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Abstract
Background/Aims: The previous study in our lab showed that Nodal molecule on bronchial 
epithelial cells (BECs) was modulated by all kinds of lung microbes. The present study was 
designed to determine the effects of Nodal on proliferation of BECs and BECs-induced 
differentiation of T-helper (Th) cells. The epigenetic mechanisms of Nodal expression following 
treatments of different lung microbes were also identified. Methods: Real-time polymerization 
chain reaction (PCR) and western blot were used to determine the expression of Nodal. Flow 
cytometry was used to observe the effects of proliferation of BECs and subsequent BECs-
induced differentiation of Th cells. Methylation levels of CpG islands in Nodal promoters were 
also analyzed by time of flight mass spectrometry. Results: The results showed that Nodal 
promoted proliferation of BECs and BECs-induced differentiation of Th cell from Th1 to Th2 
and Th17. Nodal promoter showed a hyper-methylation in normal BECs. Through methylation 
modification in the promoter, P. aeruginosa or A.baumanni inhibited the expression of Nodal 
while RSV promoted the expression of Nodal. Conclusions: Our data showed that Nodal 
promoted Th2 and Th17 differentiation and inhibited Th1 differentiation which may cause 
imbalance of airway microenvironment. P. aeruginosa or A.baumanni may be hopeful for 
the treatment of airway hyperresponsveness by inhibition Nodal expression through DNA 
methylation modification in the promoter.

Introduction

Nowadays, there are a lot of theories to explain the mechanisms of airway 
hyperresponsiveness (AHR) such as immune imbalance [1], neurogenic inflammation [2], 
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airway infection and inflammation [3] and epithelial defect [4] and these theories explain 
the mechanisms and pathologies of AHR respectively from different perspectives, but cannot 
explain all the manifestations of AHR. Now, most scholars accept the opinion that diseases 
with AHR such as chronic bronchitis, asthma and COPD are chronic airway inflammation [5]. 
Chronic airway inflammation usually ascribes to bacterial or viral infection, or irritability of 
dusts or chemical substances. As the main targets of chronic inflammation, BECs may be the 
initiating factor for occurrence and development of AHR.

Lung microbiota refers to all kinds of microorganisms in the lungs. By using new 
technologies such as 16s rRNA and gene sequencing,  the existence of the lung microbiota has 
been confirmed [6, 7]. In fact, epithelial cells are the main targets of various microorganisms, 
which may exert important influences on epithelial proliferation and wound repair. In a 
previous study, we observed that some microbes in the lungs have beneficial effects to the 
epithelia such as inactivated P. aeruginosa promoted proliferation of normal, OVA-stressed 
and respiratory syncytial virus (RSV)-infected BECs, reduced the expression of aging markers 
on BECs, inhibited airway inflammation and AHR, and promoted differentiation of Th1 cells 
and inhibited differentiation of Th2 and Th17 [8, 9]. On the other hand, some microbes in 
the lungs may cause adverse influences to the epithelia. For example, nonstructural proteins 
of RSV can combine with histone H2BD specifically, and further induce ubiquitination of 
H2BD and subsequent gene expression of HOXa5 and HOXb6, which may be associated with 
abnormal development of BECs and increased susceptibility to asthma [10].

