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Introduction
The incidence of diseases with airway hyperresponsiveness (AHR) 

such as chronic bronchitis, asthma and emphysema is increasing year 
by year, consuming a large amount of medical and economic resources. 
Diseases with AHR are complex inflammatory diseases usually 
characterized by imbalance of airway innate and adaptive immunity 
and airway chronic inflammation. Previously, we observed that the 
imbalanced airway immunity and airway chronic inflammation can be 
restored by the use of an inactivated P. aeruginosa vaccine (PPA) in an 
OVA-induced AHR animal model [1]. However, many factors can lead 
to AHR. Investigation of the effects of PPA under different conditions 
will contribute to a comprehensive understanding of the action of PPA 
in the airway protection. 

Respiratory syncytial virus (RSV) is a member of the family 
P. aramyxoviridae, subfamily P. neumovirinae, which is the most
common worldwide cause of epidemic respiratory diseases in
children and bronchiolitis/pneumonia in infants, the elderly, and the
immunocompromised. In addition to the acute manifestations of
infection, RSV is thought to be associated with long-term complications, 
such as recurrent wheezing and asthma symptoms [2,3]. Virus culture
and RT-PCR have confirmed that RSV mRNA existed in BALB/c
mice lung tissue homogenate at least 100 days after RSV infection [4],
indicating RSV persistence may be the main cause of airway chronic
pathology, and ultimately AHR. Persistent RSV infections have been
established in several human and animal epithelial cell lines [5] . In
previous study, we have used BECs, a transformed human bronchial
epithelial cell line, as an alternate approach for examining the
molecular mechanisms of the in vitro progression of RSV infection
under conditions that allow infection that occurs over four generations. 
When RSV at MOI=0.01 was used to infect BECs, the BECs survived
to Generation 4. Surviving 16HBE cells in Generation (G2) showed
similar healthy cell monolayer morphology as cultures of uninfected

cells, while in G3 some small syncytia and irregularly shaped cells 
began to form and in G4 large syncytia were observed with decreased 
numbers of cells. G5 cultures were found to contain predominantly 
lysed cells (sumitted in other paper). G3 was chosen in present study.

P. aeruginosa is a common normal flora of the human body and
a common pathogen of chronic infection of respiratory tract. Among 
pathogens in respiratory tract infection, gram-negative bacteria account 
for 77.3%, in which 57.7% are P. aeruginosa. Based on whole animal 
experiments, using TLR knockout mice, the control of P. aeruginosa is 
believed to occur by the recognition of LPS and flagellin by TLRs 2, 4 
and 5 on airway epithelial cells, respectively [6,7]. Reduction of TLR-
4 expression in the bronchial epithelium may contribute to chronic 
bacterial infection of airways [8]. The adhesion portion of type 1 fimbria 
FimH from avian pathogenic E. coli strain can effectively activate TLR-
4 [9,10]. So, we prepared an inactivated P. aeruginosa transfected with 
FimH (PPA) and observed its effect in AHR animal model in previous 
study. It was shown that PPA can decrease airway inflammation, 
improve epithelial functions and stimulate recovery from abnormal 
airway microenvironment; however, the precise mechanism remains 
unclear [1].

BECs play an important role in maintaining the homeostasis of 
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Abstract
Objectives: Previously, we observed that an inactivated P. aeruginosa vaccine (PPA) inhibited airway allergic 

inflammation by bronchial administration in an OVA-induced airway hyperresponsiveness animal model. To 
investigate the underlying mechanism involved, we studied the effects of PPA on epithelial functions in present 
studies by using an in vitro RSV persistent infection model. 

Methods: Real-time PCR was used to examine RSV persistence. Real-time PCR and western blot were used 
to test the expressions of toll like receptor 4, IL-17A/Th2 signal molecules Act1 and NF-kB negative regulator A20 
in BECs. Flow cytometry was used to observe the effects of PPA on cell proliferation and BECs-drived subsets’ 
differentiation of CD4+T cells. 

Results: PPA can stimulate toll like receptor-4 expression, promote cell proliferation in normal and RSV-infected 
BECs. PPA significantly increased Act1 and A20 expression in BECs inhibited by RSV infection. Also PPA inhibited 
Th2 and Th17 differentiation and stimulated Th1 differentiation induced by RSV infection.

