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Abstract

Background: Hygiene hypothesis demonstrates that the lack of microbial exposure would promote the development of
allergic airway disease (AAD). Therefore, the gut microbiota, including Escherichia coli (E. coli), would probably offer a
potential strategy for AAD.

Objective: To investigate whether E. coli infection is able to suppress the induction of AAD and to elucidate the underlying
mechanisms.

Methods: Nonpathogenic E. coli ATCC 25922 was infected by gavage before AAD phase in three patterns: 108 or 106 CFU in
neonates or 108 CFU in adults. Then mice were sensitized and challenged with ovalbumin (OVA) to induce allergic
inflammation in both the upper and lower airways. Hallmarks of AAD, in terms of eosinophil infiltration and goblet cell
metaplasia in subepithelial mucosa, Th2 skewing of the immune response, and levels of T regulate cells (Tregs), were
examined by histological analysis, ELISA, and flow cytometry, respectively.

Results: E. coli, especially neonatally infected with an optimal dose, attenuated allergic responses, including a decrease in
nasal rubbing and sneezing, a reduction in eosinophil inflammation and goblet cell metaplasia in subepithelial mucosa,
decreased serum levels of OVA-specific IgE, and reduced Th2 (IL-4) cytokines. In contrast, this effect came with an increase of
Th1 (IFN-r and IL-2) cytokines, and an enhancement of IL-10-secreting Tregs in paratracheal lymph nodes (PTLN).

Conclusion: E. coli suppresses allergic responses in mice, probably via a shift from Th1 to Th2 and/or induction of Tregs.
Moreover, this infection is age- and dose-dependent, which may open up novel possibilities for new therapeutic
interventions.
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Introduction

Allergic airway disease (AAD), such as allergic rhinitis, asthma,

and so forth, is reversible and chronic atopic disorders, resulting

from complex immunological interactions between genetic

susceptibility and environmental factors [1,2]. More recently,

mounting body evidence illustrates that the upper and lower

airways share common pathologies and mechanisms, accounting

for allergen specific T-helper (Th) 2 lymphocyte proliferation with

concomitant excessive Th2 cytokines interleukin (IL)-4 and so

forth [3,4]. The skewing of Th2-like immune responses also

includes eosinophil inflammation and goblet cell metaplasia in

subepithelial mucosa, as well as increased serum levels of allergen-

specific immunoglobulin (Ig) E, all synthetically contributing to

allergic airway inflammation [5–7]. In recent decades, the

prevalence of AAD has dramatically increased worldwide, drawing

global public health attention [1,2]. Meanwhile, there are notable

disparities in the prevalence of allergic rhinitis and asthma

between developed and developing countries, and between urban

and rural areas in the same country [8–9].

Hygiene hypothesis has demonstrated that the overly hygienic

lifestyle leads to a gradual disappearance of the gut microbiota,

thus disturbing the balance of our immune system and contrib-

uting to AAD epidemic [8–11]. Although the exact mechanism

has not been well understood, growing researches in those areas

including epidemiology, experimental and preliminary clinical

studies [12–14] have all demonstrated that exposure to certain

microbiota or their products during neonatal or early childhood

possess important and far-reaching significance for the prevention

and protection against AAD. Recently, Blaser and Falkow [15]

declared that it was the lack of our ancestral indigenous microbiota

associated with the prevalence of AAD, rather than a general
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decline in arbitrary infections. Additionally, some studies [16,17]

postulated that the mucosal surfaces of the nose, the lung and the

gut were particularly interacted because they were predominant

sites of microbial infection, and jointly played a role in modulating

allergic responses. For this reason, the gut microbiota has been

inferred to possess strong immunomodulatory properties nega-

tively associated with allergic airway inflammation.

Escherichia coli (E. coli) is the main and most prevalent gut

microbiota that persistently colonizes in the intestine of human

and many animals known as enterobacteriaceae [18], whose rapid

disappearance is epidemiologically linked to the development of

allergic diseases [19,20]. Actually, E. coli consists of a diverse group

of bacteria, most of which is harmless and an important part of a

healthy human intestinal tract by producing vitamin K2 and by

preventing the establishment of pathogenic bacteria [21]. E. coli

ATCC 25922 is a nonpathogenic strain of E. coli, which is BSL-1

certified to make it useful for various laboratory experiments [22].

