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Abstract 

Toll-like receptors (TLRs) are key components of the innate immune 

system involved in surveillance and early detection of infection, as well as 

coordination of the subsequent adaptive immune response. Pulmonary immune 

responses are initiated by TLRs expressed on airway epithelial cells. In this 

thesis, primary normal human bronchial epithelial (NHBE) cells, immortalized 

human bronchial epithelial (HBE) cells, a glandular lung adenocarcinoma cell line 

(Calu-3) and an alveolar epithelial adenocarcinoma cell line expressing NF-κB 

(A549/NF-κB-luc) were analyzed for expression of mRNAs for TLRs, co-

receptors, adaptor proteins and non-TLR pathogen recognition receptors (PRRs). 

Quantitative RT-PCR analysis in Calu-3 and NHBE/HBE cells revealed mRNA 

expression of only TLRs 1-6, with TLR4/TLR6 having the lowest abundance and 

TLR3 exhibiting the highest level of expression. Conversely, in A549/NF-κB-luc 

cells mRNA expression of all TLRs 1-10 was detectable; with TLR5 mRNA 

expressed at the highest level.  

Poly i/c, a synthetic viral dsRNA analogue, elicited the greatest effect on 

expression of TLR subtypes. The effect was far more pronounced in NHBE/HBE 

cells as compared to Calu-3 and A549-NF-κB-luc cell lines. Poly i/c increased 

TLR2 mRNA expression by over sixty-fold and TLR3 by eleven-fold in NHBE 

cells, whereas TLR5 was significantly reduced. TLR2 protein was also enhanced 

by Poly i/c, but not by the TLR2 ligand, PAM3CSK4. Additionally, Poly i/c 

enhanced mRNA expression of adaptor molecules (MyD88, TIRAP, and TRIF) 
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and co-receptors (Dectin-1, CD14) involved in TLR2-signaling. In contrast, 

mRNA and protein expression of co-receptor CD36 was significantly reduced by 

Poly i/c. Overall, Poly i/c activation of NHBE cells differentially regulated 

expression of multiple TLRs, non-TLR receptors, adaptor proteins and co-

receptors.  

 ELISA analysis of apical and basolateral solutions from Poly i/c-

stimulated NHBE monolayers revealed significantly higher levels of IL-6 and GM-

CSF. After priming with Poly i/c, an increase in IL-6 secretion was observed in 

cells stimulated with PAM3CSK4 and with Alternaria extract, a fungal allergen 

known to signal partly through TLR2. However, IL-6 secretion was not stimulated 

by other TLR2 ligands, zymosan or lipothechoic acid (LTA). Pretreatment with 

anti-TLR2 blocking antibody inhibited the PAM3CSK4-induced increase in IL-6 

secretion after Poly i/c exposure. Up-regulation of TLR2 following exposure to 

dsRNA enhanced functional responses of the airway epithelium to certain 

(PAM3CSK4), but not all (zymosan, LTA) TLR2 ligands. In TLR3-deficient cells, 

induction of TLR2 mRNA expression by Poly i/c was reduced by thirteen-fold, 

indicating that Poly i/c-dependent TLR2 induction was TLR3-mediated. 

Furthermore, Poly i/c-dependent IL-6 secretion was abrogated by 83% in TLR3 

knock-down cells. Following priming of NHBE cells with Poly i/c and 

subsequently with TLR5 ligand flagellin, no reduction in IL-6, GM-CSF, RANTES 

and IFN-β transcripts was observed. Similarly, IL-6 and GM-CSF protein 

secretion did not match Poly i/c-dependant down-regulation of TLR5. Using 
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A549/NFκB-luc cells and wild-type (flagellated) and flagella-mutated Burkholderia 

(B.) cenocepacia, intact flagella were found to be critical for NF-κB activation and 

enhanced secretion of IL-8.  

To elucidate the in vivo actions of viral infection on the magnitude of TLR2 

expression, and subsequent innate immune response to TLR2 activation, the 

effects of Poly i/c challenge on the inflammatory response of mouse airways to a 

selective TLR2 ligand (PAM3CSK4) and a common fungal allergen (Alternaria 

alternata) were investigated. Poly i/c enhanced mRNA and protein expression of 

TLR2 in the lung. It also elicited a marked induction of Th1 cytokines. However, 

priming with Poly i/c abrogated Alternaria-mediated Th2 cytokine production. 

Inflammatory cell recruitment into the airways, predominantly with neutrophils, 

was also observed. Taken together, both the in vitro and the in vivo studies show 

that activation of TLR3 by Poly i/c alters the inflammatory response of the 

airways to other microbial ligands, thereby modulating the severity of 

inflammation. This effect is partly due to changes in the expression of other TLR 

receptors and their associated co-receptors and adaptor proteins.  
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Chapter 1: Literature Review 

 

1. 1.  Background and significance of inflammatory airway diseases 

Airway inflammatory diseases including allergic rhinitis, asthma, chronic 

bronchitis, chronic obstructive pulmonary disease (COPD), and cystic fibrosis 

(CF) are prevalent with complex etiology (Hele DJ and Belvisi MG 2003). These 

chronic airway diseases, particularly asthma, COPD, and CF have different 

causes but share some common features in pathologic changes and clinical 

syndrome. They are characterized by chronic mucosal and airway inflammation 

with an increase in leukocyte infiltration and a variety of inflammatory mediators 

(Xiao W et al. 2005). The pathologic processes in these diseases also involve 

airway obstruction, at least in part because of mucin overproduction. 

Furthermore, tissue remodeling and reduction in expiratory air flow rates are 

other manifestations of airway inflammation (Xiao W et al. 2005, Patel, Brett and 

Holtzmann 2009). Identifying the different inflammatory/immune reactions and 

relating them to clinical phenotypes of the various airways diseases is of 

paramount importance in designing therapies against these diseases. 

Annually, asthma affects about 17 million Americans (6.4 % of the total 

U.S. population) and claims about 5000 lives/yr (NIAID 2001). Twelve million 

Americans are diagnosed every year with COPD and at least equal numbers 

have symptoms but are not diagnosed. COPD is the fourth leading cause of 

death in America, behind heart diseases, cancer and cerebrovascular disease 
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(stroke) and is projected to become the third leading cause of death by the year 

2020 in the US and worldwide (Hurd S 2000).  

Although this steady increase in morbidity from asthma and COPD 

presents a large economic burden from high health care costs and loss of 

productivity, the reasons for the striking increase in these diseases are still 

unclear. The pathophysiological mechanisms involved in their development are 

not completely understood; however, the principal mechanism involves an 

underlying inflammatory component (Douwes J et al. 2002). A common feature of 

lung inflammation is the development of an inflammatory–immune response that 

involves activation of many cell types including epithelial cells and other resident 

(macrophages) or recruited immune cells (neutrophils, eosinophils, monocytes 

and lymphocytes). The airway epithelium represents an important initial site of 

contact with airway pathogens leading to activation of innate immune responses 

that involve release of cytokines and chemokines with the subsequent 

recruitment of immune cells to the site of infection. A thorough understanding of 

the inflammatory processes inherent in these diseases should provide 

opportunities for innovative drug development and treatment of the underlying 

inflammation that characterizes their pathology. 

 

1. 2.  Role of airway epithelium in inflammatory airway diseases 

The lung, with a surface area of 150 m2, ventilates 10,000-20,000 liters 

(20 kg) of air daily. Thus, the lung is exposed to potentially harmful particles 

including allergens, and infectious agents (viruses, bacteria and fungi) (Bals R 
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and Hiemstra PS 2004). Airway epithelial cells (AECs) are the first line of 

defense against these harmful intruders, serving as a passive physical barrier 

and providing mucociliary clearance (Abraham CM et al. 2007, Mall MA 2008, 

Wang Y et al. 2008). AECs are a polarized pseudostratified layer of cells with 

distinct luminal and basolateral membranes composed of different phospholipids 

which contain distinct receptors and transport proteins.  

Airway epithelial cells are not simply a passive barrier to infectious agents 

as previously thought, but are now well recognized as important active 

orchestrators of airway inflammatory disease (Kunzelmann K and McMorran B 

2004, Holgate ST 2004). AECs contribute to the inflammatory milieu by 

producing biologically active compounds, including lipid mediators, growth 

factors, costimulatory molecules, complement, acute phase proteins, endothelin, 

and a variety of cytokines/chemokines that are important in the pathogenesis of 

airway disorders (Bals R and Hiemstra PS 2004, Cook DN et al. 2004, Hertz CJ 

et al. 2001, Qureshi ST and Medzhtov R 2003, Schleimer RP 2004). The 

secretions of these cells also modulate the recruitment and activation of 

inflammatory cells, which in turn, stimulate the adaptive immune response. AECs 

also secrete chemical products that directly kill or inhibit replication of pathogens 

and also take part in airway mucosal immunity and remodeling, which are critical 

in resolving chronic airway inflammatory processes (Polito AJ and Proud D 1998, 

Takizawa H 1998,  Holgate ST 2004, 2007, Simmons C and Farrar J 2008).  

Studies have shown that impaired barrier function of AECs is fundamental 

to the origin and development of inflammatory airway disease (Holgate ST 2004). 
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For example, recent studies found novel asthma susceptible genes (e.g. DPP10, 

GPRA, HLA-G, ETS-2, ETS-3, PCDH-1, filaggrin and SPINK5) to be 

preferentially expressed in the airway epithelium (Holgate ST et al. 2007). In 

another study, Shornick and co-workers provided the most definitive evidence for 

the direct role of barrier function afforded by airway epithelial cells in innate 

immunity against viral infection. They showed that a prominent early event in 

respiratory viral infection using a mouse paramyxovirus (Sendai virus) model is 

activation of the IFN-signaling protein Stat-1 in airway epithelial cells (Shornick 

LP et al. 2008).  

The inflammatory and innate immune responses of the airway epithelium 

depend on the engagement of epithelial cell surface, or cytosolic molecules, 

collectively known as pattern recognition receptors (PRRs). These PRRs detect 

specific microbial products referred to as pathogen-associated molecular 

patterns (PAMPs) (Polito AJ and Proud D 1998, Muir A  et al. 2004, Kunzelmann 

K and McMorran B 2004). The best characterized PRRs are Toll-like receptors 

(TLRs). TLRs represent a major class of PRRs expressed by airway epithelial 

cells that initiate and sustain airway inflammation in diseases such as asthma, 

CF and COPD (Muir A et al. 2004, Murray CS 2004, Tan WC 2005, Wilkinson 

TM et al. 2006, Zeldin DC et al. 2006). It has now been recognized that the 

profound immune and inflammatory response triggered in these inflammatory 

airway diseases is dependent upon complex patterns of TLR cross-talk. Cross-

talk of these receptors occur between TLRs within each cell type (e.g. airway 

epithelial cells) and/or among co-operative TLR responses between cells 
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(epithelial cells, endothelial cells smooth muscle cells in the airway) as well as 

recruited professional immune cells (neutrophils, eosinophils, monocytes and 

lymphocytes) (Parker LC et al. 2007). An understanding of the mechanisms by 

which the innate immune system contributes to the development and regulation 

of airway inflammation should provide novel approaches for the diagnosis and 

treatment of airway inflammatory diseases. 

 

1. 3. Toll-like receptor (TLR) structure and mechanisms of post-receptor signaling  

Mammalian TLRs were originally discovered on the basis of their 

homology with TOLL; a receptor first identified as crucial for the dorso-ventral 

orientation of the developing fruit fly, Drosophila melanogaster, and later shown 

to confer immunity against fungal infections (Akira S et al. 2003, Lemaitre B 

1996, Medzhitov R and Janeway CA Jr 1997). So far, 13 of these PRRs, TLR1 

through TLR13, have been identified—10 in human and 12 in mice (Beutler B 

2004). TLRs are type I transmembrane proteins with an extracellular domain 

which consists of a 19-25 leucine-rich repeat (LRR) domain and is involved in the 

recognition of a variety of pathogens. Showing a high degree of similarity to the 

interleukin (IL)-1 receptor family, TLRs also have a conserved cytoplasmic 

sequence of about 200 amino acids known as the Toll and interleukin-1 receptor 

(TIR) domain, which is crucial for receptor signaling (Akira S 2003, Akira S and 

Takeda K 2004). The role of the TIR domain as the initiator of TLR signaling 

pathway was first revealed in the C3H/HeJ mouse strain that had a point 

mutation that resulted in an amino acid change of the proline residue at position 
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712 to histidine (Poltorak A et al. 1998, Hoshino K et al. 1999). With exception of 

TLR3, this proline residue in the TIR domain is conserved among all TLRs, and 

its substitution to histidine causes a dominant negative effect on TLR-mediated 

signaling (Hoshino K et al. 1999, Underhill DM et al. 1999). This highly conserved 

proline residue within the TIR domain of TLR3 is uniquely replaced with alanine.  

