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Mechanical ventilation (MV) of patients can cause damage to bronchoalveolar epithelium,
leading to a sterile inflammatory response, infection and in severe cases sepsis. Limited
knowledge is available on the effects of MV on the innate immune defense system in the
human lung. In this study, we demonstrate that cyclic stretch of the human bronchial
epithelial cell lines VA10 and BCi NS 1.1 leads to down-regulation of cathelicidin
antimicrobial peptide (CAMP) gene expression. Further, we show that treatment of VA10
cells with vitamin D3 and/or 4-phenyl butyric acid counteracted cyclic stretch mediated
down-regulation of CAMP mRNA and protein expression (LL-37). This down-regulation of
cathelicidin expression was coupled with an increase in pro-inflammatory responses. The
mRNA expression of the genes encoding pro-inflammatory cytokines IL-8 and IL-1β was
increased after cyclic stretching, where as a decrease in gene expression of chemokines
IP-10 and RANTES was observed. Cyclic stretch enhanced oxidative stress in the VA10
cells. The mRNA expression of toll-like receptor (TLR) 3, TLR5 and TLR8 was reduced, while
the gene expression of TLR2 was increased in VA10 cells after cyclic stretch. In conclusion,
our in vitro results indicate that cyclic stretch may differentially modulate innate immunity
by down-regulation of antimicrobial peptide expression and increase in pro-inflammatory
responses.
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31 ABSTRACT

32 Mechanical ventilation (MV) of patients can cause damage to bronchoalveolar 

33 epithelium, leading to a sterile inflammatory response, infection and in severe cases sepsis. 

34 Limited knowledge is available on the effects of MV on the innate immune defense system in the 

35 human lung. In this study, we demonstrate that cyclic stretch of the human bronchial epithelial 

36 cell lines VA10 and BCi NS 1.1 leads to down-regulation of cathelicidin antimicrobial peptide 

37 (CAMP) gene expression. Further, we show that treatment of VA10 cells with vitamin D3 and/or 

38 4-phenyl butyric acid counteracted cyclic stretch mediated down-regulation of CAMP mRNA 

39 and protein expression (LL-37). This down-regulation of cathelicidin expression was coupled 

40 with an increase in pro-inflammatory responses. The mRNA expression of the genes encoding 

41 pro-inflammatory cytokines IL-8 and IL-1β was increased after cyclic stretching, where as a 

42 decrease in gene expression of chemokines IP-10 and RANTES was observed. Cyclic stretch 

43 enhanced oxidative stress in the VA10 cells. The mRNA expression of toll-like receptor (TLR) 3, 

44 TLR5 and TLR8 was reduced, while the gene expression of TLR2 was increased in VA10 cells 

45 after cyclic stretch. In conclusion, our in vitro results indicate that cyclic stretch may 

46 differentially modulate innate immunity by down-regulation of antimicrobial peptide expression 

47 and increase in pro-inflammatory responses.
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62 INTRODUCTION

63

64 Mechanical ventilation (MV) is a lifesaving treatment for patients suffering from severe 

65 respiratory failure by alleviating the work of breathing and facilitating alveolar gas exchange 

66 (Slutsky & Ranieri, 2013). MV has, however, been associated with side effects including 

67 ventilator induced lung injury (VILI) coupled with injury on lung tissue, stress on epithelial and 

68 endothelial barriers, apoptosis, pro-inflammatory responses, increased oxidative stress and 

69 secondary infections like nosocomial bacterial pneumonia. This can befollowed by sepsis or 

70 systemic inflammatory response syndrome and increased mortality (Baudouin, 2001; Uhlig, 

71 2002; Syrkina et al., 2008). Success of treatment with MV requires limitation of VILI and 

72 associated side effects (Fan, Villar & Slutsky, 2013). This can be accomplished by either 

73 decreasing mechanical stress produced by MV or by increasing the endurance of lung tissues to 

74 such strain. Hence, it has become imperative to study the molecular mechanisms behind VILI in 

75 details to improve outcomes in patients treated with MV. Although poorly defined, down-

76 regulation of innate immune responses has been proposed to favor bacterial growth and 

77 development of ventilator associated pneumonia (VAP) in the lungs of patients during MV 

78 (Santos et al., 2005). 

79 Antimicrobial polypeptides (AMPs) constitute an important arm of the innate immune 

80 defense in the lungs and are expressed ubiquitously in epithelial cells, neutrophils and monocytes 

81 or macrophages (Laube et al., 2006). These cationic polypeptides are categorized into: 1) smaller 

82 processed peptides such as cathelicidins and defensins and 2) larger polypeptides like lactoferrin, 

83 lysozyme and secretory leukocyte peptidase inhibitor (SLPI) (Laube et al., 2006). LL-37 is the 

84 main cathelicidin antimicrobial peptide (CAMP) in humans, encoded by the CAMP gene (Dürr, 

85 Sudheendra & Ramamoorthy, 2006). LL-37 is stored as a pro-form (pro-LL-37) in cells and is 

86 activated upon secretion to the mature form LL-37 by specific proteases (Sørensen et al., 2001). 

