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Abstract

Introduction

Low Clostridium leptum levels are a risk factor for the development of asthma. C. leptum
deficiency exacerbates asthma; however, the impact of early-life C. leptum exposure on

cesarean-delivered mice remains unclear. This study is to determine the effects of early-life

C. leptum exposure on asthma development in infant mice.

Methods

We exposed infant mice to C. leptum (fed-CL) and then induced asthma using the allergen

ovalbumin (OVA).

Results

Fed-CL increased regulatory T (Treg) cells in cesarean-delivered mice compared with

vaginally delivered mice. Compared with OVA-exposed mice, mice exposed to C. leptum +

OVA did not develop the typical asthma phenotype, which includes airway hyper-respon-

siveness, cell infiltration, and T helper cell subset (Th1, Th2, Th9, Th17) inflammation.

Early-life C. leptum exposure induced an immunosuppressive environment in the lung con-

current with increased Treg cells, resulting in the inhibition of Th1, Th2, Th9, and Th17 cell

responses.

Conclusion

These findings demonstrate a mechanism whereby C. leptum exposure modulates adap-

tive immunity and leads to failure to develop asthma upon OVA sensitization later in life.

Introduction
Asthma is a common, chronic respiratory disease that affects approximately 300 million people
worldwide. It is prevalent in more than 10% of the population in many industrialized countries
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[1]. Asthma is characterized by airway inflammation and airway hyper-responsiveness (AHR);
patients with asthma typically present with coughing, breathlessness, wheezing, and chest
tightening [2]. T helper (Th)2 cells secrete the cytokines interleukin (IL)-4, IL-5, and IL-13,
which play critical roles in the pathogenesis of asthma, stimulate immunoglobulin E produc-
tion, and enhance eosinophil accumulation [3]. Notably, the cytokine milieu in which T
lymphocytes are activated is one of the most critical elements in determining T helper differen-
tiation. IL-25 and IL-33 were recently recognized as playing a central role in immune deviation
toward pathogenic Th2 responses during the evolution of T helper effector cells [4,5]. Th1
secretions enhance neutrophilic infiltration, a hallmark of severe asthma, by inducing increased
production of neutrophil-attracting chemokines in the lung [6,7]. Th17 cells are characterized
by IL-17A, IL-17F, and IL-21 production; these cytokines also indirectly promote eosinophilic
infiltration and airway macrophage survival by enhancing Th2 responses and B cell differentia-
tion [8,9]. Increasing cellular immune network complexity, Th9 and Th22 cells are involved in
the pathological and physiological changes of asthma. Th9 cells, which mainly secrete IL-9, are
major contributors to the onset and progression of asthma inflammation; IL-9 is associated
with mucus hypersecretion, bronchial hyperreactivity, and increased Th2 cytokine expression
[10,11]. However, the exact mechanism of Th22 involvement in asthma development and
pathogenesis has not been elucidated [4]. In contrast, regulatory T cells (Treg cells, a CD4+

CD25+FOXP3+ subset) have inhibitory effects on asthma airway inflammation, inhibiting the
proliferation of other T cells [12]; it is believed they are mediated by cytokines such as tumor
growth factor beta (TGF-β) and IL-10 [13]. FOXP3 expression is considered a master regulator
of Treg inhibition function [14]. FOXP3 associates with other transcription factors, including
nuclear factor of activated T cells (NF-AT), augmenting Treg transcriptional machinery, cyto-
kine production, and protein expression [15,16].