 TLRs recognize and mediate intracellular signals for a wide range of 

microbial components: TLR1 (in association with TLR2) for tri-acyl lipopeptides; 

TLR2 for bacterial lipoproteins (BLP) and peptidoglycans from Gram-positive 

bacteria; TLR3 for double-stranded RNA; TLR4 for bacterial lipopolysaccharide 

(LPS); TLR5 for flagellin; TLR6 (in association with TLR2) for di-acyl lipopeptides; 

TLR7 and TLR8 for single-stranded RNA and TLR9 for non-methylated CpG 

DNA. TLR7 as well as human TLR8 (excluding mouse TLR8) recognize several 

synthetic immune response modifier compounds that are structurally related to 

nucleic acids, including imidazoquinolines and resiquimod. Viral envelope 

glycoproteins, glycolipids, capsid and nuclear proteins are also sensed by cell 

surface receptors, including TLR2 (Measles Virus H-protein) (Bieback K et al. 

2002), TLR2/CD14 (Human Cytomegalo Virus) (Compton T et al. 2003), TLR4 

(Mouse mammary tumor virus) (Rassa JC et al. 2002), TLR4/CD14 (RSV F-

protein) (Kurt-Jones EA et al. 2000). Besides exogenous ligands such as 

PAMPs, TLRs are also able to recognize endogenous ligands including damage-

associated molecular patterns and extracellular matrix molecules such as 

hyaluronan, heat-shock proteins (Hsps), and fibronectin (Gomariz RP et al. 

2007). Moreover, TLR3 has been shown to recognize endogenous ligands such 
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as mRNA released from necrotic cells (Kariko et al. 2004) suggesting that 

necrotic cell death at inflammation sites may contribute to activation of TLR3. 

Diverse molecular and biochemical events are initiated during activation of 

TLRs with their specific ligands (O’Neil NA 2006, Kawai T and Akira S 2006). 

After ligation of TLRs by their ligands, downstream responses are tailored 

through a family of four TIR-domain-containing adapter molecules, comprising 

myeloid differentiation primary response gene 88 (MyD88), MyD88 adapter-like 

(Mal) also known as Toll/IL-1 receptor (TIR) domain-containing adapter protein 

(TIRAP), TIR-domain-containing adapter-inducing interferon-β (TRIF) also known 

as TIR-containing adapter molecule 1 (TICAM-1), and TRIF-related adapter 

molecule (TRAM) also known as TIR-containing adapter molecule 2 (TICAM-2)  

(McGettrick AF and O'Neill 2004, Parker LC et al. 2007). A new member of the 

same family of adaptor protein, sterile and armadillo motifs (SARM), has also 

been described, but its signaling role has not yet been clearly identified (O’Neil 

NA 2006).  

It has been clearly established that TIR domain-containing adaptors 

provide specificity for individual TLR-mediated signaling pathways (Takeda K and 

Akira S 2004). Following ligation of TLRs with their cognate ligands, docking 

platforms that aid in the recruitment of TIR domain-containing adaptor proteins 

are formed within the intra-cytoplasmic TIR domains of TLRs (Rallabhandi P et 

al. 2008). The only TLR that is capable of recruiting all adaptor proteins through 

TIR-TIR interaction is TLR4, the first mammalian homologue of Drosophila Toll to 

be discovered (Medzhitov R et al. 1997, Rallabhandi P et al. 2008). All TLRs, 
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except TLR3, share a TIR domain containing common adaptor molecule, MyD88 

(Akira S 2003). Besides MyD88, Mal/TIRAP is required for TLR2- and TLR4-

dependent downstream signaling; while TRIF/TICAM-1 is essential for TLR3 as 

well as the MyD88-independent TLR4 signaling (Akira S 2003). TRAM appears 

to act as a bridging adapter connecting TLR4 and TRIF (McGettrick AF and 

O'Neill LA 2006).  

For most TLR subtypes, MyD88 is recruited to the receptor complex after 

ligand binding, followed by IL-1R-associated protein kinase 1 (IRAK-1), IRAK-4 

and tumor necrosis factor receptor-associated factor 6 (TRAF6). IRAK-1 and 

TRAF6 then dissociate from this complex and associate with another complex 

composed of transforming growth factor-β-activated kinase (TAK-1) and TAK-1 

binding proteins 1 and 2 (TBP-1 and TBP-2). TAK-1 is then stimulated, which in 

turn activates the IĸB kinase kinase (IKK) complex. IKK-mediated 

phosphorylation of IĸB leads to its ubiquitination and degradation, thereby 

unmasking the nuclear localization domain of Nuclear Factor kappa B (NF-ĸB) 

that translocates into the nucleus. Mal also works together with MyD88 leading to 

early activation of transcription factors, NF-κB and mitogen-activated protein 

kinases (MAPKs) (Palsson-McDermott EM and O'Neill LA 2004), whereas TRIF 

and TRAM activate another transcription factor, IFN regulatory factor 3 (IRF3) 

(Oshiumi H et al. 2003, Fitzgerald KA et al. 2003, Yamamoto M et al. 2003). 

Early activation of NF-кB and MAPKs leads to induction of cytokines such as 

TNF, IL-1, and IL-6, whereas activation of IRF-3 leads to the production of 

cytokines such as IFN-β and RANTES. IRF3 has also been shown to be involved 
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in the late activation of NF-κB and MAPKs in TLR4 signaling leading to the 

induction of TNF (Covert MW et al. 2005, Werner SL et al. 2005).  Furthermore, 

engagement of selected TLRs, including TLR3, TLR7, TLR8, and TLR9 by 

various viral components as identified in rhinovirus (RV), RSV, and Influenza 

virus also result in the production of type I interferon (IFN) as an antiviral 

response (Mallia P and Johnston SL 2006).  

 

1. 4. Innate immune function of the epithelium: Receptor and cellular interactions  

Inflammatory airway diseases cannot be described by any one single 

causative agent, but rather by the interaction of multiple factors.  Exposure of 

target cells to a single entity can modulate their sensitivity to another agent. A 

variety of studies indicate that primary respiratory viral infections intensify chronic 

bacterial inflammatory airway diseases. For example, respiratory viral infections 

(RVIs) often exacerbate chronic inflammatory airway diseases such as asthma, 

cystic fibrosis (CF) and chronic obstructive pulmonary disease (COPD) and often 

precede bacterial pneumonia (LeVine AM et al. 2001, Murray CS et al. 2004, 

Singh AM and Busse WW 2006, Stark JM 2006, Tan WC 2005, Zeldin DC 2006). 

Viral replication also impairs specific anti-bacterial defense mechanisms and 

enhances bacterial adherence, changing inflammatory responses and the clinical 

features of COPD and CF (Muir A et al. 2004, van Ewijk BE et al. 2005, Wilkinson 

TMA et al. 2006). Viral predisposition to secondary bacterial infections has also 

been demonstrated in murine models of sequential pneumonia. Mice exposed to 

influenza virus or to respiratory syncytial virus (RSV) show enhanced 
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inflammatory responses, and increased bacterial burden following Streptococcus 

pneumoniae exposure, compared to control mice (LeVine AM et al. 2001). In 

another study, mice exposed to RSV and then challenged with Streptococcus 

pneumoniae, Staphylococcus aureus or Pseudomonas aeruginosa also exhibited 

decreased bacterial clearance (Stark JM et al. 2006).  

Viral infections also amplify sensitization to allergen, aggravating allergic 

inflammatory airway responses. This is shown in increased airway 

responsiveness to methacholine and pulmonary eosinophilic and neutrophilic 

inflammation of mice sensitized to ovalbumin subsequent to RSV infection. This 

response is characterized by the predominant production of Th-2-type cytokines 

(Stark JM et al. 2006). Besides viral infections, a TLR4 agonist, 

lipopolysaccharides (LPS), has also been shown to have variable effects on 

allergic airway inflammation in the mouse, depending on the dose and duration of 

allergen exposure (Eisenbarth SC et al. 2002, Hollingsworth JW et al. 2006).  

A growing body of evidence suggests that the progression of chronic 

inflammatory lung disease is associated with impairment of the innate immune 

response (Basu S et al. 2004, Fransson M et al. 2005, Muir A et al. 2004, Proud 

D and Chow CW 2004, Schleimer RP 2004). Various investigators have 

demonstrated potent amplification of inflammation induced by TLR agonists via 

cooperative response between distinct cell types; for instance alveolar 

macrophages and bronchial epithelial cells (Fujii T et al. 2004), airway smooth 

muscle cells (ASMCs) and mononuclear leukocytes (Peng Q et al. 2004; Morris 

GE et al. 2005), eosinophils and monocytes (Meerschaert J et al. 2000), PBMC 
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and neutrophils (Prince LR et al. 2004). Exposure of the whole lung to TLR 

agonists in vivo, such as dsRNA, was also shown to have a proinflammatory 

effect on multiple cell types, including AECs, ASMCs, macrophages and other 

cells. Accordingly, exacerbation of airway inflammatory diseases will likely 

involve simultaneous or subsequent activation of TLRs or other non-TLR PRRs 

by multiple microbial pathogens in diverse cell types (Fransson M et al. 2005, 

Proud D and Chow CW 2006, Schleimer RP 2004). This combined activation of 

different receptors in distinct or multiple cell types can result in complementary, 

synergistic or antagonistic effects that modulate innate and adaptive immunity 

(Trinchieri G, and Sher A  2007). Deciphering the multiple receptor interactions 

that detect various microbial components that are synergistically involved in 

inflammatory airway diseases is crucial for understanding of the role of TLRs in 

host resistance to infection. 

Certain TLRs function as homodimers or heterodimers. TLR2 activity is 

enhanced by heterodimerization with TLR1 or TLR6, while TLR4 appears to form 

homodimers (Lee H-K, Dunzendorfer S, and Tobias PS 2004). Important 

functional interactions of TLRs with non-TLR molecules are also well known, for 

example, TLR4 interacts with MD-2 and CD14 to sense bacterial LPS (Lee H-K, 

Dunzendorfer S, and Tobias PS 2004, Mukhopadhyay S et al. 2004). Also, TLR2 

has been shown to functionally interact with structurally unrelated receptors like 

Dectin-1 to recognize fungal products (Tekeda K and Akira S 2005). In a model 

of asthma induced by Aspergillus (A.) fumigatus, IL-18 production was shown to 

be up-regulated and to interfere with the development of the disease. Depletion 
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of IL-18 exacerbates hyper-responsiveness, which correlates with a decrease in 

TLR2 expression and retention of the fungus suggesting that TLR2 plays a role in 

the amelioration of A. fumigatus-mediated asthma (Blease K et al. 2001).  

Synergistic effects between virus- and allergen-induced airway 

inflammations have also been proposed (Murray CS, Simpson A and Custovic A 

2004), but no definitive molecular mechanism has been described to explain the 

interactions between viruses and allergens and their respective receptors. Up-

regulation of TLR2, 3 and 4 has been reported in the nasal mucosa of patients 

with allergic rhinitis, indicating the role of multiple TLRs in allergic airway 

inflammation (Fransson M et al. 2005). TLR2, TLR4 and TLR6 have been 

implicated in activation of epithelial cells by fungal products (Marr KA et al. 2003). 

Infection of epithelial cells with RSV has been shown to sensitize cells to dsRNA 

by up-regulating the expression of its cognate receptor, TLR3 (Groskrutz DJ et 

al. 2006). Additionally, RSV was shown to increase expression of TLR4 and to 

increase the sensitivity of the airway epithelium to both LPS and viral motifs, 

including the F protein of RSV (Jafri HS et al. 2004).   

Certain TLR4-polymorphisms were shown to produce impaired innate 

immune responses to RSV and LPS and are associated in an increased risk of 

severe RSV bronchiolitis (Tal G et al. 2004). Previous studies in primary small 

airway epithelial cells (SAECs), airway smooth muscle cells (ASMCs) and thyroid 

follicular cells showed that activation of TLR3 using ; a synthetic viral double 

stranded RNA (dsRNA) analogue, polyinosinic polycytidylic acid (Poly i/c) 

increases mRNA expression of TLR2, TLR3 and suppresses mRNA expression 
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of TLR5, suggesting that viral infection can differentially alter the epithelial 

sensitivity and response to fungal allergens, bacteria, and other viruses (Hewson 

CA et al. 2005, Ritter M,et al. 2005 Sukkar MB et al. 2006, Yamazaki K et al. 

2007). Abundant expression of TLR3 mRNA was also observed in ex vivo nasal 

mucosal samples from normal human subjects and rhinovirus challenge resulted 

in increased mRNA expression of TLR2, TLR3, TLR4, TLR7 and TLR8, but 

reduced mRNA expression of TLR5 (Avila PC et al. 2005). A recent microarray 

study examining the transcriptional profile of the lung and bronchial lymph nodes 

from mice infected with RSV demonstrated that TLR2 and TLR3 were among the 

set of upregulated genes (Jenssen R et al. 2007).  

