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Ágrip 

Sýnt hefur verið fram á að öndunarvélarmeðferð getur valdið skemmdum á 
lungnaþekju sjúklings vegna þrýstings- og togálags á lungun. Við eðlilega öndun 
þenst brjóstkassinn út og skapar neikvæðan þrýsting í lungum og loft flæðir inn um 
öndunarveginn. Þegar sjúklingur er í öndunarvél er hinsvegar lofti er dælt niður í 
lungun með jákvæðum þrýstingi. Þessi þrýstingur getur valdið þenslu á berkjungum 
og lungnablöðrum lungnanna og rofi í þekjunni. Þannig opnast leið fyrir örverur 
gegnum þekjuna í blóðrás, en einnig verður staðbundið og almennt bólguviðbragð 
með aukinni dánartíðni.  
Markmið okkar var að kanna áhrif togs á lungnaþekjufrumur, og athuga hvort hægt 
væri að styrkja náttúrulega ónæmisvarnir frumnanna undir togálagi.  
Notað var frumutoglíkan til þess að herma eftir áhrifum öndunarvélar á lungnaþekju. 
VA10 lungnaþekjufrumulínan var ræktuð í Flexcell® FX-5000TM. Tjáning á völdum 
genum og próteinum náttúrulega ónæmiskerfisins líkt og örverudrepandi peptíðið LL-
37 (CAMP), bólgumiðlunum IL-8 (CXCL8), IL-1β, IP-10 (CXCL10), TNFα, og 
viðtökunum TLR-3 og TLR-4 var mæld með qRT-PCR og Western blot greinningu.  
Aukning í IL-8 og IL-1β sýndu fram á aukið bólguviðbragð frumnanna. Tjáning á IP-10 
og TLR-3 minnkaði með togálagi, sem bendir til mögulegrar minnkunar á viðbrögðum 
gagnvart veirusýkingum. Tjáning á pro-LL-37 (CAMP) í RNA og próteinmagni 
minnkaði við togálag sem bendir til minni varna frumnanna gegn örverum. Þessa 
minnkun var hægt að mótverka með því að örva frumurnar með D3-vítamíni (1,25D3) 
og 4-phenyl butyrate (PBA) fyrir tog.  
Sýnt var fram á að togálag sem líkir eftir áhrifum öndunarvélameðferðar á VA10 
lungnaþekjufrumulínu veiklaði varnir lungnaþekjufrumna. Hægt var að draga úr 
þessum áhrifum með því að meðhöndla frumurnar með 1,25D3 og PBA. Þetta gæti 
mögulega haft klíníska þýðingu sem meðferðarúrræði til að draga úr aukaverkunum 
öndunarvélarmeðferðar.  
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Abstract 

Mechanical ventilation is known to cause injury to the lung epithelium due to the 
change in applied pressure. During normal breathing the thorax expands and air 
flows into the lungs via negative pressure, however during mechanical ventilation air 
is pumped via positive pressure causing dilation of the bronchioles and alveoli. This 
can create damage with increased the risk of infection which can lead to sepsis and 
death. We created a cyclic stretch model to mimick ventilator treatment. Our aim was 
to study the effect of stretch on lung epithelial cells and analyze if innate immune 
defenses could be enhanced. VA10 lung epithelial cells were placed in Flexcell® FX-
5000TM Tension System where the cells went through cyclic stretch. Gene and 
protein expression of innate immune markers, such as the antimicrobial peptide LL-
37 (CAMP), the chemokines  IL-8 (CXCL8) and IP-10 (CXCL10), the cytokines IL-1β 
and TNFα, and toll like receptors (TLR-3 and TLR-4) was measured with qRT-PCR 
and Western blot analysis. A pro-inflammatory response was observed with the 
increase of IL-8 and IL-1β expression. The expression of IP-10 and TLR-3 was 
decreased indicating changes in viral responses. The mRNA and secreted protein of 
pro-LL-37 (CAMP) was decreased with stretch, however stimulating the cells with 
vitamin D3 (1,25D3) and PBA counteracted this decrease. To conclude, a cyclic 
stretch model was established, and a suppression of innate immune defenses was 
observed. The treatment of vitamin D3 (1,25D3) might be a possible treatment option 
for patients placed in mechanical ventilation. 
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1 Introduction 

The lungs are important organs of body homeostasis, where the exchange of oxygen 

and carbon dioxide occurs during the process of breathing. The gas exchange is 

crucial for regulation of the pH of the blood, where carbon dioxide is cleared from the 

blood. The oxygen is carried through the tubular network of the lungs, to the alveoli 

where it is transfered through the alveolar cells and into the bloodstream (Silverthorn 

& Johnson, 2010). The oxygen is transported to the tissues for various cellular 

functions such as the production of ATP in the mitochondria (Alberts, 2008). 

 The airway epithelia is one of the body's connection to the external 

environment. With every breath inhaled, the lungs are exposed to microbes which is 

why the lungs must have an efficient defense system. The lung epithelium consists of 

epithelial cells that form a barrier by connecting together through tight junction 

adhesion proteins. A few factors prevent the pathogen to colonize and cross over this 

barrier, for example the tight junctions, the mucosal layer, and the innate immune 

system such as antimicrobial peptides and the circulation of macrophages and 

granulocytes (Murphy et al., 2012).  

1.1 The structure and function of the human lung 

1.1.1 Lung structure  
The respiratory tract is a branching structure, composed of a tubular network. The air 

is passed down to the trachea that branches into the two primary bronchi, and keeps 

branching 22 times into the smaller bronchi. The bronchioles are small passageways 

that descend from the smallest bronchi, and the respiratory bronchioles form a 

transition between the airways and the alveoli (Figure 1). When the air has reached 

the alveoli, the oxygen is finally transferred through the single cell alveolar layer, into 

the capillaries and thus into the bloodstream (Elaine N. Marieb, 2013; Silverthorn & 

Johnson, 2010).  
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1.1.2 Lung histology 
The epithelial layer of the respiratory tree undergoes histological changes from the 

upper conducting airways to the distal alveolar epithelium. The epithelium that 

reaches from the trachea to the main bronchus is pseudostratified columnar ciliated 

epithelium and includes cell types such as basal cells, ciliated cells, goblet cells and 

Clara cells (Figure 2). The cells lie on the basal lamina and expand into the lumen, all 

except the basal cells that act as the stem cell population for the lung epithelium. The 

basal cells reside on the basal lamina and can differentiate into the other cell types 

Figure 1. The structure and cell composition of the human lung. The human lung 
branches from the trachea into two bronchi (surrounded with cartilage), that branch 
further into the bronchioles and alveoli. The cell composition varies with increased 
branching. The figure shows most abundant cell types, such as the ciliated cells, 
mucus secreting goblet cells, the Clara cells and the basal cells in the bronchi and 
bronchioles that lie on the basement membrane. A submucosal gland (SMG) that 
secretes mucus together with goblet cells is depicted, and sereous cells represented 
with blue. The alveoli consist of alveolar type I and type II cells (Gudjonsson, 2011). 
Picture modified (font size increased) by Harpa Káradóttir 
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found in the epithelium. The basal cells are present throughout the lung, from the 

trachea down to the bronchioles. 

The columnar ciliated cells are the most abundant cell type in the trachea. The 

cells have beating cilia that have an important role in clearing inhaled particles and 

pathogens from the lungs. The ciliated cells are present throughout the tracheal and 

bronchial epithelium of the human lung, however as the bronchioles reduce their 

diameter, the pseudostratified ciliated columnar epithelium change to become simple 

layer of columnar-to-cuboidal ciliated cells at the terminal bronchioles that also 

contain non-ciliated cells.  

