
MATERIALS AND METHODS                

Human tracheal epithelial cell culture 

Human tracheal surface epithelial cells were isolated and cultured as described 

previously [6]. The cells were plated at 5 x 105 viable cells/ml in plastic tubes with round 

bottoms (16 mm in diameter and 125 mm in length; Becton Dickinson, Franklin Lakes, 

NJ, USA) coated with human placental collagen. The plastic tubes were fixed in an 

inclined stainless-steel tube rack (30 cm wide, 10 cm high and 10 cm deep, TE-HER 

TUBE RACK INCLINABLE RF-6; Hirasawa Works Co. Ltd., Tokyo, Japan), which 

was placed in a humid incubator. The long axis of each tube was at a 5 angle with the 

flat bottom plate of the incubator. The tubes were kept stationary, and the cells were 

immersed in 1 ml of Dulbecco’s modified Eagle’s Medium (DMEM)–Ham’s F-12 

medium (50/50, vol/vol) containing 2% ultroser G (USG; Pall BioSepra, 

Cergy-Saint-Christophe, France), and they were then cultured at 37C in 5% CO2–95% 

air in the incubator.                              

To enhance RV14 release from the cells, cells were cultured in tubes by rolling [3]. 

Therefore, to study the effects of tiotropium on the release of RV and cytokines, RV RNA 

replication, and susceptibility to virus infection, we cultured the cells in the tubes by 

rolling [6]. By contrast, to study the effects of tiotropium on NF-B activation before RV 

infection, cells were cultured in tubes under stationary conditions [6]. To examine the 

effects of rolling, we also studied the effects of tiotropium on NF-B activation in cells 

cultured by rolling because cells in the tubes were cultured by rolling after RV infection. 

Furthermore, acidic endosomes could be observed in the cells living on coverslips in 

stationary Petri dishes. Therefore, cells used for measuring acidic endosomes were also 

cultured under stationary conditions [6].   

To measure virus release from physiological differentiated cells, cells were cultured 

for 7 days on a filter membrane (Millicell CM inserts, 0.45-m pore size and 0.6-cm2 

area, Millipore Products Division, MA) coated with collagen gel (PureCol, INAMED, 



CA), as described previously [15].The culture medium (400 l) was supplied from the 

basolateral side of the cell sheets through the filter membrane, and cells were cultured 

with air-interface methods [15].   

Tracheas for cell cultures were obtained after death from 50 patients (age; 70  2 yr; 

34 female, 16 male). No patients were complicated with bronchial asthma, while 8 

patients were complicated with COPD. The causes of death were malignant tumors other 

than lung cancer (n=18), cerebral infarction (n=4), acute myocardial infarction (n=3), 

lung cancer (n=3), pneumonia (n=3), idiopathic pulmonary artery hypertension (n=2), 

idiopathic pulmonary fibrosis (n=2), rupture of an aortic aneurysm (n=2), sepsis (n=2), 

amyotrophic lateral sclerosis (n=1), chronic pancreatitis (n=1), cerebral bleeding (n=1), 

congestive heart failure (n=1), dilated cardiomyopathy (n=1), hypovolemic shock (n=1), 

leukemia (n=1), malignant lymphoma (n=1), primary biliary cirrhosis (n=1), rupture of 

hepatic artery aneurysm (n=1), and systemic lupus erythematosus (n=1). Before being 

hospitalized for the condition that caused death, all of the COPD patients had been treated 

with tiotropium, but the tiotropium treatment was stopped more than 7 days before death 

because the patients could not inhale it. Of 50 patients, 13 were ex-smokers, and 37 had 

never smoked. This study was approved by the Tohoku University Ethics Committee.   

 

Culture of human embryonic fibroblast cells    

Human embryonic fibroblasts, HFL-III cells, were obtained from the Riken Bio 

Resource Center Cell Bank (Cell No: RCB0523; Tsukuba, Japan). The cells, which are 

derived from human embryo lungs, are fibroblast-like in shape. Human embryonic 

fibroblast cells were cultured in flasks (25 cm2 surface area; Becton Dickinson) and were 

then plated in plastic dishes (MICROTESTTM Tissue Culture Plate, 96 well; Becton 

Dickinson) or in plastic tubes with round bottoms (16 mm in diameter and 125 mm in 

length; Becton Dickinson). The cells were then cultured at 37C in 5% CO2–95% air as 

previously described [6], with some modifications.   