Most of the current literature suggests that the gastrointestinal tract of a normal fetus is ster-
ile. During birth and rapidly thereafter, the infant’s gut is colonized by bacteria from the
mother and the surrounding environment. It is obvious that exposure at birth would differ
with the mode of delivery [17]. During vaginal delivery (VD), contact with the maternal vaginal
and intestinal flora is an important source for initiating bacterial colonization of the infant’s
gut. This direct contact is absent during cesarean delivery (CD), and non–maternally derived
environmental bacteria play an important role in the intestinal colonization of the infant’s gut
[18]. CD may alter gut bacterial flora, where VD newborns are colonized with beneficial bacte-
rial strains earlier than CD newborns, whereas CD infants may have abnormal primary gut
flora levels for up to six months after birth [19]. In addition, increased clostridia colonization is
associated with CD [20], altering microbial stimuli that may influence immune system matura-
tion and the development of antigenic tolerance, increasing the risk of asthma and other aller-
gic diseases [21].

Clostridium leptum is one of the most dominant three bacteria in the human gut; in adult
mice, it maintains the intestinal microecological balance, promotes immune maturation, and
increases Treg numbers to alleviate airway inflammation [22,23]. We speculated that early-life
exposure to C. leptum affects the development of allergen-induced pulmonary inflammation
later in life.

In this study, we sought to determine the role of CD and early-life C. leptum feeding (fed-
CL) on the development of allergic asthma (fed-CL before allergen sensitization and challenge).
The question arose because of the lack of data on the impact of CD and fed-CL in infants and
the lack of studies examining the effects of C. leptum on pulmonary inflammation in CD mice.
We found that early-life fed-CL in CD infant mice created an immunosuppressive environ-
ment that increased CD4+CD25+FOXP3+ Treg numbers and impaired T effector cells, includ-
ing Th1, Th2, Th9, and Th17 production and cytokine secretion in vivo following exposure to
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the allergen ovalbumin (OVA) after weaning. Taken together, our data suggest a mechanism
for C. leptum exposure during infancy that alters pulmonary immune responses and affects
asthma airway inflammation in the long term; nevertheless, the Treg increase was greater in
CD mice than in VD mice following fed-CL.

Methods

C. leptum preparation
C. leptum was purchased from Jilin Baoxin Biological Technology (Changchun, China). We
isolated the strain from a human fecal sample and stored it at −80°C. A single C. leptum colony
was grown in chopped meat broth (before use, 500 μg/mL cycloserine and 15 μg/mL cefoxitin)
for 24 h, harvested by centrifugation, and washed with phosphate-buffered saline (PBS). The
freshly prepared bacteria in PBS were used for oral feeding.

Preparation of CDmouse pups
Virgin female BALB/c mice (6–8 weeks old, 18–22 g) were obtained from the Jilin University
Animal Research Center and housed in a specific pathogen–free (SPF) facility in a 12-h/12-h
light/dark cycle with water and chow ad libitum. The mice were acclimated to the environment
for three days; three mice were housed with a male BALB/c mouse overnight between 6:00 PM
and 9:00 AM. Pregnancy was determined by the presence of a vaginal plug the next morning;
this was designated Gestational Day 1. Pregnant mice were killed by cervical dislocation on
Gestational Day 20, and caesarean section was performed to obtain the pups in a SPF barrier
environment, and the pups were transferred to postpartum (24–48 h after vaginal delivery)
female SPF mice that served as foster mothers. The experimental protocols were established
according to the National Institutes of Health Animal Research and Care guidelines and were
approved by the Jilin University ethics committee.

The effect of early-life fed-CL on Treg frequency and number
We examined the effect of fed-CL on Treg frequency and number in CD suckling mice as com-
pared with VD suckling mice. Eight-day-old CD and VD mouse pups were fed 108 colonies of
C. leptum in 100 μL PBS or PBS alone by gavage daily until weaned at 21 days old, and we ana-
lyzed the Treg frequency and number when the mice were 22 days old.