Viral pathogen-associated molecular patterns trigger multiple signalling 

cascades through TLR-dependent and TLR-independent pathways, leading to 

kinase activation through TRAF family members. Following entry by receptor-

mediated fusion or endocytosis and subsequent uncoating, transcription and 

replication of the viral genome nucleic acid can lead to the production of viral 

RNA with dsRNA character in the infected cell that is sensed by TLR3. Besides 

TLR3, dsRNA is also recognized by non-TLR cytosolic sensors, including retinoic 

acid inducible gene I (RIG-I), melanoma differentiation-associated gene 5 

(MDA5), Protein kinase R as well as 2’-5’-oligoadenylate synthetases, which 

initiates antiviral signaling (Gitlin L et al. 2006, Hornung V  et al. 2006, Yoneyama 

M et al. 2007, Vercammen E et al. 2008). TLR3 and the RIG-I/MDA5 RNA 

helicases differ in their cellular localizations, ligand specificities, and downstream 

signaling pathways, which suggests that host cells have multiple defense 
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mechanisms against viral infection (Vercammen E et al. 2008). RIG-I and MDA5 

detect viral RNA and activate downstream events by employing an adaptor 

protein. This adaptor protein was discovered by four independent groups in 2005 

and given four different names: IPS-1 (IFN-β promoter stimulator protein 1) 

(Kawai T et al. 2005), MAVS (mitochondrial antiviral signalling protein) (Seth RB 

et al. 2005), VISA (virus-induced signalling adaptor) (Xu LG et al. 2005) and 

Cardif (CARD adaptor inducing IFN-β) (Meylan E et al. 2005). The signaling 

pathway involves this adaptor protein that interacts with RIG-I and MDA5 via the 

CARD-like domain, followed by the activation of IRF3 and IRF7 via TBK1- and 

IKKi-dependent phosphorylation. IPS-1 also activates NF-kB via FADD/RIP1-

dependent pathways (Kawai T & Akira S 2006).  

Non-traditional PRRs, including scavenger receptors (SR), mannose 

receptors and β-glucan receptors, recognize ligands directly on microbial 

surfaces and mediate the engulfment of particulates (Peiser L et al. 2002, 

Martinez-Pomares L et al. 2001, Herre J et al. 2004). Macrophages also express 

Fc and complement receptors, which recognize antibody and complement coated 

particles, respectively (Daeron M 1997, Carroll MC 1998). Apart from PRRs, 

innate immune cells express surface antigens including Integrins, 

immunoglobulin superfamily proteins, glycosylphosphatidylinositol (GPI)-

anchored proteins and G-protein coupled receptors, which control migration, 

adhesion, activation or suppression of the cells involved in innate immunity 

(Hamm HE 1998, Loertscher R and Lavery P 2002, Barclay AN 2003).  
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Surface antigens, TLRs and other non-TLR PRRs could interact with one 

another to increase and diversify the recognition and overall handling of microbial 

infection by the innate immune system. Furthermore, cells of the innate immune 

system also communicate with one another through soluble mediators like 

cytokines and chemokines through either cis- or trans-cellular interactions, at the 

cell-surface or intracellular which can either be contact-dependent or contact-

independent (Mukhopadhyay S et al. 2004). Such interactions could augment, 

inhibit or synergize with the functions of either participating partner 

(Mukhopadhyay S et al. 2004). Although the majority of the existing data are 

suggestive of a collaborative interaction between multiple TLRs and other non-

TLR PRRs to regulate pulmonary innate immune responses, no studies have 

elucidated the functional consequence of altered TLR2 and TLR5 expression as 

a result of TLR3 activation in airway epithelial cells. Therefore, this thesis 

investigated the functional consequences of changes in TLR2 and TLR5 

expression resulting from Poly i/c exposure. 

 

1. 5. TLR regulation of host-defense molecules and their role in airway diseases 

When TLRs recognize microbial components, pathways are activated that 

trigger expression of a variety of genes including those encoding cytokines, 

chemokines and antimicrobial proteins (Polito AJ and Proud D 1998, Martin TR 

2000, Ritter M et al. 2005, Strieter RM et al. 2002). These mediators are 

essential for mounting innate immune responses against pathogen dissemination 

and also initiating the development of antigen-specific acquired immunity. 
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Several investigators have documented distinct patterns of cytokine release from 

airway epithelial cells from individuals with chronic inflammatory diseases 

compared with healthy controls (Lordan JL et al. 2002). In the lung, the cytokines 

and chemokines produced by the activation of TLRs expressed on airway 

epithelial cells play a critical role in regulating local inflammatory processes 

(Krakauer T 2002). Although this is the case, the role of TLRs as mediators in 

chronic airway inflammatory diseases has not been completely elucidated.  

When an individual simultaneously suffers from a chronic inflammatory 

disease (e.g. asthma, COPD, CF) and a viral infection (RV, RSV, Influenza), 

TLR-activity is altered in a complex way. For example, when asthmatic patients 

had experimental rhinovirus infection, their sputum showed increased levels of 

Interleukin (IL)-6, IL-8, and a chemokine known as regulated upon activation, 

normal T cell expressed and secreted (RANTES) (Grunberg K et al. 1997). In 

viral exacerbation of asthma, the adaptive immune response is associated with a 

T-helper (Th) type 2 cytokine profile (IL-4, IL-5, and IL-13). In contrast, in viral 

exacerbation of COPD, the central components of the increased inflammation are 

proinflammatory cytokines and neutrophil chemokines including tumor necrosis 

factor (TNF)-α, IL-8, RANTES, growth-related oncogene-α (GRO-α), and 

leukotriene B4 (LTB4), epithelial-derived neutrophil attractant (ENA) (Mallia P and 

Johnston SL 2006). Viral exacerbation of chronic inflammatory airway diseases 

also induces typical antiviral responses such as type I interferons.  

The effector function of innate immunity is also served by other mediators 

of host defense including the complement cascade, superoxides, nitric oxides, 
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prostaglandins, acute phase proteins, and antimicrobial peptides, which have the 

ability to render the invading organisms non-pathogenic (Bals R 2002, Sha Q et 

al. 2004). Antimicrobial peptides such as collectins, lysozyme, lactoferrin, 

secretory leukocyte protease inhibitor and defensins are expressed in human 

airways and are involved in the host defense with direct antimicrobial and 

mediator function (Bals R 2002). Besides localized containment and destruction 

of microbial agent, it has been recently suggested that antimicrobial peptides 

also participate in signaling the existence of injury or infection to the adaptive 

immune system (Salzet M 2002). 

In many chronic inflammatory airway diseases including asthma, COPD, 

chronic rhinosinusitis, and allergic bronchopulmonary aspergillosis, the 

mechanisms regulating these immune responses are impaired (Martin TR 2000, 

Schleimer PR 2004).  Exacerbations of inflammatory airway diseases are usually 

triggered by infections of the respiratory tract by viruses, bacteria and fungi 

(Greenberg SB et al. 2000, Zalacain R et al. 1999, Cohen L and Castro M 2003, 

Schleimer PR 2004), apparently due to a biased release of inflammatory 

mediators from activated immune and epithelial cells (Tulic MK et al. 2005, Ritter 

M et al. 2006). It has been generally recognized that the primary trigger of 

asthma exacerbation in young children, particularly in the western world, is the 

lower rate of respiratory infections in their early life (Johnston SL et al. 1995, Liu 

AH and Redmon AH Jr 2001). Alternatively, recent observations indicate that 

exposure to fungal agents, either single-handedly or in combination with viral and 

bacterial infections, exacerbate allergic asthma (Cohen L and Castro M 2003, 
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Bellocchio S et al. 2004, Ritter M et al. 2005) or COPD (Zalacain R et al. 1999, 

Greenberg SB et al. 2000).  

The dynamics and integral role of concomitant infections on the 

pathophysiology of asthma, COPD or other chronic inflammatory airway disease 

has yet to be sufficiently characterized. In this thesis, the issue was approached 

by examining the cytokine profiles of surface bronchial (NHBE), carcinomic 

human alveolar basal epithelial (A549) cells and carcinomic serous glandular 

epithelial cells (Calu-3) in response to viral dsRNA analogue; i.e. Poly i/c, 

bacterial triacylated lipopeptide; i.e. PAM3CSK4; LPS, flagellin or flagellated 

bacteria and fungal components (zymosan, Alternaria alternata extract), as a 

single entity or in combination. The focal point of the study was assessment of 

the activation of various TLRs by these diverse microbial components on the 

cytokine and chemokine secretion profiles. The fact that the future therapies for 

asthma, COPD or other chronic inflammatory airway diseases will likely involve 

specific targeting of cytokine and chemokine receptors, rather than global 

immunosuppression, enhances the potential applications for knowledge derived 

from this approach. 

 

1. 6. Significance of the study 

Respiratory viral infections (RVIs) predispose the airway to secondary 

bacterial complications and allergen-induced inflammation (LeVine AM et al. 

2001, Murray CS et al. 2004. Singh AM and Busse WW 2006, Stark JM et al. 

2006, Tan WC 2005, Zeldin DC et al. 2006). RVIs elicit acute exacerbations of 
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chronic airway inflammatory diseases however; the mechanisms that underlie 

these exacerbations are poorly understood. Complex immune and inflammatory 

interactions that result from exposure of the host to various TLR ligands have 

been linked to the development of such chronic airway diseases and this link 

requires further study (Basu S, Fenton MJ 2004, van Ewijk BE et al. 2005).  

The innate immune system has both recognition and effector functions. The 

recognition function of the airway epithelium is mainly served by Toll-like-

receptors (TLRs). TLRs allow for discrimination between arrays of viral, bacterial, 

and fungal products from host cells (Qureshi ST and Medzhitov R 2003, Martin 

TR and Frevert CW 2005). In this thesis, expression and functional 

characterization of TLRs are denoted as coming from NHBE, A549 and Calu-3 

cells. NHBE cells, being surface epithelial cells, are regularly exposed to 

microbial agents. Calu-3 cells, on the other hand, exhibit characteristics of the 

submucosal glandular epithelium, which significantly contribute to the physical 

and chemical nature of airway surface fluid (ASF). This ASF is vital for the local 

host defense of the pulmonary system. A549, an alveolar epithelial carcinoma 

cell line, which originated from type II pneumocytes and employed by various 

investigators as established models for studying the role of flagellated bacteria in 

inflicting human pulmonary diseases, were also used in experiments that involve 

the flagellated bacterium, Burkholderia cenocepacia and its genetically modified 

strains (flagella-deprived and flagella-complemented mutant strain). The 

interactions among various receptor subtypes, particularly TLR2, TLR3, TLR4 

and TLR5 that are known to sense viral, bacterial, and fungal components were 
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also investigated. This study focused on characterizing the effects of TLR3 

activation on the expression and function of TLR2 and TLR5. This knowledge of 

cross-talk among TLRs describes the molecular basis of how exposure of the 

host to one microbial agent predisposes it to subsequent infection with other 

microbes (e.g. bacteria, fungi).  

Despite the advances made in the treatments of asthma, COPD and CF, 

acute exacerbations remain a major cause of morbidity and mortality (Mallia P 

and Johnston SL 2006). As our understanding of the interactions of the diverse 

PRRs on the development of inflammatory airway disease improves, novel 

interventions designed to modulate the host response to these exposures can be 

developed and implemented. To that end, one remarkable feature of the TLR 

family of receptors is that despite the diversity of chemical structures they 

respond to, significant specificity in agonist-receptor recognition still exists among 

receptor subtypes. This specificity may likely be the key to development of TLR-

selective agonists and antagonists that may be used to modulate TLR activity as 

part of therapeutic interventions to alleviate chronic inflammation.  

 

1. 7. Objectives, central hypothesis and specific aims  

Evidence suggests that individual members of the TLR family and other 

non-TLR receptors both physically or functionally interact with each other to 

determine the subsequent nature and outcome of the immune response to a 

particular pathogen (Mukhopadhyay S et al. 2004). The data on the possible 

involvement of TLRs in inflammatory airway diseases are very limited and the 
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contribution of TLRs, particularly of the epithelial cells, to the development and/or 

maintenance of these diseases remains poorly understood. Only a few studies 

have analyzed modulation of TLR expression by various microbial components, 

mostly at the mRNA level without analyzing whether modulation of mRNA 

expression level translates to protein expression and changes in innate immune 

function of the epithelium. Therefore, systematic identification and 

characterization of the effects of diverse microbial components on the expression 

of the various TLRs and non-TLR PRRs at mRNA and protein levels, deciphering 

their interaction and assessing functional consequences of these interactions will 

be required to advance our understanding of the role of TLRs in human 

inflammatory airway diseases. 

Objectives: TLR3 and members of the cytoplasmic helicase family of 

proteins (including RIG-I and MDA5) recognize viral replicative intermediate, 

dsRNA, or its synthetic analog, Poly i/c (Matsukura S et al. 2007, Sasai M et al. 