 

Viral stocks    

Type 14 rhinovirus (RV14) stocks were prepared from a patient with a common cold 

by infecting human embryonic fibroblast cells, as previously described [16]. We used RV 

14 stocks that were passaged 3-5 times.      

 

Detection and titration of viruses  

RV14 in supernatant fluids was detected and titrated using the endpoint method [17] 

by infecting replicate confluent human embryonic fibroblast cells in plastic 96-well plates 

(Becton Dickinson) with serial 10-fold dilutions of virus-containing supernatant fluids as 

previously described [6], with some modifications. Virus-containing supernatant fluids 

were added to the replicate human embryonic fibroblast cells in wells (200 l/well) of 

96-well plates. The human embryonic fibroblast cells in the wells were then cultured at 

33C in 5% CO2–95% air, and the presence of the typical cytopathic effects of RV was 

monitored in all replicate cells for 7 days (168 h), as described previously [6]. On the 

basis of these data, the TCID50 (tissue culture infective dose) was calculated, as 

previously described [16]. Because the human tracheal epithelial cells were cultured in 1 

ml of medium in the tubes, viral titers in supernatant fluids were expressed as TCID50 

units/ml [6]. Furthermore, the rates were obtained by dividing the value of the viral titer 

(TCID50 units/ml) in the supernatant fluids by the incubation time, and the rates were 

expressed as TCID50 units/ml/24 h [13]. 

 

Quantification of rhinovirus RNA     

To quantify the RV RNA and ribosomal RNA (18S, rRNA) expression in the human 

tracheal epithelial cells after RV infection, two-step real-time quantitative reverse 

transcription (RT)-PCR using the Taqman technique (Roche Molecular Diagnostic 

Systems) was performed with a TaqMan Gene Expression Master Mix (Applied 



Biosystems, Bedford, CA, USA), according to the methods of Nolan et al. [18], as 

previously reported [6]. The extracted RNA from the cells was divided into 10-ng 

aliquots, and the amount of RV RNA or rRNA was measured by using each 10-ng aliquot 

of extracted RNA from the same cells. To measure the amount of RV RNA and rRNA, 

RNA extracted from the cells was converted to cDNA, and the amount of cDNA from the 

RV RNA and rRNA was measured. TaqMan technology exploits the 5’-3’ nucleolytic 

activity of AmpliTaq Gold DNA Polymerase. The method uses a dual-labeled 

fluorogenic hybridization probe, known as a TaqMan probe, that specifically anneals to 

the template between the PCR primers.                      

In the first step in the quantification of the RV RNA, cDNA from the RV RNA was 

synthesized using the QuantiTect Reverse Transcription Kit (Qiagen). In brief, an 

extracted aliquot containing RNA (10 ng/5 l) was mixed with gDNA Wipeout Buffer (2 

l) and RNAase-free water (2 l) and was then incubated at 42C for 2 min. The mixture 

(9 l) was further mixed with Quantiscript Reverse Transcriptase (1 l), Quantiscript RT 

Buffer (4 l), RT Primer Mix (1 l), and RV reverse primer (5’- 

CGGACACCCAAAGTAGTCGGT -3’; 5 l) to transcribe the cDNA from the RV RNA. 

This mixture was incubated at 42C for 15 min and then at 95C for 3 min using a 

GeneAmp® PCR System 9700 (Applied Biosystems).                 

Likewise, in the second step of the quantification of RV RNA, real-time PCR was 

performed using cDNA from the RV RNA and a TaqMan Gene Expression Master 

Mix. The probe contains a fluorescent reporter (6-carboxyfluorescein [FAM]) at the 5’ 

end and a fluorescent quencher (6-carboxytetramethylrhodamine [TAMRA]) at the 3’ 

end. As the PCR progresses, the TaqMan probe is degraded, and the reporter is released, 

resulting in an increase in fluorescence emission. The use of a sequence detector (ABI 

PRISM 7700; Applied Biosystems) allows for the measurement of the amplified product 

in direct proportion to the continuous increase in fluorescence emission during the PCR. 