87 LL-37 has direct antimicrobial activity against multiple pathogens and has been demonstrated to 

88 exhibit pro- and anti-inflammatory responses, wound healing and angiogenic properties 

89 (Cederlund, Gudmundsson & Agerberth, 2011). Inducers of AMPs like vitamin D3 (1, 25-

90 dihydroxy vitamin D3 or 1,25D3) and 4-phenyl butyric acid (PBA) have been shown to increase 

91 CAMP gene expression via the vitamin D receptor (VDR) (Gombart, Borregaard & Koeffler, 

92 2005; Kulkarni et al., 2015). A recent clinical trial demonstrated that lower vitamin D3 levels 
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93 and cathelicidin expression was associated with higher mortality in critically ill patients usually 

94 receiving MV (Leaf et al., 2015). The effects of MV on respiratory cells can be modeled in vitro 

95 by applying defined cyclic mechanical stretch mimicking the frequency and stretch conditions 

96 during MV (Pugin et al., 2008; Wu et al., 2013). 

97 In this study, we demonstrate that cyclic mechanical stretch of human bronchial epithelial 

98 cells down-regulates the expression of antimicrobial peptide cathelicidin. Treatment with AMP 

99 inducers vitamin D3 and/or PBA counteracted cyclic stretch mediated down-regulation of 

100 cathelicidin expression. We further demonstrate that cyclic stretching of VA10 cells activated a 

101 pro-inflammatory response by enhancing expression of pro-inflammatory cytokines and 

102 increasing oxidative stress. 

103

104 MATERIALS AND METHODS

105

106 Cell Culture, Reagents and Cyclic Stretch:

107 An E6/E7 viral oncogene immortalized human bronchial epithelial cell line VA10 was 

108 cultured as described previously (Halldorsson & Asgrimsson, 2007). Briefly, the cells were 

109 maintained in Bronchial/Tracheal Epithelial cell growth medium (Cell Applications, USA) with 

110 Penicillin-Streptomycin [(20 U/ml, 20 µg/ml, respectively) (Life Technologies, USA)] at 37°C 

111 and 5% CO2. BCi. NS 1.1 (henceforth referred to as BCi) is a human bronchial epithelial cell line 

112 was a kind gift from Dr. Matthew S Walters, Weill Cornell Medical College, New York NY, 

113 USA (Walters et al., 2013) and was established by immortalization with retrovirus expressing 

114 human telomerase (hTERT). The BCi cells were cultured as described above for VA10 cell line. 

115 Equal amount of cells were seeded on each well in a 6 well collagen I coated Bioflex plates 

116 (Flexcell International Corporation, Burlington, USA), and grown to approximately 80% 

117 confluence. These plates were then transferred to a base plate of the cell stretching equipment 

118 Flexcell FX-5000TM Tension System (Flexcell International Corporation, Burlington, USA) in a 

119 humidified incubator at 37°C and 5 % CO2. The cells were subjected to cyclic mechanical stretch 

120 with the following parameters: A stretching rate of 20% with a square signal, 0.33 Hz frequency 

121 (20 cycles/minute) and a 1:1 stretch: relaxation ratio, as described previously (Pugin et al., 2008). 

122 The cells were stretched for 6 h and 24 h as described in the results. Control Bioflex plates were 

123 kept in the same incubator under static conditions as non-stretch controls. Vitamin D3 (1,25D3) 
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124 and Sodium 4-phenyl butyric acid (PBA) were purchased from Tocris bioscience, UK. Vitamin 

125 D3 was reconstituted in 100% ethanol as per manufacturer’s instructions. The final concentration 

126 of the solvent was kept at 0.2 % v/v and did not affect gene and protein expression of target 

127 genes. PBA was reconstituted in ultrapure H2O. 

128

129 RNA Isolation and Quantitative Real Time PCR:

130 Total RNA was isolated with NucleoSpin RNA kit (Macherey-Nagel, Germany) and 

131 quantified on a spectrophotometer (Nanodrop, Thermo Specific, USA). One µg of total RNA 

132 was reverse transcribed into first strand cDNA for each sample with a RevertAid First strand 

133 cDNA synthesis kit (Thermo Scientific, USA) and modified with 100 unit of reverse 

134 transcriptase per reaction. Power SYBR® green Universal PCR master mix (Life technologies, 

135 USA) was used to quantify the cDNA on a 7500 Real time PCR machine (Life technologies, 

136 USA). The reference gene used for all experiments was UBC (Ubiquitin C) and PPIA 

137 (Peptidylprolyl Isomerase A) and an arithmetic mean of reference gene Ct values was used. 

138 Primers for TLR1 and TLR6 were designed with Pearl primer and used at a final concentration of 

139 300 nM (Marshall, 2004). All other primers were purchased from Integrated DNA technologies 

140 (PrimeTime Predesigned qPCR Assay) and used at a final concentration of 500 nM as per 

141 manufacturer´s instructions. The qPCR cycling conditions were as follows; (1) Hold stage: 95°C 

142 for 10 min, followed by 40 cycles of (2) De-natured stage: 95°C for 15 s and (3) 

143 Annealed/extended stage: 60°C for 1 min. The 2(-∆∆CT) Livak method was utilized for calculating 

144 fold differences over untreated control (Livak & Schmittgen, 2001). A detailed list of the primers 

145 used in the q-RT-PCR assay is shown in Table 1.

