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Abstract

This study investigated allergy immunotherapy potential of Lactobacillus paracaseil9 to
prevent or mitigate the particulate matter 2.5 (PM, 5) enhanced pre-existing asthma in mice.
Firstly, we used a mouse model of asthma (a 21-day ovalbumin (OVA) sensitization and
challenge model) followed by PM, 5 exposure twice on the same day of the last challenge.
PM, s was collected from the urban area of Beijing and underwent analysis for metals and
polycyclic aromatic hydrocarbon contents. The results showed that PM, 5 exposure
enhanced airway hyper-responsiveness (AHR) and lead to a mixed Th2/ IL-17 response in
asthmatic mice. Secondly, the PM, 5 exposed asthmatic mice were orally administered with
L9 (4x107, 4x10° CFU/mouse, day) from the day of first sensitization to the endpoint, for 20
days, to investigate the potential mitigative effect of L9 on asthma. The results showed that
L9 ameliorated PM, 5 exposure enhanced AHR with an approximate 50% decrease in total
airway resistance response to methacholine (48 mg/ml). L9 also prevented the exacerbated
eosinophil and neutrophil infiltration in bronchoalveolar lavage fluid (BALF), and decreased
the serum level of total IgE and OVA-specific IgG1 by 0.44-fold and 0.3-fold, respectively.
Additionally, cytokine production showed that L9 significantly decreased T-helper cell type 2
(Th2)—related cytokines (IL-4, -5, -13) and elevated levels of Th1 related IFN-y in BALF. L9
also reduced the level of IL-17A and increased the level of TGF-3. Taken together, these
results indicate that L9 may exert the anti-allergic benefit, possibly through rebalancing Th1/
Th2 immune response and modulating IL-17 pro-inflammatory immune response. Thus, L9
is a promising candidate for preventing PM exposure enhanced pre-existing asthma.
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Introduction

In recent years, China has experienced frequent and extremely severe smog, especially in larger
cities, like Beijing. Particulate matter (PM) with an aerodynamic diameter less than 2.5 um
(PM, 5) is the major pollutant causing this haze pollution [1]. The highest daily average PM, 5
concentration in Beijing measured is greater than 500 pg/m” at times, which was 20-fold
higher than the World Health Organization (WHO) recommended value [2]. In conjunction
with this increase in air particulate matter, the incidence of wide-spread respiratory irritation
symptoms and hospital visits have also significantly increased. Compared with winter refer-
ence periods (December 27-30, 2012, and January 21-24, 2013), a statistically significant
increase (risk ratios: 1.16) in outpatient medical visits for respiratory diseases, like asthma, was
observed during the heavy smog period of January 10-17, 2013 [3].

Asthma is a heterogeneous disease characterized by varying levels of reversible airflow
obstruction, airway hyper-responsiveness (AHR), mucus secretion and chronic inflammation
[4, 5]. Several studies have demonstrated that a combination of genetic, epigenetic and envi-
ronmental factors contribute to asthma heterogeneity [4, 6, 7]. Indeed, large-scale epidemio-
logic and experimental studies have shown that exposure to outdoor air pollution, such as
particulate matter (PM), increases the risk of exacerbations of pre-existing asthma [8-10].
The classic asthma presentation is generally regarded as a T helper cell type 2 (Th2) airway
inflammation, as high levels of eosinophil, total immunoglobulin (Ig) E and Th2 cell-related
interleukin (IL)-4, -5, -13 were observed. However, particulate matter has been shown to
induce new cellular and molecular mediators such as Th17 cells and IL-17A in the lungs of
exposed mice in recent studies [11, 12]. T-helper 17 (Th17) cells, a CD4" helper T cell subset
that produces interleukin-17a (IL-17A) have been discovered to play important roles in more
severe asthma phenotypes. Importantly, asthmatics with an overexpression of IL-17A and
neutrophilia proved to have the lowest lung function and the worst asthma control when
compared to other subsets [13, 14]. Thus, it is critical to find effective preventive strategies for
those diagnosed with pre-existing asthma who are also consistently exposed to serious air
pollution.

