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Abstract 

The respiratory epithelium constitutes the first line of defense against infectious 

agents that include pathogenic bacteria. These defenses are mediated via formation of a 

physical barrier constituting the tight junction proteins and a chemical barrier that consists 

of antimicrobial and inflammatory proteins. These early defenses that contribute to the 

innate immune response also contribute to maintenance of tissue homeostasis. Disturbance 

of the physical and the chemical barrier is used as a strategy by pathogenic microbes to 

evade the host immune system and establish a stable infection. Hence, strengthening these 

barriers by enhancing or modulating components of the innate immune response can serve 

as an important therapeutic strategy to prevent or treat infections.  

The unifying aim of this thesis dwells into investigations of factors and underlying 

mechanisms that may aid in strengthening the innate immune system by modulation of 

antimicrobial and inflammatory proteins. In paper І, we demonstrate that the short chain 

fatty acid derivate 4-phenyl butyric acid (PBA) enhances cathelicidin antimicrobial peptide 

(AMP) expression via the vitamin D receptor (VDR) in the human bronchial epithelial cell 

line VA10. PBA was shown to enhance pro-inflammatory responses in VA10 cells. 

Furthermore, the growth factor cytokines TGFα and TGFβ and associated receptor 

pathways differentially affect PBA induced cathelicidin expression. Co-treatment with 

PBA and vitamin D3 was shown to inhibit the growth of Pseudomonas aeruginosa in vitro 

and hence could have therapeutic potential to treat infections. In paper ІІ, we show that 

glucocorticoids that are commonly used as anti-inflammatory drugs down-regulate 

cathelicidin antimicrobial peptide expression in human monocytes and bronchial epithelial 

cells. Treatment with vitamin D3 counteracted this down-regulation. We further show that 

both dexamethasone and vitamin D3 act as anti-inflammatory agents in vitro and can be 

used in combination for therapeutic benefit. In paper ІІІ, we demonstrate that cyclic 

stretch that can be injurious mimics mechanical forces generated during ventilator induced 

lung injury causes down-regulation of cathelicidin expression in vitro in human bronchial 

epithelial cell lines. Treatment with AMP inducers vitamin D3 and/or PBA counteracted 

cyclic stretch mediated down-regulation of cathelicidin expression in our model and could 

be possible therapeutic benefits to prevent or treat infections. In paper ІV, we investigated 

the effects of adenylate cyclase (CyaA) toxin from Bordetella pertussis that causes 

whooping cough on innate immune responses in air-liquid interface differentiated VA10 

cell line. CyaA toxin treatment caused barrier damaging effects, leading to disintegration of 

tight junction proteins, enhanced mucin secretion and differentially modulated 

antimicrobial peptides and inflammatory cytokines gene expression dependent on cyclic 

AMP signaling.  
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Ágrip 

 Þekjufrumur öndunarvegs mynda eina af fremstu varnarlínum okkar gegn 

sýklum. Varnarlínan samanstendur af þéttitengja próteinum sem mynda saum milli 

þekjufrumna og seyttum efnum t.d. örveruhamlandi og bólgumiðlandi peptíðum/próteinum. 

Þessar varnir eru hluti af náttúrulega varnarkerfinu og stuðla að viðhaldi og jafnvægi í 

vefjum okkar. Margir sýklar trufla starfsemi þekjunnar til að komast yfir fremstu 

varnarlínuna og orsaka sýkingu í vefjum. Styrking á þekjuvörnum náttúrulegs ónæmis með 

því að auka þéttingu milli frumna eða seytingu varnar próteina gæti virkað gegn sýkingum 

sem forvörn eða meðhöndlun. 

Sameiginlegur grunnur rannsóknaverkefna þessarar ritgerðar er greining á virkni til 

þess að styrkja náttúrulegar varnir þekjunnar aðallega með því að hafa áhrif á tjáningu 

próteina sem eru örveruhamlandi og bólgumiðlandi. Í grein I sýndum við að afleiða stuttra 

fitusýra 4-phenyl butyric acid (PBA) eykur tjáningu á cathelicidin örveruhamlandi 

peptíðum í gegnum vítamín D viðtakann í lungþekjufrumulínunni VA10. PBA eykur 

einnig tjáningu á bólgumiðlandi próteinum í VA10 frumunum. Einnig var sýnt að 

vaxtarþættirnir TGFα og TGFβ og boðleiðir þeirra tengjast boðleiðum í PBA örvaðri 

tjáningu cathelicidin gena. Þá var meðhöndlun með PBA og vítamín D3 sýnd hamla vöxt 

bakteríunnar Pseudomonas aeruginosa í VA10 frumum sem gefur vísbendingu um notkun 

gegn sýkingum. Í grein II sýndum við að algeng bólgulyf af flokki glúkócortikóíða 

(glucocorticoids) draga úr tjáningu cathelicidin bakteríuhamlandi peptíða í monocytum 

(forverum átfrumna) og þekjufrumulínum úr lungum. Meðhöndlun með vítamín D3 gat 

unnið á móti þessarri lækkuðu cathelicidin gena tjáningu. Enn fremur sýndum við að bæði 

dexamethasone (glúkócortikóíð lyf) og vítamín D3 verka gegn tjáningu bólgumiðla. 

Vítamín D3 gæti því verið áhugaverð viðbót þegar glúkócortikóíð lyf eru notuð. Í grein III 

sýndum við að endurtekið togálag (cyclic stretch) dregur úr tjáningu cathelicidin í 

þekjufrumulínum úr efri öndunarvegi. Frumulíkanið fyrir endurtekið togálag hermir eftir 

kröftum sem verka á öndunarþekjuna við notkun öndunarvéla. Efni sem örva náttúrulegt 

ónæmi eins og PBA og vítamín D3 draga úr bælingu vegna togálags og gætu verið gagnleg 

fyrir sjúklinga í öndunarvél og jafnvel komið í veg fyrir sýkingar. Í grein IV rannsökuðum 

við áhrif adenylate cyclase (CyaA) toxíns úr bakteríunni Bordetella pertussis sem veldur 

kíghósta, á náttúrulegt ónæmi í skautuðum sérhæfðum VA10 frumum í loft-vökvarækt. 

CyA toxínið dregur úr tálma eiginleika þekjunnar með sundrun þéttitengja. Það eykur 

jafnframt tjáningu mucina en hafði mismunandi áhrif á tjáningu örveruhamlandi peptíða og 

bólgumiðla (cytokines) í þekjufrumunum. Þessi áhrif reyndust öll háð cAMP boðmiðlun.  
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1 Introduction 

The airway or respiratory epithelium is one of the largest surfaces of the human 

body that is directly in contact with the outside environment. The epithelium is exposed to 

dynamic physical forces as the airway tubules and alveoli are stretched and compressed 

during normal respiratory mechanical ventilation (Effros, 2006). The dynamic process of 

ventilation transports millions of liters of air through the highly branched upper respiratory 

epithelium to the distal alveolar sacs where the main gas exchange takes place (Whitsett 

and Alenghat, 2015) (Figure 1). During this process of air exchange, the lungs are exposed 

to external environment and must cope with a multitude of challenges that include 

temperature, particulate matter, allergens and infectious agents. Thus both physical forces 

and assaults by microbes need to be constantly dealt with by the respiratory epithelium. 

The maintenance of a healthy respiratory epithelium requires constant regulation and 

communication by the respiratory epithelial cells and other cells of the immune system 

(Suzuki et al., 2008). One of the main function of host immunity in the airway epithelium 

is to distinguish between ‘self’ and ‘non-self’, where the ‘non-self’ may represents an 

infectious agent. In this introduction part of my thesis I will describe the importance of the 

innate immune system in host defense against respiratory infections and strategies to 

modulate and/or enhance host immunity and factors differentially affecting host immunity. 

1.1 The respiratory system 

1.1.1 Lung anatomy and physiology 

The primary function of the human lungs is to carry out gas exchange between blood and 

the conducting airway. The lung respiratory epithelial cells undergo oxidative metabolism 

involving the exchange of oxygen and carbon dioxide through the alveolar interface 

(Whitsett and Alenghat, 2015). The conducting airways of the lung, starting from the upper 

trachea to the terminal bronchioles, are formed by budding and branching of the airway 

tubules derived from endoderm. This process is known as ‘branching morphogenesis’. 

(Iber and Menshykau, 2013; Whitsett and Alenghat, 2015). The lungs demonstrate 

considerable differences in morphology and cellular composition from the proximal 

trachea to the distal alveolar sacs. The trachea, main bronchi and bronchioles together 

constitute the conduction airways (Figure 1). In human lungs, cartilaginous airways spread 

deep into the lung parenchyma. They are surrounded by an abundance of the submucosal 

glands secreting a multitude of fluids, mucins and host defense molecules like the 

antimicrobial peptides (AMPs). The airways in human lung are mainly lined by a 

pseudostratified epithelium. This pseudostratified epithelium has a high expression of 

ciliated cells, followed by the secretory goblet, basal, clara and the neuroendocrine cells 

(Knight and Holgate, 2003). The basal cells are mainly located beneath the surface of the 

respiratory epithelium and act as progenitors of ciliated and secretory cells. They 
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encompass critical role in regeneration of the injured respiratory epithelium (Rock et al., 

2009; Whitsett and Alenghat, 2015). 

 

 

 

Figure 1: Schematic diagram of lung structure and cell types. 

The upper right and lower details depict the cellular components of the large and small 

airways, respectively. Image represented from Sun et al. (Sun et al., 2007). The 

cartilaginous upper tracheobronchial part is mainly composed of ciliary cells, 

goblet/mucus cells and basal cells. Bronchioles are composed of mainly composed of 

ciliary cells and clara cells. The neuroendocrine cells are found sparsely in the large 

airways. The distal alveolar part is composed of type I and type II alveolar cells 

(pneumocytes). The alveolar epithelium is surrounded by a complex network of capillaries. 

The airway epithelium is separated from the collagenous stroma by a basement membrane.  

 

The diverse cell types lining the respiratory epithelium secrete an abundance of fluids, 

AMPs, and mucins. Their secretory activity is influenced by injury resulting from either 

inflammation or infection. The epithelium of the respiratory airway is further supported by 

cartilage rings. The submucosal glands are also surrounded by a numerous cell types that 

include ciliated, goblet, basal and myoepithelial cells, that together secrete fluids 

Trachea 
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containing host defense peptides/proteins, thus defending against pathogens. The distal 

alveolar epithelium is composed of a single layer of type І and type ІІ cells. The type І 

squamous alveolar cells mainly facilitate gas exchange covering approximately 90 percent 

of the alveolar surface. They interact closely with the endothelial cells of the pulmonary 

capillaries. The other cell types lining the alveoli are the cuboidal type ІІ alveolar cells that 

play a pivotal role in synthesis of surfactant proteins that prevent lung collapse during 

ventilation (Ward and Nicholas, 1984). 

Thus these different cells of the airway epithelium contribute to the local turnover 

and repair of the conducting airways of the respiratory epithelium. In addition to the 

epithelial cells, a variety of immune cells reside in the lungs including alveolar 

macrophages that contribute to maintenance of lung homeostasis, prevention and repair of 

the epithelium arising due to inflammation and infections. 

1.1.2 Barrier Function of the respiratory epithelium 

The airway epithelial cells create multiple barriers facilitated by their secretory 

products, surface glycolic acids and membranes and intracellular junctional proteins. These 

intracellular junctional proteins are characterized into four types: 1) tight junctions (Figure 

2), 2) gap junctions, 3) adherence junctions and 4) desmosomes. Not only are they involved 

in linking adjacent cells but also play a key role in maintain cell polarity and cell shape. 

The tight junctions (TJs) form a continuous belt like junctions around the cells at the apical 

surface that splits the apical and basolateral domains of the plasma membrane. The 

adjacent plasma membranes are sealed to each other. Proteins in the membranes of the 

adjacent cells called occludins interact with each other to form this tight seal. The TJs 

restrict the passage of water, electrolytes and small molecules across the epithelium and 

also localization of membrane bound proteins. Located basally to the tight junctions are the 

adheren junctions (AJs). The AJs are linked to the actin cytoskeleton via α- and β-catenin 

(Niessen, 2007). Gap junctions permit selective passage of ions, second messengers, and 

small metabolites between adjacent cells. They are composed of two distinct unrelated 

proteins, pannexins and connexins. They play an important role in providing intracellular 

communication (Meşe et al., 2007). Desmosomes are intercellular junctions that provide 

strong adhesion within cells or the underlying extracellular matrix and are linked to 

intermediate filaments. The desmosomes are also involved in regulation of signaling 

molecules and fundamental processes like proliferation, differentiation and cellular 

morphogenesis (Garrod and Chidgey, 2008). Detailed discussion of AJs, gap junctions and 

desmosomes is beyond the scope of this thesis. Here in I will describe the basic structure 

and function of the different tight junction associated proteins and their role in protecting 

against infectious agents. 

1.1.3 Structure and function of the integral membrane proteins 
of TJs 

 The TJs of the respiratory epithelium form a functional barrier to prevent entry to 

infectious agents, that separates the airway lumen from the connective tissue. It plays an 

important role in maintaining the apical-basolateral polarity and paracellular permeability 

of the epithelium. A method for looking at epithelial permeability in vitro includes the 

measurement of electrical physical resistance, resulting due to selective transport of ions, 
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known as trans-epithelial electrical resistance (TER). The TJ function and epithelial 

integrity are main determinants of TERs in vitro. The TJs form lateral strands close to the 

epithelial surface that provide barriers preventing trans epithelial leakage of molecules and 

also regulate the flow of solutes and ions across the junction (Tsukita et al., 2001). Further, 

the TJs also prevent penetration of infectious agents and their transport across the airway 

epithelial membrane. Thus they act as mechanical barrier against invading pathogens. The 

epithelial TJs are known to be composed of at least three types of transmembrane proteins- 

occludin, claudins (CLDN) and junctional adhesion molecules (JAM). These 

transmembrane proteins are bound by cytoplasmic plaque or scaffolds consisting of many 

proteins forming large complexes, that include adaptor proteins like the zona occludens 

(ZO) multi-PDZ domain protein-1 (MUPP-1), membrane associated guanylate kinase with 

inverted orientation- (MAGI), cell polarity molecules (ASIP/PAR-3, PAR-6, PALS-1) and 

associated proteins, cingulin, symplekin and other proteins on the cytoplasmic side 

(Schneeberger and Lynch, 2004; Tsukita et al., 2001). The ZO proteins (ZO-1, ZO-2 and 

ZO-3) link the transmembrane proteins to underlying actin cytoskeleton via their PDZ 

domains (Utepbergenov et al., 2006; Wu et al., 2007). The organization of these TJ 

proteins is summarized in (Figure 2). 

