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Abstract Our previous study has shown that oral supplementation with Lactobacillus
acidophilus KLDS 1.0738 could inhibit (3-lactoglobulin (3-1g) allergy. In this study, we
investigated the effect of L. acidophilus on the balance between T helper type 17
(Th17) cells and regulatory T cells (Treg) in allergic mouse model and explored the
participation of related signal transducers and activator of transcription (STAT) in this
process. Bovine 3-lg-sensitized mice received strains KLDS 1.0738 for 3 weeks. After
the allergen challenge, the percentages of Treg and Thl7 cells, cytokine and STAT
mRNA expression, and pSTAT protein levels were detected by flow cytometry,
quantitative RT-PCR, and western blot, respectively. The results showed that stimula-
tion with (3-lg increased the levels of IL-6, pSTAT3, and Th17 cells, but decreased the
levels of IL-2, pSTATS, and Treg cells compared to the controls (P<0.05). However,
oral administration of L. acidophilus KLDS 1.0738 suppressed (3-Ig-induced inflam-
matory and improved the Treg/Th17 imbalance. In addition, L. acidophilus-treated
group presented decrease in pSTAT3 activation, SOCS3, and IL-6 level, but increase in
STATS5a/b, CD25, and IL-2 mRNA expression. These findings suggest that
L. acidophilus could regulate 1L-6/STAT3 and IL-2/STATS pathway, which may be
responsible for the Treg/Th17 imbalance in 3-lg-sensitized mice.
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1 Introduction

Cow’s milk allergy (CMA) is a complex inflammatory disease in which CD4"
T helper (Th) cells play a central role (Giovanna et al. 2012). In addition to the
general paradigm of Th1/Th2 immune regulation, the current study showed that
two additional Th cell subsets, interleukin 17 (IL-17)-producing Th17 cells and
regulatory T cells (Treg), were also partially responsible for the development of
allergic inflammation (Palomares et al. 2010; Zhao et al. 2010). Therefore, a
better understanding of the roles of Treg and Th17 cells may provide insights
into effective CMA control.

Most evidence demonstrated that the STAT pathways were involved in Th
cell differentiation (Saleh et al. 2009; Chen et al. 2007) and correlated with the
inflammatory process (Minegishi et al. 2007). Among the STAT family of
proteins, STAT3 was reported to promote Thl7 differentiation, including the
induction of Thl7-related cytokine production, RORyt and ROR«x (Harris et al.
2007). In addition, STAT3 might be activated by most proinflammatory agents
in the proallergic milieu, such as IL-6 (Yang et al. 2007). Mori et al. (2011)
showed that the IL-6/STAT3 pathway was critical in chronic intestinal inflam-
mation by facilitating Th17 cells and restraining Treg. In contrast, STATS was
activated by IL-2 and was indispensable in maintaining Treg homeostasis and
self-tolerance (Laurence et al. 2007; Yao et al. 2006). Burchill et al. (2007)
indicated that STATS5a/b promoted Treg development and maintenance through
regulation of both forkhead box P3 (Foxp3) and CD25 expression. More
recently, Wang et al. (2012) suggested that the Th17/Treg imbalance caused
by nasal polyposis was positively correlated with STAT3/STATS activation.
However, it is not yet known whether IL-6/STAT3 and IL-2/STATS5 pathways
might contribute to the Th17/Treg imbalance in CMA.

Lactobacilli have beneficial effects on T-cell-mediated inflammatory diseases.
Previous research reported that probiotics could prevent food allergy by im-
proving the Th1/Th2 imbalance (Kim et al. 2008). Recent studies indicated that
application of lactobacilli could attenuate airway hyperreactivity by induction of
Tregs in a mouse model of asthma (Jan et al. 2012; Karimi et al. 2009). We
also showed Lactobacillus acidophilus strain KLDS 1.0738 had the ability to
suppress the (-lg allergic symptoms and Th17 cytokine production (Li et al.
2013). Moreover, some studies focused on the effect of probiotics on activating
the cytokine-mediated STAT pathways to regulate the immune responses.
Miettinen et al. (2000) reported that L. rhamnosus GG ATCC 53103 could
induce Thl cytokine production through the NF-kB and STAT pathways in the
macrophages. Jandu et al. (2009) found that L. helveticus prevented IFN-y-Jakl
and 2-STAT-1 activation in Escherichia coli O157:H7-infected cells. However,
whether lactobacilli might modulate STAT signaling in response to the
Th17/Treg development in [(3-lg-sensitized mice is currently unknown. There-
fore, the aim of this research is to evaluate the relationship between STAT
pathways and the imbalance of Treg/Thl7 in [(3-lg sensitized mice and to
analyze the effect of L. acidophilus on the activations of STAT3 and STATS.
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2 Materials and methods
2.1 Mice and bacteria