In a previous unpublished data of study, we used a RT² Profiler™ PCR Array Human 
Epithelial to Mesenchymal Transition and observed that different lung microbes had 
different effects on the expression of Nodal molecule on BECs. For example, RSV promoted 
the mRNA expression of Nodal, while P. aeruginosa and A.baumanni inhibited the expression 
of Nodal. Nodal is a kind of secreted protein belonging to transforming growth factor (TGF-
beta) superfamily. It is encoded by the nodal gene which locates on chromosome 10 q22. 
1 and is one of the important genes which play a vital role during embryonic development 
[11]. In addition, Nodal seems to have important functions in neural patterning, stem cell 
maintenance and many other developmental processes [12, 13]. Based on the studies of 
Nodal, it was shown that Nodal acts by binding to heteromeric complexes between type I and 
type II Activin receptors, which in turn acts through the Smad2/3 signaling pathway to the 
nucleus and promotes the expression of genes involved in proliferation and differentiation 
[14]. Nodal also further activates its own expression via a positive feedback loop [15]. 
Nodal signaling is tightly regulated by Cripto, an extracellular GPI-linked protein that acts 
as a cofactor, while inhibited by Lefty and Cerberus [16]. However, the function of Nodal 
in the adult human airway epithelia remains unclear. Moreover, Nodal is one of important 
genes during embryonic development, and remains a low level of expression in adults. High 
levels of expression are usually associated with many kinds of cancers such as prostate and 
pancreatic cancer [17, 18] and Lefty and Cerberus are hopeful to treat various cancers [19], 
indicating that methylation modification may get involved in the expression of Nodal.

So, in the present study, firstly, we used real-time PCR and western blotting to confirm 
the expression of Nodal influenced by different lung microbes. Then, we addressed the 
question of Nodal expression in the BECs on proliferation of BECs and subsequent BECs-
induced differentiation of Th cells. The epigenetic mechanisms of Nodal expression following 
treatments of different lung microbes were also identified. Based on our results, we propose 
that bacterial components may be as a strategy for the treatment and prevention of AHR.

Materials and Methods

Reagents
P. aeruginosa, A.baumanni and RSV (strain A2) were preserved in our lab. RSV Real-time PCR Kit was 

purchased from Huayin Medicine Biotechnology Co. Ltd., Guangzhou, China. Monoclonal rabbit anti-Nodal, 
monoclonal mouse anti-NS1, anti-IL-4, anti-IL-17 and anti-IFN-gamma antibodies were from Abcam, USA. 
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Horseradish peroxidase-conjugated secondary antibody and Cy3-labeled secondary antibody were from 
Boster, Wuhan, China.

Cell culture and treatments
Human BECs (derived from normal humans) were incubated in Dulbecco's Modified Eagle Medium 

(DMEM): F12 (1:1) containing 100 IU/ml penicillin, 100 µg/ml streptomycin, and 10% heat inactivated fetal 
bovine serum (FBS) at 37°C atmosphere containing 5% CO2. P. aeruginosa or A. baumanni were heat-killed 
at 65℃ for 2 h. After the human BECs were grown in 6 well round-bottom plates with 70% confluence, BECs 
were pretreated with 1 x 106 cells of P. aeruginosa or A.baumanni at 37℃ for additional 48 h.

The strain A2 of human RSV was propagated in HeLa cell monolayer and infected human BECs at 
multiplicity of infection (MOI) of 0.1 according to experiments in advance. The virus was allowed to incubate 
for 2 h at 37°C in serum-free DMEM. Then, non-absorbed virus was removed and washed twice, then the 
cells were cultured in fresh medium with 2% FBS for 48 h.

RSV infection assay by real-time PCR and immnofluoresence
RNA of RSV was verified and monitored using a TaqMan®-based real-time PCR kit which 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.

NS1 protein of RSV was assayed by immnofluoresence. BECs were fixed by 95% ethanol and 0.1% 
Triton-X100. The fixed slides were incubated with 3% H2O2, and blocked with a normal goat serum for 20 
min. The slides were then incubated with a mouse anti-human NS1 monoclonal antibody (1:200) at 4°C for 
overnight. The Cy3-labeled secondary antibody(1:250) was added to the slides respectively at 37°C for 2 h. 
The slides were finally mounted with mounting fluid and examined by fluorescence microscopy.