146

147 Sodium dodecyl Sulfate-Polyacrylamide gel electrophoresis (SDS-PAGE) and Western Blot 

148 Analysis:

149 Supernatants from treated cells were enriched for proteins on Oasis HLB mini columns 

150 (Waters, USA) and lyophilized (Speed Vac, Thermo Scientific, USA). Ten µg of total 

151 lyophilized protein was loaded on a 4-12% Bis-Tris gradient SDS gel. Protein loading was 

152 checked with total protein stain for polyvinylidene fluoride (PVDF) membrane (Pierce 

153 MemCode reversible protein stain, Thermo Scientific, USA). Total cell lysate was prepared by 

154 addition of RIPA lysis buffer (Sigma Aldrich, USA) supplemented with 1x Halt protease and 
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155 phosphatase inhibitor cocktail (Thermo Scientific, USA). Cells were then washed three times 

156 with cold 1x PBS, incubated for 30 min on ice with RIPA buffer and centrifuged at 10,000 rpm 

157 for 5 min at 4°C. Supernatants obtained were used for Western blot analysis. The protein content 

158 of supernatants was analyzed by utilizing a protein assay reagent (Bio-Rad, USA). SDS-PAGE 

159 with subsequent Western blot analysis was performed using the NuPage blotting kit (Life 

160 Technologies, USA). Ten µg of each sample was loaded on a 4-12% Bis-Tris gradient gel and 

161 run at 200 V for 30 min. The proteins were then transferred to a PVDF membrane (Millipore, 

162 USA) and blocked with 5% non-fat skimmed milk in 1x phosphate buffered saline (PBS) with 

163 0.05% tween (Sigma Aldrich, USA). Antibodies against LL-37 were purchased from Innovagen 

164 (Sweden) and Glyceraldehyde 3-phosphate dehydrogenase (GAPDH) from Santa Cruz 

165 Biotechnology (USA). The primary antibodies were diluted 1:1000 in 1% non-fat skimmed milk 

166 powder (Blotto. Santacruz biotechnologies, USA) in 0.05% Tween 1x PBS and incubated 

167 overnight at 4°C. Next the membrane was incubated with 1:10.000 Horseradish Peroxidase 

168 (HRP)-linked secondary IgG antibody (Santa Cruz Biotechnology) in 0.05% Tween 1x PBS. The 

169 protein bands were visualized by chemiluminescence with Pierce ECLPlus Western blotting 

170 substrate (Thermo Scientific, USA) on Image Quant LAS 4000 station (GE Healthcare, USA).

171

172 Immunofluorescence:

173 VA10 cells were fixed with 3.5% paraformaldehyde (Sigma Aldrich, USA) prepared in 

174 1x PBS for 15 min. The cells were then washed twice with 1x PBS for 10 minutes at room 

175 temperature and blocked in immunofluorescence (IF) buffer (10% Fetal bovine serum (FBS) and 

176 0.3% triton X-100 in 1x PBS) for 30 minutes. The cells were incubated overnight with LL-37 

177 primary antibody (Innovagen, Sweden) diluted 1:100 in the IF buffer, at 4°C. Following 

178 overnight incubation, the cells were washed twice with 1x PBS. Next, the cells were incubated 

179 with secondary antibody anti-rabbit IgG Alexa Fluor 488/546 conjugate (Life Technologies, 

180 USA) 1:1000 diluted in the IF buffer, for 1 hour at room temperature. The cells were 

181 counterstained with nuclear stain 4, 6-diamidino-2-phenylindole (DAPI) at 1:5000 dilution in IF 

182 buffer. Finally, the cells were washed twice with 1x PBS and ultrapure H2O, and mounted in 

183 Fluormount-G solution (Southern Biotech, Birmingham, AL) for microscopic analysis. The 

184 images were captured on Olympus fluoview Fv1200 confocal microscope at a 20X 
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185 magnification. Olympus fluoview (FV) 1000 software was used for processing the acquired 

186 images.

187

188 Oxidative Stress Measurement:

189 After subjecting VA10 cells to cyclic stretch, CellROX green reagent (Life Technologies, 

190 USA) was added to the medium at a final concentration of 5 µM for 30 minutes. Next, the cells 

191 were washed twice with cold 1x PBS (1000 rpm for 5 min) and detached with a 1x Accutase 

192 solution (Millipore, USA). Cells were then harvested and suspended in 100 µl of MACS buffer. 

193 (Miltenyil Biotec, USA) as per manufacturer´s instructions. The samples were analyzed in 

194 MACSQuant flow cytometer (Miltenyil Biotec, USA), placing the CellROX green reagent signal 

195 in FL1. Intact cells were gated in the Forward Scatter/Side Scatter plot to exclude debris. The 

196 resulting FL1 data was plotted on a histogram and is represented as % CellROX positive cells 

197 before and after cyclic stretch.