The goblet cells make the main component of the mucosal layer that covers the 

epithelium. The cells secrete mucin polymers, MUC5AC and MUC5B, the major 

component of mucus. The mucus catches inhaled particles and pathogens and is 

cleared out of the lung with the beating cilia of the ciliated cells. The goblet cells 

become fewer in number with more branching, and can disappear completely in the 

lowest airways. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2. The lung eptihelium. The bronchial epithelium is pseudostratified, 
where the cells are all attached to the basement membrane. The basal cells 
reside on the membrane, but the goblet cells, ciliated cells and Clara cells 
stretch into the lumen. The Goblet cells secrete mucus and the ciliated cells 
have beating cilia on the apical side. The mucus layer forms apical to the cilia, 
where particles are caught and moved by the beating cilia upwards toward the 
pharynx (Silverthorn & Johnson, 2010) 
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Another cell type found in the lungs is the Clara cells. The Clara cells are non-

ciliated columnar cells that secrete surfactants such as uteroglobin. Clara cells are 

abundant in the terminal bronchioles as the goblet cells disappear.  

The alveolar sacs are where the gas exchange occurs. They consist of alveolar 

type I and type II cells. The alveolar type I cells are thin and stretched, and a passive 

gas diffusion occurs through there. The alveolar type II cells however cover less 

area, but are more in number. These cells release surfactants composed of 

phospholipids, cholesterol and protein, which covers the alveolar surface. The 

surfactants lower the surface tension and prevent the alveolus from collapsing after 

expiration (Kierszenbaum & Tres, 2012). 

The histology of a normal lung consists of the tubular structure of the bronchi and 

bronchioles, and the network of alveolar cells (Figure 3). 

 

  

 

 

 

 

 

 

 

 

 

 
 

 
 
 
 
 
 
 

Figure 3. A drawing of a lung cross section. The overview of the lung 
histology can be seen in this figure. The alveolar type I cells form a net structure 
of a single cell layer in the alveolar ducts. The bronchioles consist of a smooth 
muscle layer, the basement membrane where the basal cells lie, and the other 
bronchial epithelial cell types stretch into the lumen. The bronchus has similar 
structure, however cartilage can be found around the smooth muscle layer. 
(Kumar, 2013)  
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1.2 Breathing and Mechanical Ventilation 

1.2.1 Normal breathing 
Multiple factors contribute to the mechanism of breathing. It is controlled by the 

autonomous nervous system, where neurons in the medulla set the respiratory 

rythm. During inspiration, the neurons signal the diaphragm resulting in excitition. 

The thoracic muscles help expand the thorax, and air flows into the lungs via 

negative pressure (Elaine N. Marieb, 2013). When this autonomic system fails, the 

breathing is disrupted and assistance is needed to control the air flow. 

1.2.2 Mechanical ventilation and ventilator induced lung injury (VILI) 
Mechanical ventilation is used to assist breathing during respiratory failure. The 

ventilator pushes air through an endotracheal tube into the lungs by a positive 

pressure gradient generated by the machine. The volume of air and the airway 

pressure reached are dependent on the settings of the ventilator. The lower the 

compliance of the lung, the higher the airway pressure will become for the same 

amount of given tidal volume (Cairo, 2012). 

Although mechanical ventilation has saved countless lives, certain complications are 

known to follow this medical intervention. This should not be surprising as when 

patients receive mechanical ventilation, air is thrusted into the lungs with positive 

pressure and the lungs are now pushing the chest wall outward. This is the opposite 

to what happens during normal breathing where the chest wall is expanded by its 

muscles, drawing the lungs outwards creating negative pressure within the thorax 

and air flows in following this gentle negative pressure gradient,  One should also 

have in mind that ventilator treatment, even lifesaving, is not a cure in it self, but is 

used to relive the work of breathing, gaining time while and underlying disease in 

healing so it is important not to produce further harm to the patient with reckless 

ventilator therapy. When the syndrome of ARDS (Acute respiratory distress 

syndrome) was described, it emerged with the development of mechanical ventilation 

and intensive care units, and became known as one of the clinical conditions most 

difficult to treat with ventilators. ARDS is defined as increased capillary alveolar 

permeability caused by inflammation where gas exchange is impaired with 

insufficient oxygen deliverance to the blood and inadequate carbon dioxide removal. 

Mechanical ventilation is necessary for the treatment of ARDS, however VILI 

(ventilator induced lung injury) can be a severe harmful side effect and augment the 
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damage to the lung tissue and increase mortality. To improve the treatment of ARDS, 

VILI has to be limited (Marini, 2013; Plataki & Hubmayr, 2010). 

 The mechanisms that can cause VILI are believed to be; oxygen toxicity, 

baro/volutrauma and atelectrauma that can initiate an inflammatory response, 

inducing what has been called biotrauma, where proinflammatory cytokines increase 

the alveolar capillary permeability, augment the tissue injury, ease translocation of 

bacteria from the lung into the bloodstream and spill over to the systemic circulation 

(Tremblay & Slutsky, 1998).  

 Stretch injury to the lung cells can occur with both atelectrauma and 

overdistension. Atelectrauma, or shearing injury, refers to damage caused by cyclical 

closing and opening of alveoli and terminal airways within each breath which may be 

avoided by using positive end-expiratory pressure (PEEP). Overdistension caused by 

use of high airway pressures/high tidal volume may cause disruption of the 

pulmonary epithelium and endothelium (Cairo, 2012). 

 To reduce the distension of the lung, the tidal volumes have been brought 

down to the minimum pressure that delivers enough oxygen to the blood and PEEP 

should be used to hinder repetitive opening and closing of alveoli. However both 

healthy and diseased lungs get injured with mechanical ventilation (Marini, 2013; 

Plataki & Hubmayr, 2010).  

 Mechanical ventilation can have various effects on the cellular functions, the 

cells get stretched, unlike cells under normal conditions. This overdistension can lead 

to inflammatory responses where the cells release cytokines, chemokines and other 

immune mediators (Figure 4). This injurous response makes the lung tissue 

resemble the phenotype of a lung with ARDS. This injury can lead to severe lung 

malfunction and sepsis, which can cause multiple organ failure and death. 

The alveoli are highly affected in lungs under ventilation. The permeability of the cells 

is affected by changes in ion channels and membrane functions (Cairo, 2012). 

Inflammatory pathways such as the NFκB pathway are activated and circulating 

alveolar macrophages are attracted to the site of injury.  Another pathway known to 

be activated is the ERK 1/2 (MAPK) pathway, linking external signals to nuclear 

responses such as altered transcription of genes. 
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Along with these chemical alterations, the physical barrier is affected as well, for 

example the focal adhesion proteins (Lionetti et al., 2005). Controlled cell death, or 

apoptosis, is important in tissue development and remodeling during normal tissue 

repair. Environmental conditions can affect apoptosis, which is often triggered by 

cytokine stimulation and the presence of leukocytes such as neutrophils (T. R. Martin 

et al., 2003). Apoptosis in the airway epithelium has been shown to increase when 

lungs are injured in VILI. The increase in reactive oxygen species (ROS) was 

proposed to stimulate apoptosis by Syrkina et al. When rats were given the oxidant 

stress blocker N-acetylcysteine (NAC) the apoptosis was significantly decreased. 

NAC blocked cytokine production and influx of neutrophils as well (Syrkina et al., 

2008). To study the effect of mechanical ventilation, animal models such as rats and 

mice have been used. The effect of stretch on a cellular level has also been studied 

in cyclic stretch models. The change in gene expression in alveolar cells have been 

examined in the adenocarcinomic human alveolar type II cell line A549 under stretch, 

however the effect have been studied less in human bronchial epithelial cells. 

 

 

Figure 4. A schematic picture 
of a normal alveoli compared 
to an injured one. During 
normal breathing the alveoli 
unfold and air is transferred 
through the single cell layer of 
alveolar type I cells. 
Macrophages can be found 
circulating. In an injured alveoli 
edema fluid can build up. The 
bronchial epithelium can slough 
and basement membrane 
becomes denuded. The 
inflammation activates 
neutrophils, and cytokine 
production increases. Cell death 
is increased and debris can build 
up in the extracellular space. 
The interstitium between the 
alveoli and capillaries is widened 
and migrating neutrophils enter 
the capillary bloodstream. 
(Ragaller & Richter, 2010) 
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1.3 Cyclic stretch 
A model called Flexcell tension system has been used to mimic the stretch effect 

ventilation has on lung epithelial cells. The system is designed to apply stretch to 

cells cultured on a silicon membrane of a six well plate. A motor generates vacuum 

under the plate, resulting the plate to get sucked down onto a plastic apparatus that 

forms resistance. As a result the membrane is stretched and the cells as well (Figure 

5). 