 

Occludin 

Occludin was discovered by screening monoclonal antibodies against AJ and TJ-

containing membrane fractions from chicken liver (Furuse, 1993). It is a tetra-span 

membrane protein (≈ 60 kDa) that forms two extracellular loops separated by a short 

cytoplasmic loop. Both amino (N-) and carboxy (C-) terminal loops are embedded in the 

cytoplasmic side. The two extracellular loops have an unusual amino acid composition. 

The first loop has a high tyrosine and glycine residue content (61%), whereas the second 

loop has 18% tyrosine residues (Furuse, 1993). Phosphorylation of occludin is dependent 

on protein kinase C signaling and is preferentially located in the TJs, whereas non-

phosphorylated occludin is expressed along the basolateral membrane (Hirase et al., 2001; 

Sakakibara et al., 1997). Overexpression of occludin in epithelial cells resulted in increased 

TER (McCarthy et al., 1996). However, occludin expression has been found to be 

dispensable for TJ formation in embryonic stem cells (Saitou et al., 1998). Disruption of 

both occludin alleles in these cells did not affect formation of TJs. Interestingly, in 

occludin null mice TJ abnormalities were observed (Saitou et al., 2000). The precise role of 

occludins in TJ formation still needs to be investigated in details.  

Claudins 

 The claudin family constitutes of at least 27 members that are mainly responsible for 

formation of TJ strands. They have four transmembrane domains and two extracellular 

loops (Mineta et al., 2011; Schneeberger and Lynch, 2004). Unlike occludin, the isoelectric 

point of the two extracellular loops of the claudins are variant. C-terminus of all claudins 

except claudin-12 contain a YV site that allows them to bind to PDZ containing proteins 

like ZO-1 and others (Schneeberger and Lynch, 2004). Claudin-3, claudin-4 and claudin-18 

are highly expressed in alveolar epithelial cells. Loss of claudin-3 and claudin-4 increases 

alveolar-capillary permeability and inhibits fluid clearance (Frank, 2012). Transcriptional 

regulation of claudins have been shown to be dependent on a multitude of transcription 
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factors like VDR and activation of protein kinase C signaling among other pathways 

(Herriges and Morrisey, 2014; Ito et al., 2011; Zhang et al., 2015). 

 

 
 

Figure 2: Organization of tight junction (TJ) proteins.  

ZO-1 and ZO-2 act as ‘scaffolds’ that are involved in organization of occludins and 

claudins. The ZOs and cingulin provide a direct link to the actin cytoskeleton. Image 

adapted from Niessen. (Niessen, 2007). 

 

Junctional Adhesion Molecules (JAMs) 

 JAMs (JAM-A, -B, -C and -4) are a part of the immunoglobulin (IgG) superfamily. 

They are expressed at cell junctions in epithelial and endothelial cells and also on the 

surface of leukocytes, erythrocytes and platelets (Martìn-Padura et al., 1998). They have 

been shown to be important for TJ assembly and affect processes like angiogenesis, platelet 

activation and leukocyte transmigration. Of all the JAMs, the JAM-A seems to be of 

critical importance. JAM-A (also known as JAM-1) is a 43 kDa glycosylated protein with 

two extracellular V-type IgG domains, a single transmembrane domain and a short 

intracellular C-terminal domain with PDZ binding motif. JAM-A binds to the PDZ3 

domain of ZO-1 and PDZ9 domain of MUPP-1 (Schneeberger and Lynch, 2004). It also 

facilitates the migration of monocytes through paracellular pathway. Exogenous expression 

of JAM-A in fibroblasts leads to Ca2+ independent cell-cell adhesion, however this did not 

induce generation of TJ strands (Schneeberger and Lynch, 2004). JAM-B (also known as 
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JAM-2) is expressed on endothelial cells. JAM-C (or JAM-3) has been shown to regulate 

polarization and differentiation of spermatids by recruitment of polarity complexes (Gliki 

et al., 2004). 

Zona Occludens (ZOs) 

 ZOs are TJ scaffolding proteins that aid in integration and association of occludin, 

claudins and JAMs in the TJ strands that takes place through local clustering. The ZOs 

(ZO-1, ZO-2 and ZO-3) belong to the membrane associated guanylate kinase-like 

homologs family that are characterized by three N-termini PDZ domains, an SH3 domain 

and a GUK domain. They interact directly with the transmembrane proteins like occludin 

and claudins via the PDZ domains and further associate with the actin cytoskeleton via the 

C-terminus providing a direct link with the cytoskeleton (Niessen, 2007). ZO-1 has 

numerous binding partners. Its PDZ1 domain interacts with claudins. The PDZ2 domain 

binds ZO-2, ZO-3 and the gap junction protein connexin43. Interestingly, in vivo studies 

have shown that ZO-1 co-immunoprecipitates with ZO-2 or ZO-3 indicating that these 

protein form complexes. ZO-1 interacts with other TJ associated proteins like cingulin and 

JAM-A thus indicating its scaffolding functions (Schneeberger and Lynch, 2004). 

Similarly, ZO-2 and ZO-3 interact with TJs, acting as tissue specific scaffolds regulators of 

assembly and polarization and signal transducers. 

1.1.4 TJ proteins are targets of pathogenic bacteria. 

 Pathogens have developed strategies to subvert the epithelial barrier by directly 

targeting TJ complex proteins. The majority of bacteria that compromise tight junction 

integrity are ingested with food and water, and affect the gastrointestinal tract. Some 

infectious bacteria like Shigella, Salmonella, Clostridium, and Escherichia coli strains 

disrupt tight junctions by promoting the internalization or degradation of specific tight 

junction proteins. Other inject specific virulence factors into host cells that leads to de-

regulation of the cytoskeleton and junctional disruption. Consequently, such infections 

frequently lead to severe diarrhea and might contribute to the development of chronic 

inflammatory diseases. The C-termini of the Clostridium perfringens enterotoxin binds 

specifically to claudin-3 and claudin-4 and its N-terminus binding leads to pore formation 

in the plasma membrane of the host (Veshnyakova et al., 2012). Helicobacter pylori, a 

bacteria linked to gastric cancer adheres to the apical-junctional complex of the epithelial 

cells. This binding leads to translocation of cytotoxin-associated gene A (CagA) protein 

from the bacterium inside the epithelial cytoplasm leading to recruitment of ZO-1 and 

JAM-A at the site of bacterial attachment and subsequent disruption of TJs (Wroblewski 

and Peek, 2011). The opportunistic respiratory pathogen Pseudomonas aeruginosa was 

shown to disrupt the TJ barrier via the bacterial secreted type ІІІ toxins. Confocal imaging 

studies demonstrated that TJ proteins ZO-1, occludin, and ezrin underwent substantial 

redistribution in human airway cells intoxicated by the P. aeruginosa type ІІІ toxins ExoS, 

-T, and -Y (Soong et al., 2008). Infection with enterohemorrhagic and enteropathogenic E. 

coli that are known to cause diarrheal infections have been shown to disrupt TJ proteins in 

vitro. TJ strands are extensively altered by enteropathogenic E. coli during these infections 

(Guttman and Finlay, 2009). Other bacterial infections affecting TJ barrier have been 

reviewed in details by B. Brett Finaly et al. (Guttman and Finlay, 2009). Interestingly, M. 

tuberculosis, the causative agent of tuberculosis was shown to transverse the epithelial 
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membrane through receptor mediated heparin binding without disrupting the integrity of TJ 

proteins (Menozzi et al., 2006). 

1.1.5 The role of cilia and mucins in lung epithelia. 

 Mucus and cilia are the major players contributing to the mucociliary clearance in the 

respiratory epithelium. The luminal surfaces of the respiratory airways are in direct contact 

with microbes and particulates that have to be either removed or accommodated in order to 

prevent them from accessing the underlying respiratory epithelium. The mucus layer traps 

the pathogens and other infectious agents Co-ordinated beating of cilia regulates the flow 

of the overlaying mucus from the distal lung epithelium towards the pharynx. (Kilburn, 

1968). The efficient transport of mucus depends on effective ciliary beating and the 

hydration of the mucus (Puchelle et al., 1995; Tarran et al., 2001). This together contributes 

to its viscoelastic properties. The composition of the airway surface liquid (ASL) dictated 

the rate of mucociliary clearance (Figure 3). The ASL constitutes two layers: 1) an upper 

viscoelastic layer of mucins secreted by the goblet cells and submucosal glands and 2) 

lower periciliary layer (PCL) containing membrane bound glycosylated proteins and 

tethered mucins (muc-1, muc-4 and muc-16) (Randell and Boucher, 2006; Rubin, 2002; 

Sheehan et al., 2006). The PCL is 7 µm in height which corresponds to a length of 

outstretched cilia and providing a lubricating layer for the cilia to beat (Figure 3). It is 

relatively less viscous as compared to the upper mucin rich layer (Ganesan et al., 2013). 

Sodium (Na+) and chloride (Cl-) ions affect the hydration of ASL. Efficient mucociliary 

clearance depends on Cl- secretion and reduced reabsorption of Na+ (Ganesan et al., 2013). 

In addition, the ASL also contains antimicrobial factors that include lactoferrin, lysozymes, 

collectins and antimicrobial peptides and these factors act in synergy enhancing clearance 

of infectious bacteria (Singh et al., 2000). The formation of motile cilia takes place by the 

assembly of microtubules associated with dynein arms. This leads to formation of 

axonemes of the motile cilia powered by ATP (Knowles et al., 2013; Popatia et al., 2014). 

Detrimental clinical phenotypes related to inherited ciliary mutations are collectively 

known as ‘primary ciliary dyskinesia’ (PCD). PCD is caused as a result of inherited 

mutations in the outer and inner dynein arms of the cilia. The have been also shown to be 

caused by mutations in genes encoding molecules regulating cytoplasmic assembly of cilia 

(Knowles et al., 2013; Popatia et al., 2014).  

 The airway mucus constitutes more than 200 proteins, secreted by the goblet cells 

and the submucosal glands. The major component of the airway mucus are mucins that are 

high molecular weight glycoproteins. They cross link to form a structural framework that 

constitutes the mucociliary barrier (Thornton et al., 2008). MUC5AC and MUC5B are the 

predominant mucins in the human lung. There are about 12 known mucins , that are mainly 

encoded by genes located on the human chromosome 11 (Desseyn et al., 2000). These 

airway mucins form a mucus gel that disrupts bacterial aggregation and binds microbial 

pathogens, preventing them from adhering to epithelial surfaces. Mucins undergo extensive 

post-translational modifications and processing. This leads to generation of linear and 

multimeric networks that create a gel like lattice of polymeric proteins. These mucins are 

moved up the airway by the beating cilia (Button et al., 2012). The main function of 

mucins is to maintain airway homeostasis and further aid in removal of pathogenic agents 

during injury and infections. Excessive goblet cell differentiation and mucus over 

production are main features of chronic airway diseases like asthma and chronic 
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obstructive pulmonary disease (COPD). MUC5AC null mice (muc5ac -/-) fail to clear 

helminth Trichiuris muri after infection possibly due to impaired host immune defense in 

the gut, however their survival is not affected (Hasnain et al., 2011).  

 

 

 

Figure 3 : Mucociliary clearance.  

(A). Light microscopy view of airway surface layer, comprising of upper thick mucus layer 

and the lower thin periciliary layer (PCL) stained with Richardson’s dye method. (B) A 

diagram demonstrating directional flow of mucus mediated via ciliary beating and 

transport of Na+ and Cl- ions across the epithelium. Image represented from Button et al. 

(Button et al., 2012) and Ratgen (Ratjen, 2006). 

 

Interestingly, MUC5AC over expression in airway epithelial cells leads to resistance to 

infection, but metaplasia or airway obstruction are absent (Ehre et al., 2012). Muc5ac -/- 

mice have been shown to demonstrate lower susceptibility to ventilator associated 

inflammation and/or lung injury and display impaired adaptive immune responses 

(Koeppen et al., 2013). In contrast to the mild phenotypes observed in muc5ac-/- mice, 

muc5b-/- mice have severe pulmonary pathology with chronic bacterial infection, 

inflammation and airway obstruction (Roy et al., 2014). Interestingly, mutations in the 

cystic fibrosis transmembrane conductance regulator (CFTR) gene causes severe lung 

disease in cystic fibrosis patients characterized by progressive mucus accumulation (Kreda 

et al., 2012). The toll-like receptor 5 ligand flagellin from P. aeruginosa enhances mucin 

expression via activation of CFTR signaling. This may indicate why cystic fibrosis patients 

are susceptible to infections by gram negative bacteria like Pseudomonas (Luan et al., 

2014). 

1.2 The innate immune chemical barrier.  

The innate immune system constitutes the first line of defense against the invading 

pathogens. It provides a chemical barrier in addition to the physical barrier provided by the 

epithelial cells and mounts a rapid broad response against a wide range of pathogens based 
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upon pattern recognition and secretes antimicrobial proteins to prevent and counteract 

infectious agents. It works in close collaboration with the adaptive immune system that is 

long-lasting and has immunological memory. However, the adaptive immune responses are 

slow to develop upon first exposure to a new pathogen. This is because specific clones of 

pathogen (antigen) specific B and T cells need to be activated and expanded through a 

process of gene rearrangement that is a delayed process following infection (Hoebe et al., 

2004; Iwasaki and Medzhitov, 2010). This can take a week or more before the responses 

are effective. By contrast, a single bacterium with a doubling time of 60 min. can produce 

more than 20 million progenies, consequently leading to a full-blown infection in a single 

day. Therefore, during the initial critical hours following infection, we rely on our innate 

immune system for protection (Alberts et al., 2002). The fact that the lung and digestive 

tract are generally infection free despite continuous exposure to microbes exemplifies the 

importance of the innate immune system that is constantly active to fend off infections. 

Here, I will describe two critical components of the innate immune system: 1) pattern 

recognition receptors (PRRs) and 2) antimicrobial polypeptides (AMPs). 

1.2.1 Pathogen recognition by PRRs 

 Host-pathogen interactions are initiated by host mediated recognition of conserved 

molecular structures known as pathogen associated molecular patterns (PAMPs) on the 

pathogen essential for its life cycle (Mogensen, 2009). PAMPs are sensed by the host 

germline encoded PRRs. These PRRs are expressed on most immune cells including 

macrophages, dendritic cells, neutrophils and also epithelial cells (Mogensen, 2009). PRRs 

are broadly classified as secreted, transmembrane, and cytosolic. Secreted PRRs bind to 

microbial cell surfaces, activate the complement system, and opsonize pathogens for 

phagocytosis. The transmembrane PRRs consist of the Toll-like receptor (TLR) family and 

the C-type lectins. The cytosolic PRRs include the retinoic acid– inducible gene I (RIG-I)–

like receptors (RLRs) and the nucleotide-binding domain and leucine rich repeat–

containing receptors (NLRs) (Mogensen, 2009).  