Six-week-old BALB/c mice were purchased from the Harbin Veterinary Research
Institute (Harbin, China) and raised in normal husbandry environment. The mice were
fed a milk-free standard diet and provided with water ad libitum. All animal experi-
ments complied with the rules of the Care and Use of Laboratory Animals of Northeast
Agricultural University.

The L. acidophilus KLDS 1.0738 used in this study was obtained from the Key
Laboratory of Dairy Science, Ministry of Education (Northeast Agriculture University,
China). The bacteria were incubated at 37 °C in Man-Rogosa-Sharpe broth until they
reached a concentration of 5x 10° CFU/mL. The bacteria cells were collected by
centrifugation (4000 g, 10 min), washed three times with sterile distilled water, and
heat-killed at 100 °C for 20 min. Then, the treated organisms were lyophilized and
suspended in 0.9% sterile saline.

2.2 Experimental groups

Animal experiments were carried out as described previously with minor modifications
(Li et al. 2013). As shown in Fig. 1, BALB/c mice were randomly divided into three
groups: 3-lg allergy mice ([3-Lg) were sensitized by intraperitoneal injection of 50 ug
[3-lg (Sigma-Aldrich, USA) adsorbed on 2 mg aluminum hydroxide (Sigma) at days 7,
14, and 21; L. acidophilus-treated mice (LR) were intragastrically administered with
200 pL of L. acidophilus suspension (2.5 mg/animal) three times a week from days 1 to
21; control mice (Con) were treated with 0.9% sterile saline. On day 25, the mice were
orally challenged twice with 20 mg (3-lg or saline solution, and then all the animals
were sacrificed in 2 h after the last 3-1g challenge. The blood, lung, colon, and spleen
tissues were subsequently collected.

Oral administration of L. acidophilus suspension

2 2 R

BALB/c 0 : }4 %1 2I.5 days

6-weeks-old: | I I |
T T T T

Sensitization with 50 ug B-lg + 2mg Al(OH); v

Oral challenge

Fig. 1 Schedule for immunization with (3-lg and oral administration of Lactobacillus acidophilus KLDS
1.0738. Mice were sensitized by intraperitoneal injection of with 3-1g once a week for 3 weeks. L. acidophilus
KLDS 1.0738 (dose of 2.5 mg/mouse) was administered orally three times a week from days 1 to 21. As a
control, 200 pL of distilled water was administered. Oral challenge with and without (3-1g was carried out on
day 25
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2.3 Eosinophil counts

The blood samples were collected and the plasma was obtained. The cell counts were
performed using a hemacytometer under light microscope after staining with eosin-
acetone diluent.

2.4 Histological analysis of the colon and lung tissues

The colon and lung tissues were removed and fixed in 10% formalin, and then the
specimens were dehydrated and embedded in paraffin. The paraffin sections were
stained with hematoxylin and eosin (HE). Pathological alterations in the lung and
colon tissues were assessed under a light microscope.

2.5 Flow cytometric analysis

Single-cell suspensions were prepared from spleens by injecting PBS into the tissues,
and the erythrocytes were lysed before the samples were subjected to flow cytometric
analysis. To detect the Treg, FITC-labeled anti-CD4 and PE-labeled anti-CD25
(eBioscience, USA) were used for cell surface staining, and APC-labeled anti-Foxp3
(eBioscience, USA) was applied for intracellular staining after fixation and perme-
abilization. To detect the Th17 cells, the cells were first surface-stained with FITC-
conjugated CD4 Abs, then fixed and permeabilized according to the kit manual, and
finally stained intracellularly with APC-conjugated IL-17A Abs. After washing three
times with PBS, the cells were resuspended and processed with a FACS flow cytometer
equipped with Cell Quest software (BD FACS Aria" Cell Sorter, USA).