2006). Although the roles for TLR3, RIG-I and MDA5 in the recognition of several 

viruses have been investigated, the functional relationships between these 

dsRNA sensors and other pathogen recognition receptors remain to be 

determined. Therefore, the experiments presented in this thesis focus on 

examining the mechanisms of dsRNA-dependent regulation of TLR and non-TLR 

PRRs in airway epithelial cells and the consequences of these interactions on 

innate immune function. In agreement with a few previous studies in various cell 

systems, our data show that stimulation of NHBE cells with Poly i/c increases 

mRNA and protein expression of TLR2, RIG-I and MDA5 and decreases mRNA 
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expression of TLR5. These observations serve as the basis for the central 

hypothesis of the thesis: 

 Central Hypothesis: Double stranded RNA-dependent stimulation of 

airway epithelial cells alters their sensitivity to TLR2 and TLR5 stimuli and 

modulates the inflammatory response of the airway epithelium to allergen and 

bacterial challenge. To address this hypothesis, three specific aims were 

developed:  

 Specific Aim 1: Identification and characterization of Toll like receptors 

(TLRs), associated co-receptors and down-stream signaling molecules 

expressed in human airway epithelial cells and investigation of the effects of 

specific TLR ligands on the expression of various TLR and non-TLR receptors. 

Specific Aim 2: Investigation of the effects of TLR activation on cytokine 

secretion and evaluation of the consequences of altered TLR2 and TLR5 

expression induced by dsRNA (Poly i/c) on cytokines/chemokines and 

antimicrobial protein secretion by human airway epithelial cells. 

 Specific Aim 3: Investigate the in vivo effects of dsRNA (Poly i/c) on airway 

inflammatory responses to TLR2 selective ligand (PAM3CSK4) and Alternaria alternata to 

assess effects of enhanced TLR2 expression following TLR3 activation.
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Chapter 2: Toll like receptors (TLRs) and associated co-receptors and down-

stream signaling molecules as well as non-TLR pathogen recognition receptors 

expressed in human airway epithelial cells and their modulation by specific TLR 

ligands  

 

2. 1. Introduction 

Previous studies have demonstrated the presence of TLR1-6 mRNAs in 

airway epithelial cells (Fransson M et al. 2005, Mayer AK et al. 2007). Molecular 

patterns of the pathogens introduced into the airway show some specificity to 

these receptors. The sensing of these microbial patterns by the receptors leads 

to epithelial activation, which has been observed in inflammatory airway diseases 

(Fransson M et al. 2005, Proud D and Chow C-W 2006, Schleimer RP 2004). It 

has also been recognized that exacerbation of airway inflammatory diseases is 

likely to involve simultaneous or subsequent activation of TLRs by multiple 

microbial pathogens (Fransson M et al. 2005,  Proud and Chow 2006, Schleimer 

2004). TLRs recognize distinct sets of PAMPs either alone, by homodimerzation, 

or by forming heterodimers with other members of the TLR family 

(Mukhopadhyay S et al. 2004). For instance, TLR2 activity is enhanced by 

heterodimerization with TLR1 or TLR6, while TLR4 appears to form homodimers 

(Lee H-K et al. 2004).  

 In addition to the interactions of individual members of the TLR family, 

evidences suggest that TLRs and other non-TLR PRRs either physically or 

functionally interact with each other. The cumulative effects of these interactions 
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instruct the nature and outcome of the immune response to a particular pathogen 

(Mukhopadhyay S et al. 2004). Collaboration between TLRs and other immune 

receptors has been best understood from the identification of different members 

of the LPS signaling complex including TLR4, CD14, LPS-binding proteins (LBP), 

and myeloid differentiating factor-2 (MD-2) (Lee H-K et al. 2004, Mukhopadhyay 

S et al. 2004). These findings redefined the knowledge that the receptors for LPS 

are multipartite and the cellular responses to physiological levels of LPS are 

dependent on LBP, TLR4, MD-2 and/or CD14 expression. It was initially shown 

in 1990 by Wright and coworkers that CD14, which is incapable of signaling by 

itself, is an important component of LPS receptor complexes. Furthermore, a 

plasma protein (LBP) was known to engage LPS and to facilitate its interactions 

with CD14 (Wright et al. 1990). Then in 1995, with the discovery of TLR4 as a 

membrane spanning component of the receptor complex, a small exteriorized 

protein known as MD-2 was found to be an essential component of the complex. 

At the time, it was believed that all LPS molecules were sequentially engaged by 

LBP and CD14; ultimately leading to the formation of a complex that contains 

LPS, CD14, MD-2 and TLR4. Conversely studies in mice showed that the 

TLR4/MD-2 receptor complex can distinguish between smooth and rough LPS 

and was evidently shown to function in two distinct modes. In the absence of 

CD14, lipid A and rough but not the smooth LPS act directly on TLR4 resulting in 

the activation of the MyD88-dependent but not the MyD88-independent pathway. 

On the other hand, in the presence of CD14, both rough and smooth LPS 

resulted in the activation of both the MyD88-dependent and MyD88-independent 
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(TRIF-dependent) pathways (Jiang Z et al. 2005). Overall, besides TLR4, other 

non-TLR proteins including LBP, MD-2 and CD14 are required for activation of 

the MyD88-independent signaling pathways by all LPS chemotypes, whereas 

CD14 is not required for MyD88 dependent signaling.  

Of all TLRs, TLR2 has a unique ability to heterodimerize with other TLRs 

(TLR1 and TLR6) and also to interact with adaptor proteins and non-TLR 

receptors including CD14, Dectin-1, and CD36. CD14 was shown to mediate 

signaling with TLR2/TLR1 or TLR2/TLR6 ligands by interacting with the complex 

in the same way it interacts with the TLR4/MD-2 complex. It has been shown that 

lipoproteins or lipopeptides (LP) binding is facilitated by CD14 followed by 

molecular association with TLR2/TLR1 heterodimers as demonstrated 

specifically at the lower concentration of a synthetic lipopeptide, PAM3CSK4 

(Manukyan M et al. 2005). Likewise, recognition of the protozoan GPI-anchors 

required CD14 in concert with TLR2 (Campos MAS et al. 2001). A classic 

member of the non-TLR PRRs, Dectin-1, has been shown in macrophages to 

synergize with TLR2 to recognize fungal wall-derived β-glucans, and generate 

TNF in responses to fungal pathogens (Perera PY et al. 2001, Brown GD et al. 

2003, Gantner BN et al. 2003, Brown GD and Gordon S 2001, Rogers NC et al. 

2005¸ Brown GD 2006). Although Dectin-1 displays a cell type-specific ability to 

directly induce cytokine production, it has been demonstrated in both 

macrophages and dendritic cells (DCs) that Dectin-1 can interact with other 

MyD88-coupled TLRs (TLR-2, TLR-4,TLR-5, TLR7, TLR-9), resulting in the 

synergistic induction of multiple cytokines including TNF, IL-10, IL-6 and IL-23 
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(Dennehy KM et al. 2008, Ferwerda G 2008, Reid DM et al. 2009). The 

scavenger receptor, CD36, was also revealed to function as a co-receptor acting 

in conjunction with the TLR2/TLR6 heterodimer to recognize diacylglycerides 

including bacterial LTA and mycoplasmal lipopeptide (MALP-2) (Hoebe K et al. 

2005). Stuart LM et al. (2005) reinforced this concept by demonstrating that 

CD36 is required to internalize Staphylococcus aureus and LTA and deliver 

these ligands to their cognate receptors (TLR2/TLR6) by functioning as an 

accessory receptor at the cell surface. Their data showed that CD36 can act as a 

phagocytic receptor able to recognize Staphylococcus aureus and its cell wall 

component LTA (Stuart LM et al. 2005). 

The ability of TLR2 to team up with other TLR and non-TLR receptors 

enhances the ability of TLR2 to bind a broad repertoire of structurally diverse 

ligands (Ozinsky A et al. 2000). For example, TLR2 participates in the recognition 

of peptidoglycan and lipothechoic acid (LTA) of Gram-positive bacteria, 

leptospiral lipopolysaccharide (LPS), lipoarabinomannan of mycobacteria, 

lipopeptides of Gram-positive bacteria, mycobacteria, spirochetes and 

mycoplasma, outer-surface protein A (OspA) of Borrelia burgdorferi, and several 

synthetic di- and tri-acylated lipopeptides, molecular components of fungus (β-

glucan, zymosan) and of protozoa (glycosylphosphatidylinositol-GPI anchors or 

their fragments (Werts et al. 2001, Alexopoulou et al. 2002, Means et al. 

1999a,b, Takeuchi et al. 2002). Depending on which of the receptors/adaptor 

molecules are expressed by a given host cell, TLR2 ligands can stimulate a 

http://jcb.rupress.org/cgi/content/full/162/6/1099#BIB33#BIB33�
http://jcb.rupress.org/cgi/content/full/162/6/1099#BIB2#BIB2�
http://jcb.rupress.org/cgi/content/full/162/6/1099#BIB17#BIB17�
http://jcb.rupress.org/cgi/content/full/162/6/1099#BIB31#BIB31�
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diverse array of effects in different cells, reflecting on the range of the elicited 

host responses (Ozinsky A et al. 2000, Burke JM et al. 2007).  

A few recent findings also implied a role of protease activated receptors 

(PARs) as an additional level of the innate immune defense, apart from the 

classical PRRs. The possible connection between PAR2- and TLR4-mediated 

signaling pathways was elucidated in endothelial cells by demonstrating 

concurrent activation of PAR2 and TLR4 by PAR2 activating peptide (PAR2-AP) 

and LPS, respectively, both of which amplify nuclear factor kappa B (NF-қB) 

activation and interleukin-6 (IL-6) production (Chi L et al. 2001). Inflammatory 

signaling was also shown to be synergistically augmented in airway epithelial 

cells via activation of PAR2 and TLR4 by raising PAR expression level and IL-8 

release (Ostrowska E et al. 2007). In contrast, there has been a report that the 

inflammatory response induced by Aspergillus infection involving TLR4 produced 

suppression of PAR2 signaling (Moretti S et al. 2008). Thus, signaling cross-talk 

between PAR2 and TLR4 has the potential to augment or diminish an ongoing 

inflammatory response when both receptors are accessible. It has recently been 

revealed that TLR4 augmented GPCR-mediated signaling through an alternative 

PAR2 receptor via an MyD88-dependent mechanism suggesting that PAR2 and 

TLR4 interact functionally at the level of intracellular adapter utilization for the 

activation of NF-қB (Rallabhandi P et al. 2008).  

Furthermore, a unique paradigm of receptor synergism between several 

members of the TLR family and the adenosine A2A receptor (A2AR), a G-protein 

coupled purinergic receptor with adenosine as endogenous ligand, has also been 
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reported. In murine peritoneal macrophages treated with different TLR agonists, 

TNF-α secretion was stimulated (Pinhal-Enfield G et al. 2003), but, in the 

presence of A2AR agonists, TLR2, 4, 7, 9, and not TLR3 and 5, both of which 

failed to induce TNF-α secretion. Instead, significant stimulation of a potent 

stimulus for angiogenesis known as vascular endothelial growth factor (VEGF) 

was observed. Simultaneous down-regulation of TNF-α and up-regulation of 

VEGF appears to function as an angiogenic switch shifting macrophages from an 

inflammatory to an angiogenic phenotype (Pinhal-Enfield G et al. 2003). It was 

therefore suggested that, synergism between TLR and A2AR agonists may 

initiate a repair mechanism in infected or inflamed tissues. However, VEGF-

induced angiogenesis may also enhance tumorigenesis, thus suggesting a 

potential contribution to tumor pathology (Pinhal-Enfield G et al. 2003).  

The general consensus is that viral/microbial infections and/or their 

products may have divergent effects on the development of allergy and asthma 

(Herz U et al. 2000). Epidemiological and clinical observations have provided 

compelling evidence that suggests a link between the relative lack of infectious 

diseases and the increase in allergic disorders (Erb KJ 1999). According to this 

theory referred as the ‘hygiene hypothesis’, viral and bacterial infections, 

particularly during prenatal period, prevent the induction of allergen specific Th2 

cells because they establish Th1-biased immunity (Herz U et al. 2000). On the 

contrary, several studies have suggested that viral/bacterial infections 

exacerbate allergic diseases, including bronchial asthma and airway hyper-

responsiveness. Sensitization to fungal antigens during asthmatic reactions is 
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exacerbated by viral respiratory infections (Proud and Chow 2006; Beasley et al. 

1988; Gern 2004; Groskreutz et al. 2006; Kauffman and van der Heide 2003; 

Mallia and Johnston 2006; Tan 2005). A synergistic effect between virus and 

allergen-induced airway inflammation has been proposed to explain why viral 

infections are the primary and the most common pathogens associated with 

exacerbation of both asthma and COPD (Groskrutz DJ et al. 2006, Murray et al. 

2004, Proud D and Chow C-W 2006), but no definitive molecular mechanism has 

been described.  