Toll-like Receptors (TLRs) 

 TLRs are the most widely studies PRRs and are considered as the primary sensors of 

pathogens. TLRs were first discovered in the fruit fly Drosphila and were shown to be 

essential for embryonic development and the fly’s anti-fungal response (Medzhitov et al., 

1997), following which the field of TLR immunobiology has rapidly expanded. In humans 

at least 10 TLR family members have been identified till date and about 12 are known in 

mice. TLRs 1,2,4,5 and 6 are primarily expressed on cell surface and recognize PAMPs 

derived from bacteria, fungi and protozoa, whereas TLRs 3,7,8 and 9 are exclusively 

expressed within the endocytic compartments and recognize nucleic acids derived from 

viruses and bacteria. Structurally, TLRs are integral glycosylated proteins characterized by 

an extracellular or luminal ligand-binding domain containing Leucine rich repeat (LRR) 

motifs and a cytoplasmic signaling Toll/interleukin-1 (IL-1) receptor (TIR) homology 

domain (Takeda and Akira, 2005). Ligand binding to TLRs through PAMP-TLR 

interaction leads to receptor oligomerization that further triggers intracellular signaling 

cascades. TLR1/2, TLR3 and TLR9 bind to tri-acetylated lipopeptides, double-stranded 

RNA and CpG DNA, respectively. TLR4 recognizes lipopolysaccharide (LPS) through the 

accessory molecule MD2 (Takeda and Akira, 2005). Interestingly, some TLRs recognize 
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structurally and biochemically distinct ligands, for e.g. TLR4 recognizes divergent 

structures like LPS, the fusion protein of respiratory syncytial virus and heat shock proteins 

(HSPs) (Cohen-Sfady et al., 2005; Lu et al., 2008; Rallabhandi et al., 2012). Different 

PAMPs are further distinguished based on formation of heterodimers between TLR2 with 

either TLR1 or TLR6 (Takeda and Akira, 2005). TLRs, their cognate ligands and down-

stream activated signaling pathways are summarized in (Figure 4).  

 

 
 

Figure 4: Toll-like receptor (TLR) signaling pathways.  

The binding to cognate ligands to TLRs leads to receptor dimerization and recruitment of 

adaptors like MyD88, TIR-domain-containing adapter-inducing interferon-β (TRIF), Toll-

like receptor adaptor molecule 2 (TRAM) and toll-interleukin 1 receptor TIR domain 

containing adaptor protein (TIRAP). Most TLRs from homodimers, however TLR2 can 

form heterodimers with TLR6 or TLR1 recognizing diacylated or triacylated lipopeptides, 

respectively. Down-stream signals result in activation of NFkB and IRFs that regulate the 

transcription of pro-inflammatory cytokines and type 1 IFNs, respectively. Image is 

modified and represented from Wang et al. (Wang et al., 2014). 

 

The most important cells that express TLRs include antigen presenting cells like 

macrophages, dendritic cells and B lymphocytes as well as respiratory epithelial cells 

(Takeda and Akira, 2005) Although, signaling by such receptors in hematopoietic cells is 

an essential component of the innate immunity in lungs, TLR signaling in epithelial cells 

like the respiratory epithelial cells is critical for driving mucosal immune responses 

(McClure and Massari, 2014). Infection of airway epithelial cells with Klebsiella 

penumoniae enhances expression and activity of TLR2 and TLR4 (Regueiro et al., 2009). 

PAMPs regulate signaling cascades that affect epithelial gene expression and cytokine 
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production. TLR signaling is primarily mediated via recruitment of different TIR domain 

containing adaptor molecules like MyD88, TRIF, TIRAP and TRAM to the TIR domains 

of different TLRs (Akira and Takeda, 2004). This leads to activation of transcription 

factors like NFκB and IRF 3/7. In addition, MAP kinases are activated, leading to 

production of pro-inflammatory cytokines and type І interferons (Akira and Takeda, 2004). 

Except TLR3, all the TLRs recruit MyD88 and initiate MyD88 dependent activation of 

NFκB and MAP kinase (ERK ½, p-38 and JNK) to induce pro-inflammatory cytokines in 

respiratory epithelial cells and other phagocytes including macrophages and dendritic cells. 

The NFκB family of transcription factors is composed of five members: p65 or REL-A, 

REL-B, cytoplasmic REL, p50 and p52 that function as either homo- or heterodimers. 

NFκB dimers are usually sequestered in the cytoplasm in an inactive form by molecules of 

the inhibitor of NFκB (IκB) family. Activation of NFκB following stimulation through the 

canonical pathway involves the phosphorylation and proteolysis of the IκB proteins and the 

simultaneous release leading to nuclear translocation of the NFκB factors. This important 

activation process is mediated by the IκB kinase (IKK) complex, which comprises two 

catalytic subunits: IKKα and IKKβ and a regulatory subunit known as NFκB essential 

modulator (NEMO). After activation by upstream signals, IKK phosphorylates the IκBs, 

leading to their poly-ubiquitination and proteasome-mediated degradation. With the 

degradation of IκB, the NFκB multimeric complex is free to enter the nucleus where the 

expression of specific genes is activated. These genes harbor DNA-binding sites for NFκB 

in their promoters. This leads to a physiological response that includes activation of 

inflammatory or immune genes, a cell survival response, or cellular proliferation. NFκB 

turns on expression of its own repressor, IκBα. The newly synthesized IκBα then inhibits 

NFκB forming an auto feedback loop that checks NFκB activity (Kawai and Akira, 2007). 

In addition to MyD88, TLR1, -2, -4 and -6 recruit TIRAP via another adaptor molecule 

TRAM. TLR4 initiates NFᴋB signaling cascade via recruitment of all the four adaptors 

MyD88, TRAM, TIRAP and TRIF (Akira and Takeda, 2004). The outcome of signaling 

via PAMPs and consequent TLR activation is dependent on the nature of microbial 

pathogen and the inflammatory environment in the lungs. This may result in both 

protective and pathological effects on airway barrier functions. (Basu and Fenton, 2004; 

Bezemer et al., 2012a).  

 Apart from PAMPs the TLRs recognize damage associated molecular patters 

(DAMPs) and initiate an immune response in response to non-infectious inflammatory 

conditions including acute lung injury (Tolle and Standiford, 2013). Respiratory epithelial 

cells have receptors which direct epithelial responses during stress and necrosis (Whitsett 

and Alenghat, 2015). Type І alveolar cells are enriched with the RAGE, a DAMP pattern 

recognition receptor and is also expressed on epithelial cells (Buckley and Ehrhardt, 2010). 

The DAMP high mobility group protein 1 (HMGB1) is a DNA binding nuclear protein 

released mainly during cell death and stimulation with cytokines and signals to nearby cells 

through TLR2, TLR4 and RAGE (Lotze and Tracey, 2005). RAGE and TLRs co-

operatively regulate cellular responses to infection, inflammation and stress. PRRs regulate 

a variety of genes directing epithelial cell specific host defenses. These include modulation 

of inflammatory cytokines and antimicrobial polypeptide (AMP) expression. Rhinovirus 

infection and H. influenza lipoprotein activate TLR3 and TLR2 respectively, leading to 

activation of downstream signaling pathways that regulate expression of mucin MUC5AC 

in the conducting airways (R. Chen et al., 2004; Zhu et al., 2009). LPS treatment was 

shown to enhance expression of AMP human beta defensin-2 in human epithelial cells 
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through activation of TLR4, TLR2, involvement of TLR4 co-regulatory molecule CD14 

and also depends on the activation of NFᴋB signaling pathway (Becker et al., 2000; 

Tsutsumi-Ishii and Nagaoka, 2002; Vora et al., 2004). Similarly, in human lung alveolar 

cell line A549, TLR2 ligand (bacterial lipoprotein) treatment was shown to enhance hBD-2 

expression (Birchler et al., 2001). TLR2 activation in human macrophages was shown to 

up-regulate expression of the vitamin D receptor and the vitamin D-1-hydroxylase genes, 

leading to induction of the cathelicidin AMP and subsequent killing of intracellular 

Mycobacterium tuberculosis (Liu et al., 2006a). TLR2 and TLR4 have been shown to 

regulate innate immunity and survival of respiratory epithelial cells following acute lung 

injury and other TLRs have been shown to play significant role in outcome of resolution of 

inflammatory diseases like chronic obstructive pulmonary disease (COPD) and asthma 

(Bezemer et al., 2012b; Lafferty et al., 2010). TLR5 recognizes bacterial flagellin from 

both gram positive and gram negative bacteria. The activation of TLR5 mobilizes the 

active NFᴋB from cellular cytoplasm to the  nucleus, leading to secretion of the target pro-

inflammatory cytokines like tumor necrosis factor α (TNFα) (Hayashi et al., 2001). 

Interestingly, Pseudomonas aeruginosa has been shown to down-regulate flagellin 

expression as a measure to escape host immunity leading to dampened TLR5 dependent 

immune response in cystic fibrosis patients (Wolfgang et al., 2004). Most TLRs have been 

shown to be expressed on the surface of undifferentiated and air-liquid interface 

differentiated human bronchial epithelial cells and respond to stimulation by cognate 

ligands (Ioannidis et al., 2013; Sha et al., 2004). 

The detailed discussion of other PRRs is beyond the scope of my thesis and have 

been reviewed in details by Mogensen et al. (Mogensen, 2009). 

1.2.2 Antimicrobial polypeptides  

 Host defense antimicrobial polypeptides (AMPs) are evolutionary conserved ancient 

weapons against infectious agents and have widespread distribution across the animal and 

plant kingdoms. Despite their ancient lineage general resistance against AMPs has not been 

demonstrated. Interestingly, the natural gut microbiota is resistant to killing by endogenous 

AMPs and hence preferentially colonizes the gut fending off infectious microbes during 

inflammation (Cullen et al., 2015). Small cationic AMPs are broadly classified into two 

sub-groups based on their amino acid composition and secondary structure: 1) α helical 

structures that are adopted by linear peptides such as cathelicidin LL-37 in humans and 2) β 

sheets, mainly including the β-defensins. These peptides are normally rich in disulphide 

bonds like the mammalian defensins. Most AMPs are cationic or polar molecules with 

spatially separated hydrophobic and charged regions. Although there are several schools of 

thought on the mechanism of AMPs, the most commonly accepted mechanism (Sha 

Matsuzak Huang model) is that these positively charged or cationic AMPs bind to the outer 

negatively charged leaflet of the bacterial membrane, leading to displacement of lipids and 

alteration of membrane structure (Matsuzaki, 1999; Shai, 1999; Yang et al., 2000). In 

contrast, the negatively charged lipids are shielded towards inner cytoplasmic side of the 

mammalian host membrane. Thus the net neutral charge of the mammalian outer bilayer 

prevents interaction of the cationic AMPs with the host membrane (Zasloff, 2002). 

Similarly, increased ionic strength generally reduces the activity of most AMPs mainly by 

weakening the electrostatic charge interactions required for the initial interaction of the 

peptides with the lipid bilayer (Kandasamy and Larson, 2006). However, several 
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hypotheses have been provided for killing of microbes by AMPs. They include fatal 

depolarization of the normally energized bacterial membrane: 1) the creation of physical 

holes that cause cellular contents to leak out, 2) the activation of deadly processes such as 

induction of hydrolases that degrade the cell wall, 3) the scrambling of the usual 

distribution of lipids between the leaflets of the bilayer, resulting in disturbance of 

membrane functions, 4) the damaging of critical intracellular targets after internalization of 

the peptide and 5) inhibition of metabolic functions (Brogden, 2005; Zasloff, 2002). 

 

 

 

Figure 5: Overview of the broad-spectrum biological activities of AMPs.  

AMPs contribute to regulation of innate immune response through their anti-microbial and 

immune modulatory functions. Binding of AMPs to bacterial membrane results in 

membrane disruption. The three proposed models (barrel stave, toroidal pore and Michelle 

formation) are depicted in this diagram. Other functions constitute activation of the 

immune system via TLR, prevention of endotoxin shock via LPS binding and immune 

modulation among others. The binding of peptides to cell surface LPS and subsequent 

proteolysis may contribute to bacterial resistance mechanisms against AMPs. Image is 

adapted and represented from Hoeck et al. (Duplantier and van Hoek, 2013) and Sahl et 

al. (Hancock and Sahl, 2006).  

 

AMPs in human are divided into two categories 1) the smaller cationic AMPs, 

cathelicidins and the defensins and 2) the larger polypeptides that include lysozyme, 

lactoferrin and secretory leukocyte peptidase inhibitor 1 (SLPI) (Cederlund et al., 2011). 

The defensins are further divided into the α- and β- defensins. AMPs are either 

constitutively expressed as in the bone marrow or are induced in response to injury or 

infection (Tomasinsig et al., 2002; Zasloff, 2006). The cathelicidins and defensins are 

expressed by various effector cells of the innate immune system including phagocytes and 
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the respiratory epithelial cells. The ASL in the lung encompasses a plethora of 

antimicrobial proteins including lysozyme, lactoferrin, cathelicidin, defensins and secretory 

leukocyte peptidase inhibitor 1 (SLPI), that help in control and eradication of microbes 

trapped by the mucus by either direct killing or via immunomodulation. The activity of 

AMPs in ASL has been shown to be dependent on pH, where an acidic pH favors killing of 

pathogenic bacteria by the AMPs (Abou Alaiwa et al., 2014). The AMPs are highly active 

against a plethora of infectious agents including bacteria, fungi, viruses and parasites 

(Cederlund et al., 2011). Apart from direct killing, AMPs have been shown to play an 

important role in bridging the innate and adaptive immune response via their 

immunomodulatory function (Hilchie et al., 2013). The respiratory epithelial cells are able 

to chemoattract and activate the adaptive immune B and T cells by secretion of AMPs in 

the ASL (Hilchie et al., 2013). Moreover, AMPs have been shown to promote non-opsonic 

phagocytosis and activation of signaling downstream upon integrin binding as a part of 

their chemotactic responses (Davidson and Hancock, 2006; Lishko et al., 2015). In 

addition, the AMPs, promote tissue repair and wound healing by promoting fibroblast 

chemotaxis and angiogenesis in response to injury (Lai and Gallo, 2009). Also, they have 

been shown to be important in prevention of endotoxin shock, due to their ability to 

neutralize LPS (Pulido et al., 2012; Scott et al., 2002). The biological roles of AMPs are 

summarized in (Figure 5). 

1.2.3 Cathelicidins 

 Cathelicidins are small, cationic AMPs found in humans and other species that 

include cattle, horses, pigs, sheep, goat, chickens and snakes (Kościuczuk et al., 2012) The 

first mammalian described cathelicidin was rabbit CAP18 (Hirata et al., 1990). 