Asthma model and grouping
To investigate the influence of fed-CL in a subsequent early-life model of OVA-induced
asthma, we fed 8-day-old CD pups with C. leptum as described above before establishing an
OVA model of asthma. There were 25 mice in each of the four CD test groups: CL-fed, OVA-
sensitized (CD [C]/CL/OVA), vehicle-fed OVA-sensitized (C/-/OVA), CL-fed PBS-sensitized
(C/CL/-), vehicle-fed PBS-sensitized (C/-/-) (control) (Fig 1). C/CL/OVA and C/-/OVAmice
was sensitized by intraperitoneal injection with 10 μg OVA (grade V; Sigma-Aldrich, St. Louis,
MO, USA) and 200 μg aluminum hydroxide in 100 μL PBS when they were 22 days old and
boosted with the same reagent 14 days later. The control group of mice was injected with PBS.
On days 50, 51, and 52, the mice were challenged with 1% aerosolized OVA or PBS for 20 min.
On day 54, the mice underwent pulmonary function tests (PFT) and bronchoalveolar lavage,
and the mediastinal lymph nodes (MLN) and lungs were collected for the experiments.
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CD4+CD25+ and CD4+CD25– T cell isolation
CD4+CD25– responder T cells were isolated from the MLN of 6–8-week-old untreated mice;
CD4+CD25+ T cells were isolated from the MLN of fed-CLmice. Specifically, CD3+ T cells

Fig 1. Fed-CL increased Treg numbers in CDmice as compared with VDmice. (A, B) Flow cytometry measurement of total MLN Treg numbers and
frequency when mice were 22 days old; (C) the representative dot plots. Data are plotted as the means ± SD. ▲p < 0.05 vs. CDmice before fed-CL; $p < 0.05
vs. VD mice before fed-CL.

doi:10.1371/journal.pone.0141717.g001
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were purified from the MLN using a nylon wool column as previously described [24] and
applied to a MACS Treg Isolation Kit (Miltenyi Biotec, Auburn, CA, USA). CD4+CD25+ and
CD4+CD25- T cell purity following magnetic bead depletion were both>95%;>95% of the
CD4+CD25+ T cells were FOXP3+;<5% of the CD4+CD25- T cells were FOXP3+. As>95%
of the CD4+CD25+ T cells expressed FOXP3, we used magnetic bead depletion to isolate the
CD4+CD25+FOXP3+ cells as Treg cells.

Detection of induced Treg inhibitory activity
Enriched CD4+ T cells were sorted into the CD4+CD25+ Treg subset and the CD4+CD25–

responder T subset. The responder cells (2 × 105) were plated in 96-well U-bottom plates along
with the Treg cells at ratios of 1:1, 1:0.5, 1:0.25, and 1:0.125, or without any Treg cells (positive
control), and cultured for 72 h at 37°C in 5% CO2. A [3H]-thymidine pulse (1 μCi/mL) was
administered for the last 8 h of culture, after which proliferation was estimated by measuring the
radioactivity incorporated. The inhibition efficiency (%) was calculated as follows: [(counts per
minute [cpm] of positive control)—(cpm of experiment)/(cpm of positive control)] ×100.

Flow cytometry analysis
Single-cell suspensions from the MLN were prepared and enriched by nylon wool. Referring to
previous studies [25,26], we calculated the frequency of CD4+ CD25+FOXP3+ Treg cells in
individual samples, as well as that of the effector T cells Th1 (CD3+CD8–interferon [IFN]-γ+),
Th2 (CD3+CD8–IL-4+), Th9 (CD3+CD8–IL-9+), Th17 (CD3+CD8–IL-17A+), and Th22 (CD3+

CD8–IL-22+IL-17A–). Cells were stained in PBS containing 1% fetal calf serum with the follow-
ing antibodies (all from eBioscience): phycoerythrin (PE)-conjugated anti-CD4, fluorescein
isothiocyanate (FITC)-conjugated anti-CD25, and PE-Cy5–conjugated anti-FOXP3; PE-conju-
gated anti-CD3, allophycocyanin-conjugated anti-CD8, FITC-conjugated anti–IFN-γ, anti–IL-
4, anti–IL-9, anti–IL-17A, and PerCP-eFluor–conjugated anti–IL-22. Homotype-independent
antibody was used as the negative control. IFN-γ, IL-4, IL-9, IL-17A, and IL-22 intracellular
staining was performed after 4-h stimulation with 25 ng/mL phorbol 2-myristate 13-acetate,
1 mg/mL ionomycin, and 2 nmol/mL monensin (all from Sigma-Aldrich).