TLR2, TLR4 and TLR6 have been implicated in activation of epithelial 

cells by fungal allergens (Mallia and Johnston 2006) and any modulation of these 

receptors by viral infections may alter the sensitivity of the host to fungal 

allergens that are sensed by these receptors. Likewise, in vitro studies involving 

treatment of primary small airway epithelial cells and airway smooth muscle cells 

with a synthetic dsRNA (Poly i/c) increased mRNA expression of TLR2, TLR3 

and suppressed mRNA expression of TLR5, suggesting that viral infection can 

differentially alter the epithelial sensitivity and response to fungal allergens, 

bacteria, and other viruses (Ritter et al. 2005,  Sukkar et al. 2006). Concordantly, 

up-regulation of TLR2, 3 and 4 has been reported in the nasal mucosa of 

patients with allergic rhinitis, indicating a role for multiple TLRs in allergic airway 

inflammation (Fransson et al. 2005). The importance of viral activation of TLR in 

differentially altering sensitization of epithelial cells to microbial components 

and/or allergens may also be inferred from the high level mRNA expression of 

TLR3 in ex vivo nasal mucosal samples from healthy human subjects that 
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resulted in increased mRNA expression of TLR2, TLR3, TLR4, TLR6, TLR7 and 

TLR8, but reduced mRNA expression of TLR5 when challenged with rhino 

viruses (RV) (Avila et al. 2005).  

However, at this time, little is known about the effect of viral dsRNA 

dependent activation of dsRNA sensing receptors (TLR3, RIG-I and MDA5) on 

the expression of other TLR and non-TLR subtypes in airway epithelial cells. 

Therefore, in this study both basal mRNA expression and the effects of a 

synthetic viral dsRNA analogue, Poly i/c on the expression of several TLRs and 

their associated co-receptors, adaptor proteins was investigated. Furthermore, 

the basal and Poly i/c-induced expression of other non-TLR PRRs including RNA 

helicases, protease-activated receptors (PARs) and purinergic (P2Y) receptors in 

airway epithelial cells were also examined. 

 

2. 2. Rationale and objectives for the experiments  

The expression of TLRs is typically thought to be a feature of immune 

cells. However, cell types from other tissues including epithelial cells have been 

shown to express TLRs which contribute to protection against invading 

pathogens or allergens. It has also been recognized that TLRs interact with non-

TLR PRRs including RIG-I, MDA5, PAR and P2Y receptors. Thus assessing the 

constitutive as well as induced expression of these non-TLR receptors in airway 

epithelial cells expands the understanding of receptor interaction in airway 

inflammatory diseases.  
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Therefore, the first objective of the study is to determine which TLRs, TLR-

coreceptors (CD14, CD36, Dectin-1) or adaptor proteins (MyD88, TIRAP, TRIF) 

involved in TLR-signaling as well as non-TLR PRRs (RIG-I, MDA5, PAR and P2Y 

receptors) are expressed in airway epithelial cells. The second objective was to 

determine the effects of specific TLR-ligands on mRNA and protein expression 

for selected TLRs, TLR co-receptors, adaptor proteins and non-TLR PRRs in 

airway epithelial cells.  

 

2. 3. Materials and Methods 

Materials: 

            Zymosan, a fungal product from Saccahromyces cerevisiae, and 

lipoteichoic acid (LTA) from Staphylococcus aureus (activators of TLR2/TLR6 

heterologue) were purchased from Sigma-Aldrich (St. Louis, MO, USA). 

Polyinosinic polycytidylic acid (Poly i/c), a synthetic analog of double-stranded 

RNA (dsRNA) (a known activator of TLR3, RIG-I, and MDA5) and N-palmitoyl-S-

[2,3-bis(palmitoyloxy)-(2-RS)-propyl]-[R]-Cys-[S]-Ser-[S]-Lys4
 trihydrochloride 

(PAM3CSK4), a synthetic bacterial lipopeptide (activator of TLR2/TLR1 

heterologue), Lipopolysaccharide (LPS), a TLR4 actvator, and flagellin, a TLR5 

activator were purchased from InvivoGen (San Diego, CA, USA). Extract of 

Alternaria alternata, a fungus that can induce acute asthmatic episodes, was 

prepared from cultures of Alternaria alternata following the protocol described by 

Inouei Y et al. 2005. For each experiment, all reagents were freshly prepared 

using the solvents recommended by the manifacturers. 
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Cell culture:  

Calu-3 cells were originally purchased from the American Type Culture 

Collection (ATCC, Rockville, MD) and were grown in Dulbecco’s Modified Eagle’s 

Medium (DMEM) supplemented with 10% FCS (Hyclone, Logan, UT) and 50 

µg/mL penicillin and streptomycin (Sigma/Aldrich) at 37°C in a 90% humidified 

and 5% CO2 incubator. These cells are originally derived from adenocarcinoma 

cells and possess properties similar to those of airway gland serous cells (Shen 

BQ et al. 1994). 

NHBE cells were obtained from Clonetics (Walkersville, MD, USA). These 

cells were life-span extended by transfection with the catalytic subunit of the 

human telomerase gene (hTERT) as previously described (Palmer et al. 2006). 

Low passage (p10-p20) life-span extended cells grown in monolayer culture 

under air-interface conditions were also used in this study. The cells were 

cultured in media supplemented with defined growth factors and retinoic acid (0.1 

µg/L) contained within the SingleQuot kit of bronchial epithelial cell growth 

medium (BEGM) provided by Clonetics. Cells were maintained in humidified 

incubators at 37°C and 5% CO2.   

Immortalized human bronchial epithelial (HBE) cells (HBEC) and 

A549/NF-κB-luc cell lines are kind gift from Dr. Fekadu Kassie (Masonic Cancer 

Center, University of Minnesota). HBEC were immortalized by the introduction of 

genes encoding cyclin-dependent kinase-4 and human telomerase reverse 

transcriptase (Ramirez RD et al. 2004). The NF-κB reporter stable cell line 
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A549/NF-κB-luc, which maintains a chromosomal integration of a luciferase 

reporter construct regulated by multiple copies of the NFκB response element, 

was originally developed by Panomics, Inc (Redwood City, CA) and is designed 

for monitoring the activity of NF-κB transcription factor in cell-based assays. 

A549/NF-κB-luc cell lines have been used extensively for the study of NFκB 

signaling due to its robust response and are useful cell models for studying the 

role of NFκB in lung carcinogenesis and development of chronic airway 

inflammatory diseases, particularly of cystic fibrosis. HBE cells were grown in the 

same NHBE growth media while A549/NF-κB-luc cell were grown in Dulbecco’s 

Modified Eagle’s Medium (DMEM) supplemented with 10% FCS (Hyclone, 

Logan, UT) and 50 µg/mL penicillin and streptomycin (Sigma/Aldrich) at 37°C in 

a 90% humidified incubator and 5% CO2. 

Experimental conditions and sample collection for RNA/protein determination:  

          Calu-3 and NHBE cells were grown on Transwell filters in their respective 

media for seven days and then maintained under air interface conditions for three 

days. Cells on filters were then washed with basal medium and treated with 

buffer RLT (Qiagen, Valencia, CA, USA) used for lysis of cells for RNA isolation. 

For Western blot identification of different proteins, cells were lysed with cell lysis 

buffer containing protease inhibitor cocktail, both from Sigma-Aldrich (St. Louis, 

MO, USA). 

 HBE cells and A549/NF-κB-luc cell lines on 96-well, 6-well, T-25 or T-75 culture 

flasks at similar cell density and treatments with various TLR-ligands were 

performed for 24 hrs and the appropriate samples were collected depending on 
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the test to be performed (real time PCR or Western blotting) as described for 

other cell types. 

Quantitative RT-PCR (QRT-PCR):  

          Total RNA was extracted from the lysed cells using RNeasy kit and treated 

with DNase I (Qiagen, Valencia, CA, USA) according to the manufacturer’s 

instructions. Single stranded cDNA was prepared with 500 or 1000 ng of RNA 

with SuperScript II reverse transcriptase (Invitrogen, Carlsbad, CA, USA) and 

random primers. QRT-PCR was performed using SYBR green detection 

protocols from Strategene (Wilmington, DE, USA).  Primer sets for the target 

genes were developed using Primer 3 software or taken from published work and 

all sequences developed for this study are given in Table 1.  Aliquots of cDNA 

equivalent to 25 ng of total RNA were used for QRT-PCR reactions. Real-time 

fluorescence was measured for 45 cycles and mRNA levels between treatment 

and controls were evaluated by comparing cycle threshold (CT) of the target 

genes. Quantification of mRNA expression levels were normalized to the median 

expression of GAPDH and/or β-Actin. Specificity and level of the different mRNA 

transcripts were assessed by analysis of melting point dissociation curves or by 

evaluating the bands of PCR products run on agarose gels.  

 Relative changes in gene expression through quantification of the 

transcripts from QRT-PCR experiments that involved different treatment groups 

were performed using the 2-(ΔΔC
T

)
 algorithm, also known as the delta-delta-CT 

(ΔΔCT) algorithm method (Livak KJ, and Schmittgen TD 2001). The method 

requires the assignment of one or more housekeeping genes, which are 
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assumed to be uniformly and constantly expressed in all samples and the results 

are expressed as fold change relative to the untreated control. The ΔΔCT method 

in brief is computed as follows: The averaged CT value for each target mRNA 

was determined along with the averaged CT value for a specific house keeping 

gene. The ΔCT was calculated as the difference between CT values of the target 

and housekeeping gene mRNAs. Subsequently, ΔΔCT value for each sample 

was calculated by subtracting the treatment condition ΔΔCT value from the 

reference/control ΔCT and the fold change relative to the reference/control was 

determined using the formula 2-(ΔΔC
T

). 

Fluorescence-activated cell sorting (FACS): 

Cells were grown to 70-80% confluency and exposed to 10 µg/ml of Poly 

i/c for 24 hrs. Poly i/c treated and untreated control monolayers were dissociated 

with EDTA (0.5mM). The cells were subsequently washed with FACS solution 

(1% bovine serum albumin (BSA), 5mM NaN3 in PBS), and pelleted by 

centrifugation (1000 x g). Pelleted cells were resuspended in FACS solution and 

their density adjusted to 106/100 µl by hemocytometer counting. Re-suspended 

cells (100 µl) were then added to a FACS tube and incubated in the dark on ice 

for 2 hours with 20 µl of phycoerythrin (PE)-labeled mouse anti-human TLR2 

antibody (clone TLR2.1; # 12-9922-71; eBioscience, San Diego, CA, USA) or 5 µl 

of the corresponding PE-labeled mouse immunoglobulin G2a isotype control 

antibody (clone eBM2a; # 12-4724-81; eBioscience, San Diego, CA, USA) as 

recommended by the manufacturer. Unlabeled cells served as controls for auto-

fluorescence. The labeled and the unlabeled cells were then washed, centrifuged 
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and re-suspended in 500 µl FACS solution and analyzed using a FACS Diva 

caliber flow cytometer and BD CellQuest software (Becton-Dickinson, San Jose, 

CA, USA) at Dr. Bruce Walcheck’s lab of the Department of Veterinary and 

Biomedical Sciences, College of Veterinary Medicine, University of Minnesota . 

The mean fluorescence intensity (MFI) of cells stained with PE-labeled mouse 

anti-human TLR2 antibody was reported for 10,000 events for Poly i/c treated 

and untreated control cells.   

Western blotting:  

 Monolayers treated for 24 hrs with Poly i/c (10 μg/ml), PAM3CSK4 (1 

μg/ml) and untreated control samples were suspended in lysis buffer to which a 

cocktail of protease inhibitors was added (Sigma-Aldrich, St. Louis, MO, USA). 

The protein content of the samples was determined using the bicinchoninic acid 

(BCA) protein assay (Pierce, Rockford, IL, USA). Up to 60 g of protein were 

loaded onto 10% Tris-glycine gels and run for 150 min at 125 V. The proteins 

were then transferred onto a polyvinylidene difluoride membrane (PVDF) 

membrane (Bio-Rad, Hercules, CA) for 2 h at 25 V. Adequate transfer of proteins 

was confirmed by staining membranes with BLOT-FastStain (Chemicon, 

Temecula, CA, USA). Subsequently, membranes were blocked in 5% Blotto non-

fat dry milk in Tris buffer containing 1% Tween-20 for 1 hour and probed 

overnight with corresponding primary antibodies (TLR2 (H-175), sc-10739 and 

TLR2 (C-19), sc-8690) at a dilution of 1:100; TLR5 (H-127) sc-10742 at a dilution 

of 1:100, CD36 (SMø, sc-7309), at 1:200 dilution and β-Actin (C4) sc-47778) at 

1:1000 dilution) all purchased from Santa Cruz Biotechnology, Inc. (Santa Cruz, 
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CA, USA). To determine the specificity of TLR2 staining, an immunizing peptide 

blocking experiment was performed. Before proceeding with the Western blot 

labeling protocol, TLR2 antibody was neutralized by incubation with a five fold 

excess of peptide (sc-8690P, Santa Cruz Biotechnology Inc.) corresponding to 

the epitope recognized by TLR2 antibody for two hours at room temperature. The 

neutralized TLR2 antibody was then used side-by-side with TLR2 antibody alone. 

After incubating with the respective secondary antibodies (donkey anti-goat IgG-

HRP, sc-2020, 1:2000; goat anti-mouse IgM-HRP, sc-2064, 1:2000; and goat 

anti-mouse IgG-HRP, sc-2005, 1:2000, also from Santa Cruz Biotechnology) for 

1 hour, chemiluminescent immunodetection was employed using a kit from 

Pierce (Rockford, IL, USA). The signal was visualized by exposure of 

membranes to HyBolt CL autoradiography film from Denville Scientific 

(Metuchen, NJ, USA). Densitometry was performed using Image J software 

available from NIH. Densitometry results were expressed as the intensity of 

TLR2, TLR5 or CD36 relative to β-actin, which served as the loading control. 