 

 

 

 

 

 

 

 

 

Various studies have been performed with the Flexcell tension system, including 

lung, renal, vascular and muscle studies. Different cell types can be cultured on 

these plates and stretched in the same manner as mentioned before. Studies on the 

structure and function of lung cells have been performed with various cell types, such 

as the A549 alveolar cell line, HBE16 human bronchial epithelial cell line and primary 

cells.  

Apoptosis has been measured in A549 alveolar epithelial cells and was increased 

with stretch (Ning et al., 2012). In the same study, lipopolysaccharide (LPS) 

stimulated cells under stretch had increased apoptosis. They showed that IL-8 was 

increased in the cells with stretch, which is comparable to clinical studies. When the 

amount of stretch in regards to apoptosis was examined closer, cells preconditioned 

with low stretch, and gradually increasing the pressure reduced the amount of 

apoptotic cells and restored the barrier integrity (Gao et al., 2014). 

The increase of IL-8 was also seen when BEAS-2B bronchial epithelial cells were 

stretched. When inhibitors of MAPK and p38 pathway molecules were used, the IL-8 

was reduced in the stretched cells, indicating that the IL-8 increase was stimulated 

Figure 5. The Flexcell tension system. Cells are cultured on a silicon 
membrane. Vacuum forms under the membrane, resulting the plate to lower 
and the membrane to be pushed up by a plastic piece, stretching the cells 
on the membrane. Drawing made by Harpa Káradóttir 



  

24 

through these pathways. In this study the activation of NFκB was not detected (Oudin 

& Pugin, 2002). 

Stretching both A549 and BEAS-2B cells has shown to promote acidification. 

Bacteria were added to the supernatants of both static and stretched cells, resulting 

in enhanced Escherichia coli (E.coli) growth in supernatants of stretched cells. The 

reason was found to be lactic acid secreted by stretched cells. To see if the lactate 

was the reason for increased bacterial growth in the samples, static cells were 

stimulated with either lactate or H+, resulting in similar results for stretched and 

lactate stimulated cells. When the lactate production was inhibited by blocking the 

Na+/K+ pump, the increase in bacterial growth was observed (Pugin et al., 2008). The 

environment of stretched cells has been shown to promote bacterial growth. 

Together with this changed environment and increased permeability of the cells, 

stretched cells from septic mice compared to healthy ones showed reduced 

expression of claudins and occludins, which are essential for barrier function. The 

cytoskeletal micromechanics were altered, the cytoplasmic stiffness decreases, more 

fluid collects inside the cells and the actin network was disrupted (Cohen et al., 2012; 

Eldib & Dean, 2011). Studies have shown multiple cellular conditions changing when 

cells are placed in stretch, and it is important to find answers and ways to reduce the 

injury from stretch in regards to clinical applications. 

1.4 The VA10 bronchial epithelial cell line 

The VA10 bronchial epithelial cell line has been used to investigate the properties 

of the human airway epithelium. Primary bronchial epithelial cells were transfected 

with a retroviral construct containing E6 and E7 oncogenes from human papilloma 

virus 16 (HPV16). This transfection makes the cell line infinite unlike primary cells 

that are only allowed to divide a certain amount of times. 

When the cells are cultured in monolayer the cells line has a basal phenotype, 

expressing the transcription factor p63, cytokeratine-14 and α6β4 integrins. 

Furthermore, when the cells are placed in air-liquid interface system the they can 

differentiate to some extent and form a barrier. This culture model has shown 

properties of a pseudostratified cell layer similar to that in vivo, such as the 

expression of tight junctional proteins and trans epithelial resistance. (Halldorsson et 

al., 2007). This ALI model would be ideal to study stretch, however no such 
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instrument exists at this time point, so our information will be obtained from 

monolayer cells. 

1.5 Innate immunity 

The lung is one of the body's connections to the external environment, allowing air 

to pass through the tubular bronchial network and bringing oxygen into the 

capillaries. The air entering the lungs carries a vast amount of particles and microbes 

that could be harmful without a constructed and complex defense system. To protect 

the body from infection the innate immune system prevents pathogenic microbes to 

enter through the epithelial barrier where they can multiply and enter the blood 

stream. 

Together with the protective epithelial barrier, the innate immune system consists 

of leukocytes that directly engulf microorganisms or attract other immune cells with 

cytokine and chemokines, and soluble proteins that can bind to and destroy microbial 

products. Toll like receptors (TLR's) can be found on various cell types. The 

receptors recognize structurally conserved molecules shared by pathogenic 

microorganisms, called pattern associated molecular patterns (PAMP's). Upon ligand 

recognition the TLR activates pathways that can alter expression of genes needed to 

alert other cells or directly kill the pathogen (Murphy et al., 2012). These pathways 

can promote inflammation, immune cell regulation, survival and proliferation. The 

MAP kinases (ERK, JNK, p38) and the NFκB inflammatory pathway are often 

activated through TLR binding of a ligand or during stress (Thomas R. Martin & 

Frevert, 2005). 

Leukocytes originate in the bone marrow, and once mature can migrate to the 

blood and reside in the tissue to search for foreign substances. They are divided into 

macrophages (activated monocytes), granulocytes (neutrophils, basophils and 

eosinophils), mast cells and dendritic cells. The macrophages, mast cells and 

dendritic cells are phagocytes that engulf their target to either kill (macrophages and 

mast cells) or activate the adaptive immune system (dendritic cells). The leukocytes 

can secrete chemicals that are toxic to many microbes. These chemicals include 

histamine, cytokines and antimicrobial peptides. Granulocytes contain granules filled 

with degradative enzymes that can digest bacterial components either intracellular or 

secreted. Interleukins (IL's) are cytokines produced by various cells, and can promote 



  

26 

or decrease inflammation, depending on type. IL-8 (CXCL8) is a proinflammatory 

cytokine secreted to promote inflammation and recruit neutrophils to site of injury or 

infection. IL-1β is a proinflammatory cytokine as well and is an important mediator of 

inflammation. Anti-inflammatory cytokines can reduce inflammation, and include IL-

10 and IL-6. The chemokine IP-10 (CXCL10) is an interferon gamma induced protein, 

secreted by various cells during interferon gamma responses to viral infections 

(Dufour et al., 2002). 

As mentioned above the innate immunity also consists of antimicrobial peptides. 

Antimicrobial peptides are short peptides that can be very toxic to bacteria and other 

pathogens and are very important in preventing them to enter through net of epithelia 

cells with tight junctions and the underlying basement membrane (Murphy et al., 

2012). 

1.5.1 Antimicrobial peptides 
Antimicrobial peptides are an important part of the innate immune system. They are 

secreted by various cell types, including epithelial cells, neutrophils and mast cells. 

The peptides can directly destroy the pathogen and have regulatory roles as well, 

thus able to prevent microbial infections. There 

are two major families of AMP's in mammals, 

defensins and cathelicidins. The defensins have a 

beta sheet structure with a hairpin loop containing 

cationic amino acids that are important for 

defending against microbes. Human defensins 

are of two kinds, alpha and beta defensins. 

Cathelicidins have a highly conserved N-terminal 

region called cathelin, hence the name. The gene 

CAMP encodes for the cathelicidins, humans only 

have one cathelicidin however the types can vary 

between mammalian species. The human 

cathelicidin main peptide is called LL-37, and 

has an amphipathic alpha helical structure of 37 

amino acids. The peptide consists of a signal 

sequence, a pro-domain and the peptide itself. 