Detection of Foxp3mRNA by real-time PCR (RT-PCR)
Total RNA was extracted from lung tissue using TRIzol reagent (Invitrogen, Carlsbad, CA,
USA). Quantitative detection of the Foxp3 and the internal reference mouse glyceraldehyde
phosphate dehydrogenase (Gapdh) genes was carried out with SYBR Green–based quantitative
RT-PCR with MMLV reverse transcriptase (Promega, Madison, WI, USA) and gene-specific
primers. The primers used were as follows: Foxp3: (sense, S) 50-CTTATCCGATGGGCCATC
CTGGAAG-30 and (antisense, A) 50-TTCCAGGTGGCGGGGTGGTTTCTG-30 (112-bp prod-
uct); Gapdh: (S) 50-GCACAGTCAAGGCCGAGAA-30 and (A) 50-CCTCACCCCATTTGAT
GTTAGTG-30 (96-bp product). The RT thermal cycling reaction consisted of 70°C for 5 min,
42°C for 60 min, and 95°C for 5 min; the amplification thermal cycling reaction consisted of 40
cycles of 95°C for 30 s, 58°C for 30 s, and 72°C for 30 s. The results were analyzed using the
comparative threshold cycle value (2-ΔΔCT) method [27].

Enzyme-linked immunosorbent assay (ELISA) quantification of cytokine
production
Referring to previous studies [28,29], the concentrations of secreted IL-4, IL-5, IL-13, IL-9, IL-
22, IL-21, IL-23, IL-17A, IL-17F, IFN-γ, IL-10, TGF-β, IL-25, and IL-33 in the supernatants of
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the co-cultures were determined using the respective commercially available double-antibody
sandwich ELISA kits (all from eBioscience).

Airway resistance measurement
Dynamic lung resistance was measured using the flexiVent forced oscillation technique
(SCIREQ, Montreal, Canada). The mice were anesthetized, ventilated, and airway lung resis-
tance was measured in response to 0–50 mg/mL methacholine.

Bronchoalveolar lavage
Two days after the final OVA challenge, each mouse underwent bronchoalveolar lavage with
three aliquots of 250 μL PBS through a tracheal cannula. The collected bronchoalveolar lavage
fluid (BALF) was centrifuged at 4°C at 600 ×g for 10 min, and the supernatant was stored at
−70°C. The cells in each BALF sample were stained with trypan blue to determine the number
of viable cells. Aliquots of BALF were applied to glass slides for Wright staining. Macrophage,
eosinophil, lymphocyte, and neutrophil numbers in 200 cells per BALF sample were counted
in a masked manner.

Histological analysis and scoring
Lung tissues were fixed in 10% formalin overnight and paraffin-embedded. Tissue sections
(5 μm) were stained with hematoxylin–eosin for histological assessment under light micros-
copy in a masked manner. The scoring system used has been described previously [30]: 0, no
cells; 1, a few cells; 2, a ring of cells 1–cell layer deep; 3, a ring of cells 2–4-cell layers deep; and
4, a ring of cells>4–cell layers deep.

Statistical analysis
All data are presented as the mean ± standard deviation (SD). We assessed differences between
control and experimental groups by analysis of variance. We considered p< 0.05 to indicate
statistical significance.

Results

Fed-CL increased Treg cells in CD mice compared with VD mice
We analyzed Treg frequency and number to examine the effect of fed-CL on Treg cells in mice
delivered by different modes. Before fed-CL (when the mice were 8 days old), the Treg fre-
quency and number in CD weanling mice were significantly lower than that in VD weanling
mice. Continuous feeding with C. leptum for 14 days (i.e., up until the mice were 22 days old)
increased Treg frequency and number more in CD weanling mice as compared to VD weanling
mice (Fig 1); however, the difference was not significant.