Nodal assay by Western blot
BECs were washed by ice-cold PBS twice and resolved in RIPA buffer containing 1 mM PMSF, 5 mM 

β-glycerophosphate and 1% of a standard protease inhibitor cocktail (Sigma Chemical Co) on ice for 30 
minutes. Insoluble materials were removed by centrifugation for 20 s at 12,000 g at 4°C. The supernatants 
were collected and the protein concentrations were measured by Bradford method to be adjusted to a final 
concentration of 10 mg/ml. The supernatants were separated by SDS-PAGE and transferred to nitrocellulose 
membranes. The membranes were blocked with 3% BSA in PBS for 2 h and then incubated with monoclonal 
rabbit anti-Nodal antibody and appropriate horseradish peroxidase-conjugated secondary antibody. 
Detection was made using the enhanced chemiluminescene system (Gene Co., Ltd. Hong Kong, China).

Nodal assay by Real-time PCR
RNAs were isolated from lungs using TRIzol reagent (Invitrogen, USA) according to the instructions of 

the manufacturer. Each sample was reverse transcribed into cDNA and analyzed by quantitative real-time 
PCR. Quantitative real-time PCR was performed on “Applied Bio systems Inc 1900 system” using the SYBR 
Green Real Time PCR Kit (Bio-Rad, America). The primers were 5’-CAT CAT CCG CAG CCT ACA-3’ and 5’-CCA 
TCT TGA AAC CGC TCTAA-3’. Raw data were normalized to GAPDH (5’-CCA CTC CTC CAC CTT TGAC-3’ and 5’-
ACC CTG TTG CTG TAG CCA-3’) in each sample. Each cycle included 94°C for 30 seconds, 60°C for 30 seconds, 
and 72℃ for 30 s after an initial 94°C for 4 minutes. Calculate the ΔCt (average Ct – average Ct of GAPDH) 
and ΔΔCt (experimental ΔCt- control ΔCt). Calculate the fold-change from experimental to control as 2-ΔΔCt.  
If the fold-change is greater than 1, then the result may be reported as a fold up-regulation. If the fold-change 
is less than 1, then the negative inverse of the result may be reported as a fold down-regulation.

Construction of Nodal-overexpressed and silent plasmids
To generate Nodal-overexpressed plasmid, the full-length cDNA of Nodal was amplified by PCR, double 

digested with Xhol I and BamH I (FastDigest, MBI Fermentas, Canada) and cloned into the Xhol I/ BamH I 
sites of the vector pcDNA3.1(-)-myc-his with T4 DNA Ligase (FastDigest, MBI Fermentas).

To generate the siRNA expression construct of Nodal, three siRNA sequences (GenScript, China) were 
cloned into the pGCU6/Neo/RFP vector respectively. One of the most effectively silenced plasmids (siRNA 
sequence for Nodal: AUCUGAAACCGCUCUAAGCAG, 423-445) was chosen for the following studies.
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Recombinant plasmid DNA (4 μg) and 8 μl of the X-treme GENE HP DNA Transfection Reagent (Roche, 
USA) were mixed with 200 μl of medium without antibiotics and FBS and incubated at room temperature 
for 10 min. Then, this mixture was added to the cells without removing the growth medium. The pcDNA3.1 
(-)-myc-his and pGCU6/Neo/RFP vectors were used as vector controls. After 24h, the transfected cells were 
selected using G418 (Ceresco, USA) at a concentration of 1000 mg ml-1 and persistently cultured with G418 
at a concentration of 200 mg ml-1.

Measurement of cell cycle by flow cytometry
After being cultured in 6-well plates, cells were harvested at a density of 1 x 106 Cells/mL, fixed in cold 

70% ethanol and stored at -20℃ overnight. The fixed cells were washed twice with phosphate-buffered 
saline, stained in a propidium iodide solution (50ug/ml) for 1 h, and treated with a ribonuclease A solution 
(20 ug/ml) for 30 minutes. Then Flow cytometry was used to examine cell cycle. Experiments were repeated 
4 times.