198

199 ELISA:

200 Sandwich enzyme-linked immunosorbent assays (ELISAs) were performed utilizing an 

201 interleukin 8 (IL-8) and interferon gamma-induced protein 10 (IP-10) assay kit according to 

202 manufacturer’s instructions (Peprotech, UK). The results are represented from three independent 

203 experiments.

204

205 Statistical Analysis:

206 The q-RT PCR and ELISA results are represented as means ± standard errors of the 

207 means (S: E.) from three independent experiments. An unpaired Student's t-test was used to 

208 compare two samples. P < 0.05 was considered statistically significant. All the statistical analysis 

209 for q-RT PCR and ELISA experiments was performed with the Prism 6 software (Graph Pad, 

210 USA). The Western blot and immunofluorescence data are represented from at least three 

211 independent experiments showing similar results.

212

213 RESULTS

214

215 Cyclic stretch down-regulates the expression of the cathelicidin antimicrobial peptide.
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216 We screened for the effect of mechanical stretch on AMP expression. VA10 cells were 

217 subjected to stretch for 6 and 24 hours to analyze early and late changes in AMP mRNA 

218 expression. The mRNA expression of AMPs cathelicidin (CAMP), human beta defensin-1 

219 (DEFB1), Lactoferrin (LTF) and Lysozyme (LYZ) was analyzed with quantitative real time PCR 

220 (qRT-PCR). The basal mRNA expression of CAMP was decreased at both 6 h and 24 h after cell 

221 stretching (Fig. 1A). DEFB1 mRNA expression was reduced at 24 h after cell stretching but was 

222 unaffected after 6h (Fig. S1). The basal mRNA expression of LTF and LZY was very low (Ct > 

223 32) in the VA10 cells and was excluded from this study. The decrease in cathelicidin gene 

224 expression was further confirmed at protein level with Western blot (Fig. 1B) and 

225 immunofluorescence analysis (Fig. 1C). Western blot analysis of stretched VA10 cells showed a 

226 decrease in secreted pro-LL-37 (encoded by the CAMP gene) levels after 24 h of cyclic stretch 

227 (Fig. 1B). Further, immunofluorescence staining of stretched VA10 cells also showed a decrease 

228 in LL-37 protein expression at both 6h and 24 h after stretching (Fig. 1C).

229

230 Treatment with vitamin D3 and/or 4-phenyl butyric acid (PBA) counteracts stretch 

231 mediated down-regulation of cathelicidin expression.

232 We and others have demonstrated that treatment with vitamin D3 (1,25D3) and PBA 

233 enhances cathelicidin expression (Gombart, Borregaard & Koeffler, 2005; Kulkarni et al., 2015). 

234 VA10 cells were treated with 100 nM 1,25D3 (Fig. 2A), 2 mM PBA (Fig. 2B) or co-treated with 

235 2 mM PBA and 100 nM 1,25D3 (Fig. 2C). These cells were then stretched for either 6 h or 24 h 

236 and gene expression of CAMP was analyzed with q-RT PCR. Treatment of VA10 cells with 

237 1,25D3 and/or PBA before stretch counteracted stretch mediated down-regulation of CAMP 

238 mRNA expression (Fig. 2 A-C). This counteraction was further confirmed at protein level with 

239 immunofluorescence (Fig. 2E) and Western blot analysis (Fig. 2F). Immunofluorescence 

240 staining of LL-37 confirmed that the 1,25D3 treatment prevented stretch mediated decrease in 

241 LL-37 protein expression with both at 6h and 24 h stretch (Fig. 2E). Further, VA10 cells were 

242 treated with PBA and 1,25D3 as described above and stretched for 24 h. Protein expression of 

243 pro-LL-37 was analyzed with Western blot. Co-treatment with PBA and 1,25D3 predominantly 

244 enhanced pro-LL-37 expression in VA10 cells (Fig. 2F). This enhanced expression was lower in 

245 the stretched cells (Fig. 2F). Finally, we verified stretch mediated decrease of CAMP mRNA 

246 expression in another human bronchial epithelial cell line BCi. Similar to the VA10 cells, the 
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247 BCi cells were treated with 100 nM 1,25D3 and stretched for 24 h. The basal mRNA expression 

248 of CAMP was reduced with 24 stretch, however was not significantly changed after 6h. Similar 

249 to the results in VA10 cells, treatment with 1,25D3 counteracted stretch mediated down-

250 regulation of CAMP mRNA expression in BCi cells (Fig. 2D). Thus, we demonstrate that 

251 treatment with 1,25D3 and PBA counteracted cyclic stretch mediated down-regulation of 

252 cathelicidin AMP expression.

253

254 Cyclic stretch activates a pro-inflammatory response and modulates toll-like receptor 

255 expression.