RNA interference for silencing TLR3 in HBE cells:  

The pGIPZ Lentiviral shRNAmir expressions construct with Green 

Fluorescent Protein (GFP) reporter to which the target TLR3 gene shRNA (clone 

V2LHS_171349, Accession # NM_003265) was cloned was used to facilitate 

RNA silencing in immortalized human bronchial epithelial (HBE) cells. 

Additionally, HBE cells were transfected with pGIPZ lentiviral vector without a 

shRNAmir insert (empty vector) for generating non-silencing construct containing 

vector control cells. This lentiviral shRNAmir expression system has the 
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advantage of high transfection efficiency and GFP is used to visualize the 

expression of target gene short hairpin that can further be utilized for sorting out 

transfected cells. Incorporating GFP within the vector enabled flow cytometric 

sorting of cells expressing the TLR3-shRNA instead of relying on more time-

consuming antibiotic selection methods. This approach also reduced the problem 

of selection-based changes in cell phenotype, which can be a problem when 

comparing cells expressing target and control shRNAs. All flow cytometry sorting 

was performed in the Flow Cytometry Core Facility at Stem Cell Institute. Cell 

sorting was done on FACS Vantage Sorters (Becton Dickinson) which are 

capable of three excitation lines: 488nm, 340-360nm, and 633nm.  HBE cells 

infected with GFP-containing lentivirus were re-suspended at 3x156 cells/ml in 

HBSS in 1% FBS. Samples were gated on live cells and cells were collected in 

culture media appropriate to the designated experiment. Collected HBE cells 

expressing GFP (and thus shRNA) were further propagated and the level of 

TLR3 knockdown was determined by qRT-PCR and Western blot. 

Statistical analysis:  

          All data are reported as the mean ± SEM. Differences between groups 

were analyzed using an unpaired, two tailed t-test or an analysis of variance for 

multiple comparisons and considered to be significant when p < 0.05 .  
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2. 4. Results 

mRNA expression patterns of TLRs, co-receptor and adaptor molecule in 

airway epithelial cells: 

 Calu-3 and NHBE/HBE and A549/NF-κB-luc cells were analyzed for 

constitutive mRNA expression of TLRs, co-receptors, adaptor proteins and non-

TLR PRRs by QRT-PCR. The analysis in Calu-3 cells revealed expression of 

multiple TLR subtypes including TLRs 1-6 (Fig. 1A) with low expression levels of 

TLR4 and TLR6 and with TLR3 exhibiting the highest level of mRNA expression 

followed by TLR5, TLR1 and then TLR2. Of the 10 TLRs tested in NHBE/HBE 

cells, TLR1-6 (Fig. 1B) were also detected, TLR3 exhibited the highest level of 

expression, followed by TLR5, TLR2, TLR1, TLR6 and the lowest expression 

was detected for TLR4 (Fig. 1B). Conversely, in A549/NF-κB-luc cell line all the 

ten tested TLRs (TLR1-10) were detectable by QRT-PCR and TLR5 was 

expressed at the highest level, followed by TLR1 (Fig. 1C).    

The effects of treatment with various TLR-ligands on the expression of 

their cognate receptors or other TLR subtypes were also assessed. In Calu-3 

cells, the effect of various TLR ligands on the expression of TLRs was relatively 

minor (Fig. 2A). Only LPS slightly enhanced TLR2 mRNA expression (by about 

75%) and despite its low expression, TLR4 was activated by its specific ligand 

(LPS) and zymosan up-regulated expression of TLR4 mRNA and its own putative 

receptor (TLR2) by about two fold (Fig. 2A). Twenty-four hour treatment of NHBE 

cells with different TLR ligands including zymosan, Poly i/c, LPS and flagellin 

enhanced mRNA expression of TLR2 in all treatment conditions, but Poly i/c 
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produced a remarkable stimulatory effect (Fig. 2B). NHBE cells treated with Poly 

i/c for 24 hours increased mRNA expression of TLR2 by over sixty-fold; TLR3 by 

eleven-fold; TLR4 just by two-fold; with no apparent change of TLR1 and TLR6. 

Conversely, the expression of TLR5 mRNA was significantly suppressed (64.5%) 

by Poly i/c (Fig. 3A, B, C, D, & E). Overall, Poly i/c activation of TLR3 or RNA 

helicases in NHBE cells differentially regulated mRNA expression of TLR2, TLR3 

and TLR5. However, the modulation of TLR mRNA expression from Calu-3 cells 

treated with various TLR ligands was not as prominent as in NHBE cells. 

 

Basal and Poly i/c-induced differential expression of TLR proteins in NHBE 

cells: 

To verify that the effect on mRNA expression of TLR2 and TLR5 elicited 

by Poly i/c treatment  translated into changes in protein expression, lysates from 

NHBE cells grown on membrane filters were analyzed by Western blots using 

anti-TLR2 and anti-TLR5 antibodies. Two different TLR2 antibodies that 

recognize epitopes of the extracellular and intracytoplasmic domain were used: 

H-175, sc-10739, the epitope which corresponds to amino acids 180-354 

mapping near the N-terminus of TLR2 of human origin; and C-19, sc-8690, the 

epitope which corresponds to the C-terminus of TLR2 of human origin. For anti-

TLR5 antibody, the epitope corresponding to amino acids 154-280 mapping near 

the N-terminus of TLR5 of human origin (H-127, sc-10742) was used. Both TLR2 

antibodies identified a ~90 kDa protein induced by Poly i/c consistent with the 

size of intact TLR2 protein, but the complexity of the bands was different. The 
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antibody that recognized the N-terminus, consistently detected multiple bands 

that fell within the range of the predicted molecular weight of TLR2 (80-100 kDa), 

seemingly corresponding to the different glycosylation states of the protein (Fig. 

4A). The expression level of these multiple bands was enhanced with Poly i/c 

activation as compared to vehicle control treated NHBE cells. Densitometry 

analysis of the Western blot gel showed that the highest molecular weight band 

corresponding probably to the completely glycosylated TLR2 protein (~90 KDa) 

exhibited an increase in intensity ratios from 0.05 (untreated) to 0.92 after 

stimulation with Poly i/c (Fig. 4B). Conversely, the antibody that recognized the 

C-terminal domain revealed a more complex labeling pattern.  Multiple bands 

with sizes ranging from the intact TLR2 protein to several relatively smaller bands 

were identified. These multiple smaller bands appear to represent various 

cleavage products of the receptor (Fig. 4C). Moreover, Poly i/c activation 

enhanced the level of all the TLR2 protein fragments of various sizes that were 

detected with immunoblotting. The binding specificity of all the bands were 

assessed by competing with excess epitope peptide (5 fold over the antibody), 

which neutralized the antibody making it unavailable to bind to protein and 

indicating that the competed bands were TLR2 specific. Overall, TLR2 labeling 

was nearly absent from the western blot obtained using the neutralized antibody 

(Fig. 4C). As displayed by the Western blot in Figure 4D and by the densitometry 

in Figure 4E, intact TLR2 protein exhibited an 11 fold increase in expression 

following stimulation by Poly i/c and a 5 fold increase, following stimulation with 

PAM3CSK4 (Fig. 4D and 4E). Down-regulation of TLR5 mRNA expression after 
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Poly i/c treatment did not result in a reduction in TLR5 protein level as 

determined by Western blot analysis (Fig. 4F). 

Fluorescence-activated cell sorting (FACS) analysis revealed that Poly i/c 

treatment of NHBE cells for 24 hrs increased plasma membrane expression of 

TLR2 protein as displayed by the shift to the right of fluorescence histogram (Fig. 

5A & B). A significant increase in the level of TLR2 expression was demonstrated 

by comparing the mean fluorescence intensity (MFI) of untreated NHBE control 

cells (mean ± SE of MFI= 181.5 ± 24.2, n=4) versus that of cells treated with Poly 

i/c for 24 hrs (mean ± SE of MFI=420 ± 52.7, n=4 (Fig. 5C).  

 

Basal and Poly i/c-induced expression of adaptor proteins, co-receptors 

PAR and P2Y receptor subtypes in NHBE cells 

NHBE cells also constitutively express MyD88, TIRAP, TRIF, CD14, CD36 

and Dectin-1 mRNA, adaptor proteins and major co-receptors that are critical for 

downstream TLR signaling (Fig. 6A, & B). The mean + SE for cycle threshold 

(CT) values of these adaptor proteins and co-receptors basally expressed in 

NHBE cells was MyD88 (22.65 + 0.12),  CD14 (24.58 + 0.70), TIRAP (27.16 + 

0.07), TRIF (32.01 + 0.46), CD36 (28.22 + 0.11) and Dectin-1 (31.48 + 0.01). In 

addition, Poly i/c increased mRNA expression of MyD88 (4.5 fold) and TIRAP 

(2.1 fold), adaptor proteins involved in TLR2 signaling as well as TRIF (5 fold), an 

adaptor protein involved in TLR3 signaling (Fig. 6C). In contrast, the TLR2 ligand, 

PAM3CSK4, did not alter adaptor protein mRNA expression (Fig. 6C). Treatment 

with Poly i/c also enhanced mRNA expression of TLR co-receptors CD14 (4.6 



 

43

fold) and Dectin-1 (10.1 fold), but reduced mRNA expression of CD36 by 44.3 % 

(Fig. 6D), a co-receptor recently shown to be involved in immune responses to 

lipothechoic acid (LTA) in macrophages and BEAS-2B epithelial cells (Hoebe et 

al. 2005). A significant difference in the levels of mRNA expression between Poly 

i/c treated and untreated control NHBE cells was statistically substantiated for 

CD36 (p<0.05, n=6), but not for CD14 and Dectin-1. Western blot and 

densitometry analysis indicated that the level of CD36 protein expression in Poly 

i/c treated cells decreased by 1.8-2 fold relative to untreated control and 

PAM3CSK4 treated cells (Fig. 6E, & F).  

Besides TLR3, there are other receptors that also mediate the response to 

Poly i/c, namely; retinoic acid inducible gene 5 (RIG-I) and myeloid differentiation 

associated gene 5 (MDA5). Basal mRNA expression of these non-TLR dsRNA-

sensing cytoplasmic helicase proteins (RIG-I and MDA5) and the associated 

adaptor protein, IPS-1, was demonstrated in NHBE cells by QRT-PCR. Poly i/c 

treatment of these cells increased mRNA expression of RIG-I and MDA5, but not 

IPS-1, a downstream signaling molecule for these helicases (Fig. 7A & B).  

Expression of proteinase activated receptor (PAR) and purinergic (P2Y) 

receptor mRNAs were determined in NHBE cells by QRT-PCR. The mean + SE 

for cycle threshold (CT) values for basal expression of PARs were: PAR1 (23.62 

+ 0.12), PAR2 (20.18 + 0.07), PAR3 (32.03 + 0.06) and PAR4 (36.56 + 0.73); 

whereas that of P2Y receptors were: P2Y1 (23.49 + 0.06), P2Y2 (21.41 + 0.04), 

P2Y4 (28.80 + 0.19), and P2Y6 (24.41 + 0.003). Poly i/c treatment of NHBE cells 

for 24 hrs enhanced mRNA expression of PAR4 as well as of P2Y2 and P2Y6 
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without significantly changing the other PAR and P2Y receptor subtypes (Fig. 8B, 

& 9B) Overall, these results show that Poly i/c presumably by activating TLR3 or 

RIG-I/ MDA5, differentially regulates mRNA expression of specific TLRs as wells 

as key co-receptors and adaptor molecules. 

 

Toll-like receptor 3 (TLR3) mediates the response of TLR2 to Poly i/c in 

NHBE cells: 

To determine whether Poly i/c-dependent regulation of TLR2 and TLR5 is 

linked to activation of TLR3, silencing of TLR3 by shRNA was carried out. Short 

hairpin RNAs (shRNAs) targeting TLR3 (shTLR3) are introduced to immortalized 

NHBE cells (HBEC) (Fig. 10A) using a lentiviral vector expressing GFP. GFP-

expressing cells (Fig. 10B) were then selected using the fluorescence-activated 

cell sorting to obtain an enriched population of shRNA-expressing cells. As a 

control, a cell line expressing an empty vector was also prepared. The silencing 

of TLR3 was determined to be 83.5% as assessed by measuring mRNA levels in 

shTLR3 and the vector control cells by QRT-PCR (Fig. 10C). The knock-down of 

TLR3 by shRNA was specific to the cognate receptor and does not appear to 

affect the expressions of RNA-helicases (RIG-I and MDA5) that are also known 

to sense Poly i/c (Fig. 11A). 