2.6 RNA isolation and real-time PCR

Total RNA was isolated from the spleen tissues using the RNA simple Total RNA kit
(Tiangen, China), and cDNA was synthesized using the cDNA RT reagent kit (Takara,
China). The STAT3, STAT5a/b, SOCS3, CD25, IL-2, and IL-6 message expression
levels were quantified using the ABI 7500 Real-Time PCR System (Applied Bio
systems, USA). Amplification was performed in a total volume of 25 uL for 40 cycles,
and the products were detected using SYBR Premix Ex Taq' 1I (Takara, China). The
sequences of the specific primers used in the PCR are shown in Table 1 and the mRNA
expression in each group were normalized to the level of (3-actin housekeeping genes
using the 2~°““" method and represented as the fold induction.

2.7 Extraction of the tissue protein and western blot analysis

Proteins from the CD4 T cell fraction were extracted with RIPA lysis buffer (Solarbio,
China) and the concentration was detected using BCA kit (Solarbio, China) following
the manufacturer’s protocol. The samples containing 25 pg of protein were boiled,
separated by polyacrylamide gel electrophoresis, and transferred to a polyvinylidene
fluoride membrane. The membrane was allowed to react with polyclonal anti-GAPDH,
rabbit anti-STAT3, anti-phospho-STAT3 (Tyr), anti-STATS, and anti-phospho-STATS
(Tyr) (Cell Signaling, USA). After incubation with a horseradish peroxidase (HRP)-
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Table 1 Primers used for real-time PCR

Name Sequence (5" — 3')
STATSa Forward primer AAGATCAAGCTGGGGCACTA
Reverse primer ATGGGACAGCGGTCATAC
STATSb Forward primer CGAGCTGGTCTTTCAAGTCA
Reverse primer CTGGCTGCCGTGAACAAT
STAT3 Forward primer CAAAACCTCAAGAAGCCAAGG
Reverse primer TCACTCACAATGCTTCTCCGC
CD25 Forward primer ACACCTGTAAGCCCAGCTCT
Reverse primer TGGAAAGGTTGAGGGGTAAG
SOCS3 Forward primer GAAGACCAAGTTCATCTGTGTG
Reverse primer GTAGCACACTCCGAGGTCAGAT
IL-6 Forward primer GATGCTACCAAACTGGATATAATC
Reverse primer GGTCCTTAGCCACTCCTTCTGTG
L2 Forward primer CACATTTGAGTGCCAATTCGAT
Reverse primer GCGCTTACTTTGTGCTGTCCTA
{3-actin Forward primer CGCAAAGACCTGTATGCCAAT
Reverse primer GGGCTGTGATCTCCTTCTGC

conjugated anti-rabbit antibody, the membrane was incubated with ECL chemilumi-
nescence reagent (TransGen Biotech, China), and the film was exposed to the
membrane.

2.8 Statistical analysis

All data in the text and figures were presented as the means=standard deviation
(means = SD). One-way ANOVA was performed for detection of significant differences
among the groups. The statistical analysis was carried out using the multiple compar-
ison test (SPSS17.0 software). P values<0.05 were considered significantly different.

3 Results

3.1 Effect of L. acidophilus on eosinophil counts and histologic characteristics
of 3-lg-sensitized mice

As shown in Fig. 2a, (3-Ig allergen caused eosinophil-rich inflammation in allergic
mice. In contrast, treatment with L. acidophilus decreased the percentages of eosino-
phils in the blood of sensitized mice.

The severity of allergy symptoms was further investigated by means of histopathol-
ogy. Bovine (3-lg challenge led to inflammatory cell infiltrates into the lung and the
colon tissues of sensitized mice. However, decreased inflammatory responses were
observed in L. acidophilus-treated group (Fig. 2b, c).
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Numbers of eosinophils (106/mL)

i

Fig. 2 Effect of L. acidophilus treatment on the eosinophil counts, colon, and lung architecture in (3-lg allergy
mice. Mice were sensitized with (3-1g (3-Lg) on days 7, 14, and 21. L. acidophilus was given orally to the mice
(LR) from day 1 to day 21. After antigen challenge, blood samples were prepared and the eosinophil counts
were performed (a). Histological sections of murine colons (b) and lung tissues (¢) were stained with HE
(400 magnification). The data are the means +S.D. (1= 6); *P <0.05 versus control group, *P<0.05 versus
B-lg group