The signal sequence is cleaved off upon 

Figure 6. The structure of LL-37. LL-37 
has an amphipathic helical structure. In A 
the backbone structure is presented. B 
shows the backbone with side chains. In 
C the color indicate the amino acid 
properties. White indicates hydrophobic 
residues, red are acidic areas and blue 
basic. (Wang, 2008) 
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translocation to the endoplasmic reticulum. At this stage the peptide is called pro-

peptide (pro-LL-37 or hCAP-18). To gain it's full function the pro domain (cathelin) 

has to be cleaved off, leaving us with LL-37 (Lai & Gallo, 2009). Interestingly, recent 

studies have shown that human pro-cathelicidin can have a destructive effect on 

Gram-negative bacteria in vitro with good efficiency, indicating that the pro-form is 

not completely inactive against microbes (Pazgier et al., 2013). 

 

1.5.2 LL-37 expression in lungs 

LL-37 is expressed in cells that are in constant touch with the external environment 

such as on the skin, in the gut and in the lungs. The lung epithelium is lined with a 

protective layer of antimicrobial peptides to prevent microbes from entering through 

the epithelium(R. Bals et al., 1998). The peptides are secreted onto the surface 

where they act as a first defense against inhaled microbes. When the LL-37 homolog 

in mice was knocked out, the mice became immunocompromised, emphasizing the 

importance of the peptide (R. Bals et al., 1998; Karpman, 2012; Nizet et al., 2001). 

 

 

 

 

 
 
 
 
 
 
 
 
Figure 7. The bronchioles of the human lung are lined with LL-37. A) Human 
lung tissue was IF-stained with LL-37 antibody (green). The peptide lines the 
bronchioles. In B) both LL-37 (green) and Acetylated tubulin (red) were stained. 
Acetylated tubulin indicates the cell surface (cilia) and LL-37 is located inside the 
cells (staining perfomed by author). 
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The peptide lines the bronchioles where they function as a protective barrier for the 

epithelium (Figuer 7A) (Robert Bals et al., 1998). A double staining of LL-37 and 

acetylated tubulin was performed by the author in earlier research to see the location 

of LL-37 in tissue. Acetylated tubulin is located on the cell surface (staining the cilia) 

and the LL-37 expression was observed on the apical side inside the cells, possibly 

ready for secretion (Figure 7B). It is not possible to stain for secreted LL-37 or the 

mucus in these samples, since they have been washed and paraffinized.  
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2 Aim of study 

The aim of this study is to establish a cyclic stretch model for lung epithelial cells and 

to imitate the effects of overdistension and atelectrauma in mechanical ventilation on 

a cellular level. The human bronchial epithelial cell line VA10 will be cultured and 

stretched in a Flexcell tension system, and the responses on protein and RNA level 

examined. It is known that ventilator therapy can cause ventilator induced lung injury 

(VILI), which makes the lungs more susceptible to bacterial and viral infections, often 

leading to sepsis. VILI can have a considerable effect on patient survival after 

mechanical ventilation. To improve the methods and use of ventilator it is crucial to 

understand the mechanism and effect in detail. The effect of stretching on the 

alveolar epithelium has been studied by some extent, however the effect on bronchial 

eptithelium is not as well studied. The cellular compostition is different and thus the 

responses too. In this study the focus will be on the bronchial epithelium, what 

changes occur in structural and chemical responses of the cells, if there is a way to 

reverse or prevent certain effects of the stretch, and to see what pathways are being 

activated.  

The specific tasks of the project are as follows: 

 

1. Establish a cyclic stretch model for bronchial epithelial cells. 

2. Analyze the effects of stretch on effectors of innate immunity by measuring 

expression of cytokines and antimicrobial peptides.  

3. Profile the pathways that are activated under stretch.  

4. Study the functional relevance of the stretch response in relation to infection. 

The reaction the cells have against the bacterial and viral ligands LPS and 

poly (I:C)  respectively under stretch will be studied on RNA level. 
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3 Materials and methods 

3.1 Cell culture 
3.1.1  Bronchial epithelial cells 

The VA10 bronchial epithelial cell line was cultured in passages 17-25 on T75 plastic 

flasks from Falcon at 37°C in 5% CO2. The medium used was BEGM 

(Bronchial/tracheal epithelium cell growth medium from Cell Applications, 511A-500) 

with 5000 U/µg of PenStrep from Gibco, Life Technologies. The cells were split 1:3 

with a mixture of trypsin and EDTA. Collagen I coated BioFlex culture plates were 

seeded with 2x105 cells per well. The cells were grown to 80% confluency before 

stimulating with cyclic stretch. When stimulating the cells, 1,25D3 was diluted in 

ethanol and added to the medium at 20 nM for 24 h (hours) before stretch. Poly (I:C) 

and LPS were added simultaniously to stretch in the concentration of 2.5 µg/ml. 

3.2 Cyclic stretch of cells 
The cells were cultured on collagen I coated BioFlex plates, and placed in the cyclic 

stretch baseplate of the Flexcell instrument (Flexcell® FX-5000TM Tension System 

(Flexcell International Corporation, Hillsborough, North Carolina, USA)), which 

applies pressure on the cells. The cells were stretched 20% (30 kPa) with two 

different frequencies, 0.33 Hz and 0.5 Hz (20 and 30 cycles/min respectively). Two 

time points were mainly used 6 and 24h, except for the pathway analysis where 15 

minutes (min) of stretch were used. After stretch the cells were collected for RNA 

analysis, protein analysis, flow cytometry or immunofluorescent staining. 

3.3 Sample isolations 

3.3.1 RNA isolation 
After the stretch treatment, the static and stretched cells were collected, lysed and 

RNA isolated by NucleoSpin RNA kit (Machery-Nagel, Germany). Supernatants were 

collected separately and 350 µl RA1 buffer with 3.5 µl β-mercaptoethanol was added 

to each well. The kit was used as instructed and the concentration of the RNA in 

each sample was measured with Nanodrop. 

3.3.2 Protein isolation 
After stretch the cells were washed twice with cold PBS, kept on ice, and all liquid 

removed. RIPA lysis buffer supplemented with 1x protease inhibitor (Complete Mini, 
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Roche Germany) and phosphatase inhibitor (Calbiochem, Novagen Germany) was 

placed on the cells, next the cells were collected and kept on ice for 30 min. The cells 

were collected and vortexed 3 times every 10 min, centrifuged at 10.000 rpm for 10 

min and supernatant with proteins transferred to separate tubes. The protein 

concentration was measured with a BioRad protein assay dye (Bio-Rad laboratories 

USA) and gradual curve of BSA concentrations used to determine the concentration 

in a spectrometer at 595 nm wavelength. 

Protein from supernatants was isolated with Oasis sample extraction columns 

(HLB 1cc 30 mg) (Oasis sample extraction products, Waters Ireland), samples 

lysophilizes in SpeedVacTM (Thermo Scientific) and dissolved in dH2O. Protein 

concentrations were measured with the BioRad solution. 

3.4 cDNA synthesis 
For cDNA synthesis a RevertAid First Strand cDNA Synthesis kit (Thermo Scientific, 

Lithuania) was used. For cDNA synthesis, 1 µg of RNA was used for each sample, 

and milliQ H2O used for final volume of 11 µl. The kit instructions were followed and 

samples placed in PCR for cDNA synthesis. Cycling conditions for the PCR were 5 

min at 65°C, 5 min at 25°C, 60 min at 42°C, 5 min at 70°C. 

