asthma, which was likewise linked to a
In this work, we demonstrated that intranasal administration of live reduction in IL-5 production.®?” Also the significant decrease in IL-
probiotic L. rhamnosus GG bacteria can decrease allergic airway 13 might be responsible for preventing AHR in this intranasal experi-
inflammation and lung Th2 cytokine production, and is even capable mental setup, as IL-13 has previously been shown to be the critical
of preventing AHR, all induced by repeated intranasal application of factor in the development of AHR in mouse models of allergic dis-
BP extract in mice. AHR is a defining pathophysiological feature of ease.?8??
allergic asthma in human patients?® and the observed effect on Surprisingly, the effects of intranasal L. rhamnosus GG were
AHR in our mouse model is therefore highly relevant for potential not associated with a significant decrease in allergic sensitization
application in humans. L. rhamnosus GG pretreatment significantly at the level of antibody production, although a tendency toward
lowered BALF eosinophil counts, as well as IL-5 and IL-13 levels lowered allergen-specific IgG1l was observed. Similar results have
measured in lung tissue. Lowering of IL-5 production can be respon- been reported with intranasally administered wild-type Lactobacillus
sible for the decrease in BALF eosinophils. These results are in line plantarum NCIMB8826 tested in models of allergic sensitization to

with the previously described prevention of pulmonary eosinophilia house dust mite®® and the major BP allergen Bet v 1.3! More
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FIGURE 6 Airway hyperreactivity (AHR) measurements following intranasal preventive treatment with Lactobacillus rhamnosus GG or

L. rhamnosus GR-1 and exposure to BP. A, AHR: airway resistance (Rn) increase in response to methacholine inhalation (0-20 mg/mL) expressed
as group means and (B) Rn area under the curve (AUC) for individual mice with group medians. Saline: no BP exposure, not pretreated; BP:
BP-exposed, not pretreated; LGG/BP: BP-exposed, pretreated with wild-type L. rhamnosus GG; LGR-1/BP: BP-exposed, pretreated with wild-
type L. rhamnosus GR-1. *P < .05 and **P < 0001 compared to the saline group; *P < .05 and ****P < 0001 compared to the not-

pretreated BP-exposed group; n = 6 mice per group

specifically, L. plantarum NCIMB8826 reduced airway inflammation,
but did not significantly influence allergen-specific IgG1 or 1gG2a
antibody production, which is in accordance with our data. These
and our results thus indicate that effects on allergen-specific anti-
body induction are not always a prerequisite for the beneficial
action of probiotics in allergic asthma. Of note, probiotic effects
might differ depending on the implemented administration proto-
col, as no similar benefits on AHR or airway inflammation have so
far been observed in a preliminary therapeutic setup when
L. rhamnosus GG was intranasally implemented together with BP
exposure.

No Thil-related immunostimulation by intranasally instilled
L. rhamnosus GG was observed, as we did not detect any change in
IFN-y cytokine or Tbx21 mRNA levels in the lungs. Similarly, no
Thi17-related immune effects were detected, as the levels of IL-17
and Rorc mRNA in the lungs were not significantly altered by
L. rhamnosus GG instillations. We also did not detect an increase in
lung IL-10 cytokine or Foxp3 mRNA levels, arguing against the induc-
tion of Treg cells as the mechanism of action. Of course, it cannot
be excluded that other regulatory cytokines are involved in mediat-
ing the observed beneficial effects. For example, stimulation of
TGF-p production in mesenteric lymph nodes and in the airways as a
result of oral L. rhamnosus GG application in experimental airway
allergies was previously described.'®?” These effects might also
depend on the probiotic application route and the experimental
model. For example, following oral application of L. rhamnosus GG,
FoxP3 mRNA expression upregulation in peribronchial lymph node
cells was demonstrated in a mouse model of ovalbumin-induced
allergic asthma.®

The mechanism of action of intranasal probiotic treatment
remains open for further research. It is possible that local L. rhamno-

sus GG mechanisms of action previously unexplored in the nasal

niche contribute to its protective effects. L. rhamnosus GG and its
products have both anti-oxidative®? and epithelial barrier-promoting
properties in the gut.3>3® Development of respiratory allergies is
often associated with a disrupted epithelial barrier*; therefore, the
ability of probiotics to preventively strengthen airway epithelial
integrity could be one of the potential protective mechanisms of
probiotic action, a possibility that certainly warrants further investi-
gation.

In comparison with L. rhamnosus GG, the L. rhamnosus GR-1 strain
had no clear effect in our experimental asthma setup. Certain lactic
acid bacteria strains are more effective at preventing allergic disease
upon their intranasal administration, for example as demonstrated pre-
viously for Lactobacillus paracasei NCC2461 compared to L. plantarum
NCC1107 in an ovalbumin model of allergic asthma.®®> The in vivo via-
bility and transient colonization potential of probiotic strains might be
an important consideration for their administration in the nasal niche,
as up to 30% of intranasally instilled compounds in mice are cleared
by nasal mucociliary clearance within the first hour.3¢ In this work, we
for the first time demonstrated transient colonization of the nasal
mucosa by both L. rhamnosus GG and L. rhamnosus GR-1. Interest-
ingly, both L. rhamnosus GG- and L. rhamnosus GR-1-derived strains
were also detected live in the mouse gut following their intranasal
instillations. L. rhamnosus GG was retained at higher levels in the gut
compared to L. rhamnosus GR-1, which can partially be attributed to
the superior adherence of L. rhamnosus GG to intestinal epithelial cells
compared to L. rhamnosus GR-1 demonstrated in our previous stud-
jes.2! These results suggest that the interaction of intranasally admin-
istered L. rhamnosus with the murine immune system and epithelium
is not restricted to the upper airways.