Briefly, a cDNA sample (2 l) made at the first step was mixed with TaqMan Gene 



Expression Master Mix (10 l), forward primer (5’- 

GCACTTCTGTTTCCCAGGAGC-3’; 0.5 l), reverse primer (5’- 

CGGACACCCAAAGTAGTCGGT -3’; 0.5 l), Taqman probe RV14 (5’-[FAM] 

CCTTTAACCGTTATCCGCCA [TAMRA]-3’; 0.5 l), and RNAase-free water (6.5 l). 

cDNA made from RV RNA was amplified by PCR for 45 cycles (15 s at 95C and 1 min 

at 60C). We used the PrimerExpress program (version 3.0; Applied Biosystems) to 

design the probe and primers according to the guidelines for best PCR performance.  

Whole RT-PCR reactions and detection of the fluorescence emission signal for every 

PCR cycle were performed at the same time in a single tube in a sequence detector (ABI 

7700).                          

    To quantify the rRNA, the conversion of rRNA to the cDNA and real-time PCR were 

performed using the same two-step process described above. To quantify rRNA 

expression, a forward primer (5’- GCACTTCTGTTTCCCAGGAGC-3’), reverse primer 

(5’- CGGACACCCAAAGTAG TCGGT -3’), and a Taqman probe (5’-[FAM] 

CCTTTAACCGTTATCCGCCA [TAMRA]-3’) were designed for rRNA.  

To obtain quantitative data, the minimum PCR cycle required to detect the 

fluorescent signal was defined as the cycle threshold (C) of the RV RNA and rRNA 

from the cells as described previously [6]. To normalize the Taqman data using rRNA, 

the calculations for the quantification were performed by obtaining the difference (C) 

between the C values of the target (RV) and the reference (rRNA). The difference of 

C value was also calculated between the cells treated with tiotropium and the cells 

treated with vehicle only. To calculate the absolute value, the difference of C value was 

transformed according to the comparative (C) method described in the 

manufacturer’s instructions. 

 

Viral infection of the epithelial cells   



Human tracheal epithelial cells were infected with RV14 using previously described 

methods [6]. A stock solution of RV14 (100 l in each tube, 1.0 x 104 TCID50 

units/100l, 5.0 x 10-2 TCID50 units/cell) was added to the human tracheal epithelial cells 

in the tubes, except where other virus doses are indicated. After a 1-h incubation at 33C 

in 5% CO2–95% air, the viral solution was removed, and the epithelial cells were rinsed 

once with 1 ml of phosphate-buffered saline. The cells were then fed with 1 ml of fresh 

medium containing 2% USG. The openings of the tubes were sealed with rubber plugs, 

and the cells in the tubes were cultured at 33C by rolling in an incubator.  

 

Treatment with tiotropium  

To examine the effects of tiotropium, cultured human tracheal epithelial cells from 

the same donors were treated with either tiotropium (0.1 M, supplied from 

Boehringer-Ingelheim, Co., Ltd) or a vehicle (0.001% of 0.01N HCl) from 3 days (72 h) 

before RV14 infection until the end of the experimental period [6], except where other 

concentrations or treatment periods are indicated. Because tiotropium is dissolved in 

0.01N HCl according to the manufacturer’s instructions and then diluted with double 

distilled water, we made the vehicle control by diluting 0.01N HCl with double-distilled 

water.  

To examine the concentration-dependent effects of tiotropium on RV14 infection 

and on acidic endosomes, cells were treated with tiotropium at concentrations ranging 

from 10 pM to 10 M.   

Furthermore, to examine the direct interaction of tiotropium with the virus, cells 

were pretreated with tiotropium (0.1 M), and tiotropium was removed immediately 

prior to virus infection. Cells were cultured in the medium without the addition of 

tiotropium during and after virus infection, and the supernatant fluids were collected after 

virus infection.                



To examine the effects of tiotropium on cells cultured on filter membranes, culture 

medium containing tiotropium (0.1 M) (400 l) was supplied from the basolateral side 

of the CM inserts in the dishes [15].  

To examine the effects of tiotropium on ICAM-1 mRNA expression in the cells and 

the concentration of a soluble form of ICAM-1 (sICAM-1) in the supernatant fluids, the 

cells were pretreated with tiotropium (0.1 M) beginning 3 days before RV14 infection, 

followed by collection of the supernatant fluids and extraction of the RNA from the cells 

just before RV14 infection. 

To examine the concentration-dependent effects of tiotropium on acidic endosomes, 

cells were treated with tiotropium at concentrations ranging from 1 nM to 10 M. 

Likewise, to examine the time-dependent effects of tiotropium on acidic endosomes, the 

cells were treated with tiotropium (0.1 M) for time periods ranging from 0 to 3 days (72 

h).   