Cathelicidins vary in amino acid sequence, structure and size. They are stored in the 

secretory granules of phagocytic cells like neutrophils and macrophages and can be 

released extracellularly upon stimulation due to infection or injury. They are also expressed 

in non-myeloid cells, for e.g. in respiratory epithelial cells (Tecle et al., 2010; Whitsett and 

Alenghat, 2015). Cathelicidins contain two functional domains, an N-terminal conserved 

cathelin domain and a highly variable C-terminus showing high diversity, both interspecies 

and intraspecies (Zanetti et al., 1995). In humans, only one cathelicidin has been noted 

known as LL-37. The term LL-37 was coined based on the presence of two Leucine amino 

acids (LL) at the N-terminus and the length of the peptide which is 37 amino acids long 

(Gudmundsson et al., 1996). The peptide is encoded by the cathelicidin antimicrobial 

peptide (CAMP) gene, that translates into a pre- pro protein known. The CAMP gene is 

located on chromosome 3 at the p21 locus (Agerberth et al., 1995; Gudmundsson et al., 

1995; Larrick et al., 1996). The CAMP gene contains four exons, the first three encode the 

N-terminal signal peptide and the conserved cathelin domain, while the fourth exon 

encodes the mature peptide LL-37 (4.5 kDa). Further upstream to the N-terminus is a 

partially defined promoter (Bals, 2000). After translation, the pre-pro form is shuttled to 

the endoplasmic reticulum where the N-terminal signal peptide is cleaved off. The resultant 

pro-form called hCAP18 (18 kDa) is either stored in secretory granules or secreted 

dependent on microenvironment and activation stimulus resulting due to injury or 

infection. Several proteases have been implicated in processing of hCAP18 to the mature 

LL-37 peptide. Sorenson et al., have demonstrated that proteinase 3 is necessary for 

cleavage and production of mature LL-37 in neutrophils (Sørensen et al., 2001). 

Interestingly, Gallo et al., have shown alternative processing of hCAP18 to multiple active 
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peptides apart from LL-37, which are highly active skin pathogens such as Staphylococcus 

aureus and Candida albicans (Murakami et al., 2004). hCAP18 has been shown to be 

processed to a 38 amino acid AMPs called ALL-38 in seminal plasma by prostrate derived 

protease gastricsin when incubated at a pH corresponding to vaginal pH (Sørensen et al., 

2003b) Although, the processing to cathelicidin to the mature LL-37 is deemed important 

to activate its anti-infectious and immune modulatory properties, a study by Pazgier et al. 

demonstrated that hCAP18 was active against gram negative bacteria like E. coli, with 

efficiencies comparable to LL-37 (Pazgier et al., 2013). The processing enzyme in 

respiratory epithelial cells is unknown and mainly pro-from of cathelicidin (hCAP18) is 

noted in in vitro cultured un-stimulated human bronchial epithelial cells. The structure of 

LL-37 and processing is represented in Figure 6. 

 

 

 

Figure 6: Structure of human cathelicidin LL-37.  

Image is represented from Siel et al. (Seil et al., 2010). 

 

 The general accepted mechanism of LL-37 uptake and disruption of lipid bilayer is 

based on LL-37 mediated binding and pore formation on the bacterial surface that harbors 

anionic components like LPS and this has been also shown in LPS primed monocytes 

(Elssner et al., 2004; Lee et al., 2011). LL-37 is highly active against respiratory pathogens 
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like P. aeruginosa, S. aureus and M. tuberculosis (Noore et al., 2013; Rivas-Santiago et al., 

2013; Turner et al., 1998). Although general resistance against AMPs is unknown, the 

diarrheal pathogen Shigella was shown to down-regulate gene expression of AMPs 

cathelicidin and human beta defensin-1, as a strategy to escape host defenses (Islam et al., 

2001). S. aureus evades killing by LL-37 via secretion of specific proteases that degrade 

the peptide (Sieprawska-Lupa et al., 2004). Modification of Lipid A glucosamine on 

surface LPS by B. pertussis (the causative agent of whooping cough) confers resistance 

against LL-37 (Shah et al., 2014). Apart from the anti-bacterial activity, LL-37 has been 

demonstrated to have immune modulatory effects thus linking innate immunity to adaptive 

immune functions. These effects can be specific receptor mediated and affect cytokine 

production in other cells. LL-37 was shown to enhance chemoattraction of human 

peripheral blood neutrophils, monocytes and T-cells via the formyl peptide receptor 1 

(FPRL-1) and subsequent Ca2+ mobilization (De Yang et al., 2000). LL-37 stimulation of 

LPS primed monocytes enhances ATP secretion, following which the inflammasome 

activator pro-inflammatory cytokine IL-1β is processed to its active mature form, a process 

dependent on binding of LL-37 to P2RX7 receptor (Elssner et al., 2004). LL-37 has been 

also shown to be involved epithelial wound healing and activation of innate immune 

response via EGFR transactivation (Tjabringa et al., 2003; Yin and Yu, 2010). LL-37 is 

highly expressed in the human lung and promotes bacterial clearance either by direct 

killing or through immune modulation via mobilization of neutrophils (Bals et al., 1998; 

Beaumont et al., 2014). In fact, the expression of cathelicidin is increased in ASL in cystic 

fibrosis patients (C. I.-U. Chen et al., 2004), whereas a lower level of plasma LL-37 was 

observed in chronic obstructive pulmonary disease (COPD) patients with high risk of 

frequent exacerbations (Yang et al., 2015). Novel functions of LL-37 recently discovered 

include increase in mucin secretion, enhancement of TER in vitro via up-regulation of TJ 

protein expression and formation of neutrophil extracellular traps (Akiyama et al., 2014; 

Neumann et al., 2014; Zhang et al., 2014). Dysregulated secretion of LL-37 has been 

demonstrated to be involved in progression of auto-immune diseases like atopic dermatitis 

and psoriasis and recent reports suggest LL-37 over expression may play an important role 

in colon and breast cancer progression (Kahlenberg and Kaplan, 2013; Lande et al., 2014; 

Ren et al., 2012; Weber et al., 2009). Pathogen colonization and invasion is associated with 

decreased CAMP expression and increased infection in respiratory diseases such as cystic 

fibrosis (Bergsson et al., 2009). The physiological relevance of cathelicidin is underlined 

by the fact that the cathelicidin deficient mice (cnlp-/-) are susceptible to infections (Nizet 

et al., 2001). Although pathogens, such as Shigella, can subvert the initial defenses by 

suppression of AMP expression (Islam et al., 2001), regulation and reversal of this 

suppression can be achieved by treatment with short chain fatty acid butyrate in a rabbit 

model of shigellosis (Raqib et al., 2006).  

Inducers of human cathelicidin 

A) Vitamin D3 

An effective strategy to combat infectious is by enhancing endogenous expression 

of AMPs including cathelicidin. The importance of vitamin D3 for curing rickets has been 

known for over eight decades (Wei and Christakos, 2015). It is not only known to play an 

important role in bone mineralization and calcium homeostasis, but also has been shown to 

regulate innate immunity due to its anti-inflammatory effects and protection in autoimmune 

diseases like multiple sclerosis and inflammatory bowel disease (Wei and Christakos, 
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2015). The hormonally active steroidal 1α, 25-dihydroxyvitamin D3 (1,25D3) is a direct 

inducer of the CAMP gene, acting via the vitamin D receptor (VDR) (Gombart et al., 2005; 

Wang et al., 2004). Calcidiol (25D3) is the inactive storage form of vitamin D3 and is 

converted to the active form 1,25D3 by the CYP27B1 enzyme (1α hydroxylase) via 

hydroxylation. Respiratory epithelial cells possess this enzymatic machinery to process the 

storage form 25D3 to the active 1,25D3 (Hansdottir et al., 2008). Binding of 1,25D3 to 

VDR leads to formation of VDR-RXR (Retinoid X Receptor) heterodimer. This complex 

activates target genes through vitamin D response elements (VDRE) within the gene 

promoter. The active form 1,25D3 is  degraded by the VDR regulated CYP24A1 enzyme 

(24-hydroxylase) to calcitroic acid that excreted in the urine or recycled (Deeb et al., 2007). 

Vitamin D3 metabolism is summarized in Figure 7. Recent studies have identified a causal 

link between vitamin D3 deficiency and VDR polymorphisms to susceptibility of 

tuberculosis (Martineau et al., 2011) and additional respiratory diseases including asthma, 

COPD and cystic fibrosis (Herr et al., 2011).  

 

 

 

Figure 7: Vitamin D3 sources, metabolism, mechanism of action and biological 

activities. 

 Vitamin D3 is obtained from the diet or synthesized in the skin via sunlight exposure (290-

315 nm) from 7-dehydrocholesterol (7-DHC). Vitamin D3 is initially hydroxylated in the 

liver by vitamin D-25-hydroxylase to produce the circulating prohormone 25-

hydroxyvitamin D3 (25D3). The conversion of 25D3 to the active form, 1α,25-

dihydroxyvitamin D3 (1,25D3), occurs in the kidneys catalyzed by a tightly regulated 

enzyme 1α-OHase (encoded by CYP27B1) although recent reports show extra-renal tissues 

are capable of this conversion. The enzyme 24-OHase (encoded by CYP24A1) converts 

1,25D3 and 25D3 to their corresponding 24-hydroxylated metabolites, the first step of 

vitamin D catabolic pathway that leads to inactivation of VDR ligands. CAMP, CYP24A1 
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and CD14 are VDR regulated genes. Binding of 1,25D3 to VDR, results in formation of 

VDR-RXR heterodimer that transcribes VDR regulated genes via binding to VDRE within 

the target gene promoter. This image is adapted and modified from Chiang et al. (Chiang 

et al., 2011). 

 

Vitamin D3 induced LL-37 mediated autophagy was shown to be important for 

clearance of intracellular mycobacteria in human monocytes and macrophages (Yuk et al., 

2009). Interestingly, several reports have demonstrated TLR stimulation by cognate 

bacterial ligands and treatment with pro-inflammatory cytokines like IL-13 leads to up-

regulated CYP27B1 gene expression. This enhances endogenous conversion of pro-vitamin 

D3 (25D3) to the hormonally active 1,25D3 and consequent enhancement of LL-37 

production that may lead to activation of autophagy and bacterial clearance (Campbell and 

Spector, 2012; Koon et al., 2011; Liu et al., 2006b; Schrumpf et al., 2012). Induction of 

CAMP by 1,25D3 in placental trophoblasts independent of TLR signaling suggests 1,25D3 

may be an autocrine/paracrine regulator of innate immunity during pregnancy (Liu et al., 

2009). Histone acetylation regulates 1,25D3 mediated CAMP induction in human 

keratinocytes (Schauber et al., 2008). Apart from vitaminD3 several other small molecules 

and natural ligands that modulate expression of cathelicidin are discussed below. 

B) Butyrate, PBA, lithocholic acid and other inducers of CAMP expression 

Short chain fatty acids (SCFA), namely, acetate, propionate, and butyrate are 

derived from bacterial fermentation of dietary fiber in the colon. Butyrate and other SCFA 

exert profound effects on colonic physiology as they affect fluid absorption, colonocyte 

metabolism, proliferation and differentiation, gut motility, and mucosal inflammation (den 

Besten et al., 2013). Although, the colon is the primary site of butyrate production, butyrate 

is known to enter bloodstream through systemic circulation and plasma concentration of 

circulating butyrate and other SCFAs has been determined (Pouteau et al., 2001). In this 

light, it is plausible that SCFAs may regulate innate immunity and other physiological 

functions in the lung. Butyrate and the secondary bile acid lithocholic acid are also inducers 

of the CAMP gene expression, both resulting in recruitment of the transcription factors 

VDR and PU.1 to the CAMP gene promoter (Termén et al., 2008). Histone acetylation at 

the CAMP promoter via the transcription factor AP-1 and activation of Mitogen Activated 

Protein Kinases (MAP kinases) are also known to be important for the butyrate induction 

of the CAMP gene (Kida et al., 2006; Schauber et al., 2003). Direct binding of lithocholic 

acid to the VDR ligand binding pocket has been demonstrated (Belorusova et al., 2014). 

Due to the foul smell of butyrate, a phenyl derivate of butyrate called 4-phenylbutyric acid 

(PBA) was selected, which could be helpful in clinics for treatment. PBA is a FDA 

approved drug for treatment of urea cycle disorders and is under investigation in pre-

clinical and clinical models for treatment of Alzheimer disease, cystic fibrosis, Huntington 

disease, cancer, spinal muscular atrophy and additional motor neuron disorders (Iannitti 

and Palmieri, 2011). PBA induces CAMP gene expression in the human bronchial 

epithelial cell line VA10 and the increased CAMP expression is dependent on MAP kinase 

signaling and vitamin D receptor (Kulkarni et al., 2015; Steinmann et al., 2009). PBA was 

also shown to enhance clearance of intracellular mycobacteria via up-regulation of 

cathelicidin expression, that lead to activation of autophagy. This was dependent on LL-37 

binding to P2RX7 receptor (Rekha et al., 2015). In a recent clinical trial conducted in 

Bangladesh, adjunct therapy with vitamin D3 and PBA in addition to standard short-course 
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therapy demonstrated beneficial effects towards clinical recovery in tuberculosis patients 

(Mily et al., 2015). A recent study in 2015 demonstrated that PBA is bacteriostatic against 

M. tuberculosis and can be used as an adjunct therapy with vitamin D3 to treat tuberculosis 

(Coussens et al., 2015).  

Endoplasmic reticulum (ER) stress has also been  shown to induce CAMP gene 

expression via activation of NFκB and downstream the transcription factor C/EBPα, a 

pathway independent of classical VDR signaling, indicating diverse pathways involved in 

cathelicidin regulation (Park et al., 2011). Curcumin (the active ingredient in turmeric) and 

resveratrol (a constituent in red wine) treatment was shown to enhance cathelicidin 

expression independent of VDR pathway (Guo et al., 2013; Park et al., 2013). In the wake 

of increased prevalence of antibiotic resistant pathogens, these findings that define novel 

mechanisms involved in regulation of cathelicidin suggest possible candidates for 

increasing innate immunity to infection independent of antibiotic administration. 

1.2.4 Defensins  

Just like cathelicidins, the defensins are an evolutionarily ancient class of AMPs 

present ubiquitously in animals, plants and fungi. They can eliminate or kill both gram 

positive and gram negative bacteria, fungi, protozoans and viruses (Ganz, 2003). They 

interact and disrupt the outer membranes of microbes by pore formation on the anionic cell 

surface, with subsequent lysis of the microbes. Structurally, the defensins have six 

cysteines that form three intramolecular cysteine bonds stabilizing a predominant β-sheet 

structure. This is essential for the correct proteolytic processing of their pro-proteins 

(Pazgier et al., 2006). However, reduction of the cysteine bonds of human β-defensin 1 

(hBD1) results in improved antimicrobial activity of the peptide against a number of 

microbes (Schroeder et al., 2011). The human defensins are subdivided into α- and β-

defensins depending on their molecular weight and distribution of cysteines and disulfide 

bonds in the peptide. Similar to the cathelicidins, α- and β-defensins are synthesized as 

precursors that undergo proteolytic cleavage into mature active peptides (Cederlund et al., 

2011; Ganz et al., 1993). 