Co-culture of BECs and CD4+T cells
In co-cultured 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. BECs were plated in 6-well culture plates with 2 x 106 cells/well. After BECs were pretreated with 
P. aeruginosa, A. baumanni or RSV for 24 h, Jurkat E 6-1 Cells were added to the BECs at a ratio of 1:1 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 Th 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 expression levels of antigens were expressed as a percentage 
of positive cells in the total cells.

Nodal methylation 
The Nodal gene sequence was obtained from GenBank. The MethPrimer primer Express software 

was used to predict the CpG islands of promoter and first exon. Cellular genomic DNA was extracted using 
the BioTek DNA purification kit (BioTek, Beijing, China). For each sample, a total of 200 ng of genomic 
DNA from each sample was bisulfate-treated using the methylSEQr™ Bisulfate Conversion Kit (AB applied 
biosystems) according to the manufacturer's instructions. The genomic DNA was treated with sodium 
bisulfate to convert unmethylated cytosines to uracil. Specific primers for methylation measurement were 
designed using Methyl Primer Express® Software v1.0 as bellows: 5' GGA TTA TTG TTT TTG GGT TTTG 3' 
and 5' AAA ACC CAA AAC TAC CAC AATT 3' (417 bp). PCR was performed in a thermocycler (Eppendorf 
Mastercycler gradient, Germany). Mass spectra of PCR products were obtained via MassARRAY Compact 
MALDI-TOF (Sequenom) and their methylation ratios were generated using the Epityper software version 
1.0 (Sequenom).

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 lung microbes on Nodal expression of BECs
Real-time PCR and immunofluorescence showed that the BECs were infected success-

fully by RSV after 48 h of incubation (Fig. 1a). Then, we examined the effects of lung microbes 
on Nodal expression of BECs by using real-time PCR and Western blot. Results of real-time 
PCR showed that the expression of Nodal mRNA increased by 9.8 folds by RSV infection and 
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decreased by 4.14 folds and 2.8 folds by treatment with P.aeruginosa or A.baumanni respec-
tively (Fig. 1b). Results of Western blot also showed that RSV infection promoted the expres-
sion of Nodal, while P. aeruginosa or A.baumanni inhibited the expression of Nodal (Fig. 1c). 
Nodal-overexpressed vector can effectively promote the expression of Nodal, while Nodal 
RNAi can effectively inhibit mRNA and protein expression of Nodal (Fig. 1d).

Influences of Nodal on cell cycle of BECs
To further examine the role of Nodal in proliferation of BECs, we examined cell cycle 

of BECs by using flow cytometry. Results showed that P. aeruginosa or A.baumanni signifi-
cantly promoted the proliferation of BECs, while RSV inhibited the proliferation of BECs (Fig. 
2a). Further, in order to determine the effects of Nodal on the proliferation of BECs, we ob-
served that Nodal significantly promoted the proliferation of normal BECs (Fig. 2b). In Nod-
al-overexpressed BECs, P.aeruginosa or A.baumanni didn’t further promote the proliferation 
of BECs. In Nodal-silent BECs, P.aeruginosa or A.baumanni didn’t inhibit the proliferation of 
BECs, indicating that P. aeruginosa or A.baumanni had promoting effect on the proliferation 
of BECs which is not associated with the expression of Nodal (Fig. 2b). For RSV, in Nodal-