Conclusions: Our data suggest that the therapeutic mechanism of PPA is partly due to promote bronchial 
proliferation and maintain the homeostasis of bronchial immunity.
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the respiratory system by providing a physiological barrier against the 
external milieu of the airway through the formation of tight junctions. 
Additionally, they contribute to host defense by producing cytokines, 
chemokines and other inflammatory mediators [11-13]. BECs are 
readily activated by superficial exposure to bacterial ligands and toll-
like receptors (TLRs) mediate such responses. Several studies have 
shown that TLR-4 agonists can decrease allergic airway inflammation 
[14,15] and mediate airway epithelial cells recognize endogenous 
harmful substances such as heat shock proteins, hyaluronic acid, 
degradation products, saturated and unsaturated fatty acids induced 
by ozone stress [16]. TLR-4 mainly expresses in macrophages and 
epithelia [17]. Typically, BECs expresses a certain amount of TLR-4, but 
it decreases with age and many kinds of inflammatory diseases [18]. In 
present study, we focus on the effects and corresponding mechanism 
of PPA on immune imbalance and chronic inflammation induced by 
RSV persistence.

Materials and Methods
Materials

The inactivated P. aeruginosa transfected with type 1 fimbriae 
(PPA) was prepared by Beijing Wanteer Biological Pharmaceutical Co., 
Ltd. An inactivated P. aeruginosa without type 1 fimbriae was used as 
Control (PPAC). All antibodies were purchased from eBiosicence, USA 
unless otherwise stated. All primers were synthesized by In vitrogen, 
China.

Preparation of RSV 

The strain A2 of human RSV was propagated in Hela cell monolayer 
grown at 37°C and 5% CO2 enriched atmosphere in minimal essential 
medium supplemented with 2% heat-inactivated fetal bovine serum. At 
maximum cytopathic effect, the cells were repeatedly frozen and thawed 
to facilitate rupture. Next, the supernatants were harvested and cellular 
debris was removed by centrifugation. The RSV viral suspension was 
stored at -80°C. 

Preparation of BECs and infection with RSV

Human bronchial cell lines used in this study, the 16HBE14o-cells, 
were SV40-transformed human central airway epithelial cells. BECs 
were cultured in DMEM supplemented with 10% FBS at 37°C under 5% 
CO2 in humidified air. 60-70% confluent monolayer cultures of BECs 
were infected with RSV at MOI of 0.01 according to experiments in 
advance. The virus was allowed to incubate for 2 h at 37°C in serum-
free DMEM. Thereafter, non-absorbed virus was removed and washed 
two times, then the cells (the zero generation, G0) were cultured in 
fresh medium with 2% FBS and subcultured as needed. Cells were 
passaged two times per week. BECs treated by the same procedure 
from uninfected Hela cell lysate were used as a control. Control or BECs 
infected with RSV (G3) were added with 0.1 mL PPA (2×107 pfu/ml) at 
37°C for 24 hours before measurement.

Assay of RSV infection in BECs

RSV persistence was verified and monitored using a RSV Real-
time PCR Kit (Huayin Medicine Biotechnology Co. Ltd., Guangzhou, 
China). This TaqMan®-based real-time PCR kit includes the reagents 
for nucleic acid extraction, real-time PCR, high positive, and negative 
control materials. According to the instructions, the samples were 
considered negative for RSV when the threshold cycle number (CT) 
>32.0. Conservatively, samples with a CT value ≤ 28.9 were considered 
clearly positive. 

Real-time PCR assay

RNA was isolated and reverse transcribed into cDNA and analyzed 
by quantitative real-time PCR with SYBR Green I. The primers for TLR4 
were 5’-GATGCTTCTTGCTGGCTGC-3 and 5’-ACCTTCATGGAT-
GATGTTGGC-3’; for Act1 were 5’ -AGTCAGCGAGCCTGCGTC-3’ 
and 5’-CCATCTCCTGGCTACCGC-3’; for A20 were 5’-GGCAG-
GAAAACAGCGAGC-3’ and 5’-GGCAGGAAAACAGCGAGC-3’. 
Briefly, 2 µl (out of 20 µl) of the reverse-transcribed reaction mix was 
added to a 50 µl PCR mixture for 35 cycles. Each cycle included 94°C 
for 20 seconds, 60°C for 30 seconds and 72°C for 30 seconds. Raw data 
were normalized to β-actin (5’-TGACGTGGACATCCGCAAAG-3’ 
and 5’-CTGGAAGGTGGACAGCGAGG-3’).