3.2 Effect of L. acidophilus on the Th17/Treg imbalance in (3-lg-sensitized mice

In agreement with our previous study, the (3-lg challenge caused the frequencies of the
Th17 cells (CD4'TL-17/CD4" T cells) to increase and the frequencies of the Treg
(CD4"CD25 Foxp3" T cells) to decrease in the allergic mice compared to the controls

=INRA

== SCIENCE & IMPACT

@ Springer



Lactobacillus acidophilus regulates STAT3 and STATS signaling 507

(P<0.05). Subsequently, the effect of L. acidophilus on regulating the Treg/Th17 cell
differentiation was assessed. As shown in Fig. 3, in L. acidophilus-treated mice, the
numbers of Th17 in CD4" splenocytes were lower and the numbers of Treg cells were
higher than those of (3-lg-sensitized mice (P <0.05). Furthermore, the Th17/Treg ratio
was increased in the spleens of allergic mice compared with the controls, whereas the
Th17/Treg ratio of the L. acidophilus-treated group was reduced to 0.84+0.27.

3.3 Effect of L. acidophilus on signal transduction in (3-lg-sensitized mice
We next detected the mRNA expression of correlative signaling caused by the

Treg/Th17 responses in the spleens of mice from each group. As shown in Fig. 4,
the splenic STAT3, SOCS3, and IL-6 mRNA levels were increased, but the STATS,
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Fig. 3 Effect of L. acidophilus administration on the Treg and Th17 cell populations in (3-lg-induced allergic
mice. The splenocyte CD4" cells from each group were stained by surface antibodies followed by intracellular
antibodies as described in methods. a The percentages of Th17 in CD4  cells in the spleens; b the percentages
of Tregs in the CD4 cells in the spleens; ¢ the ratio of Th17 cells to Treg cells. The data are the means +S.D.
(n=6); *P<0.05 versus control group, “P<0.05 versus f-lg group
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Fig. 4 Effect of L. acidophilus on related cytokine and STAT signal mRNA expression in the spleen of 3-lg-
sensitized mice. The relative levels of a IL-6, b IL-2, ¢ STATSa, d STAT5b, e STAT3, f CD25, and g SOCS3
mRNA in the spleens of mice from each group were calculated and expressed at the percentage of mRNA to
B-actin. The data are means+S.D. (n=6); *P<0.05 versus control group, “P<0.05 versus B-lg group

CD25, and IL-2 mRNA levels were decreased in the (3-1g allergy group compared to
the controls (P<0.05). However, oral consumption of L. acidophilus showed a ten-
dency to inhibit the upregulation of STAT3 and IL-6 mRNA expression and prevent the
downregulation of STAT5a/b and IL-2 levels in sensitized mice.

3.4 Effect of L. acidophilus on the STAT pathways in the sensitized mice

First, 3-Ig challenge induced a transient phosphorylation of STAT3 in the spleen tissues
of the sensitized mice (Fig. 5). The time-course examination revealed STAT3
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Fig. 5 A time-course change of pSTAT3 level in mouse spleen tissues. After antigen challenge, the pSTAT3,
STAT3, and GAPDH protein samples from the spleens at different time points (1, 3, 6, and 12 h) were
subjected to western blot analyses. a The conventional western blots of pSTAT3 (upper), total STAT3
(middle), and GAPDH (lower); b the expression of pSTAT3/STAT3. Data are the means+S.D. (n=06);
*P<0.05 versus control group

phosphorylation was increased at 3—6 h and returned to the baseline at 12 h. At the
same time, the levels of pSTAT3 were lower in L. acidophilus-treated group. On the
other hand, the phosphorylation of STATS was decreased at 3—6 h after oral antigen
challenge (Fig. 6). Meanwhile, the pSTATS in the spleen tissues of L. acidophilus-
treated group was increased compared to allergy group (P<0.05).