Probiotics such as lactobacilli and bifidobacteria have been reported to alleviate asthmatic
symptoms [15-17]. These probiotics provide benefits by promoting T regulatory (Treg) cell
development and rebalancing Th1/Th2 responses toward a Th1-dominant state [16, 18]. For
example, live Lactobacillus paracasei KW3110 administered orally to ovalbumin (OVA) -aller-
gic mice revealed anti-allergic effects on both Th1 and Th2 cytokines, IL-12 induction and IL-
4 repression [19]. Oral administration of Lactobacillus rhamnosus (Lcr35) was reported to
attenuate the features of allergic asthma in a mouse model, and induce immune regulation by
a CD4"CD25"Foxp3 Treg cell-mediated process. [20]. Moreover, a recent study demonstrated
that Lactobacillus gasseri can suppress Th17 pro-inflammatory response and inhibit OVA-
induced airway inflammation in mice [21]. However, the previous studies only assessed the
beneficial effects of probiotics on a classical allergen-induced mouse model of asthma, typically
induced by OVA or house dust mite. Whether or not probiotics will have benefits for mixed
and severe asthmatic responses induced by PM, 5 exposure still remains unclear.

Lactobacillus paracasei L9 (L9) originally isolated from the feces of healthy centenarians has
been demonstrated to attenuate the symptoms of food allergy in a murine model by inducing
Treg cells associated with increased TGF- production [22]. In this study, we evaluate the
allergy immunotherapy potential of L9 to prevent PM, s exposure enhanced AHR and allergic
response in asthmatic mice. We first collected the ambient PM, 5 in Beijing and set up a
murine model to investigate the effect of PM, 5 exposure on pre-existing asthma induced by
OVA. Metal and PAH components of the ambient PM, 5 were tested. We then assessed the
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capability of L9 to modulate the PM, 5 exposure enhanced allergic response, and the mecha-
nism by which L9 modulated the immune system.

Materials and methods
Preparation of Lactobacillus paracaseil.9

L9 was grown in MRS broth anaerobically at 37°C. The bacteria were incubated overnight and
harvested by centrifuge at 3000 x g for 15 min at 4°C, before being resuspended in sterile phos-
phate buffer saline (PBS). Bacterial concentration and viability were determined by plate counts.

Preparation of PM, 5

Airborne particular matter, less than 2.5 pm in aerodynamic diameter, was collected with fiber
glass filters (#80 mm, Laoying, Qingdao, China) [23] by means of a high-volume air sampler
(Laoying 2050, Qingdao, China) from November 26, 2014 to February 21, 2015 in Beijing. All
filters were equilibrated in a condition of 30% relative humidity in 25°C room temperature for
over 48 h and then weighed on a high-precision microbalance to measure a daily atmospheric
PM, 5 concentration. PM, 5 was gathered at a flow rate of 100 L/min for a continuous 8 hour
period. The collected fiber filters were cut into pieces and immersed in Millipore water. Parti-
cles were extracted from the water by sonication using ultrasound frequencies for 1 hour on
ice. The water with extracted PM, s was centrifuged at 5000 x g, 4°C, and then concentrated
by freeze-drying. The particles were stored at -20°C after adding 0.85% NaCl to a final concen-
tration of 12 pg/pl. The extracts of unused filters were prepared using the same method as a
control.

Measurement of components of PM, 5

Metals of the ambient PM, 5 dissolved in nitric acid were analyzed by Inductively Coupled
Plasma-Atomic Emission Spectroscopy (ICP-AES, Thermo ICAP 6300, Thermo Fisher Scien-
tific Inc., USA). Several metals with relatively lower concentration (Cd, Cr, Cu, Ni, Pb, Se, V)
were analyzed again by Inductively Coupled Plasma-Mass Spectrometry (ICP-MS, Agilent
7900, Agilent Technologies, Palo Alto, CA, USA) to ensure accuracy.

Polynuclear aromatic hydrocarbons (PAHs) were eluted from PM, 5 extraction and control
filter extraction using ether and n-hexane (v: v = 1:1) in a Soxhlet extractor. The presence of
PAHs was determined by using a 6890 gas chromatograph equipped with a 5977 mass spec-
trometer (GC-MS, Agilent Technologies, Palo Alto, CA, USA) according to Chinese standard
procedure (HJ 646-2013).