It is not only well-characterized as a control Gram-negative

bacterium, but most widely studied as a prokaryotic model

organism in the fields of biotechnology and microbiology served as

the host organism [23,24].

As yet, to the best of our knowledge, no study has been

conducted to elucidate the contribution of E. coli in vivo to allergic

rhinitis and/or asthma. Therefore, herein we adopted E. coli

ATCC25922 by three approaches of intestinal infection prior to

ovalbumin (OVA)-induced allergic airway inflammation in mice,

examined its immunomodulatory efficacy, as well as elucidated the

underlying mechanisms. We aimed to provide experimental

evidence for the beneficial effect of E. coli against AAD, and to

consider how our knowledge of these inverse interactions to be

harnessed to improve people’s health.

Materials and Methods

Animals and Reagents
Specific pathogen free (SPF) female Balb/c mice when 4,5

days and 4,5 weeks of age were obtained from Shandong

University School of Medicine (Jinan, China) and maintained

under SPF conditions with free access to sterile water and food in

individual ventilated cages. All experiments were approved by the

Animal Care Committee of Shandong University (NO. ECAES-

DUSM 20123011).

E. coli (ATCC, 25922, USA) was used in this study for in vivo

experimentation. OVA (Sigma-Aldrich, A5503, USA) as the

allergen, and aluminum hydroxide (Thermo Scientific Imject

Alum, 77161, USA) as the immunologic adjuvant were obtained

for sensitization & challenge. Staining reagents of Wright-Giemsa

and alcian blue-periodic acid Stiff come from YiLi Bioscience and

Technology (Beijing, P.R. China). Serum OVA-specific IgE

(Chondrex Assay Kit, 3010, USA) was assayed to aid the diagnosis

of the allergic state. Mouse IL-4, IL-10, IFN-gamma (IFN-c) and

IL-2 enzyme-linked immunosorbent assay (ELISA) kits

(eBioscience, 88-7711, USA) and regulatory T cell staining kit

(eBioscience, 88-8115, USA) were all purchased from eBioscience.

Study Design for Infection, Sensitization and Challenge
To assay the effects of E. coli on OVA-induced allergic

inflammation, Balb/c mice were divided into five groups (Fig. 1):

(A) (uninfN+PBS) as the control group, neonatally uninfected mice

were sensitized & challenged with PBS instead. (B) (uninfN+OVA)

as AAD model group, neonatally uninfected mice were sensitized

& challenged with OVA. (C) (108infN+OVA) group, neonatal

mice were infected with 108 colony-forming units (CFU) E. coli by

gavage and then sensitized & challenged with OVA. (D)

(106infN+OVA) group, neonatal mice were infected with a lower

dose of oral 106 CFU E. coli and then sensitized & challenged with

OVA. (E) (108infA+OVA) group, adult mice when 4,5 weeks of

age were infected with oral 108 CFU E. coli and then sensitized &

challenged with OVA. In our preliminary experiments, we have

performed the control group of the adult mice, but we did not find

any statistical differences between the controls of the neonatal

mice and that of the adult mice in pathologic analysis or immune

responses. Considering that there were no positive results between

the controls, thus we dropped the assessment of the controls of

adult mice in our study. Each experimental group consisted of 10

animals.

The detail experimental protocol was as following: without on

need of anesthesia, mice in a sober state of nature were intragastric

(i.g.) administrated with 100 ml volume of live E. coli ATCC 25922

on days 0, 5, 10, 15, 20, 25 and 30, using an 8-gavage needle

tightly connected to a 1 ml syringe interface. Mice were infected

with approximately 108 or 106 CFU live E. coli as neonates

(108infN, 106infN) or 108 CFU as adults (108infA), along with two

neonatally uninfected (uninfN) groups with PBS by gavage instead.