 

Collection of supernatant fluids for measurements  

   In the cells cultured in the tubes, we measured the time course of viral release using 

previously described methods [6]. To measure RV14 release during the first 24 h, we 

used three separate cultures from the same trachea. We collected the supernatant fluids at 

either 1 h, 12 h, or 24 h after RV14 infection by using one of three separate cultures.  We 

also collected supernatant fluids at 3 days (72 h), 5 days (120 h), and 7 days (168 h) from 

the same culture from which supernatant fluids were collected at 24 h after infection. At 1 

day (24 h), 3 days (72 h), and 5 days (120 h) after infection, supernatant fluids were 

collected, and tracheal epithelial cells were rinsed with PBS; 1 ml of fresh medium 

containing 2% USG was then used to replace the medium, and the cell culture was 

continued. Supernatant fluids were also collected at 7 days (168 h) after infection to 

measure the release of RV14.            



Likewise, to examine the effects of tiotropium on the secretion of IL-1, IL-6, and 

IL-8, supernatant fluids were collected just before infection and 1 day (24 h), 3 days (72 

h), and 5 days (120 h) after RV14 infection. 

To measure virus release to the apical side of the cell layers cultured on filter 

membranes, airway surface liquid (ASL) was collected by washing the apical surface of 

the layers with 350 l of medium containing 2% USG as previously described [19], with 

some modifications. We collected ASL at 1 day (24 h), 3 days (72 h), 5 days (120 h), and 

7 days (168 h) after RV14 infection. 

 

Effects of tiotropium on susceptibility to rhinovirus infection   

The effects of tiotropium on the susceptibility to RV14 infection were evaluated as 

previously described [6]. Epithelial cells were pretreated with tiotropium (0.1 M) or 

vehicle (0.001% of 0.01N HCl) beginning 3 days (72 h) before infection with RV14.  

The epithelial cells were exposed to serial 10-fold dilutions of RV14 at a dose ranging 

from 101 to 105 TCID50 units/ml in medium containing tiotropium or vehicle for 1 h at 

33C. After exposure to RV14, the cells were rinsed with PBS, and fresh medium with no 

tiotropium was added. The cells in the tubes were then cultured at 33C by rolling in an 

incubator.   

We collected the supernatant fluids at 1 day (24 h) and 3 days (72 h) after RV14 

infection. Because we found in the preliminary experiments that the supernatant fluids 

collected at 3 days (72 h) after infection showed maximum viral titers, we measured the 

RV titers in the supernatant fluids collected at 3 days (72 h) after infection with the human 

embryonic fibroblast cell assay described above to assess whether infection occurred at 

each dose (101, 102, 103, 104, or 105 TCID50 units/ml) of RV14 used. After the addition of 

virus-containing supernatant fluids to the fibroblast cells, the presence of the typical 

cytopathic effects of RV was monitored for 7 days (168 h) [6]. 

 



Measurement of ICAM-1 expression 

The mRNA of ICAM-1 was examined with two-step real-time RT-PCR analysis 

using the methods described above (Quantification of rhinovirus RNA) with a forward 

primer (5’- GCACTTCTGTTTCCCAGGAGC-3’) and a reverse primer (5’- 

CGGACACCCAAAGTAG TCGGT -3’). A Taqman probe (5’–[FAM] 

CCTTTAACCGTTATCCGCCA [TAMRA]–3’) was designed for ICAM-1.  The 

expression of ICAM-1 mRNA was also normalized to the constitutive expression of 

rRNA. The concentration of sICAM-1 in supernatant fluids was measured with an 

enzyme immunoassay (EIA) [6].   

 

Measurement of changes in acidic endosomes  

The distribution and the fluorescence intensity of acidic endosomes in the cells were 

measured as previously described, using the LysoSensor DND-189 dye (Molecular 

Probes, Eugene, OR, USA) [6]. Live-cell imaging of the cells was performed on 

coverslips in Petri dishes, which were observed with a fluorescence microscope 

(OLYMPUS IX70; OLYMPUS Co. Ltd., Tokyo, Japan). The imaging used an excitation 

wavelength of 443 nm, and the emitted light from the cells was detected through a 

505-nm filter. The fluorescence intensity was calculated using a fluorescence image 

analyzer system (Lumina Vision; Mitani Co. Ltd., Fukui, Japan) equipped with a 

fluorescence microscope. The fluorescence intensity of the acidic endosomes was 

measured in 100 human tracheal epithelial cells, and the mean value of fluorescence 

intensity was expressed as a percentage of the control value compared with the 

fluorescence intensity of the cells before any treatment.   