4 Discussion

Recently, the Treg and Th17 cells were shown to be associated with the initiation and
perpetuation of inflammation (Bettelli et al. 2006; Cheng et al. 2008; Xie et al. 2010).
In previous study, we found the Th17/Treg imbalance was involved in 3-lg allergy,
characterized by proliferation of inflammatory cells and predominantly Th17 response
in sensitized mice (Li et al. 2014). Recently, some studies speculated that activation of
STAT3 and STATS might be closely related to the generation of the Treg and Th17 cells
and the pathogenesis of allergic disease. Paul et al. (2009) reported the role of STAT3,
IL-6, and SOCS3 in the ovalbumin-induced mouse model of asthma. Wei et al. (2008)
revealed that STAT3 was indispensable in Th17 cell maintenance. In this study, we
further found the challenge with 3-LG induced a time-dependent increase in STAT3
phosphorylation, as well as an increase in IL-6, SOCS3, and STAT3 mRNA expression
levels. Those may be the signal leading to Th17 differentiation in 3-lg-sensitized mice.
Furthermore, the transient decrease of phosphorylated STATS and lower CD25 and IL-
2 mRNA levels also occurred in the spleens of the allergic mice. Laurence et al. (2007)
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Fig. 6 A time-course change of pSTATS level in mouse spleen tissues. After antigen challenge, the pSTATS,
STATS, and GAPDH protein expression profiles at different time points (1, 3, 6, and 12 h) were subjected to
western blot analyses. a Representative western blots of pSTATS (upper), total STATS (middle), and GAPDH
(lower). b The levels of pSTATS5/STATS. Data are the means +S.D. (n=6); *P <0.05 versus control group

provided evidence that IL-2 and STAT5a/b were the key regulators of Treg and served
to constrain Th17 polarization. Yang et al. (2011) reported that the induction of STATS5
binding by IL-2 was beneficial to STAT3 suppression. Thus, this study suggests that the
activation of IL-6/STAT3 pathway might be involved in the progression of (3-1g allergy.
In addition, the diminishing of IL-2/STATS pathway might further inhibit Treg differ-
entiation but promote Th17 development in allergic mice.

Subsequently, we observed that oral administration of L. acidophilus KLDS 1.0738
suppressed (3-lg-induced inflammatory, including alleviating eosinophil inflammatory
influx and the severe histologic features in the colons and Iungs of the sensitized mice.
It was previously shown that L. acidophilus treatment could increase the Treg-related
cytokines and transcription factor production (IL-10, TGF-31, Foxp3) but suppress the
Th17-type levels (IL-17A, RORyt) (Li et al. 2013). In this study, addition of
L. acidophilus to 3-lg-immunized mice could significantly upregulate the number of
Treg cells and downregulate the number of Th17 cells compared with the allergy group
(P<0.05). These results supported that the anti-allergy effects of L. acidophilus were
associated with a reversal of the Th17/Treg imbalance toward the Treg dominance.
Some research showed that JAK-STAT signaling pathway modulation by probiotic
might have important effects on alleviating the severity of inflammatory. For instance,
Sun et al.(2005) indicated that the expression of IL-12 and STAT 4 could be greatly
increased by the peptidoglycan derived from Lactobacillus sp. Lee et al. (2010)
demonstrated that the probiotic administration-induced SOCS expression through the
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STAT1/STAT3 pathway could inhibit Helicobacter pylori infection. This study showed
that application of L. acidophilus led to enhancement of CD25 and IL-2 mRNA
expressions, accompanied with upregulation of STATS mRNA. In contrast, IL-6 and
STAT3 expression in L. acidophilus-treated group were lower than those in allergy
group. Similar to the results of mRNA trends, the phosphorylation of both STAT3 and
STATS transiently occurred in response to the distinct cytokines after L. acidophilus
stimulation. Low levels of pSTAT3 and high levels of pSTATS were consistent with
increased Treg numbers and decreased Th17/IL-17 numbers in L. acidophilus-treated
group. Therefore, IL-2/STATS pathway induced by L. acidophilus may be a potent
negative regulator of Th17 differentiation in CMA.

In conclusion, the increase of the IL-6/STAT3 pathway may contribute to the
Th17/Treg imbalance caused by (3-lg allergy. The Treg-dominant immunity stimulated
by L. acidophilus may be positively correlated to the IL-2/STATS pathway. However,
this study was limited because the JAK-STAT pathways served as a major cytokine
signaling pathway which was involved in many biological processes. Therefore, further
studies are recommended to explore the anti-inflammatory mechanism of
L. acidophilus, which will be helpful in application of probiotics to prevent various
allergies.
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