256 Previous studies have demonstrated that VILI and in vitro cyclic stretching of alveolar 

257 lung epithelial cells activates a pro-inflammatory response by enhanced secretion of pro-

258 inflammatory cytokines and chemokines (Vlahakis et al., 1999; Halbertsma et al., 2005). We 

259 studied the effect of cyclic stretch on inflammation in VA10 cells by screening for stretch 

260 mediated changes in pro-inflammatory cytokines and chemokines expression (Fig. 3 A-F). The 

261 VA10 cells were stretched for 6 h and 24 h. The mRNA expression of pro-inflammatory 

262 cytokines CXCL8 (encoding interleukin 8 or IL-8), IL1B (encoding interleukin 1 beta or IL-1β) 

263 and chemokines CXCL10 (encoding interferon gamma induced protein 10 or IP-10), CCL5 

264 (encoding regulated on activation, normal T cell expressed and secreted or RANTES) was 

265 analyzed with q-RT PCR (Fig. 3 A-D) after stretching. The mRNA expression of genes encoding 

266 IL-8 and IL-1β was enhanced after 6 h and 24 h cyclic stretch (Fig. 3 A-C). Interestingly, mRNA 

267 expression of the gene encoding IP-10 was reduced following 6h and 24 h stretch (Fig. 3 A-C). 

268 The mRNA expression of gene encoding RANTES was reduced after 24 h stretching and was 

269 not affected after 6 h stretch (Fig. 3D). Analysis of protein expression with ELISA demonstrated 

270 enhanced secretion of IL-8 after 24 h of cell stretching (Fig. 3E), whereas the total secreted 

271 levels of IP-10 was reduced (Fig. 3F). Increased oxidative stress through enhanced reactive 

272 oxygen species (ROS) has been shown to be involved in activation of a pro-inflammatory 

273 response (Mittal et al., 2014). We observed increased oxidative stress following cyclic stretch 

274 with the ROS detector dye Cell ROX. VA10 cells were stretched for 24 h and Cell ROX dye (5 

275 µM) was added 30 min before end of cyclic stretching. The cells were then harvested and 

276 analyzed in a flow cytometer. A significant increase in percentage of Cell ROX positive cells 
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277 was observed after stretching, indicating increased oxidative stress (Fig. 3G). Thus, we 

278 demonstrate that cyclic stretching activates a pro-inflammatory response in VA10 cells.

279 Next, we screened for stretch mediated changes in toll-like receptor (TLR) expression in 

280 VA10 cells (Fig. 4 A-H). TLRs play an important role in activation of pro-inflammatory 

281 responses and have been shown to be modulated by mechanical stretching of cells (Takeda & 

282 Akira, 2005; Shyu et al., 2010). VA10 cells were stretched for 6h and 24 h as described above. 

283 The mRNA expression of TLR1, TLR2, TLR3, TLR4, TLR5, TLR6, TLR8 and TLR9 was analyzed 

284 with q-RT PCR. The mRNA expression of TLR3, TLR5 and TLR8 was reduced 6 h after stretch 

285 (Fig. 4 C, E, and G). Further, the mRNA expression of TLR2 (Fig. 4B) was increased and gene 

286 expression of TLR3 (Fig. 4C) and TLR9 (Fig. 4H) was decreased after 24 h stretch.

287

288 Treatment with vitamin D3 and PBA differentially affects stretch mediated changes in pro-

289 inflammatory cytokine IL-8 expression.

290 Vitamin D3 and PBA have been shown to differentially modulate inflammatory 

291 responses, mainly having anti-inflammatory effect (Hansdottir et al., 2010; Roy et al., 2012). 

292 VA10 cells were treated with 20 nM 1,25D3 (Fig. 5A) and 2 mM PBA (Fig. 5B), followed by 

293 stretching for 6 h and 24 h as shown in figure 5. The mRNA expression of genes encoding the 

294 pro-inflammatory cytokine IL-8 was analyzed with q-RT PCR. Treatment with 1,25D3 and PBA 

295 increased basal expression of IL-8 after 6 h treatment in static cells (Fig. 5 A and B) 

296 Interestingly, treatment with PBA significantly enhanced stretch mediated increase in IL-8 gene 

297 expression after 6 h stretch (Fig. 5B). This enhancement was not observed at 24 h after stretch 

298 (Fig. 5B)

299

300 DISCUSSION

301

302 Mechanical ventilation (MV) is necessary for maintenance of gas exchange and to 

303 prevent cardiorespiratory collapse in patients suffering from serious respiratory failure and the 

304 more severe condition of acute respiratory distress syndrome (ARDS), but may also result in 

305 increased mortality of patients by ventilator induced lung injury (VILI) (Slutsky & Ranieri, 

306 2013). Cyclic stretch generated during MV has been implicated in modulation of innate immune 

307 responses leading to side effects that include biotrauma and secondary infections like pneumonia 
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308 (Santos et al., 2005). We hypothesized that cyclic stretch modulates the expression of 

309 antimicrobial peptides (AMPs) that constitute and important arm of the innate immune system. 