After 5 days following E. coli treatment, mice were induced allergic

airway inflammation as previously described with slight modifica-

tion [25,26]. All mice apart from one neonatally uninfected group

were sensitized with 200 ml volume of 40 mg OVA & 2 mg Alum

dissolved in PBS by intraperitoneal (i.p.) injection on days 36, 38,

40, 42, 44, 46 and 48, and then observed for 1 week. Hereafter on

days from 56 to 62, mice in a plexiglas exposure chamber were

challenged by inhalation of 5% OVA aerosols generated by an

ultrasonic nebulizer at a flow rate of 6 L/min for 30 min, and then

immediately were intranasally (i.n.) infused with 20 ml 5% OVA

each day. Mice in the separate neonatally uninfected group were

sensitized & challenged by PBS instead of OVA. After 24 h of the

final challenge, all mice were sacrificed to collect samples.

Measurement of Allergic Symptoms
Allergic symptoms were evaluated by counting the frequency of

nasal rubbing and sneezing per mouse for 10 min, immediately

after the last OVA challenge in a blinded manner by five observers

as previously described [27].

Cell Counts for Nasal Lavage Fluid (NALF) and
Bronchoalveolar Lavage Fluid (BALF)

Mice were sacrificed after 24 h of the final allergen challenge.

The nasal sections from nasopharynx to the nostril, and the lungs,

were perfused with 0.4 ml63 times PBS containing 1% fetal

bovine serum (FBS) after partial tracheal resection using 22-gauge

catheters, and then NALF and BALF were collected. Lavage fluids

were centrifuged at 2500 rpm for 7 min at 4uC. After centrifu-

gation, lavage supernatant of each mouse was separated and

stored at 280uC until the further analysis. Lavage cells were

collected and resuspended in 150 ml PBS containing 1% FBS.

Total lavage cell numbers were evaluated using a hemocytometer.

For different cell counts, cytospin preparations were made and

stained with Wright-Giemsa, and differentiated into monocytes,

eosinophils, lymphocytes, and neutrophils by standard morphol-

ogy [28]. At least 300 cells of per cytospin preparation were

counted at 6400 magnification under a light microscope (Leica,

USA) and absolute numbers of every cell type were calculated.

Hematoxylin and Eosin (HE) Staining for the Nasal
Mucosa and Lung

After 24 h of the final challenge, all animals were sacrificed

using a lethal dose of 10% chloral hydrate. The nasal tissues and
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lung were removed per mouse and fixed in 10% neutral buffered

formalin for 36 h. After fixation, the nasal tissues still needed to be

decalcified with 10% EDTA solution for 1 week. Samples were

embedded in paraffin, and sections were all prepared at a thickness

of 4 mm.

Sections of the nasal tissues, which were coronally at a distance

of 5 mm from the nasal vestibule, were stained with HE to

calculate numbers of eosinophils in subepithelial mucosa of the

nasal septum through a light microscope at 6400 magnification.

Inflammation scores in the lung were conducted using a

reproducible scoring system as previously described [29]. Briefly,

scores were set up and ranged from 0 to 3 based on the levels of

peribronchial and perivascular inflammation across main bron-

chus. The values were given as follows: 0 for no inflammation; 1

for occasional cuffing with inflammatory cells; 2 for most bronchi

or vessels surrounded by thin layer (1 to 5 cells) of inflammatory

cells, and 3 for most bronchi or vessels were surrounded by a thick

layer (more than five cells) of inflammatory cells. For quantifying

numbers of eosinophils in the nasal mucosa and lung, five tissue

sections of per mouse were randomly selected and carefully

assessed in a blinded fashion.

Alcian Blue and Periodic Acid Schiff (AB-PAS) Staining for
the Nasal Mucosa and Lung

Sections of the nasal tissues and the lung were stained with AB-

PAS to evaluate goblet cell metaplasia in the airway mucosa.

Goblet cells were counted as the blue cells stained positive by AB-

PAS and percentages were calculated from absolute numbers of

cells counted around each airway by using a microscope as

previously described [30]. For quantifying goblet cell metaplasia,

percentages of AB-PAS positive cells in epithelial areas were

assayed from five randomly selected tissue sections of per mouse in

a blinded fashion.

ELISA for Serum OVA-specific IgE
At 24 h after the last OVA challenge, blood was withdrawn

from all mice via cardiac puncture to prepare serum for the

measurement of OVA-specific IgE levels by ELISA as the

manufacturer’s guideline.