3.5 qRT-PCR gene expression analysis 
The qRT-PCR’s were performed with Power SYBR® Green PCR Master Mix (Applied 

Biosystems, Life Technologies, UK). One µl of cDNA mix was analyzed in each well 

in a 10 µl reaction with 300 nM primer concentration. The plates used were 

FrameStar 96 Fast Plates (4titute, UK). The gene UBC (Ubiquitin C) was used as a 

housekeeping gene (Table 1). An unpaired T-test was used for statistical analysis. 
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Table 1. Primers used for qRT-PCR 

Primer  Gene  Forward Reverse 

CAMP CAMP 5’-GCA GTC ACC AGA GGA TTG TGA C-3’ 5’-CAC CGC TTC ACC AGC CC-3’ 

IL-8 CXCL8 5’-CTG GCA TCT TCA CTG ATT CTT G-3’ 5’-TGT CTG GAC CCC AAG GAA-3’ 

IP-10 CXCL10 5’-CAG TTC TAG AGA GAG GTA CTC CT-3’ 5’-GAC ATA TTC TGA GCC TAC AGC A-3’ 

TNFα TNFA 5’-CTC AGC TTG AGG GTT TGC-3’ 5’-CCT CTC TCT AAT CAG CCC TCT-3’ 

IL-1β IL1B 5’-GAA CAA GTC ATC CTC ATT GCC-3’ 5’-CAG CCA ATC TTC ATT GCT CAA G-3’ 

TLR-4 TLR4 5’-ACC CCA TTA ATT CCA GAC ACA-3’ 5’-GAG TAT ACA TTG CTG TTT CCT GTT G-3’ 

TLR-3 TLR3 5’-GCA CTG TCT TTG CAA GAT GA-3’ 5’-AGA CCC ATA CCA ACA TCC CT -3’ 

UBC UBC 5’-GAT TTG GGT CGC AGT TCT TG-3’ 5’-CCT TAT CTT GGA TCT TTG CCT TG-3’ 

3.6 Western blot analysis 
After the protein concentration had been measured, sample buffer and reducing 

agent from NuPAGE (Novex Life Technologies, USA) was added to the samples, 

samples heated for 10 min at 70°C, cooled and equal amounts of protein loaded to 4-

12% Bis-Tris gels (Novex Life technologies, USA) and the gel electrophoresed with 

MES buffer. Proteins were transferred to a PVDF membrane and blocked with 3% 

BSA (Bovine serum albumin) in 0.05% Tween PBS. Antibodies were diluted in an 

antibody dilution buffer (1x PBS with 0.3% BSA in 0.05% tween) to the concentration 

of 1:1000. Secondary antibodies were diluted in same buffer 1:10.000. The detection 

reagent Pierce ECL Plus Western blotting substrate was used and added to the 

membrane for 5 min (Thermo Scientific, USA) and blots analyzed with Image Quant 

machine (GE Healthcare) 

3.7 Immunofluorescent staining 
The cells were washed with PBS and 3.5% formaldehyde (Sigma Aldrich) in PBS 

used for fixating the cells. After 10 min, the cells were washed with PBS and blocked 

with a blocking buffer (10% FBS, 0.3% triton X in PBS) for 20 min. The silicon 

membranes were cut out of the plates and parts placed on glass slides. The primary 

antibodies were diluted 1:100 in blocking buffer and added to each slide. The 

samples were kept at 4°C overnight. The samples were washed with PBS and 

secondary antibodies (1:1000) added to the samples for 30 min at room temperature. 

Nuclear staining was performed with DAPI (Sigma, D9542-1MG) staining, 1:5000 

dilution. Cells were washed well with PBS and dH2O, and analyzed in Olympus 

FluoView Fv1200 confocal microscope. 
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Table 2. Antibody list 

Antibody Company Cat. number p-site Host 

anti-LL37 Innovagen PA-LL37-100 - Rabbit 

p44/42 MAPK Cell signaling 4370S T202 Rabbit 

IκBα  Santa Cruz sc-1643 - Mouse IgG1 

GAPDH Santa Cruz sc-25778 - Rabbit 

 

3.8 Flow cytometry 

3.8.1 Apoptosis assay 
Cells were cultured on BioFlex plates and stretched in Flexcell tension system. After 

the stretching, the cells were trypsinated with 0.5X 0.5% Trypsin-EDTA (Gibco, Life 

technologies, UK). The cells were washed twice with cold 1x PBS and dead cells 

collected from supernatants by centrifuging. FITC Annexin V Apoptosis Detection Kit 

I (BD Pharmingen) was used. The cells were dissolved in 1X Annexin V binding 

buffer (0.1 M Hepes/NaOH (pH 7.4), 1.4 M NaCl 25 mM CaCl2). 100 µl were 

transferred to glass tubes, 5 µl FITC Annexin V and/or PI (Propidium Iodide) added to 

solution. Cells were incubated at RT in the dark for 15 min. 400 µl of the Annexin V 

Binding Buffer were added to the solution before analyzing with MACS. 

3.8.2 ROS measurements (reactive oxygen species) 
The ROS measurements were performed with the Apoptosis assay, 30 minutes 

before the end of stretch, a Cell Rox green reagent (Life Technologies) was added. 

The cells were trypsinated, washed twice with cold 1xPBS and resuspended in 1x 

Annexin V binding buffer. The cell solution (100 µl) was transferred to a glass tube, 

and 400 µl of binding buffer added before analyzing in MACS. 

 

3.9 ELISA measurements 

ELISA measurements were made on supernatants from static and stretched cells.  

The protocol Human IL-8 ELISA Development kit from PreproTech was used. A 

capture antibody 0.5 µg/ml added to ELISA plates and incubated overnight. The plate 

was washed 4 times with wash buffer (0.05% Tween-20 in PBS) and the blocking 

buffer (1% BSA in PBS) added for 1 h at RT, plate washed. A standard was prepared 
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with 7 serial dilutions (1 to 0.03125 ng/ml) and added to wells (with a blank), samples 

added to other wells and plate incubated for 2 h. The plate was washed 4 times and 

detection antibody (0.5 µg/ml) added for 2 h and plate washed. Avidin Peroxidase 

added for 30 min, the plate washed and substrate solution added to the wells. The 

plate was analyzed with a spectrophotometer. 
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4 Results 

4.1 Basic cell parameters in the Flexcell tension model  
Apoptosis is increased with lung injury and thus the effect of cyclic stretch on 

apoptosis was examined. It has previously been shown that the A549 alveolar type II 

cancer cell line undergoes a gradual increased in apoptosis with duration and extent 

of cyclic stretch (Ning et al., 2012). To see if our Flexcell tension system was 

comparable to other systems, and if similar results could be obtained with bronchial 

epithelial cells, we stretched the VA10 cells with 20% stretch at 0.5 Hz for 6 and 24 

hours. We analyzed the apoptosis and the results indicate similar characteristics 

where the extent of apoptosis (Annexin positive, bottom right box) was increased with 

duration of stretch from 5% in static conditions to 16 and 27,5% at 6h and 24h stretch 

respectively (Figure 8). The top right box indicates late apoptosis (Annexin V and PI 

positive) and the top left are necrotic cells (PI positive) (protocol BD Pharmigen; FITC 

Annexin V Apoptosis Detection kit I). 

 
 
 

 
 
Figure 8. Apoptosis assay on cells with 6 and 24h stretch. The figure 
presents three stages of stretch in one experiment. The ratio of cells undergoing 
apoptosis (bottom right box) is increased with duration of stretching. 
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The results from three independent experiments were collected and plotted 

together (Figure 9). The ratio of cells negative for apoptosis (viable) was decreased 

with time of stretching, and the cells positive for apoptosis (positive for Annexin V) 

increased with stretch. The number of necrotic cells with severe damage was 

significantly enhanced after stretch (Figure 9). 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
Figure 9. The ratio of VA10 cell population in apoptosis is increased with 
duration of stretch. The ratio of cells undergoing apoptosis (Annexin V positive) 
increases with both 6 and 24 hours of stretch. The cells negative for Annexin V, 
decrease accordingly with duration of stretch, significant at 24h of stretch. 
Necrotic (dead) cells (PI positive) increased as significantly at 24h of stretch. (∗ = 
P<0.05, ∗∗∗ = P<0.001) 

 

The free radicals (Reactive oxygen species) can be very harmful for the tissue, and 

thus it is interesting to see how the ROS production in bronchial epithelial cells 

changes during stress such as from cyclic stretch (Birukov, 2009). It has previously 

been shown that cyclic stretch of 16HBE human bronchial epithelial cells and A549 

resulted in increased ROS production (Chapman et al., 2005). To see if our system 

with VA10 cells showed similar results, ROS production was analyzed. The CellRox 

dye (which exhibits bright green fluorescence upon oxidation) was added to the cells 
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during stretch and the fluorescence measured with flow cytometry (MACS). Figure 10 

shows the ROS production in static cells and cells stretched for 24h. The red marks 

the static and blue the 24h stretched cells. The shift in peaks indicates that there is 

an increase in ROS production. 