310 MV can be modelled in vitro by cyclic mechanical stretching of respiratory epithelial cells 

311 (Vlahakis et al., 1999; Pugin et al., 2008). In this study we show that cyclic mechanical stretch of 

312 human bronchial respiratory epithelial cell line VA10 down-regulates gene expression of AMP 

313 cathelicidin and human beta defensin 1 (Fig. 1 and S1). To our knowledge this is first report 

314 demonstrating direct effects of mechanical stretch on AMP expression in vitro. AMPs prevent 

315 the invasion of pathogens through the lung epithelium and an impaired AMP production could 

316 render the tissues more susceptible to infections (Bals et al., 1998). In immunocompromised 

317 mice, CRAMP (homologue of human cathelicidin) knockout resulted in increased susceptibility 

318 to dermal and respiratory infections (Nizet et al., 2001; Kovach et al., 2012). Our group has 

319 previously demonstrated that the diarrhoeal pathogen Shigella down-regulates cathelicidin 

320 antimicrobial peptide (CAMP) expression as a strategy to subvert innate immune responses 

321 (Islam et al., 2001). This down-regulation can be counteracted by treatment with inducers of 

322 cathelicidin like butyric acid and PBA (Raqib et al., 2006; Sarker et al., 2011). In this study, we 

323 demonstrate that treatment with vitamin D3 (1,25D3) and PBA counteracts cyclic stretch 

324 mediated down-regulation of cathelicidin expression in the VA10 cells (Fig. 2). Interestingly, 

325 patients with low vitamin D3 levels admitted to intensive care units receiving MV had higher 

326 mortality rate and longer hospital stay than patients with sufficient vitamin D3 (Parekh, Thickett 

327 & Turner, 2013; Leaf et al., 2015; Quraishi et al., 2015). Further, in animal models, MV has been 

328 shown to promote bacterial dissemination and infections (Schortgen et al., 2004). Thus induction 

329 of AMPs with inducers like 1,25D3 and PBA may be a useful strategy to reduce these 

330 complications arising from MV, preventing infections and hence can be sought as adjunct 

331 therapeutics.

332 We further studied the effects of cyclic stretch on inflammatory responses in the VA10 

333 cells. Lung injury in MV patients is aggravated due to activation of MV mediated sterile 

334 inflammatory response and may lead to biotrauma (Santos et al., 2005; Dhanireddy et al., 2006). 

335 This damage due to MV activated inflammatory responses is further enhanced during infections. 

336 A recent meeting abstract noted that rhinovirus infection enhanced cyclic stretch mediated up-

337 regulation of pro-inflammatory cytokine expression in human bronchial epithelial cells 

338 (Nikitenko et al., 2014). We noticed a significant increase in mRNA expression of genes 

PeerJ reviewing PDF | (2015:09:6825:0:0:NEW 21 Sep 2015)

Reviewing Manuscript



339 encoding the pro-inflammatory cytokines IL-8 and IL-1β in the VA10 cells subjected to cyclic 

340 stretch (Fig. 3). Interestingly, the gene expression of chemokine IP-10 reduced at both 6 and 24 h 

341 of stretch. Further the mRNA expression of chemokine RANTES was down-regulated after 24 h 

342 of stretch (Fig. 3). Others have similarly shown cyclic stretch mediated up-regulation of IL-8 and 

343 down-regulation of RANTES expression in BEAS-2B human bronchial epithelial cell line 

344 (Oudin & Pugin, 2002; Thomas et al., 2006). Stretch mediated increase in IL-8 levels was shown 

345 to be dependent on activation of mitogen activated protein kinase (MAPK) and rho-kinase 

346 signaling (Oudin & Pugin, 2002; Thomas et al., 2006). Further, secretion of IL-1β was shown to 

347 be enhanced in mouse alveolar macrophages following MV induced cyclic stretch via caspase-1 

348 and TLR 4 dependent activation of NLRP3 inflammasomes (Wu et al., 2013). 

349 Increased oxidative stress following cyclic stretch further confirmed activation of a pro-

350 inflammatory response in the VA10 cells (Fig. 3). Recently, cyclic stretch was shown to activate 

351 mitochondrial reactive oxygen species (ROS) production via activation of nuclear transcription 

352 factor NFκB and NADPH oxidase (Nox) 4 signaling in pulmonary arterial smooth muscle cells 

353 (Wedgwood et al., 2015). Mitochondrial ROS drives production of pro-inflammatory cytokines 

354 (Naik & Dixit, 2011). We stained VA10 cells with the CellROX (ROS detector) dye and noticed 

355 a significant increase in percentage of CellROX positive VA10 cells after cyclic stretch, 

356 indicating enhancement of oxidative stress (Fig. 3). We further looked at the effects of cyclic 

357 stretch on expression of toll-like receptors (TLRs). TLRs sense pathogen associated molecular 

358 patterns (PAMPs) upon infection, leading to activation of down-stream signaling pathways and 

359 induction of pro-inflammatory cytokines and chemokines (Takeda & Akira, 2005). Cyclic stretch 

360 of cultured cardiomyocytes was shown to enhance TLR4 gene expression via activation of the 

361 p38 MAPK and NF-κB pathway (Shyu et al., 2010). Interestingly, cyclic stretch of human 

362 alveolar epithelial cell line A549 enhanced TLR2 expression (Charles et al., 2011).  Further it 

363 was demonstrated that cyclic stretch enhanced IL-6 and IL-8 secretion in response to Pam3CSK4, 

364 a classical TLR2 ligand (Charles et al., 2011). In our study, the mRNA expression of TLR3, 

365 TLR5, TLR8 and TLR9 was down-regulated after cyclic stretch, whereas the gene expression of 

366 TLR2 was increased in the VA10 cells (Fig. 4). A direct causal link between the stretch mediated 

367 changes in TLR gene expression and pro-inflammatory cytokine expression needs to be 

368 established. Vitamin D3 and PBA have been shown to have anti-inflammatory effects 

369 (Hansdottir et al., 2010; Roy et al., 2012). In our study, treatment of the VA10 cells with both 
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370 1,25D3 and PBA enhanced mRNA expression of the gene encoding IL-8 (Fig. 5). This is in 

371 correlation with our previous study in the VA10 cells (Kulkarni et al., 2015). Further, treatment 

372 with PBA significantly enhanced stretch mediated increase in IL-8 gene expression 6 h after 

373 stretching in the VA10 cells (Fig. 5).