ELISA for Cytokines IL-4, 1L-10, IFN-c and IL-2 in Lavage
Fluid

Commercially available ELISA kits were used to assess

expression of cytokines IL-4, 1L-10, IFN-c and IL-2 in both

NALF and BALF, according to the instructions of the manufac-

tures. The standard curve range for mouse IL-4, 1L-10, IFN-c and

IL-2 were 4–500, 30–4000, 15–2000, and 2–200 pg/ml, respec-

tively.

Flow Cytometry Analysis for Regulatory T cells (Tregs)
In order to determine whether the immunomodulatory effects

depend on Tregs (CD4+CD25+FoxP3+), percentages of Tregs in

paratracheal lymph nodes (PTLN) were determined by one step

mouse Treg flow staining kit. PTLN cells were collected at the

moment that mice were sacrificed after 24 h of the final challenge

and then washed in PBS with 1% FBS. Each tube contained

100 ml of approximately 106 prepared cells. Single cell suspensions

were stained for surface molecules anti-mouse FITC-conjugated

CD4 and PE-conjugated CD25 as usual, and then stained for

intracellular PE-Cy5-conjugated Foxp3 or isotype control after

freshly fixation and permeabilization. After staining, the cells were

washed and resuspended in an appropriate volume of flow

cytometry staining buffer, and subsequently analyzed by flow

cytometry (BeckmanCoulter, USA) under instructions of the given

protocol.

Statistical Analysis
All statistical analyses were performed with SPSS v.13.0 (SPSS,

USA), and diagrams were done with GraphPad Prism v.5.0

(GraphPad Software, USA). One-way analysis of variance

(ANOVO) followed by Student-Newman-Keuls test was used for

multiple comparisons of data with Gaussion distribution. The

Mann-Whitney U test was applied for data with abnormal

distribution. P value less than 0.05 was considered statistical

significance.

Figure 1. The experimental protocol and different groups. Mice were infected with E. coli or PBS, and then sensitized & challenged with OVA
or PBS, as described previously in Materials and methods. Mice were divided into five different groups in this work.
doi:10.1371/journal.pone.0059174.g001
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Results

E. coli Administration Suppresses the Frequency of
Allergic Symptoms

In order to determine whether E. coli infection could affect the

changes of allergic symptoms, we first measured the frequency of

allergic symptoms per mouse in our work. The occurrences of

nasal rubbing and sneezing per mouse in AAD model group were

increased significantly, compared with that in the control

(uninfN+PBS) group (p,0.01) (Fig. 2). Interestingly, we also found

that oral E. coli treatment before the phase of AAD exhibited a

significant inhibitory effect in down-regulating numbers of allergic

symptoms (p,0.01). There were no noteworthy differences of

allergic symptoms among different approaches to oral E. coli

administration.

E. coli Administration Decreases OVA-induced
Inflammation Cells in Both NALF and BALF

To better study the efficacy of oral E. coli administration before

AAD phase, we next counted the inflammation cells obtained from

NALF and BALF at the time of 24 h after the final challenge

(Fig. 3A–B). More total inflammation cells as well as eosinophils in

NALF and BALF were detectable in AAD model group than the

control group (all p,0.01), along with increased numbers of other

related cell types (monocytes, lymphocytes and neutrophils)

(Fig. 3C–D). However, treatment with oral E. coli before AAD

phase reduced numbers of total and eosinophil cells both in NALF

and BALF (p,0.05 or p,0.01). Interestingly, the decrease of

inflammation cells was most robust in mice neonatally infected

with 108 CFU E. coli, compared to mice infected with 106 CFU or

adultly infected (p,0.05 or p,0.01). These data suggested that

oral E. coli administration had a potent suppressive effect on

allergic symptoms, especially treated with a reasonable dose during

the neonatal period.

E. coli Administration Ameliorates OVA-induced Upper
and Lower Allergic Airway Inflammation

Furthermore, we qualitatively and quantitatively examined the

alteration of allergic airway inflammation by histological analysis

of eosinophil inflammation and goblet cell metaplasia in the nasal

mucosa and lung.