Fig. 1. (A) RNA and pro-
tein expression of RSV in 
BECs were determined 
by real time PCR and im-
munoflurescense (n = 3). 
(B) mRNA expression of 
Nodal in BECs was de-
termined by real time 
PCR (n = 3, ** P < 0.01 
versus C). Nodal mRNA 
increased by 9.8 folds 
by RSV infection and de-
creased by 4.14 folds and 
2.8 folds by treatment 
with P.aeruginosa or 
A.baumanni respectively. 
(C) Protein expression 
of Nodal in BECs was de-
termined by Western 
blot (n = 3, ** P < 0.01 
versus C). RSV increased 
the expression of Nodal, 
while P. aeruginosa or 
A.baumanni inhibited 
the expression of Nodal. 
(D) Protein and mRNA 
expression of Nodal in 
BECs were determined 
by Western blot and real 
time PCR (n = 3, ** P < 
0.01 versus C1 and ## P 
< 0.01 versus C2). Nodal overexpressed plasmid effectively promoted the expression of Nodal, while Nodal 
RNAi effectively inhibited the expression of Nodal. (C represents normal BECs; P represents P.aeruginosa-
treated BECs; A represents A.baumanni -treated BECs; R represents RSV-infected BECs; C1 represents pcD-
NA 3.1-transfected BECs, N+ represents Nodal-overexpressed BECs; C2 represents pGCU6-transfected BECs 
and N- represents Nodal-silent BECs).
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overexpressed BECs, RSV promoted the proliferation of BECs and in Nodal-silent BECs, RSV 
inhibited the proliferation BECs, indicating that the promoting activities of RSV on prolifera-
tion of BECs were associated with the expression of Nodal (Fig. 2b).

Influences of Nodal on the differentiation of Th subsets derived by BECs
To further examine the role of Nodal expressed in the BECs in the differentiation of Th 

subsets, we examined the distribution of Th subsets after co-culture with BECs. As expected, 
P. aeruginosa or A.baumanni-treated BECs stimulated differentiation of Th1, while RSV-in-
fected BECs promoted the differentiation of Th2 and Th17 (Fig. 3). Further, we observed 
that Nodal-overexpressed BECs or Nodal-silent BECs had no effects on the differentiation 
of Th subsets (data not shown); however, Th2 and Th17 differentiation was induced, while 
IFN-gamma differentiation was suppressed in Nodal-overexpressed BECs after treatment 
wth P. aeruginosa, A.baumanni or RSV. Nodal RNAi promoted the differentiation of Th1, and 
inhibited the differentiation of Th2 and Th17 after treatment wth P. aeruginosa, A.baumanni 
or RSV (Fig. 4).

Methylation in Nodal promoter influenced by lung microbes.
Human Nodal sequence was searched in GenBank. The length of CpG islands was 

2000bp (1bp to 2000 bp). We examined 496bp to 912bp (32 CpG sites) containing the 
whole promoter and the first exon. Agarose gel electrophoresis of bisulfate sequencing PCR 
amplification products showed a single desired product of 417bp as the expected target 
fragment. MALDI-TOF MS analyzer detected that CpG islands in Nodal promoter showed a 
hyper-methylation in normal BECs. The average methylation rate of CpG island increased 
with treatment of P. aeruginosa or A.baumanni (P=0.0045 and P=0.0054) while decreased 
with treatment of RSV (P=0.0037, Fig. 5).

Fig. 2. (A) Effects of lung microbes on proliferation of BECs were assayed by flow cytometry (n = 4,  
** P < 0.01 versus C). P. aeruginosa or A.baumanni significantly promoted the proliferation of BECs, while 
RSV inhibited the proliferation of BECs. (B) Effects of Nodal on proliferation of BECs were assayed by flow 
cytometry (n = 4, ** P < 0.01 versus C1 and ## P < 0.01 versus C2). Nodal promoted the proliferation of normal 
BECs P.aeruginosa or A.baumanni significantly promoted the proliferation of Nodal-overexpressed BECs, but 
had no effects on Nodal-silent BECs when compared with corresponding controls. RSV significantly pro-
moted the proliferation of Nodal-over expressed BECs and inhibited the proliferation of Nodal-silent BECs.
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Discussion

The previous studies of other teams and our team showed that defect in function and 
integrity of airway epithelia had consistency in the vast majority of patients with AHR and 
could explain many important clinical pathological features of these patients [20, 21].