Western blot analysis

Control and RSV-infected BECs were lysed in protease inhibitor 
cocktail solution (Roche, Indianapolis, IN, USA). Cell lysates (70 
μg) were separated by SDS-PAGE and transferred to nitrocellulose 
membrane. The membrane were blocked with 3% BSA in PBS for 2 h 
and then incubated with polyclonal rabbit anti Act I and A20 antibody 
at 4°C overnight and appropriate horseradish peroxidase-conjugated 
secondary antibody. Detection was made using the enhanced 
chemiluminescene system.

Measurement of cell cycle by flow cytometry

After being cultured in 6-well plates, cells were harvested at a 
density of 1×106 Cells/mL, fixed in cold 70% ethanol and stored at -20°C 
overnight. The fixed cells were washed twice with phosphate-buffered 
Saline, stained in a propidium iodide solution (50 ug/ml) for 1 hour, 
and treated with a ribonuclease A solution (20 ug/ml) for 30 minutes. 
Flow cytometry was then using to examine cell cycle. 

Co-culture of BECs and CD4+T cells

In co-culture experiments, BECs were located at the bottom of 
the culture plate and the Jurkat E 6-1 Cells (CD4+T cells strain, a gift 
from Xiaojian Yao of Manitoba University) were suspended in culture 
medium. Non-infected and RSV-infected BECs were plated in 6-well 
culture plates with 2×106 cells/well. After BECs pretreated with PPA for 
24 h, Jurkat E 6-1 Cells were added to the BECs in a 1:1 ratio so that 
BECs and lymphocytes were cultured in the same well. After incubation 
at 37°C in 5% CO2 for 48 h, the lymphocytes were collected.

Flow cytometric analysis of CD4+T cells subtypes

Jurkat E 6-1 Cells were fixed with 4% paraformaldehyde for 10 min 
at room temperature and permeabilized in permeabilizing solution 
(eBioscience, USA). After blocking with 3% BSA for 15 min, cells were 
stained with appropriate anti- IL-4, IL-17 and IFN-gamma antibodies 
on ice for 45 min. Isotype-matched antibodies were used as controls. 
The levels of antigen expression were expressed as a percentage of 
positive cells in the total cells.

Statistical analysis 

Calculations were performed with SPSS software. All values were 
expressed as Mean ± SE. Data were compared by use of the Student’s 
t-test. P value of less than 0.05 was considered significant.

Results
Influences of PPA on TLR-4 expressions of BECs 

RSV persistence in BECs from G1 to G4 was confirmed by real-time 
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PCR (Figure 1A). It was shown that RSV RNA progressively increased 
during successive passages. RSV RNA in BECs decreased after PPA 
and PPA treatment (Figure 1B). Next, we detected the expression of 
TLR-4 mRNA on BECs. The results showed that PPA stimulated TLR-4 
expression in normal BECs in a dose-dependent manner (Figure 2A). 
According to this result, PPA with final concentration 2×106 cfu/mL 
was chosen to do subsequent experiments. It was shown that RSV had 
no influence on TLR-4 mRNA expression compared with normal BECs. 
TLR-4 expression substantially induced in PPA group and RSV plus 
PPA groups (Figure 2B).

Influence of PPA on Act I or A20 expression of BECs

As shown in Figure 3A it was found that RSV infection decreased 
the protein and mRNA expression of Act1.PPA increased the protein 
and mRNA expression of Act1 reduced by RSV infection. As shown 
in Figure 3B, it was found that RSV infection decreased the protein 
and mRNA expression of A20. PPA increased the protein and mRNA 
expression of A20 in normal and RSV-infected BECs.

Influences of PPA on cell cycle of BECs

To further examine the role of PPA on proliferation of BECs, we 
examined cell cycle of BECs by using flow cytometry. Results showed 
that the ratio of G1-phase in cells infected with RSV significantly 
increased, while S-phase significantly decreased when compared to 
normal BECs. PPA and PPAC significantly increased the numbers of 
S-phase cells in normal BECs and BECs plus RSV groups and PPA had 
a stronger effect on cell proliferation (Figure 4).

Influence of PPA on the distribution of Th subsets 
drived by BECs

To further examine the role of PPA on the differentiation of Th 
subsets induced by BECs, we examined the distribution of Th subsets 
after co-culture with BECs. The results showed that Th2 and Th17 
differentiation was induced, while IFN-gamma differentiation was 
suppressed in RSV-infected BECs. As expected, PPA stimulated Th1 
differentiation and inhibited Th2 and Th17 differentiation drived by 
RSV infected BECs (Figure 5). PPAC only inhibited Th17 differentiation 
induced by RSV-infected BECs (Figure 5).