 

 

 

 

 

 

 

 

 

 

Different settings of stretch were tested to establish the cyclic stretch model. Two 

settings of frequency (cycles per minute) were used, 0.33 Hz and 0.5 Hz. The higher 

frequency did not give as reproducible results and thus the frequency of 0.33 Hz was 

used for the following studies. 

 

4.2 Gene expression of selected structural and immune markers in 
 VA10 cells after stretch 
When placed under 20% cyclic stretch at 0.33 Hz, the lung epithelial cell line has 

various responses. We decided to analyze the effect of cyclic stretch on gene 

expression of selected structural and immune markers. Early results indicated a 

decrease in the epithelial adherent junction protein E-cadherin, however the results 

did not show a pattern of altered gene expression (data not shown). Other genes 

such as Vimentin and N-cadherin, markers for epithelial-mesenchymal transition 

Figure 10. Reactive oxygen species measured with CellRox in 
cells with and without stretch. The red curve is the control sample 
(static) and the blue is 24 hours of stretch. The shift in the peak 
indicates an increase in ROS production. 

 



  

38 

(EMT) did not change during stretch. The pro-inflammatory cytokine IL-6 and anti-

inflammatory cytokine IL-10 had low expression in the VA10 cells and thus we could 

not measure changes in those genes with stretch. The human beta defensin-1 gene 

(HBD-1) showed inconsistent expression between stretched and static cells, so no 

significant results were obtained from HBD-1 (data not shown). 

 To observe the inflammatory responses of VA10 cells during stretch, the 

expression of inflammatory cytokines (TNFα and IL-1β) and chemokines (IL-8 and 

IP-10) was analyzed. A significant increase in IL-8 pro-inflammatory cytokine 

production occurs at 6h of stretch (Figure 11A).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 11. Inflammatory gene expression with stretch. Inflammatory 
markers were examined on RNA level with stretch. In A) the 
proinflammatory cytokine IL-8 was increased with 6 hour stretch). In B) 
the proinflammatory cytokine IL-1β was increased at both 6 and 24 
hours of stretch. In C) the interferon gamma induced protein IP-10 was 
decreased at 24 hours of stretch. In D) TNFα expression did not show a 
significant change in gene expression with stretch. (∗∗= P<0.01, ∗∗∗ = 
P<0.001, ∗∗∗∗ = P<0.0001) 
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The gene expression of IL-1β was measured. At both 6 and 24 hours of stretch IL-1β 

was significantly increased (Figure 11B).  

We also followed the expression of the viral defense responses and IP-10 (an 

interferon gamma induced protein) was measured as well. IP-10 is a chemoattractant 

for immune cells. At 24h stretch, the expression of IP-10 was significantly decreased 

(Figure 11C). TNFα expression did not show a significant change in expression 

(Figure 11D). 

Preliminary results indicated changes in toll like receptor (TLR) expression. An 

increase was observed in TLR-4 suggesting changed immune responses and 

sensitivity of the cells to pathogen associated molecular patterns (PAMP's). TLR-9 

and 3 showed changed expression as well, however when repeated with the selected 

cyclic stretch settings, the change in gene expression of TLR-4 and 9 did not have 

the same response. The TLR's will be discussed in chapter 4.5. 

4.3 CAMP expression is decreased in VA10 cells with stretch on RNA 
 and protein levels 
Preliminary results indicated a decrease in CAMP expression with stretch. The gene 

expression was decreased gradually with the duration of stretch. The expression on 

RNA level was measured at different time points (Figure 12). The expression was 

decreased until the 15h time point, where it started to increase again. 

 

 

 
 
 
 
 
 
 
 
 
 
Figure 12. The RNA expression of CAMP with different duration of stretch. 
The VA10 cells were stretched with different time lengths. The RNA expression 
was gradually decreased until the 15h time point was reached, where the 
expression started to increase again. 
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The proform of LL-37 (pro-LL-37) was detected in the VA10 cell line and is secreted 

to the supernatants. To measure the change in secreted peptide, protein was 

isolated from the supernatants and analysed with a Western blot. The decrease of 

pro-LL-37 was observed at both 6 and 24h compared to control (Figure 13). This 

decrease in pro-LL-37 could suggest that the cells are more susceptible to infection 

after stretch. 

 
 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 13.  The expression of pro-LL-37 in supernatants from static and 
stretched cells. The secreted proform was isolated from the supernatants 
and analyzed with a western blot. Total protein from each sample was 
loaded on to the gel. Each time point had a control sample. The protein 
expression was decreased at both 6 and 24h stretch compared to control 
samples. 
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4.4 The expression of CAMP and pro-LL-37 was retrieved with 
 vitamin D3 and PBA stimulations  

4.4.1 The stretch-induced decrease in CAMP expression was prevented with 
 PBA stimulation, but not  25D3 
To study if the decrease in CAMP expression could be reversed, the known CAMP 

inducers vitamin D3 and 4-phenylbutyrate (PBA) were added to the cells at time of 

stretch. The CAMP expression levels were decreased with stretch compared to 

controls. The stimulation with 25D3 (25-hydroxyvitamin D3) did not reverse the 

stretch induced decrease in CAMP expression, however PBA was able to do so. 

When the cells were stimulated with 25D3 and PBA together, a synergistic effect on 

the CAMP increase was observed (Figure 14). 

 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 14. Stimulating the cells with 25D3 and PBA counteracted the stretch 
induced suppression in CAMP on RNA level. Stimulating the cells with 25D3 
did not increase the CAMP expression, however PBA was able to do so, both by 
itself and together with 25D3 the effect was synergistic. 

 

4.4.2 The stretch induced decrese in CAMP expression was prevented with 
 1,25D3 stimulation on RNA and protein level 

The vitamin 25D3 was not able to reverse the CAMP decrease. The active form of 

vitamin D3, 1,25D3 (1,25-dihydroxyvitramin D3) was used to stimulate the VA10 cells 

to determine if that would have an effect on the CAMP expression. The cells were 

prestimulated for 24h with 20 nM 1,25D3 before the cells were placed under stretch. 

The CAMP expression was measured on RNA level, protein level and with 

Immunofluorescent staining. The RNA expression of CAMP was decreased with 6h 

stretch (Figure 15), however the decrease was not as profound compared to earlier 
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results (Figure 12). The stretched cells stimulated with 1,25D3 however do not show 

the decrease, suggesting 1,25D3 can counteract the stretch induced suppression of 

CAMP, thus showing a possible protective effect on the cells. 

 

 

 

 

 

 

 

 

 

 

Secreted protein was collected from supernatants of stretched cells prestimulated 

with 1,25D3. A Western blot analysis confirmed that the decrease in pro-LL-37 is 

observed with stretch of 24h on protein level. The cells stimulated with 1,25D3 before 

stretch had a recovered expression of the secreted proform (Figure 16). Cells were 

also stimulated with the ligands poly (I:C) and LPS, however no clear difference was 

observed in CAMP expression between static and stretched cells (Figure 16). 

 

 

Figure 15. The RNA expression of CAMP with stretch and 1,25D3 
stimulation. Stretch for 6h decreased the CAMP expression. With 20 
nM 1,25D3 pre-stimulation, the decrease in CAMP expression was 
prevented and CAMP was increased at 6h of stretch and 24h of stretch.  
∗ = P<0.05, ∗∗∗ = P<0.001, ∗∗∗∗ = P<0.0001 

Figure 16. Protein expression in of 
CAMP in supernatants with 24h 
stretch and stimulations. The cells 
were pre-stimulated with 1,25D3 and 
poly(I:C) and LPS added to cells before 
stretch. A decrease in CAMP expression 
can be seen between static (control) and 
stretch (control). 1,25D3 was able to 
prevent this decrease. The viral an 
bacterial ligands Poly(I:C) and LPS will 
be discussed in the next chapter, 
however the ligands did not have a visual 
effect on CAMP expression. 
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To confirm these results further, immunofluorescence staining was performed on 

the cells with stretch and 1,25D3 stimulation. The static control cells were stained 

with an LL-37 antibody (red) and DAPI nuclear staining (blue) (Figure 17A). The 

expression of pro-LL-37 was decreased after 6 and 24h of stretch (Figure 17B and 

17C). The stimulation of 1,25D3 was able to counteract this decrease of pro-LL-37 in 

VA10 cells (Figure 17D-F). 