Construction of the asthma model and lung tissue collection
Eight-day-old CD pups were fed with C. leptum as described above before we established an
OVA model of asthma. The asthma model was established when the mice were 52 days old,
and lung tissue samples were collected when the mice were 54 days old (Fig 2).
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Early-life fed-CL reduced airway responsiveness and cell numbers in
BALF of CD asthmatic mice
To investigate the effect of fed-CL in asthmatic infant mice, we fed 8-day-old CD mouse pups
with C. leptum and established an asthma model after they had been weaned (Fig 2), and ana-
lyzed the pulmonary function 48 h after the final OVA challenge day. Resistance to increasing
concentrations of methacholine gradually increased in the C/-/OVA and C/CL/OVA groups;
resistance in both groups was significantly higher than that in the C/-/- group (Fig 3A). In con-
trast, resistance of the C/CL/- group was similar to that of the C/-/- group; resistance of the C/
CL/OVA group was significantly reduced as compared to the C/-/OVA group (Fig 3A). Hence,
oral feeding with C. leptum attenuates allergic airway resistance in asthmatic mice. Following
the lung function tests, we collected and analyzed the BALF for cellularity. Total cell number,
eosinophils, neutrophils, lymphocytes, and macrophages were significantly increased in the
C/-/OVA mice (Fig 3B). In the C/CL/OVA group, the same cells were all noticeably decreased
as compared with that in the C/-/OVA group, and their numbers were higher than that in the
C/-/- and C/CL/- groups (Fig 3B). We further examined the effect of oral administration of C.
leptum on allergic lung inflammation in mice, examining lung tissue sections from individual
mice under hematoxylin–eosin staining. We observed airway epithelial hyperemia and edema,
many pulmonary goblet cells, and inflammatory infiltrates in the lungs of the C/-/OVA mice,
but not in the C/-/- and C/CL/- mice (Fig 3C and 3D). There was an obviously lower degree of
airway epithelial hyperemia and edema, fewer pulmonary goblet cells, and inflammatory infil-
trates in the lungs of the C/CL/OVA mice (Fig 3C and 3D).

Early-life fed-CL induced Treg cells in CD asthma mice
We assessed Treg (CD4+CD25+FOXP3+) levels to observe inhibition of inflammation in fed-
CLmice. Treg numbers and frequency in C/CL/- mice MLN were increased compared with
that of C/-/- mice (Fig 4A–4C). Conversely, Treg levels were significantly decreased in C/-/
OVA mice; that of C/CL/OVA mice were significantly increased compared with that of C/-/
OVA mice (Fig 4A–4C). RT-PCR investigation of the expression of the Treg-specific

Fig 2. Schematic of a mousemodel of early-lifeC. leptum ±OVA asthma. All analyses were carried out 48 h after the final protocol day. HE,
hematoxylin–eosin; AL(OH)3, aluminum hydroxide.

doi:10.1371/journal.pone.0141717.g002

Clostridium leptumCauses Pulmonary Immunosuppression

PLOS ONE | DOI:10.1371/journal.pone.0141717 November 13, 2015 7 / 15



transcription factor FOXP3 in whole lung tissue revealed increased Foxp3 expression in both
fed-CL groups relative to C/-/-. Foxp3 expression was increased in C/CL/OVA mice as com-
pared to C/-/OVA mice (Fig 4D). We performed a standard in vitro T cell inhibition assay to
define the function of the fed-CL–induced Treg cells. Fresh CD4+CD25+ Treg cells and CD4+

CD25– T cells were obtained from 6–8-week-old untreated BALB/c mice; induced CD4+CD25+

Treg cells were obtained from C/CL/- mice. In comparison to the fresh Treg cells, the induced
Treg cells had significantly improved inhibition function. In addition, the relative increase in
CD4+CD25+ Treg cells was accompanied by increased proliferation inhibition function; the
inhibition was strongest at a 1:1 ratio (Fig 4E). As expected, analysis of the cytokine content of
the cell-free BALF revealed significantly decreased Treg cytokines (IL-10, TGF-β1) in C/-/
OVA mice as compared with the C/-/- control. However, IL-10 and TGF-β1 were significantly
higher in C/CL/OVA mice as compared with C/-/OVA mice (Fig 4F and 4G).