We studied the effects of a long period of treatment with tiotropium (0.1 M, 72 h) 

on acidic endosomes because the cells were pretreated with tiotropium for 3 days (72 h) 

before RV14 infection, except when we examined the time-dependent effects of 

tiotropium.    



 

Measurement of cytokine production     

We measured IL-1, IL-6, and IL-8 in supernatant fluids by specific enzyme-linked 

immunosorbent assays (ELISAs) [6] in duplicate human tracheal epithelial cells in plastic 

tubes at all timepoints.                    

 

NF-kappa B assay 

Nuclear extracts from human tracheal epithelial cells were prepared using a 

TransFactor extraction kit (BD Bioscience/CLONTECH, Mountain View, CA, USA) 

according to the manufacturer’s instructions. After centrifugation at 20,000 x g for 5 min 

at 4C, nuclear extracts were assayed for p50, p65, and c-Rel content. An equal amount of 

nuclear lysate was added to incubation wells that were precoated with the DNA-binding 

consensus sequence. The presence of the translocated p50, p65, and c-Rel subunits was 

assayed using a TransFactor Family Colorimetric Kit-NFB (BD 

Bioscience/CLONTECH) according to the manufacturer’s instructions [6]. Plates were 

read at 655 nm, and the results were expressed as OD, which gives quantitative levels of 

the NF-B subunits [6].   

 

Western blot analysis    

Western blot analysis for the degradation of inhibitory kappa B- (IB-) and the 

analysis of the amount of phosphorylated IB- (p-IB-) and -actin were performed 

using the methods described previously [6]. Total cellular proteins were obtained before 

RV14 infection in the presence or absence of tiotropium (0.1 M or 10 M, 72 h) from 

human tracheal epithelial cells that were harvested and lysed in modified 

radioimmunoprecipitation assay (RIPA) buffer (1% NP-40, 0.25% sodium deoxycholate, 

150 mM NaC1, 20 mM Tris, pH 7.5, and 10 mM EDTA) supplemented with phosphatase 

and protease inhibitors. 



Protein concentrations were determined using the Bio-Rad protein assay reagent 

according to the manufacturer’s instructions. Twenty micrograms of cellular proteins 

from treated or untreated cell extracts were separated on 10% SDS-polyacrylamide gels 

and electroblotted onto nitrocellulose membranes that were incubated for 2 h with 

blocking solution (5% skim milk) at 4C and then overnight with the primary antibody.  

The primary antibodies used in this study were a monoclonal rabbit anti-phospho-IB- 

(Ser32) antibody (1:1000 dilution; Cell Signaling Technology, Danvers, MA, USA), a 

polyclonal rabbit anti-IB- (C-21) antibody (1:200 dilution; Santa Cruz Biotechnology, 

Santa Cruz, CA, USA), and a monoclonal mouse anti--actin antibody (1:10,000 

dilution; Sigma-Aldrich, St. Louis, MO, USA). The blots were then washed four times 

with Tween 20/Tris-buffered saline (TTBS) and incubated with one of the following 

secondary antibodies for 1 h at room temperature: peroxidase-conjugated anti-rabbit IgG 

(1:1,000 dilution; DakoCytomation, Glostrup, Denmark) for p-IB- and IB- or 

peroxidase-conjugated anti-mouse IgG (1:10,000 dilution; Jackson Immuno Research 

Laboratories, Avondale, PA, USA) for -actin. The blots were rewashed three times with 

TTBS, and chemiluminescence was detected using an Amersham ECL Plus western 

blotting detection kit (GE Healthcare, Waukesha, WI, USA) and a LAS-1000 

luminescent image analyzer (Fujifilm, Tokyo, Japan). The results were quantified using 

ImageJ 1.42 software (http://rsb.info.nih.gov/ij/). The data were obtained by dividing 

the results in each culture condition by the resulting -actin levels.  

 

Statistical analysis 

The results are expressed as the mean  SEM. Statistical analysis was performed 

using a one-way analysis of variance (ANOVA). Subsequent post-hoc analysis was made 

using Bonferroni's method. For all analyses, values of p<0.05 were assumed to be 

significant. The number of donors (tracheae) from which cultured epithelial cells were 

used is referred to as n.    



 

 