374 Our study has certain limitations. 1) The study was performed exclusively in cell lines. 

375 However, these respiratory cell lines (VA10 and BCi) have been shown to have primary cell like 

376 characteristics and have differentiation potential when cultured at an air-liquid interface 

377 (Halldorsson et al.; Walters et al., 2013). They represent the upper airway lung epithelia. Primary 

378 human bronchial epithelial cells did not grow properly on collagen I coated bioflex silastic 

379 membranes and had to be excluded from this study. 2) The mechanism behind cyclic stretch 

380 mediated down-regulation of AMP expression needs to be elucidated and is a future area of 

381 interest. We hypothesize that stretch activated stress pathways (e.g. hypoxia related HIF-1α 

382 (Eckle et al., 2013; Fan et al., 2015)) could be involved in the observed down-regulation of AMP 

383 expression. Interestingly, acidification of cellular milieu upon cyclic stretch has been shown to 

384 promote bacterial growth in lung epithelial cells (Pugin et al., 2008). The relationship between 

385 stretch altered pH and its effects on AMP gene expression is also an area of interest.

386 In conclusion, our in vitro data shows that cyclic stretch down-regulates the expression of 

387 AMPs and activates a pro-inflammatory response in respiratory epithelial cells. These results 

388 could have clinical implications in regards to ventilator treatment of patients by identifying ways 

389 to increase the endurance of lung tissues to mechanical strain and preventing respiratory 

390 infections, encouraging further in vivo studies in this field.
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Figure 1: Cyclic mechanical stretch down-regulates cathelicidin antimicrobial peptide
expression.

(A) VA10 cells were stretched for 6 and 24 h. The mRNA expression of cathelicidin

antimicrobial peptide (CAMP) was analyzed with q-RT PCR after cell stretching (n=3). (B)

VA10 cells were subjected to cyclic stretch for 24 h. Cultured supernatants from stretched

cells were used for analysis of secreted cathelicidin (pro-LL-37) protein expression by

Western blot. Total protein loading is shown by staining with MemCode blue protein stain.

The Western blot is a representative of three independent experiments showing similar

results. (C) VA10 cells were stretched for 6 h and 24 h. The cells were then stained with

antibody against LL-37 (green) and protein expression was visualized with

immunofluorescence confocal microscopy. The cells were counterstained with nuclear stain

DAPI (blue). Data is representative of three independent experiments showing similar results.

Bar=40 µm. (ns indicates non-significant; p<0.01 =**; p<0.001= ***).
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2
Figure 2: Treatment with vitamin D3 (1,25D3) and 4-phenyl butyric acid (PBA)
counteracts stretch mediated down-regulation of cathelicidin expression.

(A) VA10 cells were stretched for 6 and 24 h with (+) or without (-) 100 nM 1,25D3, (B) 2 mM

PBA and (C) co-treated with vitamin D3 and PBA as shown in the figure. The mRNA

expression of CAMP was assessed with qRT-PCR (n=3). (D) Similarly, the BCi cells were

stretched for 6h and 24 h with (+) / without (-) 100 nM 1,25D3 and the mRNA expression of

CAMP was analyzed with q-RT PCR (n=3). (E) VA10 cells were treated with 20 nM 1,25D3 and

stretched for 6h and 24 h. LL-37 protein expression (red) was analyzed with

immunofluorescence confocal microscopy. The cells were counterstained with nuclear stain

DAPI (blue). The data is a representative of three independent experiments showing similar

results. Bar=100 µm. (F) Protein expression of cellular pro-LL-37 from stretched cells was

also analyzed by Western blot analysis. VA10 cells were treated with 2mM PBA, 20 nM

1,25D3 or co-treated with PBA and 1,25D3, followed by stretching for 24 h. GAPDH was used

as a loading control. The Western blot is a representative of three independent experiments

showing similar results. (ns indicates non-significant; p<0.05= *; p<0.01= **; p<0.001= ***;

p<0.0001= ****).