Fig 3. Early-life fed-CL reduced airway responsiveness, BALF cell numbers, and inflammatory cell infiltration in CD asthmamice. (A) AHR
determined by airway resistance in response to inhaled methacholine (MeCh). (B) Total cell numbers and differential eosinophil (Eos), neutrophil (Neutro),
lymphocyte (Lymph), and macrophage (Mac) counts in BALF. Lung tissue sections were stained with hematoxylin–eosin to evaluate allergic inflammation.
(C) Representative images of lung tissue sections (original magnification, ×400). (D) Scoring of the extent of inflammation via quantitative analysis of
inflammatory cell infiltration in lung sections. Data are plotted as the means ± SD. ▲p < 0.05 vs. C/-/-;$p < 0.05 vs. C/CL/-; &p < 0.05 vs. C/-/OVA.

doi:10.1371/journal.pone.0141717.g003
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Fig 4. Early-life fed-CL increased Treg number and frequency. (A) Total numbers and (B) frequency of
Treg cells in the CDmouse early-life asthma model were measured by flow cytometry and (C) representative
flow dot plots. (D) Foxp3 gene expression in whole lung tissue. (E) In vitro assay measurement of Treg
inhibitory function. (F, G) ELISA detection of IL-10 and TGF-β1 in BALF. Data are plotted as the means ± SD.
▲p < 0.05 vs. C/-/-;$p < 0.05 vs. C/CL/-; &p < 0.05 vs. C/-/OVA; *p < 0.05 vs. fresh Treg cells.

doi:10.1371/journal.pone.0141717.g004
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Early-life fed-CL has an immunosuppressive effect
Th1, Th2, Th9, Th17, and Th22 lymphocytes are regularly associated with allergic asthma.
Therefore, we assessed the levels of these lymphocytes to study the effects of fed-CL on Th1,
Th2, Th9, Th17, and Th22 inflammation in a mouse asthma model. Th1, Th2, Th9, and Th17
were increased in C/-/OVA mice as compared to the control C/-/- mice, but were statistically
decreased in C/CL/OVA mice as compared with C/-/OVA mice (p< 0.05, Fig 5A). Neverthe-
less, Th1, Th2, Th9, and Th17 levels were all significantly higher in C/CL/OVA mice as com-
pared with C/-/- and C/CL/- mice (Fig 5A). Surprisingly, Th22 levels in C/-/OVA mice were
significantly decreased as compared with the C/-/- mice; there were no significant differences
between C/-/OVA and C/CL/OVA mice (Fig 5A). As expected, the cytokines of Th1 (IFN-γ),
Th2 (IL-4, IL-5, IL-13), Th9 (IL-9), and Th17 (IL-17A, IL-17F, IL-21, IL-23) were all signifi-
cantly increased in C/-/OVA mice as compared with the C/-/- mice (Fig 5B–5E); however, the
levels were all significantly lower in C/CL/OVA mice as compared with C/-/OVA mice (Fig
5B–5E). The Th22 cytokine IL-22 in C/-/OVA mice was significantly decreased as compared
with the C/-/- mice; there was no difference in IL-22 production in C/CL/OVA mice as com-
pared with C/-/OVA mice (Fig 5F). Furthermore, IL-5, IL-13, IL-17A, IL-17F, IL-21, and IL-23
levels in C/CL/OVA mice were higher than that in C/-/- mice, and IL-13, IL-9, IL-17A, IL-21,
and IL-23 levels in C/CL/OVA mice were higher than that in C/CL/- mice (Fig 5C–5E). IL-25
and IL-33 were recently recognized as being central to immune deviation toward pathogenic
Th2 responses during T helper cell evolution [4]. In our study, IL-25 and IL-33 were statisti-
cally increased in both C/-/OVA and C/CL/OVA mice as compared with the C/-/- mice, and
IL-25 and IL-33 levels were significantly lower in C/CL/OVAmice as compared with C/-/OVA
mice (Fig 5G).