Establishment of a PM, 5 enhanced mouse model of asthma and
probiotics treatment

Animal experiments were approved by the Animal Care and Use Committee of China Agricul-
ture University. Six-week-old female BALB/c mice were purchased from Charles River Breed-
ing Laboratories (Beijing, China), and maintained in a temperature and humidity-controlled
specific-pathogen-free (SPF) room (at 25 + 2°C) on a 12 hour light, 12 hour dark (12L:12D)
schedule. Mice were fed a standard mouse chow containing no OVA or microbes (Charles
River Breeding Laboratories). Mice were checked every day and the activity situation and body
weight were observed for animal health monitoring. There was no animal became severely ill
or died before the experimental endpoint.

The mouse model was based on a classic 21-day OV A-sensitized and challenged mouse
model of asthma [24], followed by the intranasal instillation of the PM, 5 extracted solution
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(Fig 1). After 4 days acclimatization, mice were assigned to one of four groups (n = 8/group):
the PBS-sensitized and challenged control group (CON), the OV A-sensitized and challenged
group (OVA), the control filter extract exposed OVA group (OVA +Filter), and the PM, 5
extract exposed OVA group (OVA +PM, 5). All groups except for the CON group were intra-
peritoneally injected with 200 pL of aluminum hydroxide (Al(OH);) and saline (1:1) contain-
ing 100 ug OVA (Sigma-Aldrich, Beijing, China) on day 0 and 12, while the CON received Al
(OH); and saline as a control. On day 18 and 19, the CON group and the other groups were
challenged with either 50pL saline or the same dose of OVA (50pg/50uL per mouse) by intra-
nasal instillation. For OVA+PM, 5 group, after the last OVA challenge on day 19, mice were
given an extra intranasal administration of 50uL PM, 5 solution (600ug/50uL per mouse),
twice, over an interval of 4 hours. At the same time, the same dose of control filter extracted
solution was intranasally administered to the OVA+FILTER group. All mice were under anes-
thesia with isoflurane when given intranasal instillation.

Based on the PM, 5 enhanced OV A-induced mouse model of asthma, mice were fed either
L9 or the same volume of PBS by gavage from the day of first sensitization (day 0) to the end-
point, for 20 days during sensitization (Fig 1). The L9 fed mice (L9-L/P, L9-H/P) were gavaged
with lower or higher doses of L9 in 200uL PBS (4x107, 4x10° CFU/mouse per day, respectively),
using an aseptic gavage tube. Meanwhile, the other four groups (CON, OVA, OVA+FILTER
and OVA+PM, 5) were gavaged with PBS (200 pL/mouse per day) as a placebo.

Measurement of airway hyper-responsiveness

Measurements of AHR were taken twenty-four hours after the last challenge on day 20 by the
FlexiVent system (Scireq Inc., Montreal, Canada) as previously described [24]. In brief, mice
were tracheostomized and ventilated under anesthetization with avertin (500 mg/kg body
weight), then intubated with an18-gauge stainless steel cannula. The pulmonary mechanics
were measured at a rate of 150 breaths/min with a tidal volume of 8 mL/kg and positive end
expiratory pressure of 2.0 cm H,O, as set on the FlexiVent system. Mice were challenged by

Sensitization Challenge
Intraperitoneal injection Intranasal instillation
100pg OVA + Al(OH), S0pg OVA

Day 0

v vy

12 18 1920

L9

| L1
| | I |
1 A
Intranasal instillation
600pg PM, 5
AHR/Endpoint Assessment

Fig 1. Experimental setup of the PM, 5 exposure enhanced mouse model of asthma.

doi:10.1371/journal.pone.0171721.9001
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normal saline (for the baseline measurement) and methacholine (Mch) (0.75, 1.5, 3, 6, 12, 24,
48 mg/mL) via a matched nebulizer. After each dose, the response was measured by applying
2-s perturbations at 10-s intervals for a total of 3 min. The dose-response curves for each groups
were determined and the total respiratory system resistance (Rrs) were described below.