PeerJ reviewing PDF | (2015:09:6825:0:0:NEW 21 Sep 2015)

Reviewing Manuscript



PeerJ reviewing PDF | (2015:09:6825:0:0:NEW 21 Sep 2015)

Reviewing Manuscript



3
Figure 3: Cyclic stretch activates a pro-inflammatory response and enhances oxidative
stress.

(A-D) VA10 cells were subjected to stretch for 6 and 24 hours. The mRNA expression of

genes encoding pro inflammatory cytokines IL-8 (A), IL-1β (B) and chemokines IP-10 (C),

RANTES (D) was measured with q-RT PCR (n=3). (E-F) The protein expression of IL-8 (E) and

IP-10 (F) from cultured supernatants was measured with ELISA. VA10 cells were stretched for

24 h and ELISAs were performed (n=3). (G) Oxidative stress was measured with CellROX

green reagent. VA10 cells were subjected to stretch for 24 h. CellROX dye (5 µM) was added

30 min before the end of stretching. The cells were then harvested and analyzed by flow

cytometry. The data is represented as percentage positive CellROX (ROS) cells before and

after cyclic stretch (n=3). (ns indicates non-significant; p<0.01= **; p<0.001= ***;

p<0.0001= ****).
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Figure 4: Cyclic stretch modulates toll-like receptor (TLR) gene expression.

(A-H) VA10 cells were subjected to cyclic stretch for 6 h and 24 h. The mRNA expression of

TLR1 (A), TLR2 (B), TLR3 (C), TLR4 (D), TLR5 (E), TLR6 (F), TLR8 (G) and TLR9 (H) was

analysed with q-RT (n=3). (ns indicates non-significant; p<0.05= *; p<0.01= **; p<0.001=

***; p<0.0001= ****).
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Figure 5: Treatment with 1,25D3 and PBA differentially affects stretch mediated
changes in pro-inflammatory cytokine IL-8 gene expression.

(A, B) VA10 cells were treated with (+) or without (-) 20 nM 1,25D3 (A) or 2 mM PBA (B) and

subjected to cyclic stretch for 6 h and 24 h. The mRNA expression of genes encoding pro-

inflammatory cytokine IL-8 was analyzed with q-RT PCR (n=3). (ns indicates non-significant ;

p<0.05= *; p<0.01= **; p<0.001= ***; p<0.0001= ****).
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1 Table 1: Primers used in the q-RT PCR assay.

2
Primer Gene 

Symbol

Ref. Seq. 

Number

Forward Primer Reverse Primer

CAMP CAMP NM_004345 5’-GCA GTC ACC AGA 

GGA TTG TGA C-3’

5’-CAC CGC TTC ACC AGC CC-3’

DEFB1 DEFB1 NM_005218 5’-CCA GTC GCC ATG 

AGA ACT CC-3’

5’-GTG AGA AAG TTA CCA CCT 

GAG GC-3’

IL-8 CXCL8 NM_000584 5’-CTG GCA TCT TCA 

CTG ATT CTT G-3’

5’-TGT CTG GAC CCC AAG 

GAA-3’

IP-10 CXCL10 NM_001565 5’-CAG TTC TAG AGA 

GAG GTA CTC CT-3’

5’-GAC ATA TTC TGA GCC TAC 

AGC A-3’

RANTES CCL5 NM_002985 5’-TGC CAC TGG TGT 

AGA AAT ACT C-3’

5’-GCT GTC ATC CTC ATT GCT 

ACT-3’

IL-1β IL1B NM_000576 5’-GAA CAA GTC ATC 

CTC ATT GCC-3’

5’-CAG CCA ATC TTC ATT GCT 

CAA G-3’

PPIA PPIA NM_021130 5’-TCT TTC ACT TTG 

CCA AAC ACC-3’

5’-CAT CCT AAA GCA TAC GGG 

TCC-3’

TLR1 TLR1 NM_003263 5'-CAA GAC TGT AGC 

AAA TCT-3’

5’-GTT TCG CCA GAA TAC TTA-

3’

TLR2 TLR2 NM_003264 5'-ATG ACC CCC AAG 

ACC CA-3’

5’-CCA TTG CTC TTT CAC TGC 

TTT C-3’

TLR3 TLR3 NM_003265 5’-GCA CTG TCT TTG 

CAA GAT GA-3’

5’-AGA CCC ATA CCA ACA TCC 

CT -3’

TLR4 TLR4 NM_003266 5’-ACC CCA TTA ATT 

CCA GAC ACA-3’

5’-GAG TAT ACA TTG CTG TTT 

CCT GTT G-3’

TLR6 TLR6 NM_006068 5’-TAT CCT ATC CTA 

TTG-3’

5’-AGT TGC CAA ATT CCT TAC-

3’
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TLR8 TLR8 NM_138636 5’-GAT CCA GCA CCT 

TCA GAT GAG-3’

5’-ACT TGA CCC AAC TTC GAT 

ACC-3’

TLR9 TLR9 NM_017442 5’-GGA GCT CAC AGG 

GTA GGA A-3’

5’-AGA CCC TCT GGA GAA 

GCC-3’

UBC UBC NM_021009 5’-GAT TTG GGT CGC 

AGT TCT TG-3’

5’-CCT TAT CTT GGA TCT TTG 

CCT TG-3’

LZY LZY NM_000239 5'-CTC CAC AAC CTT 

GAA CAT ACT GA-3'

5'-AGA TAA CAT CGC TGA TGC 

TGT AG-3'

LTF LTF NM_00119914
9

5'-AAT AGT GAG TTC 
GTG GCT GTC-3'

5'-TGT ATC CAG GCC ATT GCG-
3'

3
4
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