As shown in Fig. 4 and Fig. 5, there were no changes in the

control group. However, there was a significant suppression of

eosinophil infiltration (all p,0.01) (Fig. 4) and goblet cell

metaplasia (all p,0.01) (Fig. 5) in the nasal mucosa and lung by

oral E. coli administration. This indicated that oral E. coli

administration before AAD phase had the ability to suppress

OVA-induced allergic inflammation in both the upper and lower

airways. Additionally in our study, in a comparison with

(106infN+OVA) group, (108infN+OVA) group was found to

present more ability in lowering eosinophil infiltration and goblet

cell metaplasia in the nasal mucosa (both p,0.05) (Fig. 4B and

Fig. 5B), as well as in the lung (both p,0.01) (Fig. 4C and Fig. 5C),

which illustrated that AAD protection conferred by oral E. coli

infection was probably dose-dependent. More importantly in our

study, compared to the (108infA+OVA) group, the (108in-

fN+OVA) group was detected to significantly reduce more allergic

airway inflammation in the nasal mucosa (p,0.01 for eosinophil

infiltration and p,0.05 for goblet cell metaplasia) (Fig. 4B and

Fig. 5B), along with similar inhibitory effects in the lung (p,0.01

for both eosinophil infiltration and goblet cell metaplasia) (Fig. 4C

and Fig. 5C), which inferred that AAD protection mediated by

oral E. coli infection was also potentially age-dependent. Taken

together, our study certified that the oral E. coli mediated-inhibited

effects on the immune system might have a close internal

sensitivity on the dose as well as the age.

E. coli Administration Reduces Levels of Serum OVA-
specific IgE

Although serum IgE level alone did not entirely reflect the

allergic state and the clinical symptoms, it was apparent that a

raised level of IgE represented the Th2 immune response and

helped aid the diagnosis of allergic disease [5]. Hence we

analyzed OVA-specific IgE levels in the serum prepared from

blood 24 h after the final challenge. Study showed that levels of

serum OVA-specific IgE were significantly higher in AAD

model group than that in the control group (p,0.01) (Fig. 6).

However, oral E. coli administration markedly suppressed the

circulating IgE levels. Furthermore, our study also revealed that

the neonatal infection with 108 CFU E. coli significantly

decreased more OVA-specific IgE levels, in contrast to oral E.

coli administration with 106 CFU dose or during adult period

(both p,0.01), which was a coincidence with the results of

histological analysis.

Figure 2. The changes of allergic symptoms. The control group showed no or less allergic symptoms, whereas AAD model group had
remarkable frequency of nasal rubbing and sneezing. Nevertheless, the frequency was noticeably decreased by E. coli infection. Data is shown by box
and whisker plots, with whisker ends indicating minimal and maximal values and horizontal bars representing medians, n = 10. *p,0.05, **p,0.01 as
conducted.
doi:10.1371/journal.pone.0059174.g002
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E. coli Administration Alters Cytokine Production in both
NALF and BALF

To further investigate the skewing of Th2-specific immune

responses conferred by oral E. coli, we measured cytokines IL-4,

IFN-c, IL-2 and IL-10 levels in both NALF and BALF (Fig. 7).

NALF and BALF from AAD model group both contained

obviously detectable levels of Th2 cytokines IL-4 compared with

the control group (p,0.01), while E. coli treatment groups,

especially mice neonatally infected with 108 CFU, contained

relative low levels compared with AAD model group (p,0.05 or

p,0.01). In contrast with Th2 cytokines IL-4, levels of Th1

cytokines IFN-c and IL-2, particularly IFN-c, were significantly

higher in mice neonatally infected 108 CFU E. coli than that in

AAD model group (p,0.05 for IFN-c in NALF, p,0.01 for IFN-c
in BALF, and p,0.05 for IL-2 in BALF), along with the increase

in groups of mice infected with 106 CFU or during adults though

not so significant (p,0.05 for IFN-c in both NALF and BALF of

(108infA +OVA) group). Immune response of E. coli to AAD was

likewise observed on levels of IL-10, which is abundantly secreted

by Tregs to mediate immune suppression, and also a pleiotropic

cytokine released by Th1 and Th2 cells as well [31]. Considerably

increased production of IL-10 was observed in mice neonatally

infected with 108 CFU E. coli, compared to AAD model group

(p,0.05 for NALF, and p,0.01 for BALF).