Analysis of cell composition of bronchoalveolar lavage fluid

Bronchoalveolar lavage fluid (BALF) was collected from mice immediately following euthana-
sia by cervical dislocation.as previously described [24]. The BALF was placed on ice and centri-
fuged at 1500 rpm for 10 minutes at 4°C. The supernatants were collected for cytokine analysis
and the sediments suspended with PBS were used for a cell composition assessment. Cell
counts of macrophages, eosinophils, neutrophils and lymphocytes were performed by count-
ing at least 200 cells in the suspended BALF stained with hematoxylin (Beijing ZSGB-BIO
Technology Co Ltd, Beijing, China) and Congo red (Sigma-Aldrich, Beijing, China) staining.

ELISA for BALF cytokines and serum immunoglobulins

The concentrations of IL-4, IL-5, IL-13, IFN-vy, IL-17A and TGF-f in BALF were analyzed
with commercial ELISA kits (eBioscience, Boston, MA, USA) according to the manufacturers’
instructions. Blood was collected using retro-venous plexus punctures and serum was sepa-
rated by centrifugation (5000 rpm, 4°C, 20 min) after resting at 4°C overnight. The levels of
total IgE, IgG1 and IgG2a in serum were measured using the same brand of commercial
ELISA kits. OV A-specific IgG1 and IgG2 in serum were tested by ELISA with revised method
based on published papers [25-27]. To be more specific, 96-well plates (Corning Costar, 9018)
were coated with 20ug/mL OVA in coating buffer (eBioscience) overnight at 4°C and then
incubated at room temperature for 2h with 1% BSA in PBS for blocking. After washing, diluted
samples were added to a microplate and incubated at 4°C overnight. After another washing,
goat anti-mouse IgG1 and IgG2a conjugated with horseradish peroxidase (abcam) was used
for detection, respectively, and then placed the plate at room temperature for 2h. Tetramethy-
benzidine substrate solution (eBioscience) was added and incubated for 15min at room tem-
perature and stopped by 4N H,SO,. The optical density was measured at 450 nm.

Histological experiment of lung tissue

Left lung lobes of all subjects were immediately removed after lavage and fixed in 10% formalin
for 24 h at room temperature and then embedded in paraffin. The embedded tissue was then
stained with hematoxylin and eosin (H&E) to evaluate morphology and inflammation using a
light microscope (Zeiss Inc., Germany).

Statistical analysis

Data were expressed as mean presented as the mean + SEM. The differences between experimen-
tal groups were analyzed using SPSS Statistics 20. Binary comparisons were made by using the
student ¢ test. Comparisons between multiple groups were assessed using a one-way ANOVA fol-
lowed by an LSD-test. For all tests, P-values less than 0.05 were considered significantly.

Results
Analysis of the components of PM, 5

Metals and PAHs are the most suspicious components related to airway inflammation and
physiologic responses in both animal and humans studies. A total of 17 metals in PM, 5 sam-
ples were measured by ICP-MAS or ICP-AES (Table 1). The results showed that Ca, K, Mg, Al
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Table 1. Analysis of Metal and PAH composition in PM, s.

Metal Control Filter (ug/g)
Al 1346.25
As 5.42
Ba 272.92
Ca 3665.83
Cd N.D.
Cr 1.06
Cu 2.56
Fe 86.71
K 285.75
Mg 977.08
Mn 3.13
Ni 1.17
Pb 0.42
Se 3.38
Ti 38.33
\ 5.25
Zn 183.33

doi:10.1371/journal.pone.0171721.t001

~
o
~
=~
]
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—O~-OVA+FILTER
——-OVA+PM2.5
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PM,_5 (ug/g)
18166.7
321.7
5460.83
70641.7
225
49.92
396.83
558.58
20508.3
18933.3
505.08
20
559.5
50.33
466.17
73.75
8018.33

PAH
Benzo[a]pyrene (BaP)
Benzo[a]anthracene (BaA)
Dibenzo[a,h]anthracene (DBA)
Benzo[b]fluoranthene (BbFA)
Benzolk] fluoranthene (BkF)
Chrysene (CHR)
Acenaphthene (ANA)
Acenaphthylene (ANY)
Anthracene (ANT)
Benzo[ghi]perylene (BPE)
Fluoranthene (FLT)
Fluorene (FLU)
Indeno[1,2,3-cd]pyrene (IPY)
Naphthalene (NAP)
Phenanthrene (PHE)
Pyrene (PYR)

Control Filter (ug/g)
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.
N.D.