Discussion
There are positive correlations between CD and the occurrence of asthma that presents during
childhood and lasts into adulthood [31]. The rate of childhood asthma has increased over
recent decades, particularly in the CD population [32]; this observation is supported by human
epidemiological studies showing that the incidence of asthma is lower in individuals exposed to
a greater diversity of bacteria at birth, i.e., vaginal vs. caesarian [21,33]. Indeed, there has been a
progressive increase in the rates of CD worldwide, which the World Health Organization has
reported as almost doubling in the last decade [34]. Several epidemiological studies have sug-
gested that asthma risk is increased in children born by caesarian section [35–37]. A meta-
analysis of 23 epidemiological studies concluded that asthma risk is 20% greater in children
born by caesarian section as compared to those born vaginally [34]. A recent cohort study
involving>37,000 Norwegian children concluded that children born by caesarian section have
significantly increased asthma risk when they are 36 months old [38].

In the presence of the commensal microbiota, Treg cells are abundant in the intestinal tract,
but are significantly decreased in germ-free animals. Treg numbers are normalized when the
microbiota is reconstituted in germ-free mice, and a mixture of clostridial species (cluster IV
and XIVa strains) appears to drive their development [39]. Clostridium-mediated induction of
Treg cells in the colon may be responsible for systemic immune responses. In our study, a sub-
stantial increase in Treg cells was observed in mouse liver, lung, and spleen within three weeks
of Clostridium inoculation. This finding suggests that Clostridium colonization in the intestine
also affects the extraintestinal immune status [40]. In addition, the altered Schaedler flora, a
defined group of eight bacterial strains that are common colonizers of mouse intestines and
that include a combination of Lactobacillus, Bacteroides, Flexistipes, and Clostridium species,
can be used to reconstitute the microbiota to re-establish Treg numbers [41,42]. Treg loss or
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Fig 5. Early-life fed-CL had an immunosuppressive effect. (A) MLN T helper cell subset levels. ELISA determination of (B) Th1, (C) Th2, (D) Th9, (E)
Th17, (F) Th22 cytokines, and (G) IL-25 and IL-33 protein levels in BALF. Data are plotted as the means ± SD. ▲p < 0.05 vs. C/-/-;$p < 0.05 vs. C/CL/-;
&p < 0.05 vs. C/-/OVA.

doi:10.1371/journal.pone.0141717.g005
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absence results in the development of asthma, which adoptive transfer of natural or induced
Treg cells can ameliorate [43]. Despite infants and young children representing a population
highly affected by both C. leptum and asthma, there are very few data on the relationship
between the two in the early stages of asthma development [40].

Allergic asthma is a chronic airway inflammation disease. In most asthma phenotypes,
there are increased levels of eosinophils, neutrophils, and other inflammatory cells in the tis-
sues, blood, and BALF. Compared with the control, there were increased total cell number,
eosinophils, neutrophils, lymphocytes, and macrophages in the BALF of OVA-sensitized mice.
Furthermore, there was aggravated inflammatory cell infiltration in lung tissues. We also
observed persistent AHR. Asthma is defined as a variable level of airway obstruction typically
accompanied by AHR; we measured airway resistance to monitor the effects of C. leptum on
AHR, and found that C. leptum inhibited the OVA-induced AHR in response to the inhaled
methacholine. The recruitment mechanisms of inflammatory cells associated with and pre-
sumably causing AHR are well-studied. Inflammatory cell migration in to the lung, specifically,
that of eosinophils, lymphocytes, and neutrophils, is a major contributor to the development of
allergic airway inflammation. Increased eosinophil numbers in the BALF and lung inflamma-
tory infiltrates is a characteristic of asthma. Our results clearly demonstrate that C. leptum sig-
nificantly reduces eosinophils, lymphocytes, and neutrophils in BALF and airway tissue
inflammatory infiltrates.