 

 

 

 

 

Figure 17. Immunofluorescence staining of VA10 after stretch and 
1,25D3 stimulation. A confirmation of LL-37 decrease with stretch. In A-F 
cells are stained for LL-37 (red) and nuclear DAPI staining (blue). A) the 
control cells without stretch stained for LL-37. In B-C) there was a decrease 
in cellular expression of the peptide. In D-F the cells were stimulated with 
20nM 1,25D3 for 24 hours before stretch and the CAMP decrease was 
counteracted compared to unstimulated stretched cells (pictures from one 
independent experiment of three). 
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4.5 Ligand stimulations of VA10 cells under stretch 
4.5.1 The expression of TLR-3 and TLR-4 in static and stretched cells 

The preliminary results indicated altered expression for TLR-3 and TLR-4. TLR-3 

recognizes double stranded RNA, including the ligand poly (I:C), and is essential in 

responses to viral infections (Alexopoulou et al., 2001). TLR-4 detects the bacterial 

ligand lipopolysaccharide (LPS) found in gram-negative bacteria (Chow et al., 1999). 

Gene expression of the TLR's mentioned above was measured in static and 

stretched cells. TLR-3 was significantly decreased (Figure 18A) at both 6 and 24h of 

stretch, however the TLR-4 increase with stretch was not confirmed (Figure 18B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 18. The expression of TLR-3 and 4 in static and stretched cells. In A) 
the expression of TLR-3 was measured at 6 and 24h of stretch and compared to 
static cells. TLR-3 was significantly decreased in expression at both 6 and 24h of 
stretch. B) the expression of TLR-4 was not changed between static and stretched 
cells (∗∗∗ = P<0.001, ∗∗ = P<0.01) 
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We decided to stimulate the cells with the corresponding ligands for TLR-3 (poly 

(I:C)) and TLR-4 (LPS) to examine the response to cyclic stretch. Changes were 

seen in the expression of the receptors. The ligands are known to increase the 

expression of the selected receptors (Harju et al., 2005; Ritter et al., 2005). Poly (I:C) 

significantly induced the increase of TLR-3 expression at 6h of stimulation, however 

there was no significant difference between the response of static or stretched cells 

(Figure 19A). Similar results were obtained with the LPS stimulation, TLR-4 

expression was significantly increased with 24h stimulation. A difference was 

observed in TLR-4 expression between static and stretched cells stimulated with LPS 

for 6h, where the LPS stimulated increase was lower with stretch, indicating that the 

stretch might reduce the activity of the TLR-4 pathway (Figure 19B). 

 

 

 

 

 

Figure 19. The expression of TLR-3 and TLR-4 with ligand stimulations. In A) 
the expression of TLR-3 was significantly increased with 6h poly (I:C) stimulation 
(P<0.01), however no change was seen in the response between static and 
stretched cells. Similar results were seen with the LPS stimulation. In B) TLR-4 
expression was increased in static cells at 6h of LPS stimulation, and both static 
stretched cells at 24h. There was a significant difference between static and 
stretched cells with 6h stimulation, indicating that stretch reduced the LPS induced 
upregulation of TLR-4. (∗ = P<0.05, ∗∗ = P<0.01, ∗∗∗ = P<0.001) 
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4.5.2 Stimulating VA10 cells with poly (I:C) and LPS increases IL-8, IL-1β and 

 IP-10 expression in both static and stretched cells 

We decided to study the changes of 

downstream genes of TLR activation with 

ligand stimulation and stretch. Activation of 

TLR-3 leads to the Interferon regulatory 

factor 3 (IRF3) pathway that regulates 

genes such as IP-10 in viral responses 

(Grandvaux et al., 2002). TLR-3 and 4 

activation leads to induced expression of IL-

1β and IL-8, so the gene expression was 

measured after stimulation and stretch.  

The IL-8 expression was shown increased 

with 6h stretch (Figure 11). Poly (I:C) 

increased the expression of IL-8 (Figure 

20A), and 24h stretch had a significant 

effect on the poly (I:C) induced increase. 

The IL-8 increase was confirmed on protein 

level with an ELISA of the supernatants 

(Figure 21).  Similar results were observed 

in 20B with IL-1β expression, poly (I:C) and 

Figure 20. The effect of bacterial ligands 
on stretched cells. In A) the IL-8 
expression was measured, poly(I:C) and 
LPS increased IL-8 in both static and 
stretched cells, and had an additive effect on 
stretch induced IL-8 increase at 24 hours. In 
B) ligand stimulation did not have an effect 
on IL-1β expression of stretched cells 
compared to the static, however poly(I:C) 
and LPS increased IL-1β levels of static and 
stretched cells. In C) the chemokine IP-10 
gene expression was measured, poly(I:C) 
and LPS induced an increase in both static 
and stretched cells. The stretch decreased 
this upregulation at 24 hours of stretch 
significantly (∗ = P<0.05, ∗∗ = P<0.01, ∗∗∗ = 
P<0.001, ∗∗∗∗ = P<0.0001) 



  

47 

LPS had an increasing effect on the expression but no difference was observed in 

the response between static and stretched cells. The IP-10 expression was 

measured, and decreased with stretch, however there was no significant difference 

between poly (I:C) stimulated cells before and after stretch (Figure 20C).  LPS did 

upregulate IP-10 expression at 6h of stimulation, but no stretch induced effect was 

observed. After 24h of LPS stimulation the stretch induced downregulation of IP-10 

was noted again 
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Figure 21. 24h stretch increases secreted IL-8 in supernatants. An ELISA was 
performed on supernatants from the static and stretched cells from the same 
experiment as figure 20. The level of IL-8 was increased with 24h stretch in 
control static and stretch. poly(I:C) and LPS increased IL-8 in both static and 
stretched cells. The stretched stimulated cells seemed to have lower levels of IL-8 
compared to static (Data from one experiment) 
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4.6 Pathway analysis of VA10 cells under stretch at short time points 

To analyze the pathways activated with stretch, the cells were stretched for 15 min 

and protein isolated. The  samples were analyzed on a Western blot and the 

pathways NFκB and ERK 1/2, that are known to be activated in VILI, were seen to be 

activated in our cyclic stretch system. The membranes were stained with antibodies 

against IκBα and pERK (p44/42). In figure 22 the decrease in IκBα at 15 min of 

stretch would indicate NFκB activation. Pre-stimulation of 1,25D3 prevented the 

decrease in IκBα by some amount, indicating that 1,25D3 can reduce the 

inflammatory response through NFκB. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 22. The NFκB pathway is activated 
when the VA10 cells are placed under 
stretch. When the cells were stretched for 15 
min the IκBα protein expression was decreased 
indicating activation of NFκB. The pre-
stimulation of 1,25D3 reduced the IκBα  
decrease by some amount, indicating less 
inflammatory response through NFκB. GAPDH 
was used as loading control. 
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The ERK 1/2 pathway was examined by staining the membrane for pERK. An 

increase in the phosphorylation of ERK 1/2 indicates activation of the pathway. The 

stretch of VA10 for 15 min increases the phosphorylation of ERK (Figure 23). The 

stimulation of 1,25D3 did not show an increase in pERK with or without poly(I:C) and 

LPS stimulations. 

 

 

 

 

 

 

 

 

 

  

Figure 23. The ERK1/2 pathway is activated with stretch. When the VA10 cells 
were stretched for 15 min the ERK 1/2 pathway was activated. An increase can be 
seen in pERK (p44/42) meaning increased phosphorylation of the pathway with 
stretch. No visible difference was seen when the cells were prestimulated with 
1,25D3 or the ligands poly(I:C) and LPS. GAPDH was used as loading control. 
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5 Discussions 
The aim of this study was to set up a cyclic stretch model for VA10 bronchial 

epithelial cells in a Flexcell tension system. We intended to determine the most 

relevant and stable settings of stretch and compare our results to earlier findings. 