The effects of Poly i/c on TLR2 mRNA and protein expression were also 

evaluated by comparing TLR3 knockdown cells with the vector control HBE cells 

after exposing the cells to 10 μg/mL of Poly i/c for 24 hrs. The result shows that 

in the vector control cells, activation of TLR3 with Poly i/c increased mRNA 
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expression of TLR2 by 38.5 fold (Fig. 11B). But when TLR3 knock-down cells 

were used, Poly i/c mediated induction of TLR2 mRNA expression was reduced 

to only 3.2 fold (Fig. 11B), indicating that up-regulation of TLR2 by stimulation of 

HBE cells with Poly i/c was primarily TLR3 mediated. The effect of Poly i/c on 

TLR2 protein expression was also assessed by Western blotting and the 

decrease in TLR2 mRNA induction was verified at the protein level (data not 

presented).  Besides TLR2, other receptors (TLR3, RIG-I, and MDA5) that were 

shown to be enhanced in their mRNA expression by Poly i/c treatment of HBE 

cells were also shown to be negatively modulated (by 2.6, 7.6, and 7.0 fold; 

respectively) following TLR3 silencing (Fig. 11B). 
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2. 5. Discussion 

Exacerbations of inflammatory airway diseases including COPD or asthma 

have been strongly linked to viral and bacterial infections. These inflammatory 

conditions are triggered mainly due to biased release of pro-inflammatory 

mediators by airway epithelial cells and/or other innate immune cells of the lung 

in response to activation by different microbial molecular patterns that are 

recognized by Toll-like receptors. To characterize the effects and interactions of 

various TLR ligands and to study the inflammatory response of the lung 

epithelium, primary and immortalized human bronchial epithelial (NHBE/HBE) 

cells, sub-bronchial gland adenocarcinoma cell lines (Calu-3) as well as 

carcinomic human alveolar basal epithelial cells (A549) were used as models. 

In this study, TLR mRNAs that detect viruses (TLR3), bacteria (TLR1, 

TLR2, TLR4-6) and fungal allergens (TLR1, TLR2, TLR6) were shown to be 

expressed by Calu-3 and NHBE cells, with the highest expression for TLR3 and 

the lowest expression for TLR4. On the other hand, TLR1-10 were marginally 

detectable in A549/NF-κB-luc cell line, in consistent with a previous finding that 

also showed constitutive expression of TLR1-10 in A549 cells (Hou Y-F et al. 

2006). Among the TLR ligands employed to assess the response of the lung 

epithelium to stimulation with additional TLR ligands during viral and bacterial 

infections, Poly i/c potently modulated the expression of TLR receptors in NHBE 

cells. Conversely, the response of Calu-3 cells to TLR ligands, particularly to Poly 

i/c, was generally weak. This is consistent with the report by Taura and 

coworkers that demonstrated the activity of TLR3 (and possibly that of other 
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TLRs as well) to be dependent on p53 status of the cells. Calu-3, lung 

adenocarcinoma cell line, which harbors mutant p53, may exhibit faulty activation 

of TLR3 by Poly i/c (Taura M et al. 2008). 

In NHBE cells, stimulation with Poly i/c increased TLR2, TLR3 and TLR4, 

but reduced TLR5 mRNA expression, consistent with earlier studies using 

primary small airway epithelial cells (Ritter et al. 2005) and airway smooth 

muscle cells (Sukkar et al.2006). It has also been recently demonstrated that 

Poly i/c stimulation of esophageal epithelial cells induces the NF-ĸB-dependent 

esophageal epithelial expression of TLR2, leading to enhanced epithelial 

responsiveness of the cells to TLR2 ligand stimulation (Lim DM et al. 2009). 

All TLRs are structurally modified by post translational modification 

processes since they contain N-linked glycosylation consensus sites, which 

presumably influence receptor surface representation, trafficking, and pattern 

recognition (Weber ANR et al. 2004). Four N-glycosylation sites of TLR2 were 

reported in the extracellular LRR domain at amino acid positions 114, 199, 414 

and 442 (Kataoka H et al. 2006). It has been previously reported that differences 

in electrophoretic mobility as indicated by the appearance of multiple bands, 

were attributed to inefficient core glycosylation of TLR2 receptor (Weber ANR et 

al. 2004). Thus, the complex western blot pattern, showing multiple bands but 

with closer molecular weight to the size of the intact TLR2 protein, which was 

detected using the N-terminal antibody, probably reflects glycosylation variants of 

TLR2 as reported by various investigators under different experimental 

conditions (Grabiec A et al. 2004, Merx S et al. 2007). On the other hand, the 
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relatively smaller fragments that were identified when the C-terminus antibody 

was used, appears to represent cleavage products. Supporting this speculation, 

ectodomain cleavage of endosomal TLR9 and TLR7 has been reported in mouse 

macrophages and dendritic cells (Ewald SE et al. 2008). Cleavage products of 

full-length TLR9 were shown to contain approximately half of the ectodomain, the 

transmembrane domain and the entire cytoplasmic domain (Ewald SE et al. 

2008). Likewise, IL-1R1, a receptor that shares a similar intracellular motif (TIR 

domain) and relies on the recruitment of adapter proteins similar to TLRs to 

transmit an intracellular signal, exhibited metalloprotease-mediated cleavage 

within the extracellular domain that liberates soluble IL-1R1 and generates a 

membrane-bound IL-1R1 C-terminal fragment (Elzinga BM et al. 2009). 

Additionally, intracellular cleavage of IL-1R1 C-terminal fragment by presenilin-

dependent γ-secretase with the release of intracellular soluble fragment, IL-1R1 

intracellular domain, has been observed following ectodomain shedding (Elzinga 

BM et al. 2009). Further evidence for TLR2 protein cleavage has been the well-

documented existence of soluble forms of TLR2 (sTLR2) in biological fluids, 

including human plasma, milk, saliva and amniotic fluid (Dulay AT et al. 2009, 

Kuroishi T et al. 2006, LeBouder E et al. 2003). Similarly, blood monocytes were 

also shown to constitutively release sTLR2, the activity of which was increased 

upon cell activation (LeBouder et al. 2003). Thus, it is likely that the low 

molecular weight bands detected by Western blotting of cell lysates after Poly i/c 

activation are cleavage products of TLR2. Furthermore, TLR2 labeling of all the 

detected bands was eliminated from the Western blot using peptide competition, 
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implying that the lower molecular weight bands contain the TLR2 specific 

antigen. In summary, the detection of soluble forms of TLR2 in major body fluids 

and the discovery of ectodomain shedding of TLR7, TLR9 and IL-1R1 strongly 

suggests that ectodomain shedding of TLR2 may occur. Whether stimulation of 

NHBE with Poly i/c modulates the expression of either metalloproteinase or γ-

secretase enzymes that are involved in intramembrane proteolysis of TLR2 

protein leading to TLR2 fragmentation and the physiological significance of this 

fragmentation warrants further investigation. 

Suppression of TLR5 mRNA expression following activation of NHBE cells with 

10 μg/ml of Poly i/c can not be corroborated with diminished protein levels of TLR5. The 

transcriptional suppression of TLR5 gene in response to dsRNA has also been reported 

in various cell systems that have been subjected to Poly i/c or respiratory syncitial virus 

(RSV) (Avila PC et al. 2005, Ritter et al. 2005, Sukkar et al. 2006), but has never been 

substantiated by translational suppression at a protein level. In the current study, though 

TLR5 mRNA expression was suppressed following Poly i/c treatment of NHBE cells, 

Western blot analysis indicated that there may be sufficient receptor protein to efficiently 

carry out the innate immune response of the airway epithelium to TLR5 ligands 

(recombinant flagellin) and flagellated bacteria that activate this receptor. The results 

also showed that mRNA expression of adaptor proteins, MyD88 and TIRAP, which are 

involved in TLR2 signaling, also increased following exposure to Poly i/c. These results 

and those of a previous study suggested that detection of dsRNA may lead to an overall 

sensitization of the airway epithelium to TLR2 activating ligands (LeVine et al. 2001). 

Additionally, RIG-I and MDA5 mRNA expression also increased in response to Poly i/c 
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treatment, suggesting that detection of viral RNA may also involve these RNA helicases, 

in addition to TLR3.   

A similar dramatic increase in mRNA expression of TLR2 in airway 

epithelial cells and smooth muscle cells when treated with dsRNA has been 

previously demonstrated; however the receptors mediating the effect were not 

identified. Pattern recognition receptors for viral double stranded RNA (dsRNA) 

or its synthetic analogue Poly i/c that simulate aspects of viral infection include 

TLR3 and cytoplasmic RNA helicases RIG-I and MDA5. This study showed that 

NHBE cells express mRNA for viral RNA receptors TLR3, RIG-I and MDA5 and 

all of them have been previously shown to respond to Poly i/c in vitro (Yoneyama 

M et al. 2005).  Although further work is required to determine whether RIG-I and 

MDA5 activation by Poly i/c produce up-regulation of TLR2 and other receptors, 

the RNA silencing data imply that the phenomenon is predominantly TLR3 

mediated. 

In summary, this thesis work showed that Poly i/c has a marked effect on 

the expression of TLRs and molecules involved in TLR signaling in surface 

airway epithelial (NHBE) cells. Poly i/c induced an elevated expression of TLR2 

and TLR3, TLR adaptor proteins and co-receptors including MyD88, TRIF, CD14 

and Dectin-1 as well as non-TLR pathogen recognition receptors such as RIG-I, 

MDA5, PAR4, P2Y2. All or some modulated receptors serve as sensors of 

molecular patterns of viruses, bacteria, fungal allergens, suggesting the potential 

influence of viral replicative intermediate (dsRNA) on the immune response of the 