E. coli Administration Up-regulates Production of IL-10-
secreting Tregs in PTLN

To better investigate whether E. coli treatment induced

production of Tregs and to evaluate the role of Tregs in the

suppression of AAD, we assayed the accurate percentages of

CD4+CD25+Foxp3+ Tregs in PTLN at time that mice were

sacrificed after 24 h of the final challenge (Fig. 8). Percentages

of Tregs in CD4+ cells were comparable between AAD model

group and the control group (p,0.01). Interestingly, in

comparison with AAD model group, mice infected with E. coli

before AAD phase possessed more significant potential for up-

regulation of numbers of Tregs (all p,0.01), which had a potent

suppressive capacity through secretion of IL-10. Moreover,

numbers of Tregs in mice neonatally infected with 108 CFU E.

coli were higher than that in mice infected with 106 CFU or

adultly infected (p,0.05). Above data indicated that certain

dose- and age-sensitivity of E. coli exposure was critical for

establishing adequate Tregs to regulate our immune system in

terms of preventing AAD.

Figure 3. Absolute numbers of inflammation cells in 1.2 ml of NALF and BALF at 24 h after final challenge. Original magnification was
6400 (A, B). Total inflammation cells and eosinophils in NALF (C) and BALF (D) were significantly inhibited by E. coli infection in AAD mice model.
Each bar represents the mean cell number 6 standard error of the mean (SEM), n = 10. *p,0.05, **p,0.01 as conducted.
doi:10.1371/journal.pone.0059174.g003
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Discussion

An increasing number of evidence has proclaimed that the

upper and the lower airways share most common pathologies and

mechanisms [3,4]. In our study, we succeeded in developing a new

mouse model of allergic airway inflammation in both the nasal

mucosa and the lung induced by OVA according to previous

reports with minor modification [25,26], which exhibited frequent

nasal rubbing and sneezing, abundant eosinophil infiltration and

goblet cell metaplasia into the airway mucosa, excessive specific

IgE levels, and Th2 skewing of the immune response.

Allergic rhinitis and asthma have been increasing worldwide

leading to global financial and substantial medical burdens [1–2],

as yet, there has still been no effective pattern of therapy so far.

Nevertheless, reams of evidence currently being investigated have

demonstrated that certain environmental factors could attenuate

the allergic responses in allergic rhinitis and/or asthma [32].

Numbers of microorganisms that colonize on mammalian body

surfaces have a highly close relationship with the immune system.

The resident microbiota, such as certain bacteria, helminthes and

so forth [33–36], has profoundly shaped mammalian immunity,

the immunomodulatory potential of which has made them

promising candidates for allergic disease therapy. More recently,

there is still a gap for a body evidence to elucidate the

immunomodulatory function of our main and most common gut

microflora-E. coli, although certain epidemiological ones have been

operated [19,20,37,38]. Hence in our study, we utilized admin-

istration of nonpathogenic E. coli ATCC 25922 before the OVA

sensitization and challenged phase, and assessed whether E. coli

ATCC 25922 was able to either suppress the induction of allergic

airway inflammation or regulate the immune responses.

Our study, for the first time, showed that E. coli infection

suppressed the hallmark features of the allergic responses. E. coli

infection before AAD phase, significantly attenuated allergic

symptoms of nasal rubbing and sneezing, decreased the pathology

of eosinophil infiltration and goblet cell metaplasia in the nasal

mucosa and lung, inhibited serum OVA-specific IgE levels, and

suppressed levels of Th2 cytokines in NALF and BALF. These

data confirmed the hygiene hypothesis that the lack of bacterial

infections, including the gut microflora, would favour the

Figure 4. Eosinophil inflammation assessed on hematoxylin and eosin (HE) stained tissue sections of the nasal mucosa and lung.
Original magnification was6400 for nose and6200 for lung (A). Numbers of eosinophils in the nasal mucosa (B) and inflammation scores of the lung
(C) were counted to verify the inflammation changes among groups. Eosinophil infiltration was significantly higher in AAD model group than in the
control group. Interestingly, E. coli infection before AAD phase drastically suppressed the eosinophil inflammation. In addition, numbers of
eosinophils in the (108infN+OVA) group were lower than the (106infN+OVA) and (108infA+OVA) group. Data is expressed as mean 6SEM, n = 10.
*p,0.05, **p,0.01 as conducted.
doi:10.1371/journal.pone.0059174.g004
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development of allergic disease. More importantly for the rigidity