Human β- defensins are the most abundant AMPs expressed on the surface of 

airway epithelium and are effective against a wide range of bacteria and viruses (McCray 

and Bentley, 1997; Wilson et al., 2013; Yanagi et al., 2007). Although, hBD1 is 

constitutively expressed, the expression of hBD2 and hBD4 is inducible by LPS and 

interleukins (IL-1 and IL-17 family) via activation of the nuclear transcription factor NFᴋB 

(Becker et al., 2000; Kao et al., 2004; Singh et al., 1998). P. aeruginosa infection enhances 

hBD2 expression in airway epithelium in normal patients, however this is not observed in 

cystic fibrosis patients (Dalcin and Ulanova, 2013). Interestingly, hBD1, hBD2 and 

cathelicidin have been shown to be inactive or attenuated in cystic fibrosis patients. This 

condition can be reversed by treatment with hypertonic saline indicating that ionic strength 

and pH may play a critical role in activity of these AMPs (Bergsson et al., 2009; Goldman 

et al., 1997; Robinson et al., 1997). Expression of hBD2 was reduced in pharyngeal wash 

and sputum of smokers as compared to non-smokers (Herr et al., 2009). Recent reports 

demonstrated that treatment with hBD1 and hBD3 enhanced epithelial barrier function by 

increasing TER and expression of several claudins and their localization along the cell-cell 

borders in polarized human keratinocytes (Goto et al., 2013; Kiatsurayanon et al., 2014) 
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hBD2 and hBD3 have been shown to induce chemotaxis via the CCR2 receptor (Röhrl et 

al., 2010). Furthermore, hBD3 has been shown to promote antigen-specific adaptive 

immunity by inducing maturation of Langerhans like-dendritic cells in the skin (Ferris et 

al., 2013). Thus hBDs demonstrate immune modulatory effects, apart from their anti-

microbial activities.  

1.2.5 Lysozyme, Lactoferrin and SLPI 

 Lysozyme, an antimicrobial enzyme (14 kDa) found in airway epithelial secretions is 

known to exert antimicrobial effects against a wide range of gram positive bacteria 

including Bacillus megaterium, Micrococcus luteus, and many Streptococci by degrading 

their peptidoglycan layer (Rogan et al., 2006). It is a basic protein with an isoelectric point 

(pI) of 10.5. Lysozyme also has an important role against gram negative bacteria. The ionic 

concentration and osmolarity of lactoferrins may contribute to their anti-bacterial effects 

(Rogan et al., 2006). Lactoferrin and lysozyme may synergistically influence host defense 

against infections. Lysozyme has been shown to be effective in presence of lactoferrin as 

lactoferrin disrupts the outer LPS rich membrane of gram negative bacteria. This allows 

lysozyme to gain access to the peptidoglycan layer leading to anti-bacterial effects (Ellison 

and Giehl, 1991). Lactoferrin is an iron-binding glycoprotein (80 kDa) that exists in both 

iron-bound and iron-depleted forms. The iron-depleted form has been shown to be more 

biologically active (Ganz, 2002). Lactoferrin like most other AMPs is a cationic, with a pI 

of 8.7 and is detected in respiratory secretions (0.1- 1 mg/ml). Lactoferrin demonstrates 

both antimicrobial and anti-inflammatory properties. (Ganz, 2002). The anti-viral activity 

of lactoferrin depends on inhibition of binding of virus to the host cell or by binding to the 

virus itself (Ganz, 2002). In clinically stable COPD patient’s low levels lysozyme was 

associated with increased risk of exacerbations (Taylor et al., 1995). Secretory leukocyte 

peptidase inhibitor (SLPI) is a non-glycosylated 11.7 kDa protein that belongs to the 

category of protease inhibitors produced by epithelial cells that mitigate the effects of 

proteases produced by pathogens and recruit innate immune cells (Ganz, 2002). SLPI also 

has important anti-bacterial, anti-viral and anti-inflammatory properties. Treatment with 

SLPI was shown to down-regulate interleukin 8 expression and elastase activity in airway 

lavage of cystic fibrosis patients (McElvaney et al., 1992; Weldon et al., 2009).  

1.3 Modulation of innate immunity during 
mechanical ventilation and acute lung injury 
(ALI)  

Acute respiratory distress syndrome (ARDS) and the more severe acute lung injury 

(ALI) were first described in 1967. The clinical hallmarks of ALI and ARDS includes 

abrupt onset of significant hypoxemia and diffuse pulmonary infiltrates. These infiltrates 

can be seen on radiograph as pulmonary edema (Wheeler and Bernard, 2007). These 

disorders have been shown to affect patients of all ages. The probability of developing ALI 

depends on the predisposing disease and certain events like severe sepsis are more likely to 

progress to lung injury.  
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Figure 8: A diagram of a normal alveoli (left) compared to an injured one during ALI 

(right). 

During normal breathing the alveoli unfold and air is transported through the single cell 

layer of alveolar type I cells. The alveolar macrophages circulate, homing the tissue. 

Injury to the alveoli leads to build up of edema fluid. This is accompanied by slogging of 

both bronchial epithelium and alveolus. The basement membrane becomes denuded. The 

injury leads to a pro-inflammatory response, activating neutrophils and enhancing 

cytokine release. Cell death is increased and debris may build up in the extracellular 

space. Image is represented from Michael A. Matthay et al. (Ware and Matthay, 2000). 

 

ALI is an important problem in the United States that affects more than 200,000 people and 

more than 75,000 reported deaths (Rubenfeld et al., 2005). High incidence of ALI and 

related ailments have been reported in Scandinavian countries including Iceland (Luhr et 

al., 1999). The annual death rate from ALI is higher than the combined mortality from 

breast cancer and AIDS. More than 70 percent of the all the ALI cases are associated with 

lung infections, needing mechanical ventilation as a lifesaving treatment (Luhr et al., 

1999). Although significant advances have been made in understanding the 

pathophysiology of ALI, the detailed knowledge into causal mechanisms is still limited. 

Mechanical stresses and innate immunity pathways may alone and in combination can 

cause or worsen lung injury, but the knowledge behind the detailed mechanism is still 

limited. Apart from the infectious agents like pathogenic bacteria, many of the mechanisms 
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of resistance to infection involves host response to non-infectious foreign substances, 

environmental stress including mechanical forces. Numerous clinical studies have 

demonstrated that mechanical ventilation may worsen pre-existing ALI and produce 

ventilator induced lung injury (VILI) (Fan et al., 2013). Success of treatment with 

mechanical ventilation requires limitation of VILI and associated side effects (Slutsky and 

Ranieri, 2013). This can be accomplished by either decreasing mechanical stress produced 

by mechanical ventilation or by increasing the endurance of lung tissues to such strain. 

Hence, it has become imperative to study the molecular mechanisms behind VILI in details 

to improve outcomes in patients treated with mechanical ventilation. Although poorly 

defined, down-regulation of innate immune responses has been proposed to favor bacterial 

growth and development of ventilator associated pneumonia (VAP) in the lungs of patients 

during mechanical ventilation (Santos et al., 2005).  

Bacterial products such as LPS are detectable in the lungs of ALI patients, 

irrespective of a detectable bacterial infection (Martin et al., 1997). Thus, even before the 

onset of ALI innate immune responses may be activated in these patients. The alveoli of 

the lungs are severely affected during mechanical ventilation. The permeability of the cells 

is affected by changes in ion channels and membrane function. Pro-inflammatory responses 

are activated via activation of NFB and MAP kinase pathways and circulating alveolar 

macrophages are attracted to the site of injury. The effects of ALI on lung alveolus is 

summarized in Figure 8. Alveolar macrophages in the lung produce a range of pro-

inflammatory cytokines like interleukin-6 when exposed to bacterial products, and 

exposure of alveolar macrophages to cyclic mechanical stretch markedly enhances the 

cytokine responses to endotoxin (Pugin et al., 1998). S. aureus and E. coli infections may 

synergize with mechanical ventilation to worsen lung inflammation and outcomes in ALI 

patients (Dhanireddy et al., 2006).  

1.4 Glucocorticoids and regulation of innate 
immunity  

Glucocorticoids (GCs) are the primary hormones released in response to stress. They 

are principally synthesized and released from the adrenal cortex in the brain following 

stress-induced activation of the hypothalamic pituitary adrenal axis. The regulate important 

process including cell proliferation, survival, and immune function (Barnes, 2011; 

Sapolsky et al., 2000). In addition, the GCs act as potent anti-inflammatory and 

immunosuppressive agents. Synthetic GCs are prescribed widely for the treatment of both 

chronic inflammation and autoimmunity, malignancies of the lymphoid system, and the 

prevention of transplant rejection (Coutinho and Chapman, 2011). The actions of 

endogenous (cortisol) and synthetic glucocorticoids (like dexamethasone, prednisolone and 

budesonide) are mediated through the glucocorticoid receptor (GR), a member of the 

nuclear receptor superfamily of ligand-dependent transcription factors (Rhen and 

Cidlowski, 2005). In the absence of ligand, the GR is mainly resides in the cytoplasm of 

the cell as part of large multiprotein complex. Binding of GC induces a conformational 

change in GR, exposing nuclear localization sequences and subsequent import into the 

nucleus (Barnes, 2011). Once in the nucleus, GR may positively or negatively regulate 

transcriptional responses by three mechanisms: 1) directly binding to DNA promoter 

within glucocorticoid response elements; 2) physical association with other transcription 
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factors or 3) a combination of DNA binding or physical association of the transcription 

factor complexes (Barnes, 2011). The GR signaling pathway is summarized in Figure 9. 

The anti-inflammatory role of glucocorticoids has been attributed largely to the ability of 

GR to “trans-repress”  the expression and activity of the pro-inflammatory transcription 

factor NFκB and AP-1 through activation of downstream MyD88 signaling (Barnes, 1998). 

In addition, it has been recently shown that the glucocorticoids may also enhance the 

expression of  numerous other anti-inflammatory proteins (Coutinho and Chapman, 2011).  

 

 

 

Figure 9: Glucocorticoid signaling.  

Glucocorticoids (GCs) bind to GR, leading to diffusion through the cell membrane. This 

further leads to binding of heat shock proteins (HSPs) and translocation of the GC-GR 

complex in the nucleus where GR homodimers are formed. These GR-GR dimers bind to 

glucocorticoid response elements (GREs) within the target gene promoters and leads to 

repression of pro-inflammatory gene expression. ‘Inhibition of pro-inflammatory 

responses involves three mechanisms. 1) Activated glucocorticoid receptors can physically 

interact with the transcription factors NFᴋB and IRF3, preventing their binding to DNA 

(a), 2) GRs can compete with these transcription factors for binding to co-activator 

proteins, such as CREB-binding protein (CBP), thereby interfering with the recruitment of 

RNA Polymerase II (b) and 3) After binding to GRE sites, glucocorticoid receptors could 

suppress the transcription of NF- B target genes (c). Physical interaction between GR and 

pro-inflammatory transcription factors can also occur at the DNA binding site, resulting in 

the inhibition of transcription (d). It is also possible that GRs directly activate the 

transcription of genes encoding proteins that interfere with NF- B signaling through 

binding to GRE sites (e).’ Image is represented from Rivest (Rivest, 2009). 
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GCs mediate inhibition of vascular dilation and permeability, decreased leukocyte 

migration and induction of apoptosis. However, not all actions of GCs are 

immunosuppressive and emerging data suggests that glucocorticoids may also have pro-

inflammatory actions. GCs have been shown to have a priming effect and can augment the 

immune response to LPS (Clark, 2007). Also, GCs can enhance epithelial TLR2 expression 

in epithelial cells by non-typeable Haemphilus influenzae (Shuto et al., 2002). Thus GCs 

may enhance sensitivity of epithelia surface to TLR ligands. Although, GCs suppress 

inflammatory responses, they may spare other parts of the innate immune system. GC 

treatment has been associated with secondary infections such as oral candidiasis and long 

term side effects include osteoporosis, diabetes, cataracts and pneumonia (Barnes, 2011). 

GCs have been shown to inhibit hBD-2 expression induced by LPS in respiratory epithelial 

cells (Tomita et al., 2002). The GC dexamethasone was shown to have little or no effect on 

spontaneous release of lysozyme and lactoferrin by human nasal explants in vitro (Ali et 

al., 1996). In contrast, another report demonstrated inhibition of lysozyme secretion by 

about 40 percent from cultured nasal and bronchial mucosa (Roca-Ferrer et al., 2000). In a 

clinical study in asthma or COPD patient’s treatment with inhaled GCs demonstrated 

increased median levels of lactoferrin (Schoonbrood et al., 1995). GCs have been also 

shown to influence formation of TJs. A recent report in 2015 demonstrated that GCs 

regulate TJ permeability of lung epithelium by modulation of claudin-8 expression 

(Kielgast et al., 2015). 

 

1.5 Respiratory infections and diseases  

 The respiratory epithelium is constantly exposed to inhaled particles and both 

infectious and non-infectious inflammatory agents like pathogenic bacteria and 

environmental toxins, respectively. In this light infections and disease of the respiratory 

epithelium can be expected. Changes in the lung microenvironment due to prolonged 

exposure to infectious agents or genetic disposition lead to chronic diseases like asthma, 

COPD, tuberculosis and whooping cough. Thus the airways can be susceptible to 

numerous opportunistic pathogens like Pseudomonas aeruginosa, Bordetella pertussis and 

Mycobacterium tuberculosis. Although, a lot of effort has been put in the previous decades 

in decoding the exact mechanism of virulence of these pathogenic bacteria, many gaps still 

remain in the understanding of mechanisms that lead to establishment of stable infections. 

Here I will describe in brief one such disease affecting the respiratory epithelium called 

whooping cough and its causative agent Bordetella pertussis. 

1.5.1 Whooping cough and Bordetella pertussis adenylate 
cyclase toxin (CyaA)  

Whooping cough or pertussis, is a serious respiratory disease that used to be the 

prime cause of infant mortality in the pre-vaccine era and recently re-emerged as a major 

public health threat. Despite decades of generalized vaccination it remains to be the 

vaccine preventable infectious disease with a high number of reported cases occurring 
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annually world-wide (Higgs et al., 2012). The recent resurgence of pertussis has been 

attributed to: 1) decrease of herd immunity of adults, 2) fast waning of protective immunity 

induced by the acellular pertussis vaccine (aP) in children, 3) development pathogen strains 

capable to evade protective immunity by loss of aP vaccine antigens and 4) the 

asymptomatic transmission from individuals vaccinated with B. pertussis vaccines 

(Althouse and Scarpino, 2015). Hence, whooping cough is likely to become a major public 

health problem in the upcoming decade in many countries. This requires novel approaches 

for prevention and treatment.  

 

 
 

Figure 10: Immune modulatory effects of B. pertussis virulence factors.  