Fig. 3. Effects of lung microbes on differentiation of Th cells were assayed by flow cytometry (n = 4,  
** P < 0.01 versus C+T group). P. aeruginosa or A.baumanni-treated BECs stimulated differentiation of Th-
1cells, while RSV-infected BECs promoted the differentiation of Th2 and Th17 cells. (T represents CD4+ T 
cells, others are same with Fig. 1).
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Nodal is one of important genes during embryonic development, and remains a low 
level of expression in adults which may ascribe to hypermethylation in the promoter in-
duced by some microbes such as P. aeruginosa or A.baumanni. However, some factors such as 

Fig. 4. Effects of Nodal on dif-
ferentiation of Th cells cocul-
tured with P. aeruginosa (A),  
A.baumanni (B) or RSV-treated BECs 
(C) were assayed by flow cytometry 
(n = 4, ** P < 0.01 versus C1+T; # # P < 
0.01 versus C2+T). Differentiation 
of Th2 and Th17 was induced, whi-
le differentiation of IFN-gamma was 
suppressed in Nodal-overexpressed 
BECs after treatment with P. aerugi-
nosa, A.baumanni or RSV. Nodal-silent 
BECs promoted the differentiation of 
Th1, and inhibit the differentiation of 
Th2 and Th17 after treatment with  
P. aeruginosa, A.baumanni or RSV.

Fig. 5. Quantitative DNA methylation of 
CpG islands in Nodal promoter region 
was assayed by sequencing (n = 3, ** P < 
0.01 versus C). The average methylation 
rate of CpG islands increased with tre-
atment of P. aeruginosa or A.baumanni 
while decreased with treatment of RSV.
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RSV infection may lead to demethylation of promoter and high level of expression of Nodal 
in adults.

After activation and expression, Nodal significantly promoted the proliferation of BECs 
according to our results. However, P. aeruginosa or A.baumanni also significantly promoted 
the proliferation of BECs, while they inhibited the expression of Nodal. This discrepancy 
maybe ascribe to the effects that P. aeruginosa or A.baumanni promoted the proliferation of 
BECs through other signaling such as TLR-4 or TLR-5 signaling, not Nodal signaling [22, 23]. 
In previous study, we confirmed that P. aeruginosa promoted the proliferation and wound re-
pair of normal, OVA-stressed or RSV-infected BECs through TLR-4 and TLR-5 signaling [8, 9]. 
On the other hand, RSV inhibited the proliferation of BECs, while RSV promoted the expres-
sion of Nodal. This discrepancy maybe ascribe to the effects that RSV promoted apoptosis of 
BECs, which belied the effect of Nodal (Fig. 6) [24].

Further studies showed that expression levels of Nodal on BECs were associated with 
the differentiation of Th subsets. Nodal-overexpressed BECs had no effects on the differ-
entiation of Th at resting conditions; however, after the stimulation of antigens such as P. 
aeruginosa, A.baumanni or RSV, they promoted the differentiation of Th2 and Th17, and in-
hibited the differentiation of Th1. On the contrary, Nodal-silent BECs, after the stimulation 
of antigens such as P. aeruginosa, A.baumanni or RSV, promoted differentiation of Th1 and 
inhibited differentiation of Th2 and Th17. That P. aeruginosa and A.baumanni promoted the 
differentiation of Th2 and Th17, and inhibited the differentiation of Th1 and RSV had the 
opposite effects was associated with the expression levels of Nodal. The differentiation of 
Th2 and Th17 are closely associated with the occurrence and development of many diseases 
such as atherosclerosis and atherosclerotic cerebral infarction [25-27].

In conclusion, our data showed that expression levels of Nodal were influenced by lung 
microbes. Nodal promoted proliferation of BECs and subsequent promoting differentiation 
of Th2 and Th17 and inhibiting differentiation of Th1 which may cause imbalance of airway 
microenvironment. P. aeruginosa or A.baumanni may be as a strategy for the treatment and 
prevention of AHR through inhibition of Nodal induced immune imbalance.
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