of the experiment, the above findings were profoundly confirmed

by the three patterns of intragastric administration of E. coli, thus

illustrating their stable capability to regulate the immune responses

during allergic airway inflammation. To our knowledge, in the low

intestine, E. coli and other variety of gut microflora colonized to an

extraordinary density and evolved to degrade kinds of plant

polysaccharides and other related dietary substances [39]. Not

only has it enhanced the host digestive efficiency and ensured a

steady nutrient supply for microbes, but also probably driven the

evolution of the immune system, thus protecting the host from the

pathogens and regulating the induction of immunological toler-

ance [13,19]. For this reason, it was plausible that E. coli infection

possessed a formidable potential immunomodulatory function to

allergic disease. In the analysis of fecal stool flora in our study, we

detected that E. coli neonatally infected mice had a statistically

noteworthy increase in the total number of normal intestinal flora

especially in the quantities of enterobacteria, compared to that of

the uninfected neonatal mice, by identifying patterns of Gram-

stained fecal flora and using molecular detection methods. These

changes might be associated with infectious disease in a healthy

body, but potentially beneficial in the context of an allergic

surrounding. Furthermore, we didn’t find the appearance of any

enteric pathogens in the fecal microbiota of E. coli infected mice,

such as Staphylococcus aureus, Pseudomonas aeruginosa, Klebsiella

pneumoniae, Proteus mirabilis and so forth (data not shown). As far as

we know, it was the first time for the present study to investigate

the potential role of E. coli in the modulation of allergic responses

in a mouse model.

So what is the underlying mechanism? Data in this work

declared that E. coli infection inhibited eosinophil inflammation

probably partly via shifting to a Th1 from a Th2 immune response

to the OVA allergen. In this experiment, we discriminated Th1/

Th2 subsets based on the expression of Th2 cytokines IL-4, Th2-

like immune responses of OVA-specific IgE, as well as Th1

cytokines IFN-c and IL-2, which were assayed accurately by

ELISA. Our work showed that levels of IL-4 and OVA-specific

IgE in AAD model group were significantly increased, thus

clarifying that allergic inflammation was mediated by the Th2

immune response. However, E. coli infection before AAD phase

suppressed Th2 cytokines IL-4 and serum IgE production, but in

contrast enhanced Th1 cytokines IFN-c and IL-2 production,

Figure 5. Goblet cell metaplasia assessed on alcian blue-periodic acid Stiff (AB-PAS) stained tissue sections of the nasal mucosa and
lung. Original magnification was 6400 for nose and 6200 for lung (A). Goblet cells were counted as the blue cells stained positive by AB-PAS.
Percentages of goblet cell metaplasia were calculated from the total numbers of cells counted around the nasal mucosa (B) and the lung (C). Goblet
cell metaplasia was relatively minor in mice infected with E. coli. Data is expressed as mean percent 6 SEM, n = 10. *p,0.05, **p,0.01 as conducted.
doi:10.1371/journal.pone.0059174.g005
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Moreover, this effects were more significantly in the (108in-

fN+OVA) group than the (106infN+OVA) and (108infA+OVA)

group. Similar to our study, mounting previous reports [5–7] have

confirmed that AAD was an aberrant Th2 cytokine mediated

immune response, and Th2 cytokines induced eosinophil inflam-

mation. In terms of immune responses, Th1 and Th2 cytokines are

mutually antagonistic [40]. Selective up-regulation of a Th1 and

down-regulation of a Th2 immune response might be crucial for

the prevention of allergic airway inflammation [41], although the

present study could not be fully explained the exact mechanism of

the skewing from a Th2 to a Th1 response, which was also the

limitations of our study.