Properties and activities of B. pertussis virulence factors: filamentous hemagglutinin 

(FHA), pertussis toxin (PT), tracheal cytotoxin (TCT), adenylate cyclase toxin (CyaA), type 

III secretion system (TTSS), and lipopolysaccharide (LPS) that provide B. pertussis with 

multiple mechanisms to evade detection and elimination by the host immune response is 

summarized. Image is represented from Higgs et al. (Higgs et al., 2012). 

 

The causative agent, B. pertussis, is a gram negative bacterium that mainly affects 

young children, albeit adult infections are not uncommon (Melvin et al., 2014). Clinical 

observations and animal model studies indicate that classical pertussis is initiated by 

adherence of bacteria to the ciliated respiratory epithelium in the trachea and nasopharynx 

(Edwards et al., 2005; Melvin et al., 2014; Paddock et al., 2008). These bacteria that adhere 
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to the respiratory epithelium are able to survive innate host defenses, such as mucociliary 

clearance and the action of antimicrobial peptides, multiply locally and evade elimination 

by inflammatory cells. Several Bordetella virulence factors have been identified and 

biochemically characterized, including pertussis toxin (PT), adenylate cyclase toxin-

hemolysin (CyaA), dermonecrotic toxin (DNT), filamentous haemagglutinin (FHA) and 

fimbriae (Fim). These gene products are tightly controlled by a single bvgAS bacterial 

regulon- a two-component regulatory system required for virulence expression (Melvin et 

al., 2014). Immune modulatory activities of B. pertussis virulence factors are summarized 

in Figure 10.  

The CyaA toxin is a major virulence factor of B. pertussis (Melvin et al., 2014). 

CyaA is a 1706 amino acid residue-long protein that belongs to the class of RTX (Repeat 

in ToXin) toxins. The C-terminal RTX-hemolysin moiety mediates binding of CyaA to the 

αMβ2 integrin CD11b/CD18 (Mac-1) which serves as complement receptor 3 on myeloid 

phagocytes (neutrophils and macrophages). This facilitates translocation of the N-terminal 

catalytic adenylyl cyclase (AC) enzyme domain of CyaA into the cytosolic compartment of 

cells, directly across their plasma membrane (Dautin et al., 2002). The endogenous Ca2+ 

sensor calmodulin (CaM) binds to the AC domain of CyaA with high affinity and by 

stabilizing its catalytically active conformation, it activates un-regulated production of the 

secondary messenger cyclic adenosine monophosphate (cAMP) in host cells by CyaA. The 

increase in cAMP levels in phagocytes then leads to abrogation of bactericidal functions 

leading to impairment of innate immunity (Carbonetti, 2010; Eby et al., 2014; Ladant and 

Ullmann, 1999; Vojtova et al., 2006). CyaA/cAMP signaling skews TLR-triggered 

maturation of dendritic cells and impairs their capacity to present antigens to T cells for 

induction of adaptive immune responses (Adkins et al., 2014). Due to its high specific AC 

enzyme activity, the CyaA toxin action can perturb also functions of many other cell types 

that do not express the CD11b/CD18 integrin (CR3) and to which CyaA binds with much 

reduced efficacy. This includes erythrocytes, T lymphocytes, or epithelial cells (Paccani et 

al., 2011; Vojtová et al., 2006). CyaA enhances pro-infammatory responses in synergy with 

TLR2 and TLR4 by increasing COX-2 expression dependent on interaction of CyaA toxin 

with CD11b/CD18 receptor (Perkins et al., 2007). The pore forming C-terminal of CyaA 

toxin promotes the formation and activation of the NLRP3 inflammasome complex 

resulting in the activation of caspase-1 and the release of mature biologically active IL-1β 

from LPS primed dendritic cells (Dunne et al., 2010). Interestingly, CyaA toxin inhibits 

formation of neutrophil extracellular traps and oxidative burst, this preventing activation of 

neutrophils to suppress host mediated immune response (Eby et al., 2014). Immunization 

with CyaA toxin has been shown enhance protective immunity in vitro and in animal 

models and has also been demonstrated for antigen delivery to dendritic cells to stimulate 

protective immunity (Betsou et al., 1995; Cheung et al., 2006; Simsova et al., 2004; 

Weingart et al., 2000). 
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2 Aims 

The general aim of this thesis was to gain insights into regulation of the innate 

immune system of the lung epithelium. The specific aims of this thesis are summarized 

below: 

 

Paper І  To uncover the mechanism behind 4-phenylbutric acid (PBA) induced 

cathelicidin antimicrobial peptide expression and study the effects of PBA 

on innate immune responses in human bronchial epithelial cells. 

 

Paper ІІ To study the effect of glucocorticoids on expression of antimicrobial 

peptides in human monocytes and bronchial epithelial cells. 

 

Paper ІІІ To study the effects of cyclic mechanical stretch on antimicrobial peptide 

expression and inflammatory responses in human bronchial epithelia cells. 

 

Paper ІV To investigate the effects of Bordetella pertussis adenylate cyclase toxin 

(CyaA) on regulation of physical and chemical barrier of the innate immune 

system in air-liquid interface differentiated human bronchial epithelial cells. 
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3 Methods 

In this section I have put together the main methods that were used in Paper І-Paper IV. 

This section is referenced from the methods and materials section in the published articles 

and manuscript attached with this thesis. 

3.1 Cell Culture. 

3.1.1 VA10 (Paper І, Paper ІІІ, Paper IV) and BCi (Paper ІІ and 
Paper ІІІ) human bronchial epithelial cell lines: 

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

cultured as described previously (Halldorsson et al., 2007). Briefly the cells were 

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

with Penicillin-Streptomycin [(20 U/ml, 20 µg/ml, respectively) (Thermo Scientific, USA)] 

at 37°C and 5% CO2. BCi-NS 1.1 (referred to as BCi) is a human bronchial epithelial cell 

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

York NY, USA and was established by immortalization with retrovirus expressing human 

telomerase (hTERT) (Walters et al., 2013). The BCi cells were cultured as described above 

for VA10 cell line. 

3.1.2 Air–liquid interface culture of VA10 cells and TER 
measurement (Paper IV)  

 

 
 

Figure 11: Air-liquid interface differentiation set up for VA10 cell line. 

Image modified and represented from Stem Cell Technologies (Canada). VA10 cells are 

maintained in submerged monolayer (blue) in cell culture flasks until they reach 70-80% 

confluence. The cells are then trypsinized and seeded on in a transwell chamber and grown 

to complete confluence. The cells are then maintained under liquid at the apical and basal 

side for 2-4 days in the expansion phase (dark green). The medium is then removed from 

the apical side exposing the cells to air and the cells are conditioned by addition of the 

medium only to the basal chamber. The medium in the basal chamber is replaced every 

alternate day and cells are thus differentiated exposed to air for 2-3 weeks (light green). 
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Air liquid interface cultures were set up on 12 well transwell permeable filter 

supports with 0.4 μm pore size (Corning Costar Corporation, USA) and cultured in 50:50 

Dulbecco's modified Eagle medium/Ham's F12 medium (Thermo Scientific, USA) 

supplemented with 2% Ultroser G (Cytogen GmBH, Germany) and Penicillin-

Streptomycin. Cells were seeded in Bronchial/Tracheal Epithelial cell growth medium. 

Three to four days after seeding, medium was changed to Dulbecco’s Modified Eagles 

Medium: Nutrient mixture F-12 (DMEM/F12) supplemented with 2% Ultroser G on both 

apical and basolateral sides once the cells reached 100% confluence. Three-four days later 

the medium was removed from the apical surface. The cells were cultured at the air–liquid 

interface for 2-3 weeks before treatment, with medium changed every 2nd day. Air-liquid 

interface set up of VA10 cells is summarized in Figure 11. TER was measured with a 

Millicell-ERS volt-ohm meter (Millipore, USA). All measurements were performed in 

triplicate. Background readings of empty transwell filters were subtracted.  

 

3.1.3 THP-1 human monocytic cell line and isolation of primary 
human monocytes (Paper ІІ) 

The THP-1 cell line (THP-1 monocytes) is a human monocytic leukemia cell line 

commonly used as a model to study monocyte-macrophage differentiation (Auwerx, 1991). 

The cells were cultured in complete RPMI 1640 medium (Gibco, USA) supplemented with 

10 % Fetal Bovine Serum (Gibco, USA), 0.05 mM 2-merceptoethanol (Sigma Aldrich, 

USA) with 20 U/ml penicillin and 20 µg/ml streptomycin as antibiotics (Gibo, USA). For 

monocyte to macrophage differentiation THP-1 monocytes (1×106) were treated with 50 

ng/ml phorbol myristate acetate (PMA) (Sigma, USA) for 24 h. After 24 h treatment the 

cells were washed thrice with 1x phosphate buffered saline (PBS). Adherent cells were 

then rested and cultured in PMA free media for 24 h followed by different treatments. 

 Primary monocytes were isolated by adherence method as described previously 

(Elkord et al., 2005). Blood was isolated from donors with informed consent and approval 

of the internal ethical committee at Blood Bank, University of Iceland. Briefly, 10 ml buffy 

coat and 30 ml 1x PBS were mixed in a 50 ml centrifuge tube. This diluted buffy coat was 

overlaid on 10 ml ficoll-paque (Sigma Aldrich, USA). After 20 min centrifugation at 2000 

rpm, the middle mononuclear cell layer was collected and washed twice with 1x PBS at 

1200 rpm for 10 minutes. The resulting live mononuclear cells were counted with trypan 

blue dye (Sigma Aldrich, USA) exclusion assay (more than 95% live cells were recovered). 

A total of 10×106 isolated mononuclear cells were then seeded in each well in a 6 well cell 

culture plate. After that the cells were incubated at 37°C, 5% CO2 for 2-3 h and washed 

three times with 1x PBS. The adherent monocytic cells were then rested in complete RPMI 

1640 medium for another 3 h before desired treatments. The purity of adherent primary 

monocytes was analysed with with anti-CD14 antibody (BD Pharmingen, La Jolla, 

California, USA) on FACS Calibur flow cytometer, equipped with a 488 nm argon laser 

and standard band pass filters, and Cell Quest Pro software version 6.0 (Becton Dickinson, 

La Jolla, California, USA) and was more than 80 % pure. 
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3.2 Cyclic Stretch- Flexcell tension system 
(Paper ІІІ). 

The Flexcell tension system (FX-5000™) has been used to model cyclic stretch 

during mechanical ventilation has on epithelial cells. The system is designed to apply 

stretch to cells cultured on a silicon membrane of a six well plate. A computer-regulated 

bioreactor uses vacuum pressure to apply cyclic or static strain to cells cultured on flexible-

bottomed culture plates. As a result, the silastic membrane is stretched along with the cells 

(Figure 12). In this study, equal amount of VA10 / BCi cells were seeded on each well in a 

6 well collagen I coated Bioflex plates (Flexcell International Corporation, Burlington, 

USA), and grown to approximately 80% confluence. These plates were then transferred to 

a base plate of the cell stretching equipment Flexcell FX-5000TM Tension System (Flexcell 

International Corporation, Burlington, USA) in a humidified incubator at 37°C and 5% 

CO2. The cells were subjected to cyclic mechanical stretch with the following parameters: 

A stretching rate of 20% with a square signal, 0.33 Hz frequency (20 cycles/minute) and a 

1:1 stretch: relaxation ratio, as described previously (Pugin et al., 2008). The cells were 

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

the same incubator under static conditions as non-stretch controls. 

 

 

 

Figure 12: Flexcell FX-5000™ set up for cyclic stretching of epithelial cells.  

Image is represented from Flexcell International Corporation (USA). 
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3.3 siRNA mediated transient knockdown (Paper 
І). 

Control small interfering RNAs (siRNAs) and VDR specific siRNAs were purchased 

from Santa Cruz Biotechnologies (USA). Briefly, 5 µl siRNAs and 5 µl Lipofectamine 

RNAi max transfection reagent (Life Technologies, USA) were added and diluted in 

separate tubes to 250 µl in serum free DMEM medium (Life Technologies, USA) and 

incubated 5 min at room temperature (RT). The two solutions were mixed and incubated 

further at RT for 20 min for the formation of siRNA-Lipofectamine complexes (500 µl). 

The siRNA-Lipofectamine complexes were then transfected at a final concentration of 25 

nM into 70-80% confluent VA10 cells for 24 h. After 24 h post-transfection, gene 

knockdown was assessed with Western blot. 

 

3.4 Gene expression analysis with quantitative 
real time PCR (Paper І, Paper ІІ, Paper ІІІ, 
Paper IV). 

Total RNA from cultured cells was isolated with NucleoSpin RNA kit (Macherey-

Nagel, Germany) and quantified on a spectrophotometer (Nanodrop, Thermo Specific, 

USA). One µg of total RNA was reverse transcribed into first strand cDNA for each 

sample with a RevertAid First strand cDNA synthesis kit (Thermo Scientific, USA) and 

modified with 100 unit of reverse transcriptase per reaction. Power SYBR® green 

Universal PCR master mix (Life technologies, USA) was used to quantify the cDNA on a 

7500 Real time PCR machine (Life technologies, USA). The qPCR cycling conditions 

were as follows; (1) Hold stage: 95°C for 10 min, followed by 40 cycles of (2) De-natured 

stage: 95°C for 15 s and (3) Annealed/extended stage: 60°C for 1 min. The 2(-∆∆CT) Livak 

method was utilized for calculating fold differences over untreated control (Livak & 

Schmittgen, 2001). Detailed list of primers can be referred from the published articles and 

manuscript attached with this thesis. 

3.5 Western blot analysis for protein expression 
(Paper І, Paper ІІ, Paper ІІІ, Paper IV)  

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

(Waters, USA) and lyophilized (Speed Vac, Thermo Scientific, USA) (Paper І and Paper 

ІІІ). Total cell lysate was prepared by addition of complete RIPA buffer (Sigma Aldrich, 

USA) containing 1x protease inhibitory cocktail and/or phosphatase inhibitors (Paper І, 

Paper ІІ, Paper ІІІ, Paper IV). Cells were then washed three times with cold 1x PBS, 

incubated for 30 min on ice with complete RIPA buffer and spun down at 12.000 rpm for 

10 min at 4°C. Supernatants thus obtained were used for Western Blot analysis. The 

protein content of supernatants was analyzed by utilizing a protein assay reagent based on 

standard Bradford method. Equal amount of proteins was loaded onto the SDS gel and run 

at 200 V for 35 min. The proteins in the gel were transferred onto a PVDF membrane 
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(Millipore, USA) and blocked with 5% non-fat skimmed milk or 5% BSA in 1x PBS with 

0.05% Tween 20). The membrane was incubated in primary antibody solution overnight at 

4°C. The following day, the membrane was incubated with 1:10000 Horseradish 

Peroxidase (HRP)-linked secondary anti-Rabbit IgG antibody or anti-Mouse IgG HRP, 

diluted in PBS with 0.5% non-fat skimmed milk or 3% BSA and 0.05% Tween. Protein 

bands were visualized by Pierce ECL plus chemiluminescence substrate (Thermo 

Scientific, USA) on Image Quant LAS 4000 station (GE Healthcare, USA). Detailed list of 

antibodies can be referred from the published articles and manuscript attached in this 

thesis. 