Discussion
BECs are not only an important barrier against the environmental 

injury factors, but also an active participant in a variety of acute and 
chronic inflammatory reactions in the airway. We established an in 
vitro model for infection of human BECs with RSV that persists for four 
generations prior to death at a multiplicity of infection (MOI)=0.01. 
In such a cell model above, we can observe the effects of PPA on the 
normal and chronic infected BECs.

BECs-derived signal molecules are very important in modulation 
of T cell responses. Recent studies showed that Act1 has two important 
functions. On one hand, Act1 is a key component in IL-17A signaling 
and induces Th2 differentiation [19]. On the other hand, it was 
recruited to CD40 and the TNF family member B cell-activating factor 
receptor in B cells through its interaction with TNFR-associated factor, 
negatively regulates CD40- and BAFF-mediated B cell survival and 
reverses hypergammaglobulinemia and autoantibodies production 
[20]. Swaidani’s research showed that epithelium-derived Act1 has 
the essential role in allergic pulmonary inflammation through the 
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Figure 1: RSV RNA expression in surviving BECs. (A) RSV RNA levels during 
successive passages and (B) RSV RNA levels under different treatments. 
(MOI=0.01; *P<0.05 versus normal BECs).
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Figure 2: Human TLR-4 expression in BECs was determined by real time PCR. 
Data represent Means ± SE of 4 experiments. (**P<0.01 versus normal BECs; 
##P<0.01 versus RSV).
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distinct impact of the IL-17R-Act1 and IL-25R-Act1 axes and acts as a 
potential therapeutic target for allergic pulmonary inflammation [21]. 
In previous study, we observed that OVA stimulated the expression of 
Act1 and PPA significantly decreased its expression in BECs treated by 
OVA [1]. In present study, we observed RSV decreased the expression 
of Act1 and PPA significantly increased its expression in BECs infected 
by RSV, indicating that PPA has a very strong modulatory effect on 
homeostasis of signal molecule Act1.

A20, which is viewed as a potential therapeutic target for 
inflammatory diseases is an NF-κB-inducible protein and negatively 
regulates NF-κB signaling pathways [22]. PPA can significantly 
increase A20 expression in normal or RSV-infected BECs, indicating 
PPA is a hopeful therapeutic for airway inflammation by targeting NF-
κB signaling pathway.

Proliferation and wound repair of BECs are recognized as an 

effective improvement of airway functions. In present study, we 
observed that P. aeruginosa had a very strong effect to stimulate cell 
proliferation of resting or RSV-infected BECs which may be related 
with a series of mechanisms such as they stimulate A20 expression 
which has strong effects on inhibiting cell apoptosis [23]; they accelerate 
wound repair in airway epithelial cells via a TLR-4-protein kinase C 
alphabeta-dual oxidase 1-reactive oxygen species-TACE-TGF-alpha-
EGFR phosphorylation pathway [24]; they accentuate TGF-β1-driven 
epithelial-to-mesenchymal transition in the airway [25]; they may 
also have other ways to promote epithelial proliferation including the 
role of shielding to protect and promoting the release of epidermal 
growth factor [26]. PPA had a stronger effect on cell proliferation when 
compared with control P. aeruginosa.
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Figure 3: A: Human Act1 expression in BECs was determined by real time 
PCR and Western blot. B: Human A20 expression was determined by real 
time PCR and Western blot. Data represent Means ± SE of 4 experiments. 
(**P<0.01 versus normal BECs; ##P<0.01 versus RSV).
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cytometry. Data represent Means ± SE of 6 experiments. *P<0.05 versus 
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BECs are also one of important resources of T cell differentiation 
[27]. Through making use of TLRs that recognize conserved microbial 
structures, epithelial cells are able to sense microbes, which lead to 
the inducible secretion of further mediators and corresponding T cell 
differentiation [27] in our previous study. In present study, we observed 
PPA stimulated Th1 differentiation and inhibited Th2 and Th17 
differentiation drived by RSV-infected BECs, indicating that PPA has a 
very strong modulatory effect on homeostasis of Th subsets.

Taken together, PPA can restore imbalanced T cell differentiation 
and stimulate proliferation and wound repair of BECs. These results 
might provide an opportunity for the development of novel therapeutics 
to treat airway diseases. 
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