Another potential mechanism was also observed in our study.

We found that percentages of CD4+CD25+Foxp3+ Tregs in CD4+

PTLN cells were significantly elevated by E. coli infection, along

with the enhanced IL-10 secretion. Further more, conspicuous

differences were also observed in numbers of IL-10-secreting Tregs

among the three E. coli infection groups. These data were

consistent with previous studies [35,42,43] in which Tregs were

conferred to expand in the draining lymph nodes before moving to

the inflammatory site and to play an immunosuppressive role in

the protection against allergic disorders. Notably, IL-10 is an

immunosuppressive cytokine that may be released mainly by

Tregs to mediate suppression, and also a pleiotropic cytokine

released by Th1 and Th2 cells as well in AAD [31,35,41]. Further

investigations are underway to further characterize the role of IL-

10-secreting Tregs and to elucidate other possible mechanisms of

E. coli-mediated suppression of AAD.

Interestingly, detectable differences were observed on the

efficacy of the three means of E. coli administration, including

the frequency of nasal rubbing and sneezing, numbers of

inflammation cells, serum levels of OVA-specific IgE, production

of Th1 and Th2 cytokines, as well as numbers of accumulated

Tregs. E. coli infection in the (108infN+OVA) group, which was

administrated in a neonatal age and an optimal dose, showed

Figure 6. The changes of serum OVA-specific IgE levels. OVA-
specific IgE levels were apparently higher in AAD model group than
that in the control group. However, the levels in E. coli infected mice
were significantly inhibited, especially in the (108infN+OVA) group. Bars
indicate the mean secretion ng/ml 6 SEM, n = 8,10. *p,0.05, **p,0.01
as conducted.
doi:10.1371/journal.pone.0059174.g006

Figure 7. The changes of cytokines IL-4, IL-10, IFN-c and IL-2 in NALF (A) and BALF (B). As shown above, administration of E. coli exhibited
significant inhibition of levels of Th2 cytokines IL-4. Interestingly, the effect was accompanied by high levels of Th1 cytokines IFN-c and IL-2, as well as
the increased production of IL-10 secreted abundantly by Tregs. Additionally, the effects were more significant in neonatal mice infected with 108CFU
E. coli. Data is represented as the mean secretion pg/ml 6 SEM, n = 8,10. *p,0.05, **p,0.01 as conducted.
doi:10.1371/journal.pone.0059174.g007
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more strength of anti-inflammation than the (106infN+OVA) and

(108infA+OVA) group. These results indicate that E. coli-mediated

protection was age- and dose-dependent and was critical for

establishing mature immune systems to later environmental

exposures, which agreed with a previous study that an optical

dose was more effective than an improper dose for microbial

infection [44], and also agreed with recent studies in which

microbial exposure during neonatal or early life had persistent and

durable immunomodulatory effects, but not adults [35,45].

To our knowledge, hygiene hypothesis has demonstrated that,

in recent decades, the increasing prevalence of allergic rhinitis and

asthma is closely linked to the overly hygienic lifestyle and

excessive use of antibiotics [8–11,46–48], which might attribute to

growing lack of commensal microbes stimuli. For this reason, our

ancestral indigenous gut microflora or their components could be

used as potential candidates for allergic diseases. Similar to our

study, growing evidence has thus come to the technology known as

‘‘the good the gut bugs do’’ [16]. We do not recommend the

consumption of microbial food including E. coli, but promote our

earlier trend in touch with nature and in contact with the rural

lifestyle, as well as prompt a reasonable clinical application of

antibiotics, rather than abuse. These complex microbial-host

interactions operate in a delicate temporal and spatial manner and

have an essential role in the induction of homeostatic mechanisms,

which requires interactions with the gut microflora [8–17].

In conclusion, we demonstrated, for the first time, that E. coli

infection prior to allergen sensitization had shown promise in

inducing immune tolerance, probably via a shift from a Th2 to a

Th1 immune response and/or induction of local Tregs. Our

findings may open up possibilities that interactions with E. coli

microflora may be used as an alternative strategy for prevention of

AAD.
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