PM; s (ug/g)

9.95
12.35
1.59
18.65
4.025
11
0.1505
0.399
0.221
7.95
4.445
0.191
9.7
0.156
1.025
12.65

and Zn were the prevalent metals found in ambient PM, 5. Compared with the extract of control
filter, the concentration of Pb, Mn, Cu and As in the extract of PM, 5 were 1343, 162, 155 and
59 times higher, respectively. Furthermore, BaP, BaA, BbFA, CHR, BPE, IPY and PYR were the
main constituents of PAHs found in ambient PM, s. None of these hydrocarbons were found in
the filter samples. Thus, the high concentration of transition metals and PAHs in the ambient

PM, s may account for the exacerbation effect of PM, 5 on pre-existing asthma.

PM, s exposure exacerbated AHR in asthmatic mice

After the last OV A challenge, mice were intranasally exposed to control filter extract or
PM, 5 extract twice before an AHR test. As shown in Fig 2, OVA mice exhibited moderately

Mch=48mg/mL

%k 3k %k

k% k

0 0.75

6 12

Mch (mg/mL)

(ii)
€14 -
+
* % % 512 B
=10 |
Est
4 -
2}
0
48 &

OCON
HBOVA

OOVA+FILTER
BOVA+PM2.5

Fig 2. PM, s exposure exacerbated AHR in mice with OVA induced pre-existing asthma. (A) AHR to increasing doses of Mch. (B) The maximal
response to Mch challenge. Each value is expressed as mean + SEM. N = 5-8. * P<0.05, ** P<0.005, *** P<0.001 vs. CON; * P<0.05vs. OVA

+FILTER.

doi:10.1371/journal.pone.0171721.g002
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increased AHR in response to increasing doses of MCh when compared with the control mice.
When the nebulized MCh reached the maximal dose, the Rrs of the OVA mice was a significant
1.63-fold higher than that of the CON mice (P<0.001). No changes were observed after the intra-
nasal administration of control filter extract in OVA mice. PM, 5 exposed mice showed signifi-
cantly enhanced Rrs (1.25-fold) when compared with OV A+Filter mice or OVA mice (P<0.05).
Thus, PM, s exposure significantly exacerbated airway responsiveness induced by OVA.

PM, 5 exposure induced inflammatory cell infiltration in lungs of
asthmatic mice

The effect of PM, 5 exposure on the lungs of mice with established asthma was further evaluated
by histological examination (Fig 3A). OVA sensitization and challenge caused the presence of
inflammatory cell infiltrates. The cell infiltration in the peribronchial and perivascular regions
was more severe in OVA+PM, s mice than that in the OVA mice. In order to further evaluate
the lung inflammation in PM, 5 exposed asthmatic mice, the numbers of macrophages, eosino-
phils, neutrophils and lymphocytes were counted to obtain the cell composition of the BALF.
As shown in Fig 3B, the percentage of eosinophils in OVA mice was significantly higher than
that in the CON mice (P<0.005). There is, however, no significant difference between the CON
mice and OVA mice in the number of present neutrophils. There was also no significant differ-
ence between the OVA mice and the OVA+FILTER mice. Compared to OV A mice, exposure
to PM, 5 increased the number of both eosinophils and neutrophils approximately 2-fold
(P<0.005). Thus, PM, 5 exposure exacerbated the airway inflammation in asthmatic mice.

PM, 5 exposure exacerbated systemic and airway allergic response in
asthmatic mice

The levels of serum immunoglobulins were investigated to elucidate the effect of PM, s expo-
sure on systemic allergic response. As shown in Fig 4A, the total serum IgE and IgGl, as well
as the OVA-specific IgG1 and IgG2a in the OVA mice were significantly higher than those in
the control mice (P <0.05). PM, 5 exposure increased the level of total serum IgE by 1.62 fold
and moderately increased the level of total serum IgGland OV A-specific IgG1, when com-
pared to the OV A mice. There were no significant differences between the OVA mice and
PM2.5 mice in the level of total IgG2a and OV A-specific IgG2a. The exposure to filter extrac-
tion did not lead to any significant difference when compared to OVA mice. In addition, the
cytokines in BALF were also evaluated to clarify the effect of PM, 5 exposure on airway allergic
response. As shown in Fig 4B, when compared to the control mice, the levels of Th2- related
cytokines (IL-4 and IL-13) were significantly increased (P<0.05, P<0.05), while level of
Th1-related cytokines (IFN-y) were significantly decreased in the BALF of the OV A mice
(P<0.001). The exposure of filter extraction, however, did not demonstrate any difference in
OVA mice, though the exposure of PM, 5 significantly increased the concentrations of IL-13
by 1.41-fold (P<0.05) while inducing the production of IL-17A in the BALF (P<0.001). These
results suggest that PM, 5 exposure may exacerbate pre-existing asthma by inducing a mixed
Th2 and IL-17 response.