3.6 Immunofluorescence (Paper ІІІ). 

VA10 cells were fixed with 3.5% paraformaldehyde (Sigma Aldrich, USA) and 

blocked in immunofluorescence (IF) buffer (10% Fetal bovine serum (FBS) and 0.3% 

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

primary antibody (Innovagen, Sweden) at 4°C. Next, the cells were incubated with 

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

USA) for 1 hour at room temperature. The cells were counterstained with nuclear stain 

4',6-diamidino-2-phenylindole (DAPI). The stained cells were mounted in Fluormount-G 

solution (Southern Biotech, Birmingham, AL) for microscopic analysis. The images were 

captured on Olympus fluoview Fv1200 confocal microscope at a 20X magnification. 

Olympus fluoview (FV) 1000 software was used for processing the acquired images. 

3.7 Oxidative Stress Measurement (Paper ІІІ). 

Oxidase stress was measured by staining the cells with CellROX green reagent 

according to manufacturer’s instructions (Life Technologies, USA). The samples were 

analyzed in MACSQuant flow cytometer (Miltenyi Biotec, USA), placing the CellROX 

green reagent signal in FL1. Intact cells were gated in the Forward Scatter/Side Scatter plot 

to exclude debris. The resulting FL1 data was plotted on a histogram and is represented as 

% Cell ROX positive cells before and after cyclic stretch. 

3.8 ELISA (Paper І and Paper ІІІ). 

Sandwich enzyme-linked immunosorbent assays (ELISAs) were performed for 

interleukin 8 (IL-8) (Paper І and Paper ІІІ).and interferon gamma-induced protein 10 (IP-

10) (Paper ІІІ) utilizing an assay kit according to manufacturer’s instructions (Peprotech, 

UK).  

3.9 Anti-bacterial assay (Paper І). 

A single colony of P. aeruginosa PAO1 strain was inoculated overnight in 

Bronchial/Tracheal Epithelial Growth Medium at 37°C and with 200 rpm in a shaker 

incubator. Next day, the bacteria were diluted 1:10 and grown for 3 h at 37°C and 200 rpm 
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until the bacterial culture reached mid-log phase of growth curve (O.D.≈0.5). The bacterial 

culture was then diluted to 2×104 colony forming units (CFU)/ml. Ten µl of this diluted 

bacterial culture (200 CFU) was added to an aliquot of 100 µl culture supernatant and 

grown at 37°C and with 150 rpm for 3 h. The bacterial culture was then serially diluted in 

1x PBS, plated on Luria Bertani (LB) agar plates and incubated overnight at 37°C. CFU 

was utilized to determine surviving bacteria. The results are represented as percentage 

inhibition of growth compared to the untreated sample. 

3.10 Statistical analysis ((Paper І, Paper ІІ, 
Paper ІІІ, Paper IV). 

The quantitative real time PCR and ELISA results are represented as means ± standard 

errors of the means (S.E.) from three independent experiments. An unpaired student's t-test 

was used to compare two samples. P < 0.05 was considered statistically significant. All the 

statistical analysis for q-RT PCR and ELISA experiments was performed with the Prism 6 

software (Graph Pad, USA). The Western blot and immunofluorescence data are 

represented from at least three independent experiments. 
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4 Paper Summaries 

In this section I will review the three published articles and one manuscript in 

preparation. Parts of this discussion below is referred from articles published and 

manuscript provided at the end of this thesis. 

4.1 Paper І  

Phenylbutyrate (PBA): Induction of antimicrobial peptide cathelicidin via vitamin D 

receptor and effects on inflammatory gene expression. 

The increased prevalence of antibiotic resistant pathogens calls for novel alternative 

approves for fighting infections. One such approach is the induction of endogenous AMPs 

to strengthen the epithelial barrier. Several pathogenic bacteria including Shigella and E. 

coli down-regulate AMP expression as a strategy to evade host defense (Gruenheid and Le 

Moual, 2012; Sperandio et al., 2008). This project stems from previous results that PBA 

can induce AMP expression, specifically cathelicidin and human beta defensin-1 in the 

human bronchial epithelial cell line VA10 (Steinmann et al., 2009). Several other 

compounds have been discovered that can induce cathelicidin expression. They include 

curcumin, lactose, lithocholic acid and resveratrol that are all related in one way or another 

to nutrition (Cederlund et al., 2013; Guo et al., 2013; Park et al., 2013; Peric et al., 2009). 

One of the earliest discovered inducer of cathelicidin expression is the secosteroid hormone 

vitamin D3 (1,25D3) that induces cathelicidin (CAMP) expression via the activation of 

vitamin D receptor (VDR) (Gombart et al., 2005). The circulating inactive from of vitamin 

D3 (25D3) is converted to the active form (1,25D3) by the 1, α-hydroxylase enzyme 

(encoded by CYP27B1). This process normally takes place in the kidney, however 

extrarenal tissues, including the respiratory epithelial cells of the lung epithelia have this 

enzymatic machinery to locally convert 25D3 to 1,25D3 (Hansdottir et al., 2008). In the 

work by Steinmann et al., they demonstrated that 1,25D3 induces cathelicidin expression in 

synergy with PBA. This synergistic induction meant a common factor was involved in 

regulation of cathelicidin upon co-treatment with PBA and 1,25D3 (Steinmann et al., 

2009). Schauber et al. had previously demonstrated that the short chain fatty acid butyrate 

induces CAMP expression in colonocytes (Schauber et al., 2004). Further, Kida et al. had 

claimed that butyrate mediated induction of CAMP gene expression was dependent on 

histone deacetylase inhibitory (HDACi) action of butyrate leading to hyperacetylation of 

histones in the CAMP promoter and consequent activation of CAMP gene expression. 

Further, deletion of the transcription factor AP-1 binding site from the CAMP promoter 

abrogated butyrate included CAMP expression (Kida et al., 2006).  

Since butyrate was used at a relatively high concentration (2 mM), clinical 

administration of butyrate in patients could be difficult due to its foul odor. PBA has a 

similar molecular structure as butyrate, without foul odor and can be well tolerated at high 

does (27 mg/day) with little side effects (Phuphanich et al., 2005). In contrast to the work 

by Kida et al., Steinmann et al. demonstrated that treatment with PBA did not affect 

histone acetylation at the CAMP promoter and also no change was observed in gene 

expression of VDR after PBA treatment. However, treatment with cyclohexamide, a protein 

translation inhibitor completely blocked CAMP expression. Hence in this study, we 
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hypothesized that a critical transcription factor was mediating PBA induced CAMP 

expression. Taking cue from the synergistic induction of CAMP on co-treatment with PBA 

and 1,25D3, we speculated that VDR was this critical transcription factor. We generated a 

transient VDR knockdown VA10 cell line with specific siRNAs directed against VDR 

(Figure 2). The mRNA expression of known VDR regulated genes CAMP, CYP24A1 and 

CD14 was significantly reduced in VDR knock down cells treated with PBA as compared 

to the parental cell line showing PBA affects VDR regulated gene expression (Figure 2). 

PBA moderately increased expression of CYP27B1, however inhibition of CYP27B1 did 

not affect PBA mediated CAMP induction, thus negating the possibility that PBA was 

inducing CAMP expression by local conversion of 25D3 to 1,25D3. Although we 

discovered that VDR is a critical transcription factor involved in regulation of PBA 

induced CAMP expression, two critical question still remain. 1) Does PBA bind directly to 

VDR in the ligand pocket like 1,25D3 to activate VDR? and/or 2) Does it affect or activate 

a critical factor like a kinase that regulates activation of VDR upon PBA treatment? 

Preliminary in silico results from our group shows that PBA may bind in the ligand pocket 

of VDR leading to its activation (data not shown), however this area needs to be explored 

in future. Interestingly, the secondary bile acid lithocholic acid, a known inducer of CAMP 

expression was shown to bind the ligand pocket of VDR leading to induction of VDR 

regulated genes (Adachi et al., 2005). Deciphering the exact mechanism behind PBA 

induced CAMP expression will uncover specific pathways and aid in development of novel 

drugs as therapeutics against infectious diseases. 

Previous studies have shown that HDAC inhibitors may act as both pro-inflammatory 

and anti-inflammatory agents. They have been shown induce apoptosis through acetylation 

of non-histone proteins. These HDAC inhibitors may prove helpful in patients where anti-

inflammatory treatments are sub-optimal, however there are concerns over their long term 

safery (Halili et al., 2009). In vivo and in vitro data has shown butyrate and PBA as anti-

inflammatory agents (Park et al., 2007; Roy et al., 2012; Vinolo et al., 2011). In contrast, 

our results demonstrated that treatment with PBA activated pro-inflammatory signaling 

pathways and enhanced pro-inflammatory cytokine expression (Figure 3). These pro-

inflammatory effects observed effects in the VA10 cell line, might be cell type specific and 

depend on temporal kinetics (pre-treatment) with PBA treatment and have generally not 

been noticed in vivo. We further investigated possible cross talks with signaling pathways 

related to growth and differentiation with AMP expression. Infection may lead to tissue 

damage and breach in the physical and chemical barrier of the upper airway epithelial cells. 

Damage of this barrier is known to cause activation of epithelial cells and secretion of 

growth factors to control infection and promote wound healing (Li et al., 2006; Sørensen et 

al., 2003a). Growth factor cytokines such as TGFβ and TGFα have been shown to regulate 

cathelicidin expression (Schauber et al., 2007; Sørensen et al., 2003a). Moreover, both 

butyrate and PBA have been shown to increase the expression of TGFβ and TGFα 

cytokines respectively and have varying effects on epithelial differentiation in vitro (Liu et 

al., 1995; Staiano-Coico et al., 1990). Our data indicated that PBA enhanced expression of 

TGFβ and TGFα and activated downstream pathways that affected CAMP gene expression 

(Figure 4). Thus we concluded that PBA induced CAMP expression is dependent on VDR 

signalling and secondary pathways like the growth and differentiation pathways may be 

involved in this activation. Finally, we showed that co-treatment with PBA and 1,25D3 

inhibited the grown of Pseudomonas aeruginosa in vitro. This inhibition of growth may be 

due to PBA mediated direct bacterial killing or PBA may act as a bacteriostatic agent. A 
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recent article indicated that PBA is bacteriostatic against Mycobacterium tuberculosis and 

enhances bacterial clearance when co-treated with 1,25D3 (Coussens et al., 2015). A recent 

clinical trial from our collaborators showed positive outcomes (clinical scores) with 

adjunctive therapy with PBA and 1,25D3 in addition to the standard anti-tuberculosis 

drugs, thus indicating development of inducers of AMP may help in reduction of the 

current load of antibiotic treatments (Mily et al., 2015). 

 

4.2 Paper ІІ  

Glucocorticoids down-regulate expression of antimicrobial peptide cathelicidin in 

human monocytes and bronchial epithelial cells. 

Glucocorticoids (GCs) are main stream drugs commonly administered to patients 

where anti-inflammatory treatment is required, especially in diseases characterized by 

airway inflammation to treat exacerbations in asthma and patients with chronic obstructive 

pulmonary disease (COPD). Previous work from Robert P. Schleimar et al. has 

demonstrated that treatment with GCs generally suppressed pro-inflammatory gene 

expression, however spared, enhanced or inhibited expression of host defense AMPs like  

human β-defensins (Zhang et al., 2007). The modulation of AMP expression by GC was 

shown to be dependent on activation of transcription factor C/EBPβ. The C/EBP family of 

transcription factors have been shown to regulate CAMP expression (Park et al., 2011). 

Further, Guoping Li et al. showed that treatment with GC budesonide increased lung 

infection in an allergic mouse model. CRAMP (mouse cathelicidin) was also down-

regulated after budesonide treatment in these infected mice (Wang et al., 2013). GCs act 

via binding to GR receptor, following which the active ligand-dimer complex (GC-GR-

GR) complex binds within GREs of the target gene promoters We have searched in silico 

for transcription factor binding sites within the CAMP promoter. Multiple binding sites for 

GR have been noted, although the functional significance of these sites in regulation of 

CAMP expression still needs to be investigated. GC related side-effects include increased 

secondary infections. We hypothesized based on these previous studies that GC may affect 

AMP expression, which may in turn lead to increased infections. 

 In this study we focused mainly on effect of GCs on cathelicidin expression. 

Synthetic GCs like dexamethasone used in this study have better half-life than the natural 

GC cortisol found in humans and hence are preferred therapeutic drugs to treat airway 

inflammation (Longui, 2007). Cortisol is released mainly in response to stress and acts to 

calm in the immune system that is hyper activated during stress (Sapolsky et al., 2000). We 

chose to look at the effect of GCs in vitro in two cell systems: 1) monocytes and 2) human 

bronchial epithelial cells. Monocytes are 2-10% of all white blood cells in the human body 

and play an important role in the innate immune response (Ginhoux and Jung, 2014). They 

are mainly found in systemic circulation and migrate to sites of infection, where they 

undergo differentiation into macrophages or dendritic cells and elicit a robust immune 

response by secretion of pro-inflammatory cytokines and host defense proteins (Ginhoux 

and Jung, 2014). GCs have been shown to affect monocyte response to inflammation and 

induce apoptosis at therapeutically attainable doses (Joyce et al., 1997; Schmidt et al., 

1999). Further, they have also been shown to regulate expression of TLRs, thus affecting 

innate immune response (Bagheri et al., 2014; Shibata et al., 2009). In this study, we first 
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looked at the effect of GC dexamethasone on CAMP gene expression in THP-1 monocytic 

cell line. Dexamethasone treatment down-regulated the basal mRNA expression of the 

antimicrobial peptides human cathelicidin (LL-37) and human β-defensin 1 (hBD1), in 

addition to the antimicrobial polypeptides lysozyme and secretory leukocyte peptidase 

inhibitor-1 (SLPI) in the human monocytic cell line THP-1 (Figure 1). We further 

demonstrated that treatment with other GCs fluticasone propionate and budesonide had 

similar effects on CAMP expression. This indicated that GCs may suppress CAMP 

expression via a common mechanism or activation/inhibition of a common pathway. Since 

GCs mainly act via activation of the GR receptor, we used a specific inhibitor against GR 

milfepristone (RU486). Pre-treatment with RU486 inhibited GC mediated down-regulation 

of basal and vitamin D3 induced CAMP expression, indicating GR may be acting as a 

negative regulator of cathelicidin expression (Figure 2). Activation of GR has been shown 

to inhibit p38 mitogen activated protein kinase (MAPK) (Barnes, 2011). Interestingly, 

inhibition of p38 kinase has been shown to down-regulate ER stress induced cathelicidin 

expression (Park et al., 2011). Thus one possible mechanism behind GC mediated 

inhibition of CAMP expression may include GR mediated inhibition of p38 kinase. 