Enhanced adherence abilities and strain specificity of microbe-
associated molecular patterns (MAMPs) might partially explain why

intranasally instilled L. rhamnosus GG, but not L. rhamnosus GR-1,
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could prevent allergic asthma in our mouse model. For example, the
SpaCBA pili structures are present only on the surface of L. rhamno-
sus GG and play an important role in adhesion to epithelial cells,*? as
well as in immune interactions with dendritic cells®” and macro-
phages.’® In fact, in this work we observed the translocation of
intranasally instilled live L. rhamnosus GG, but not L. rhamnosus GR-1,
to cervical lymph nodes which drain the nasal cavity. The survival of
L. rhamnosus GG in immune cells and its trafficking to mesenteric
lymph nodes after oral administration has previously been shown to
affect TNF-a and IL-12 gene expression in macrophages.*® Modula-
tion of immune cell function and the local cytokine milieu is a key
step in attenuation of allergic disease and the associated inflamma-
tion.3? Therefore, it is tempting to propose that the observed
enhanced L. rhamnosus GG binding to innate immune cells (macro-
phages) and epithelial cells might promote enhanced probiotic-host
immunomodulatory interactions, and similar binding to dendritic cells
might modify their orchestrating function in immune regulation,
although this requires further substantiation.

In conclusion, preventive intranasal administration of L. rhamnosus
GG can offer a number of benefits in the context of allergic asthma
induced by the clinically relevant BP aeroallergen. These strain-specific
beneficial effects might be linked to superior binding of L. rhamnosus
GG to host cells and its transient in vivo retention. As intranasal instil-
lations of L. rhamnosus were shown to be innocuous in the tested con-
ditions, they could therefore be considered as an effective alternative
to the oral probiotic administration route. The ability of L. rhamnosus
GG to prevent the hallmarks of allergic asthma typically observed in
humans is especially promising; therefore, the intranasal application of
this strain deserves further exploration.
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Supporting Material and methods

Gata3, Tbx21, Rorc and Foxp3 mRNA quantification by gRT-PCR

Quantification of Gata3, Tbx21, Rorc and Foxp3 mRNA in total mRNA isolated from
lung homogenates was performed by quantitative real-time PCR as previously
described (13). Genes encoding for peptidylprolyl isomerase A (PPIA) and (-actin
were used as reference, and the ddCt method was implemented to quantify the
expression of the genes of interest normalized for the geomean of the reference
genes.

Primers mGATA3-fw (GGT GGA CGT ACT TTT TAA CAT CGA), mGATA3-rv (ATA
CCT GGC TCC CGT GGT G) and mGATA3-tp (5'Fam TCA AGG CAA CCA CGT
CCC GTC CTA C 3'Tamra) were used for Gata3; mTBX21-fw (CCC ACA AGC CAT
TAC AGG ATG T), mTBX21-rv (TAT AAG CGG TTC CCT GGC AT) and mTBX21-tp
(5’Fam CAG CAC CAC TGG CGG TAC CAG AGC 3Tamra) for Tbx21; mRORC-fw
(TGA GGC CAT TCAGTA TGT GGT G), mMRORC-rv (TCC ATT GCT CCT GCT TTC
AGT A) and mRORC-tp (5'Fam AGT TTG CCA AGC GGC TTT CAG GC 3'Tamra)
for Rorc; FOXP3-fw (CCC AGG AAA GAC AGC AAC CTT), FOXP3-rv (TTC TCA
CAA CCA GGC CAC TTG) and FOXP3-tp (5'Fam ATC CTA CCC ACT GCT GGC

AAA TGG AGT C 3'Tamra) for Foxp3.
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Supporting figure legends

Supplementary Figure S1. Mouse weight evolution over the course of two-week
L. rhamnosus administration.

PBS: intranasal administration of PBS; LGG: intranasal administration of wild type L.
rhamnosus GG; LGR-1: intranasal administration of wild type L. rhamnosus GR-1.

Data are depicted as means per group, n = 6 mice per group.

Supplementary Figure S2. Expression levels of Gata3, Tbx21, Rorc and FoxP3
MRNA in lung homogenates following intranasal preventive treatment with L.
rhamnosus GG and L. rhamnosus GR-1 in an intranasal model of BP-induced
allergic asthma. (A) Th2-associated factor GATA3, (B) Thl-associated factor
TBX21, (C) Thl7-associated factor RORC and (D) Treg-associated factor FOXP3
MRNA levels after preventive treatment and intranasal BP exposure.

Saline: no BP exposure, not pretreated; BP: BP-exposed, not pretreated; LGG/BP:
BP-exposed, pretreated with wild type L. rhamnosus GG; LGR-1/BP: BP-exposed,
pretreated with wild type L. rhamnosus GR-1. Data are depicted as relative gene
expression ddCt values normalized for geomeans of peptidyl-prolyl isomerase A
(PPIA) and B-actin for individual mice and medians with interquartile ranges per
group. #p < 0.05 and ##p < 0.01 compared to saline group; *p < 0.05 compared to

not-pretreated BP-exposed group; n = 6 mice per group.
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