Administration of Lactobacillus paracaseil 9 attenuated the exacerbated
AHR induced by PM, 5 exposure
The effect of oral administration of L9 on PM, 5 exposure enhanced AHR was evaluated (Fig

5). The results showed that a daily oral administration of L9 (4x107, 4x10° CFU/mouse) signif-
icantly (P < 0.001) alleviated the enhanced Rrs in OVA+PM, s mice. Specifically, the maximal
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Fig 3. PM, s exposure exacerbated airway inflammatory cell infiltration in mice with OVA induced pre-existing
asthma. (A) Histopathological examination of lung tissue inflammatory cell infiltration in mice. Representative photos
of H&E-stained lung sections (original magnification 20x). (B) Cell population of macrophage, eosinophil, neutrophil
and lymphocyte in BALF. Each value is expressed as mean + SEM. n =5-8. * P<0.05, ** P<0.005, *** P<0.001 vs.
CON;* P<0.05vs. OVA+FILTER.

doi:10.1371/journal.pone.0171721.g003

response to the MCh challenge (48mg/ml) was ameliorated with an approximate 50% decrease
in L9-H/P (higher dose) mice. The maximal Rrs of L9-L/P (lower dose) mice was also de-
creased when compared to that of OVA+PM, s mice, but significantly higher than that of
L9-H/P (higher dose) mice (P <0.05). Thus, administration of L9 attenuated the exacerbated
AHR induced by PM, 5 exposure in asthmatic mice.
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doi:10.1371/journal.pone.0171721.g004
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doi:10.1371/journal.pone.0171721.g005

Administration of Lactobacillus paracasei L9 prevented exacerbation of
inflammatory cell infiltration

The exacerbation of inflammatory cell infiltration was prevented in mice with the oral admin-
istration of L9 on H&E staining, when compared with the OVA+PM, 5 mice (Fig 6A). Higher
doses of L9 seemed to demonstrate better efficacy in alleviating cell infiltration in the peribron-
chial and perivascular regions than did lower doses. Furthermore, after the administration of a
higher dose of L9, the percentage of eosinophils and neutrophils in BALF were significantly
decreased by 0.43-fold and 0.57-fold, respectively, in comparison to those in the OVA+PM, 5
mice (P <0.001; P <0.05). A lower dose of L9 can also significantly decrease cell concentra-
tions of eosinophils (P <0.05), but exhibited less of an ability to decrease cell concentrations of
neutrophils (Fig 6B). Thus, administration of L9 can improve PM, 5 exposure induced inflam-
matory cell infiltration in the lungs of mice, but the effects are dependent on dose.

Administration of Lactobacillus paracaseil9 attenuated the mixed
allergic response induced by PM, 5 exposure

The systemic allergic response was also attenuated after oral administration of L9. As shown in
Fig 7A, the administration of a higher dose of L9 significantly decreased the concentration of
serum total IgE and IgG1 (P <0.001, P <0.05), while significantly increasing the level of serum
IgG2a. (P <0.05). Moreover, higher dose of L9 significantly decreased the level of OVA-spe-
cific IgG1 by 0.3 fold (P <0.05) while showing a tendency to increase the level of OV A-specific
IgG2a. The effect of L9 on these immune globulins seems to be dose-dependent. Furthermore,
the administration of a higher dose of L9 significantly decreased the level of Th2-related cyto-
kines, IL-4, 5, 13 to nearly half (P <0.005, P <0.05, P <0.001), but significantly increased the
level of Thl-related cytokines, IFN-y with 1.71-fold (P <0.005) in BALF (Fig 7B). In addition,
a higher dose of L9 also significantly mitigated the level of IL-17A induced by PM, 5 exposure
(P <0.001) (Fig 7B). Moreover, the level of TGE-B, which is thought to be predominantly
produced by Treg cells, was significantly increased in L9-H/P mice (Fig 7B). Thus, oral ad-
ministration of L9 attenuated the mixed Th2 and IL-17 allergic airway response induced by
exposure of PM, s in asthmatic mice. Higher dose of L9 showed more significant effects on
attenuating the mixed inflammatory response than did lower dose.
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Discussion