However, a direct interaction of GR with CAMP promoter, disrupting interaction of VDR-

RXR dimer within VDRE cannot be ruled out. This warrants further investigation into 

detailed mechanism behind GC mediated AMP down-regulation and is a future area of 

interest. GC mediated CAMP down-regulation was also shown in human bronchial 

epithelial cell line BCi (Figure 4). 

 Viral infections in asthma patients are a frequent cause of exacerbations (Rosenthal 

et al., 2010). Pre-treatment with dexamethasone inhibited dsRNA mimic the poly IC 

induced inflammatory chemokine IP10 and IL1β gene expression (Figure 3). Treatment 

with poly IC inhibited CAMP expression, indicating secondary infections may contribute to 

inhibition of innate immune responses in patients on GC treatment.  

 

4.3 Paper ІІІ  

Cyclic mechanical stretch down-regulates cathelicidin expression and activates a pro-

inflammatory response. 

The main aim of this study was to set up an in vitro model that could mimic the 

effects of stretch induced changes during mechanical ventilation on the upper airway 

respiratory epithelia. Most studies in the past have looked at the effect of cyclic stretch on 

alveolar epithelium (A549 human type 2 alveolar carcinoma cell line and alveolar 

macrophages). The alveolar epithelium that represents the lower part of the human lung is 

the most affected part of the lung during ventilator induced lung injury, however 

mechanical forces during ventilation equally affect the upper airway respiratory tract and 

hence investigation of cells representing the upper airways during cyclic stretch is essential. 

In this study we looked at the effect of cyclic mechanical stretch on innate immune 

responses in human bronchial epithelial cells (VA10 and BCi cell line), that represent cells 

from the upper airway epithelia. 
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 Cyclic stretch generated during mechanical ventilation has been implicated in 

modulation of innate immune responses leading to side effects that include biotrauma and 

secondary infections leading to pneumonia (Santos et al., 2005). We hypothesized that 

cyclic stretch modulates the expression of AMPs, that constitute an important arm of the 

innate immune system. In this study we show that cyclic mechanical stretch of VA10 and 

BCi cells down-regulates gene expression of AMP cathelicidin (Figure 1 and 2). Several 

pathogenic bacteria like the diarrhoeal pathogen Shigella down-regulates CAMP expression 

as a strategy to subvert innate immune responses (Islam et al., 2001). This down-regulation 

can be counteracted by treatment with inducers of cathelicidin like butyric acid and PBA 

(Raqib et al., 2006; Sarker et al., 2011). We demonstrate in our study that treatment with 

vitamin D3 (1,25D3) and PBA counteracts cyclic stretch mediated down-regulation of 

cathelicidin expression in the VA10 cells (Figure 2). Interestingly, patients with low 

vitamin D3 levels admitted to intensive care units receiving mechanical ventilation had 

higher mortality rate and longer hospital stay than patients with sufficient vitamin D3 

(Parekh, Thickett & Turner, 2013; Leaf et al., 2015; Quraishi et al., 2015). Further, in 

animal models, mechanical ventilation has been shown to promote bacterial dissemination 

and infections (Schortgen et al., 2004). Thus induction of AMPs with inducers like 1,25D3 

and PBA may be a useful strategy to reduce these complications arising from mechanical 

ventilation, preventing infections and hence can be sought as adjunct therapeutics. 

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

cells. We noticed a significant increase in mRNA expression of genes encoding the pro-

inflammatory cytokines IL-8 and IL-1β in the VA10 cells subjected to cyclic stretch 

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

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

after 24 h of stretch (Figure 3). Others have similarly shown cyclic stretch mediated up-

regulation of IL-8 and down-regulation of RANTES expression in BEAS-2B human 

bronchial epithelial cell line (Oudin & Pugin, 2002; Thomas et al., 2006). Stretch mediated 

increase in IL-8 levels was shown to be dependent on activation of mitogen activated 

protein kinase (MAPK) and rho-kinase signaling (Oudin & Pugin, 2002; Thomas et al., 

2006). Increased oxidative stress following cyclic stretch further confirmed activation of a 

pro-inflammatory response in the VA10 cells (Figure 3). Cellular ROS has been shown to 

be enhanced following cyclic stretch (Wedgwood et al., 2015). We further looked at the 

effects of cyclic stretch on expression of toll-like receptors (TLRs). TLRs activation leads 

to induction of pro-inflammatory cytokines and chemokines (Takeda & Akira, 2005). Gene 

expression of several TLRs was differentially affected following cyclic stretch of VA10 

cells (Figure 4). Treatment with PBA significantly enhanced stretch mediated increase in 

IL-8 gene expression 6 h after stretching in the VA10 cells (Figure 5). 

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

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

cell like characteristics and have differentiation potential when cultured at an air-liquid 

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

epithelia. Primary human bronchial epithelial cells did not grow properly on collagen I 

coated bioflex silastic membranes and had to be excluded from this study. 2) The 

mechanism behind cyclic stretch mediated down-regulation of AMP expression needs to be 

elucidated and is a future area of interest. We hypothesize that stretch activated stress 

pathways (e.g. hypoxia related HIF-1α (Eckle et al., 2013; Fan et al., 2015)) could be 
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involved in the observed down-regulation of AMP expression. Interestingly, acidification 

of cellular milieu upon cyclic stretch has been shown to promote bacterial growth in lung 

epithelial cells (Pugin et al., 2008). The relationship between stretch altered pH and its 

effects on AMP gene expression is also an area of interest. Further, it needs to be 

established whether a direct co-relation exits between the enhanced pro-inflammatory 

response, modulation of TLR expression and down-regulation of cathelicidin expression 

expression. Further studies will also be concentrated on establishing an air liquid interface 

model of cyclic stretch, although no such system exists as of now in the Flexcell tension 

system. 

 

4.4 Paper IV  

Bordetella pertussis adenylate cyclase toxin affects mechanical and chemical barrier 

of the innate immune system in air-liquid differentiated human bronchial epithelial 

cells. 

 Whooping cough is a respiratory disease, mainly of the young children, although 

adult infections are not uncommon. Despite extensive vaccine coverage, up to 20 million 

infants are missing out on vaccination worldwide (World Health Organization). Bordetella 

pertussis, the causative agent of whooping cough impairs host defense via production of 

several toxins including pertussis toxin (PT), adenylate cyclase toxin (CyaA), a 

dermonecrotoxin and tracheal cytotoxin. PT is the most studied of all the toxins and both 

PT and CyaA toxin have been known to impair host defenses by intracellular increase of 

cAMP. cAMP is an important secondary messenger that regulates diverse host cell 

functions affecting memory, metabolism and immune functions. However, dysregulation of 

cAMP signaling has been implicated in various diseases including cystic fibrosis, chronic 

obstructive pulmonary disease, aging and cancer.  

 CyaA enters host cells through formation of pores on the host cell membrane and 

also possess an adenylate cyclase domain that is activated by eukaryotic calmodulin, 

catalyzing un-regulated conversion of cellular ATP to cAMP. Although, past studies have 

shown that CyaA mainly affects myeloid phagocytes via binding to the N-glycosylated 

αMβ2 integrin CD11b/CD18 receptor, effects of the toxin on non-phagocytic cells has been 

demonstrated. Clinical observations and animal model studies indicate that classical 

pertussis is initiated by adherence of bacteria to the ciliated respiratory epithelium in the 

nasopharynx and trachea (Edwards et al., 2005; Melvin et al., 2014; Paddock et al., 2008). 

In this study we looked at the effects of CyaA toxin on air-liquid interface differentiated 

human bronchial epithelial cell line VA10. The VA10 is a basal stem cell like cell line that 

represents the upper airway respiratory tract. It has been shown to differentiate into a 

polarized epithelium with generation of trans-epithelia electrical resistance (TER) and 

formation of tight junction proteins when cultured at an air liquid interface on transwell 

permeable supports (Halldorsson et al., 2007). TER is a reference for epithelial integrity, 

which is attributed to formation of functional tight junctions that allow selective trans-

epithelial permeability of ions, resulting in a measurable resistance across the cell layer. 

Treatment with the CyaA toxin on the basolateral side affected physical barrier integrity of 

ALI differentiated VA10 cells. (Figure 1). This disruption was associated with alterations 
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in expression of tight junction proteins like ZO-1 and occludin and a reduction in TER was 

also observed (Figure 1). For these preliminary studies, we decided to do a basolateral 

treatment rather than an apical treatment, based on results of from previous studies with S. 

aureus alpha toxin (Kwak et al., 2012). Basolateral treatment of transwell seeded colorectal 

adenocarcinoma Caco-2 cell line with S. aureus alpha toxin reduced TER and affected tight 

junction expression dependent on toxin mediated Ca2+ mobilization across the epithelial 

layer, whereas an apical treatment with the toxin has no effect on barrier integrity (Kwak et 

al., 2012). Although, the precise reason for this is not known, we speculate that there must 

be a receptor at the basal side that interacts with the CyaA toxin or the toxin may bind to 

saccharides like D-glucose as the toxin recognizes glycosylated residues on the cell surface. 

Further experiments will be performed in the future with apical toxin treatment and 

potential CyaA receptor at the basolateral or apical side will also be investigated.  

Interestingly, basolateral treatment with the non-enzymatic mutant CyaA AC- 

toxoid did affect tight junction disintegration and TER (Figure 2). The CyaA AC- toxoid 

fails to convert ATP into cAMP, however retains its ability to form pores on the cellular 

membrane. Thus we hypothesized that CyaA mediated disruption of physical barrier was 

dependent on toxin mediated un-regulated over production of cAMP. Indeed, basolateral 

treatment of air-liquid interface differentiated VA10 cells with cAMP agonists FSK and 

db-cAMP lead to reduced TER (Figure 7). We further looked at effect of CyaA toxin on 

mucin expression. It has been shown that B. pertussis preferentially binds to cilia of the 

respiratory cells, leading to destruction of the ciliated cells and defective mucociliary 

clearance due to mucus aggregation. We speculated that the CyaA toxin may contribute to 

this process by enhancing mucin expression. Activation of cAMP signaling has been 

shown to enhance mucin secretion from tracheobronchial epithelial cells (Verma et al., 

1997). Treatment with CyaA toxin enhanced Muc5AC (mucin marker) expression in air-

liquid interface differentiated VA10 cells (Figure 3). Similar to the above results, treatment 

with the mutant cyaA AC- toxoid did not affect Muc5AC expression, indicating a critical 

role of cAMP over-production in CyaA mediated up-regulation of mucin expression.  

We further looked at the effect of CyaA toxin on chemical barrier of the innate 

immune system that includes anti-microbial proteins and inflammatory mediators like 

cytokines and chemokines. Basolateral treatment with CyaA toxin differentially affected 

AMP and inflammatory cytokines and chemokines gene expression. The most notable 

change was the down-regulation of AMP human beta defensin 2 (hBD2) and pro-

inflammatory mediators TNFα and interlukin-8 (CXCL8) (Figure 5 and 6). Interestingly, 

these pro-inflammatory proteins TNFα and interlukin-8 and the AMP hBD2 are regulated 

via the activation of the nuclear transcription factor NFᴋB (Lawrence, 2009; Tsutsumi-Ishii 

and Nagaoka, 2002). cAMP has been shown to selectively modulate NFᴋB, leading to both 

pro- and anti-inflammatory responses (Gerlo et al., 2011). We hypothesize that CyaA 

blunts NFᴋB signaling via up-regulated cAMP leading to down-regulation of expression of 

these NFᴋB regulated genes. Further, treatment with CyaA AC- toxoid did not affect gene 

expression of TNFα and interleukin-8 (Supplementary figure 1). We also noticed 

disintegration of the cytoskeletal F-actin, indicating treatment with CyaA toxin induced 

structural and future studies will explore phenotypic changes induced by CyaA on the 

epithelial membrane (Figure 4). 
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In conclusion, in this project we demonstrate that CyaA toxin differentially affects 

the physical and chemical barrier of the innate immune response in respiratory epithelial 

cells. One of the limitations of this study was the exclusive use of the VA10 cell line. The 

VA10 epithelium lacks or shows sparse goblet cell population, although IL-13 can be used 

for goblet cell differentiation (Arason et al., 2014). We have recently obtained a new 

human bronchial basal cell line BCi that shows promising results in air-liquid interface 

differentiated cultures with prominent mucociliary differentiation (detectable cilia and 

goblet cells) and will be used as a complementary cell line to confirm results from the 

VA10 cell line. In addition, we plan to do a complete transcriptomic analysis (RNA 

sequencing) to gain more insights into regulatory pathways activated upon CyaA treatment. 
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5 Conclusions 

The main conclusions from my thesis are summarized below.  

Paper І  PBA induces cathelicidin expression via the vitamin D receptor (VDR) 

pathway. Knockdown of VDR significantly reduces PBA induced CAMP gene expression 

and additional vitamin D3 regulated genes such as CYP24A1 and CD14. PBA induced 

hBD1 gene expression is independent of VDR pathway. PBA enhances pro-inflammatory 

responses in VA10 cells. Furthermore, the growth factor cytokines TGFα and TGFβ which 

are associated with the receptors EGFR and TGFRI, respectively, differentially affect PBA 

mediated CAMP gene induction. Co-treatment with PBA and vitamin D3 reduces the 

growth of Pseudomonas aeruginosa in vitro. 

Paper ІІ Treatment with glucocorticoid dexamethasone (Dex) down-regulates gene 

expression of the AMPs: cathelicidin, human beta defensin 1, lysozyme, lactoferrin and 

SLPI in the human monocytes. Pre-treatment with Dex suppresses vitamin D3 enhanced 

cathelicidin expression in monocytes and bronchial epithelial cells. Dex may reduce CAMP 

expression via the GR receptor. Treatment with Dex inhibits induction of genes encoding 

inflammatory cytokines. Thus, treatment with GCs have negative effects on AMP 

expression in vitro, which may have possible therapeutic implications in patients on GC 

therapy. 

Paper ІІІ Cyclic mechanical stretch of human bronchial epithelial cells down-regulates 

the expression of antimicrobial peptide cathelicidin. Treatment with AMP inducers vitamin 

D3 and/or PBA counteracted cyclic stretch mediated down-regulation of cathelicidin 

expression and could be used as a possible therapeutic strategy to treat infections. Cyclic 

stretching of VA10 cells activated a pro-inflammatory response by enhancing expression of 

pro-inflammatory cytokines and increasing oxidative stress.  

Paper ІV Bordetella pertussis adenylate cyclase (CyaA) toxin treatment causes barrier 

damaging effects, leading to disintegration of tight junction proteins in air-liquid interface 

differentiated human bronchial epithelial cells. Treatment with CyaA toxin enhances mucin 

secretion and differentially modulates antimicrobial peptides and inflammatory cytokines 

gene expression dependent on cAMP signaling. 
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