In this study, we demonstrated an immunosuppressive environment in the lung in
response to early-life fed-CL. Feeding weanling mice with C. leptum increased MLN CD4+

CD25+FOXP3+ Treg frequency and number. Additionally, there were decreased Treg
percentages in the lungs of OVA-sensitized mice. Quantitative and functional impairment of
pulmonary CD4+CD25+Foxp+ Treg cells in pediatric asthma patients has been observed, dem-
onstrating that CD4+CD25+FOXP3+ Treg cells can reverse established allergic airway inflam-
mation and prevent airway remodeling [44]. These findings all suggest that decreased IL-10
and TGF-β production causes impaired function of the local airway CD4+CD25+FOXP3+

Treg cells in this mouse model of asthma. As Treg cells inhibit disease-promoting immune
responses, enhancing Treg function is an attractive potential therapy for treating allergic
asthma. We also show that early-life fed-CL increased Treg numbers in the target tissue–associ-
ated lymph nodes, Foxp3 expression in the lung, and IL-10 and TGF-β1 levels in BALF. This
immunosuppression could have beneficial effects with respect to asthma airway inflammation.

Indeed, our data demonstrate alleviated allergic responses in mice that had been fed with
C. leptum as infants and then challenged with OVA during weaning. This was evidenced by
AHR and the decreased Th1, Th2, and Th17 cell numbers in MLN and related cytokines (IFN-
γ, IL-4, IL-5, IL-13, IL-17A, IL-17F, IL-21, IL-23) in the OVA-sensitized fed-CL adult mice.
Interestingly, OVA-challenged adult mice demonstrate a Th9-mediated response [44]; we
found that OVA challenge in infant mice also featured a dominant Th9 component. Therefore,
it is of little surprise that fed-CL plus OVA challenge inhibited the Th9 response as compared
with OVA challenge alone. Th22 cells are recent siblings of Th17 cells that predominantly pro-
duce IL-22 and represent a separate T helper subset with distinct gene expression and func-
tions. Recent evidence indicates that IL-22 plays an important role in the pathogenesis of
autoimmune diseases, including psoriasis, systemic lupus erythematosus, multiple sclerosis,
rheumatoid arthritis, and allergic diseases, implicating Th22 cells and IL-22 as potential thera-
peutic targets in autoimmune diseases [11,45]. Furthermore, researchers have only begun to
explore the role of IL-22 in allergy and asthma, but the effect of IL-22 is inconclusive. IL-22
attenuates the allergic response in the lungs of mice, demonstrating the negative regulatory
function of IL-22 in allergy [46]. IL-22 also appears important in the defense against severe
chronic rhinosinusitis, which often develops from allergic rhinitis and is associated with IL-22
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receptor polymorphisms [47]. Here, we show that OVA significantly decreases MLN Th22 fre-
quency and BALF IL-22 levels and that fed-CL does not affect Th22 frequency and IL-22. Fur-
thermore, previous studies found that B-cell expansion is required to induce Treg generation
and T-cell tolerance. Consequently, it has been speculated that B-cells play a role in the Treg
increase in mice with early-life C. leptum exposure [48,49].

In conclusion, we demonstrate that the immunosuppressive effects of fed-CL in infant mice
are partly due to the promotion of Treg differentiation. The presence of this inhibitory environ-
ment attenuated OVA-specific responses in the lung, leading to decreased overall inflamma-
tion and AHR. These findings illustrate a negative regulatory mechanism for asthma
development in the context of C. leptum with OVA during early life, illustrating the importance
of C. leptum in alleviating early-life asthma development.
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