The model we established has shown to be comparable to other systems with 

increased apoptosis dose and time dependent, and increased ROS production with 

stretch. Cyclic stretch has been shown to induce apoptosis in alveolar type II cells, 

both primary rat cells and the A549 human cell line (Edwards et al., 1999). The 

increase in ROS production had been shown in bronchial epithelial cells under 

stretch and thus our findings indicate similarities in our systems (Chapman et al., 

2005). Apoptosis is a normal process of tissue repair during injury and in 

development. An increase occurs during acute lung injury (such as ARDS) and in 

VILI. Apoptosis is an important process where the cell death is controlled and cellular 

contents are safely disposed and finally removed by phagocytes, instead in necrosis 

the cell is disrupted and cellular content dispersed (T. R. Martin et al., 2003). The 

initial settings used were 20% stretch at 0.5 Hz. These settings were chosen to be 

comparable to Chapman et al, however in the continuing study the frequency was 

lowered to 0.33 Hz. At this lower setting the responses were more reproducible. 

The gene expression for selected genes in the VA10 cells was examined after 

cyclic stretch. At first the goal was to see structural and innate immune changes in 

the cells, however the VA10 cells have a basal phenotype that does not form a 

barrier with tight junctional proteins such as claudins and occludins, like differentiated 

cells do. The expression of E-cadherin was examined and a decrease in the 

expression was seen at RNA level and with Immunofluorescent stainings. However 

when this was repeated the same results were not found. We wanted to see if there 

was any indication of EMT (Epithelial-mesenchymal transition) by measuring the 

expression of N-cadherin and Vimentin, however no changes were seen. It would be 

ideal to culture the cells in an air-liquid interface system to get differentiation and 

place the cells in stretch. Unfortunately no such system exists yet.  

VILI is known to cause inflammatory responses in the alveoli and bronchioles 

(Cairo, 2012). Our findings showed that the IL-8 and IL-1β pro-inflammatory 

cytokines were upregulated with stretch. During mechanical ventilation the 

bronchioles suffer from overdistension and atelectrauma, which causes this 

inflammatory response and increased cytokine production. Inflammation has the 
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purpose of dilating blood vessels and recruit immune cells to the site of injury or 

infection, however this process can have damaging effect on the cells. TNFα 

expression was not altered in the cells under stretch and IL-10 and IL-6 levels were 

too low to detect in this cell line. The antimicrobial peptides Human Beta Defensin 1 

(HBD-1) and LL-37 are known to be expressed in the human lung (R. Bals et al., 

1998). These peptides have protective roles in preventing invading microbes to enter 

through the epithelial barrier and into tissue or the bloodstream. Preliminary results 

indicated changes in HBD-1, however the results were inconsistent when repeated 

and no pattern of increase or decrease was seen. Another antimicrobial peptide 

measured was the cathelicidin LL-37. The VA10 cell line expresses the pro-form of 

the peptide, pro-LL-37, and preliminary results indicated that stretch decreased the 

expression of this peptide. The expression was measured at different time points, 

and decreased gradually with time of stretch. The experiment was repeated and a 

significant decrease was seen at 6h of stretch on mRNA level. When the 

supernatants were analyzed on a Western blot, the decrease was seen at both 6 and 

24h of stretch. To confirm these results further, the static and stretched cells were 

stained with Immunofluorescent staining for pro-LL-37, which confirmed the decrease 

at both time points. These findings indicate that the first line of defense against 

invading microbes is impaired and might result in easier access for pathogens and 

opportunistic microorganisms. The decrease in the antimicrobial peptides with stretch 

has not been shown before and is an interesting path to follow in regards to ventilator 

induced lung injury. Vitamin D3 and PBA are known inducers of LL-37 expression. 

Our results showed that 25D3 (inactive form) was not able to recover the expression 

of LL-37, however PBA alone and with 25D3 was able to do so. PBA induces 

cathelicidin expression via the vitamin D receptor (VDR) and 25D3 has synergistic 

effect on that increase (Kulkarni et al., 2015). 

The experiment was repeated with 1,25D3, the active form of vitamin D3. The pre-

stimulation of 1,25D3 increased the CAMP expression and prevented the stretch 

induced decrease. These results are important to understand what changes occur 

with stretch, and why the lung epithelium is more susceptible to infections after 

mechanical ventilation. This decrease, that indicates the cells being less prepared to 

fight invading microbes, might be preventable by some extent with increased 1,25D3 

levels in patients and would be interesting to study in vivo. 
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Another observation in gene expression was the changes in toll like receptors. In 

the preliminary results, TLR-3 and TLR-4 were seen to change with stretch. TLR-4 

was increased in earlier experiments with the higher settings (0.5 Hz), however when 

they were repeated in triplicate with 0.33 Hz the increase was not observed again. 

TLR-3 was decreased in early experiments, and was confirmed in three independent 

experiments. The decrease in TLR-3 expression could indicate that the cells are less 

prepared to recognize viral ligands and thus the chance of infection would be higher. 

The stretch response in regards to ligands, poly (I:C) and LPS, was studied by 

stimulation of the cells at time of stretch. The TLR-3 expression was increased with 

poly (I:C) stimulation after 6h stretch, however no significant difference was seen 

between the static and stretched stimulated cells. TLR-3 is activated by poly (I:C), so 

higher level of the ligands might results in the need for more receptors, explaining the 

increase on mRNA levels. The TLR-4 expression was examined with LPS 

stimulations. LPS did increase the TLR-4 expression at both time points, and the 

expression of the gene in 6h stretched cells was significantly lower compared to 6h 

static cells. These results could indicate that the stretch might interrupt pathways 

downstream of TLR-4 after LPS stimulation. Similar to the decrease seen in TLR-3 

with stretch, this could make the cells less prepared to recognize LPS in the 

environment.  

The expression of the same inflammatory genes as earlier was examined with poly 

(I:C) and LPS stimulations. The IL-8 expression was shown to be increased with 

stretch, poly (I:C) and LPS stimulation. The stretch had an additive effect on IL-8 

production with significance at 24h of stretch, no other significant difference in IL-8 

was observed between static and stretch cells after ligand stimulation. The ligand 

stimulation increased the IL-1β expression, however we observed no significant 

difference between static and stretched cells. Finally the IP-10 expression was 

increased with both poly (I:C) and LPS at 24h of stretch with LPS stimulation the 

stretch induced decrease was observed in the cells. 

Studies of VILI have shown activation of both NFκB and ERK 1/2 pathways. When 

the cells were stretched for 15 min, degradation of IκBα was observed on a western 

blot, indicating activation of the pathway. The phosphorylation of ERK was observed 

as well indicating increased activation of the MAPK ERK 1/2 pathway. These findings 

tell us that our system is showing similar responses to in vivo VILI. 
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Conclusions 

To conclude, we have set up a cyclic stretch model for the VA10 bronchial epithelial 

cell line representing ventilator induced lung injury. Our model shows similar 

characteristics to other cyclic stretch models and in vivo cellular responses to 

mechanical ventilation. Proinflammatory responses were seen and activation of the 

inflammatory pathway NFκB and the ERK 1/2 pathway. A decrease was observed in 

the antimicrobial peptide pro-LL-37 (encoded by the gene CAMP), indicating that the 

cells are less prepared to defend against pathogenic microbes from the atmosphere. 

We saw that the treatment of 1,25D3 was able to retrieve this loss and could be a 

possible treatment option in the future. In addition to the loss of CAMP expression, 

we observed a decrease in TLR-3, suggesting the cells are not as prepared to 

recognize viral products and thus more susceptible to viral infection. It would be 

interesting to take this study further and do an in vivo experiment either with mice or 

BAL fluid from human patients. If the same is observed with the decrease in LL-37, 

the next step would be clinical studies with 1,25D3 treatments. 
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