The present study investigated the effect of orally administered probiotics, specifically Lactoba-
cillus paracasei L9, to prevent or mitigate the exacerbated AHR and allergic response attributed
to PM, 5 exposure in asthmatic mice. As we known, our study is the first time to explore the
effect of oral intaking probiotics on PM2.5 exposure enhanced pre-existing asthma.

PM, 5 exposure induced an increased IL-17A level and the accumulation of neutrophils in
the lungs of asthmatic mice, except for the exacerbation of Th2-related response. Recently, sev-
eral lines of evidence suggest that IL-17A plays an important role during the pathophysiologi-
cal process of allergic airway inflammation, especially in neutrophilic inflammation [28, 29].
Several cell types might contribute to production of IL-174, including ILC3, CD8" T cells, NK
cells, and y8T cells [30-32]. But Th17, the third subset of Th cells, has been considered as the
primary producer of IL-17A [33, 34]. These data suggest that individuals with pre-existing
asthma are susceptible to developing more severe asthma with a mixed Th2 and Th17 response
when exposed to ambient PM, s. These findings are consistent with previous studies which
reported that exposure to ambient PM or diesel exhaust particulate (DEP) induce IL-17A
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doi:10.1371/journal.pone.0171721.g007

production and lead to mixed inflammatory asthmatic phenotype including both eosinophil
and neutrophil infiltration in lung cells of exposed mice [11, 12, 35]. Th17 cell and IL-17A is
proven to promote the secretion of neutrophil chemokines by epithelial cells, to exacerbate
AHR by directly promoting airway smooth muscle contraction, and to enhance neutrophilic
airway inflammation and Th2 cell-mediated eosinophilic airway inflammation in a murine
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asthma model [36-38]. Additionally, it has been recently demonstrated that IL-17A levels in
bronchial biopsies from asthma patients are associated with disease severity [14]. Thus, the
increased IL-17A attribution to PM, s exposure in this study plays a vital role in these severe
asthma symptoms.

Metals and PAHs have been thought to be the most harmful components in PM, 5. The
direct effects of metal composition of ambient air PM, 5 on subsequent allergic responses have
been commonly reported [39-41]. In this study, the PM, 5 samples we collected in Beijing con-
tain high concentrations of metal elements, especially of As, Cu, Cr, Mn, Pb, Zn, K. Several of
these metals have been demonstrated to affect airway inflammation and physiologic responses
in both animal and epidemiologic studies [39, 42, 43]. Gavett et al. reported that higher con-
centrations of many transition and toxic metals, including zinc, lead, copper, cadmium, tin,
and arsenic were associated with increasing Th2-related cytokines [44]. Accordingly, the con-
tribution of metals in PM-induced pulmonary injury was also proven to be associated with an
increase in eosinophils [45]. Thus, high concentrations of transition and toxic metal in the
ambient PM, s may account for the increased Th2 response after exposure to PM, s. Further-
more, the Th17-cell activation might be driven by PAHs in the PM, 5. In this study, BaP, BaA,
BbFA, CHR, BPE, IPY, PYR were extremely high in the PM samples. Recently, several studies
have described a role of the aryl hydrocarbon receptor, a primary receptor for PAHs in T cells,
in the regulation of Th17 differentiation [46, 47]. Knopp et al. proved a novel mechanism in
which PAHs contained in PM can directly act on the aryl hydrocarbon receptor in T cells,
leading to enhanced Th17 differentiation [48]. Thus, it can be inferred from this finding that
the increase of IL-17A after PM, 5 exposure in the present study can be attributed to high con-
centrations of PAHs in the ambient PM, s.

The protective effect of probiotics (or LAB) in inflammatory disorders has gained world-
wide attention. There are increasing clinical evidences of LAB to prevent or treat inflammatory
bowel disease [49] and allergic disease [50-52]. As for their anti-allergy mechanisms, different
species or strains of LAB may exhibit different responses. Heat-killed L. plantarum KTCT
3104 was reported to reduce OVA-induced AHR by the reduction of Th2-related cytokines,
IL-4 and IL-5, and an enhancement of Th1-related cytokine, IFN-y [53]. However, Oral appli-
cation Lactobacillus rhamnosus GG inhibited allergic sensitization and airway disease in a
murine model of asthma by induction of Treg cells, associated with a parallel suppression of
the classical Thl-related cytokine (IFN-y) and Th2-related cytokines (IL-4 and IL-5) [54].
Hougee et al. compared the effects of Bifidobacterium breve M-16V and Lactobacillus plan-
tarum NumRes8 in OV A-sensitized mice. Results showed that both bacteria reduced the num-
bers of eosinophils and lowered the levels of OV A-specific IgE, but only B. breve M-16V can
reduce the secretion of Th2-related cytokines (IL-4 and IL-5)[55].

According to our data, the oral administration of L9 shows a great ability to moderate
AHR, airway inflammation and a mixed Th2 and IL-17 response induced by PM, s and OVA
co-exposure. The cytokines produced in BALF show that L9 dose-dependently decreases the
Th2-related cytokines (IL-4, 5, 13) level, but increases the Th1-related cytokines (IFN-y).
These were similar to results observed in studies of probiotics to modulate ovalbumin (OVA)
induced asthma. Liu et al. investigated the anti-allergic effects of Lactobacillus plantarum K37
(K37) on airway hyper-responsiveness (AHR) and systemic allergic responses, and found that
K37 effectively alleviated the allergic responses in OVA-sensitized and challenged BALB/c
mice via improvement of the Th1/Th2 balance toward Th1 dominance [56]. In addition, our
previous study demonstrated that supplementation of L9 can protect against the development
of Bovine B-Lactoglobulin induced food allergies by modulating the intestinal Th1/Th2 im-
mune response [22]. Taken all together, L9 may attenuate the Th2-related allergic response by
balancing an imbalance of Th1/Th2.
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Moreover, the present data show that oral administration of higher dose of L9 significantly
decreases the level of IL-17 but increases the level of TGF-f in BALF. These results suggest that
L9 may attenuate the IL-17 related allergic response by inducing the production of Treg cells
and suppressing the differentiation of Th17 cells. Probiotics can stimulate the regulatory func-
tions of dendritic cells (DC) to produce various cytokines, such as IL-10 and TGF-f, which
promote the generation of CD4"25"Foxp3*Tregs [57-59]. Meanwhile, Foxp3 can inhibit the
RORyt-dependent transcription of IL-17 and the Th17 cell differentiation by directly binding
to RORyt [60]. Besides, the induction of CD4"25"Foxp3 " Tregs is also a process by which pro-
biotics can inhibit the differentiation of Th1 and Th2 cells, resulting in the suppression of the
Th2-type response [61]. Kim et al. proved that oral application of Lcr35 prevented the develop-
ment of allergic disease by suppressing Th2, Th17, and thymic stromal lymphopoietin (TSLP)
responses through a mechanism that may involve CD4"25"Foxp3*Tregs in MLNSs [18]. More-
over, according to our previous study, L9 was demonstrated to significantly increase the num-
ber of CD4%25"Foxp3*Tregs in the mesenteric lymph node (MLN) and to induce high levels
of TGF-P and IL-10 in the serum and lymphocyte supernatants from the MLN [22]. Thus, it
can be inferred that oral administration of L9 increases the production of TGF-f in the lung,
which may associated with induction of Tregs that contribute to the suppression of IL-17A
production and Th2 cell differentiation. However, the details of mechanisms remain to be
explored.

In summary, the higher dose of L9 (4x10° CFU/mouse per day) showed significant efficacy
to prevent exacerbation of lung inflammatory response in mice. Thus, L9 is a promising candi-
date for protection from and preventive treatment of allergic disease, especially for individuals
suffering from PM, 5 exposure enhanced pre-existing asthma.
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