lung epithelium to viral and bacterial infections and fungal allergens.  
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Figure 1: Basal mRNA expression profile of Toll-like receptors (TLRs) in 
different human airway epithelial cell lines: Quantitative RT-PCR was 
performed using RNA isolated from Calu-3 (A), NHBE (B), and A549-NF-ĸB-luc 
(C) cells. The data shows the relative expression of TLRs under basal conditions. 
Results are expressed as the mean cycle threshold (CT) of at least three 
independent experiments and GAPDH was used as an internal control. 
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Figure 2: Effects of treatment with various TLR-ligands of airway epithelial 
cells on the expression of their cognate receptors or other TLR subtypes: 
Fold changes in TLR mRNA expression of Calu-3 and NHBE cells treated with 
Zymosan, Poly i/c, LPS, and/or Flagellin for 24 hrs versus vehicle-treated control 
cells were compared. Results are expressed as the mean of a minimum of three 
independent experiments and GAPDH was used as an internal control. 
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Figure 3: Effects of Poly i/c on TLRs mRNA expression: The patterns of 
TLR2 (A), TLR3 (B) and TLR5 (C) mRNA expression of Poly i/c-treated (T) and 
vehicle-treated NHBE controls (C) were displayed by comparing normalized 
fluorescent intensity against cycle threshold run at 50 cycles.  Peak differences in 
fluorescent intensity were captured by running the qRT-PCR reaction at 32 
cycles and the amplified products were resolved on 2% agarose gel and stained 
with Ethidium bromide (D). Analysis of fold change in mRNA expression of Poly 
i/c treated versus untreated control cells showed that Poly i/c potently induced 
TLR2, TLR3, but suppressed the expression of TLR5 (E).  Results are expressed 
as the mean of a minimum of three independent experiments and GAPDH was 
used as an internal control.  
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Figure 4: Western blot analysis of basal and induced TLR2 protein level in NHBE 
cells:  (A) Lysates from NHBE cells grown on membrane filters with and without Poly i/c 
treatment (24 h) were analyzed by Western blots using TLR2 antibody, the epitope of 
which corresponds to amino acids 180-354 mapping near the N-terminus of TLR2 of 
human origin (H-175; sc-10739). Multiple bands that fell within the range of the predicted 
molecular weight of TLR2 (80-100 kDa) were repeatedly detected. The intensities of 
these bands were enhanced with Poly i/c activation (+Poly i/c) as compared to vehicle-
treated control (C) NHBE cells.   
(B) Densitometry analysis of the gel showed that the highest molecular weight band 
corresponding probably to the completely glycosylated TLR2 protein (~90 KDa) exhibited 
a relative increase in intensity ratios from 0.05 (untreated control; C) to 0.92 (after 
stimulation with Poly i/c; P). Densitometry results were expressed as (band 
intensity)/(background intensity) where the  intensity range extended from 0-256 shades 
of gray. (C) Lysates from NHBE cells grown on membrane filters with and without Poly 
i/c treatment (24 h) were analyzed by Western blots using TLR2 antibody, the epitope 
maps to the C-terminus of TLR2 of human origin (C-19, sc-8690). Multiple bands with 
sizes ranging from the intact TLR2 protein to several relatively smaller bands were 
identified. The intensities of these bands were enhanced with Poly i/c activation (Poly i/c) 
as compared to vehicle-treated control (C) NHBE cells. To determine the specificity of 
TLR2 staining, an immunizing peptide blocking experiment was performed. Hence, 
Panel 1 is in the absence and Panel 2 is in the presence of TLR2 specific blocking 
peptide (C). Before proceeding with the Western blot labeling protocol, TLR2 antibody 
was neutralized by incubation with a five fold excess of peptide (sc-8690P) 
corresponding to the epitope recognized by TLR2 antibody for two hours at room 
temperature. The neutralized TLR2 antibody was then used side-by-side with TLR2 
antibody alone. TLR2 labeling was absent from the Western blot, when the antibody was 
pre-incubated with the blocking peptide (Fig. 4C, Panel 2) 
(D) Western blot analysis of TLR2 protein expression in NHBE cell lysates from 
untreated control monolayers (lane 1) and monolayers treated with 10 μg/ml of Poly i/c 
for 24 hrs (lane 2) or with 1 μg/ml of PAM3CSK4  for 24 hrs (lane 3) are displayed.  
(E) Densitometry revealed an 11 fold increase in TLR2 protein expression after Poly i/c 
exposure compared to untreated controls. Treatment with PAM3CSK4, also increased 
TLR2-protein expression by 5 fold compared to the untreated control cells. Blots were 
reprobed with an anti–β-actin antibody to ensure equal protein loading. Analyses from 
three independent experiments were performed. 
(F) Analysis of TLR5 protein expression in NHBE cell lysates from untreated control 
monolayers (lane 1) and monolayers treated with 10 μg/ml of Poly i/c for 24 hrs (lane 2) 
was performed via immunoblotting using anti-TLR5 antibody, the epitope corresponds to 
amino acids 154-280 mapping near the N-terminus of TLR5 of human origin (H-127, sc-
10742). Blots were reprobed with an anti–β-actin antibody to ensure equal protein 
loading. Analyses from three independent experiments were performed. No significant 
change in TLR5 protein expression was observed in monolayers treated with Poly i/c as 
compared to the control cells. 
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Figure 5: Fluorescence-activated cell sorting (FACS) analysis for surface 
expression of TLR2 protein in untreated NHBE cells and after Poly i/c 
treatment for 24 hrs: (A) NHBE cells were incubated only with media and then 
FACS analysis was performed for unstained cells (gray filled histogram), cells 
stained with PE-conjugated anti-human TLR2 antibody (open histogram with 
black solid line) and cells stained with PE-conjugated mouse IgG2a K isotype 
control antibody (open histogram with gray solid line).  
(B) FACS was performed as described above after treatment of NHBE cells with 
10 µg/mL of Poly i/c for 24 hours. There is a shift of the fluorescence histogram 
plot to the right in Poly i/c treated NHBE cells as compared to the untreated 
controls, corresponding to an increase in the level of Poly i/c-induced surface 
expression of TLR2.  
(C) Mean Fluorescence Intensity (MFI) of FACS-sorted untreated control and 24 
hrs Poly i/c-treated (10 μg/mL) NHBE cells was compared after staining with PE-
conjugated anti-human TLR2 antibody. The histograms are representatives of 4 
independent experiments. Statistical significance was assessed by the unpaired 
two-tailed student’s t-test (“*” represents p<0.05, P=0.034, n=4). 
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Figure 6: Basal and Poly i/c-induced mRNA expression of adaptor proteins 
and co-receptors involved in TLR signaling: (A) Quantitative RT-PCR was 
performed using RNA isolated from NHBE cells and relative mRNA expression of 
key adaptor proteins involved in TLR signaling (MyD88, TIRAP, and TRIF) was 
determined. 
(B) Quantitative RT-PCR was performed using RNA isolated from NHBE cells 
and relative mRNA expression of key co-receptor proteins that function in concert 
with TLRs (CD14, CD36, and Dectin-1) was determined. All the results on basal 
mRNA level are expressed in terms of the mean cycle threshold (CT) of at least 
three independent experiments and GAPDH was used as an internal control. 
(C) Effect of Poly i/c on mRNA expression of MyD88, TIRAP, and TRIF was 
carried out after treating monolayers of NHBE with Poly i/c for 24 hrs. Increased 
mRNA expression of MyD88 and TIRAP was observed; but no effect with 
PAM3CSK4. Poly i/c also increased expression of TRIF, an adaptor protein 
involved in TLR3 signaling. Results are expressed as the mean of a minimum of 
three independent experiments and GAPDH was used as an internal control. 
(D) Effect of Poly i/c on mRNA expression of CD14, CD36, and Dectin-1 (Co-
receptors) was carried out after treating monolayers of NHBE with Poly i/c for 24 
hrs. Treatment of NHBE cells with Poly i/c for 24 hrs enhanced mRNA 
expression of the TLR co-receptors CD14 and Dectin-1 but reduced mRNA 
expression of the co-receptor CD36.  
(E) Western blot analysis of CD36 expression in NHBE cell lysates from 
untreated control monolayers (lane 1) and monolayers treated with 10 μg/ml Poly 
i/c for 24 hrs (lane 2) or 1 µg/ml PAM3CSK4  for 24 hrs (lane 3).  
(F) Densitometry indicated that Poly i/c decreased CD36 expression by 1.8-2 fold 
compared to untreated control monolayers and PAM3CSK4 treated monolayers. 
Blots were reprobed with an anti–β-actin antibody to ensure equal protein 
loading. Analyses from three independent experiments were performed. 
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Figure 7: Basal and Poly i/c-induced mRNA expression of non-TLR dsRNA 
sensing receptors and their adaptor protein: (A) Basal mRNA expression 
expressed in terms of the mean cycle threshold (CT) of non-TLR dsRNA-sensing 
cytoplasmic helicase proteins (RIG-I and MDA5) and the associated adaptor 
protein, IPS, was determined in NHBE cells by qRT-PCR. The results are a 
mean of at least three independent experiments and GAPDH was used as an 
internal control. 
(B) Analysis of the effect of 24 hrs Poly i/c treatment of NHBE on mRNA 
expression demonstrated enhanced mRNA expression of RIG-I and MDA5 but 
not IPS, a downstream signaling molecule for these helicases. 
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Figure 8: Basal and Poly i/c-induced mRNA expression of proteinase 
activated receptor (PAR): (A) Basal mRNA expression expressed in terms of 
the mean cycle threshold (CT) of proteinase activated receptor (PAR) was 
determined in NHBE cells by qRT-PCR. The results are a mean of at least three 
independent experiments and GAPDH was used as an internal control. (B) 
Analysis of the effect of 24 hrs Poly i/c treatment of NHBE on mRNA expression 
of PARs demonstrated enhanced mRNA expression only of PAR4. 
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Figure 9: Basal and Poly i/c-induced mRNA expression of purinergic (P2Y) 
receptor: (A) Basal mRNA expression expressed in terms of the mean cycle 
threshold (CT) of non-TLR dsRNA-sensing cytoplasmic helicases proteins (RIG-I 
and MDA5) and the associated adaptor protein, IPS, was determined in NHBE 
cells by qRT-PCR. The results are a mean of at least three independent 
experiments and GAPDH was used as an internal control. (B) Analysis of the 
effect of 24 hrs Poly i/c treatment of NHBE on mRNA expression of P2Y 
demonstrated enhanced mRNA expression of P2Y2 and P2Y6 without 
significantly changing the other PAR and P2Y receptor subtypes. 
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Figure 10: Silencing of TLR3: shRNA targeting TLR3 was introduced into 
immortalized NHBE (HBE) cells using a lentiviral vector expressing green 
fluorescent protein (GFP). Cells were checked for efficiency of transfection by 
comparing phase-contrast picture of untransfected control cells (A) with 
fluorescence detection for GFP positive cells. GFP-expressing cells (B) were 
then sorted by fluorescence-activated cell sorting (FACS) to obtain an enriched 
population of shRNA-expressing cells.  As a control, shRNA sequence not-
targeting TLR3 or no other gene was introduced again via lentiviral vector into 
HBE cells. The level of TLR3 knock-down was determined by comparing levels of 
TLR3 expression in shTLR3-cells and the vector control cells by QRT-PCR and 
expressed in terms of fold change (C). GAPDH was used as an internal control.  
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Figure 11: Effect of TLR3 Silencing on mRNA expression of TLR2 and RNA-
helicases: (A) The specificity of silencing TLR3 was determined by assessing 
the effect that silencing TLR3 has on mRNA expression of the alternative 
dsRNA-sensing receptors (RIG-I and MDA5) by QRT-PCR. (B) To examine 
whether Poly i/c-stimulation-dependent induction of TLR2 mRNA and protein 
expression was TLR3-mediated, TLR2 mRNA levels between TLR3 knockdown 
and the vector control HBE cells were compared after exposing the cells to 10 
μg/mL of Poly i/c for 24 hrs. The result shows that in the vector control cells, 
activation of TLR3 with Poly i/c increased mRNA expression of TLR2. But when 
TLR3 knock-down cells were used, Poly i/c mediated induction of TLR2 mRNA 
expression was reduced by over a dozen fold, indicating that up-regulation of 
TLR2 by stimulation of HBE cells with Poly i/c primarily TLR3 mediated. The 
functional consequence of TLR3 silencing on other receptors (TLR3, RIG-I, and 
MDA5) that were shown to be enhanced in their mRNA expression by Poly i/c 
treatment of HBE cells were also assessed. Poly i/c dependent induction of 
mRNA of all the four receptors (TLR2, TLR3, RIG-I, MDA5) were shown  to be 
negatively modulated following TLR3 silencing. 
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Target 
Gene 

 
 

Sequences  
(F and R 5’ to 3’) 

 
Accession 
No. for the 
designed 
primer or 
Authors,  
if taken 
from a 

published 
paper 

 

 
mRNA 
Size 
(bp) 

 
 

Position 

 
 

Product 
Size 
(bp) 

 
Melting 
Temp. 
(Tm) 
(ºC) 

 
TLR1 

 
ATTCCGCAGTACTCCATTCCT 
CTTTGCTTGCTCTGTCAGCTT 
 

 
BC109093 

 
2605 

 

 
2295-
2450 

 
156 

55.9 
56.0 

 
TLR2 

 
GGGTTGAAGCACTGGACAAT 
TCCTGTTGTTGGACAGGTCA 
 

 
NM_00326

4 

 
3417 

 
202-409 

 
208 

55.6 
56.2 

 
TLR3 

 
CCGTCTATTTGCCACACACTT 
TCATCGGGTACCTGAGTCAAC 

 

 
NM_00326

5 

 
3057 

 
15-244 

 
230 

55.5 
56.2 

 
TLR4 

 
TGAGCAGTCGTGCTGGTATC 
CAGGGCTTTTCTGAGTCGTC 

 

 
U88880 

 
3811 

 
2443-
2609 

 
167 

57.0 
55.7 

 

 
TLR5 

 
CCTCATGACCATCCTCACAGT 
ATTCTGCACCCATGTGAAGTC 

 

 
BC109118 

 
3000 

 
2297-
2465 

 
169 

56.4 
55.4 

 
TLR6 

 
TGCCCATCTGTAAGGAATTTG 
TGGGTGAAAAACAAGGTGAAG 

 

 
NM_00606

8 

 
2753 

 
473-681 

 
209 

53.0 
53.5 

 
MyD88 

 
GCACATGGGCACATACAGAC 
TGGGTCCTTTCCAGAGTTTG 

 

 
NM_00246

8 

 
2826 

 
2060-
2298 

 
239 

56.4 
54.7 

 
TIRAP 

 
AGAAGCCTAGAGGCCATTCTG 
GTCCAAAGGTGAAGATGGTGA 

 

 
BC032474 

 
2151 

 
1753-
1944 

 
192 

56.4 
54.8 

 
TRIF 

 
CGCCACTCCAACTTTCTGTAG 
TTCTGTTCCGATGATGATTCC 

 

 
AB093555 

 
2139 

 
995-1178 

 
184 

55.7 
52.4 

 
RIG-I 

 
AGGAAAACTGGCCCAAAACT 
TTTCCCCTTTTGTCCTTGTG 

 

 
(Le Goffic 

et al, 2007) 

   55.0 
53.2 

 
MDA5 

 
GTGCATGGAGGAGGAACTGT 
GTTATTCTCCATGCCCCAGA 

 

 
(Le Goffic 

et al, 2007) 

   57.1 
54.4 

      55.9 

Table 1: Primer sequences for QRT-PCR for Human Target Genes
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IPS GCAGCAGAAATGAGGAGACC 
AAAGGTGCCCTCGGACTTAT 

 

(Le Goffic 
et al, 2007) 

56.1 

 
CD14 

 
CTGCAACTTCTCCGAACCTC 
CCAGTAGCTGAGCAGGAACC 

 

 
X13334 

 
1367 

 
224-438 

 
215 

55.7 
57.6 

 
CD36 

 
TGGCTGTGTTTGGAGGTATTC 
CTTGAATGTTGCTGCTGTTCA 

 

 
NM_00100

1548 

 
2338 

 
345-542 

 
198 

55.1 
54.0 

 
Dectin-1 

 
AGAACCACAGTCAACCCACACA 
GGAGATTAGAGCCCAGTTGC 
 

 
AY026769 

 
744 

 
269-467 

 
199 

57.4 
56.7 

 
IL-6 

 
GCCCAGCTATGAACTCCTTCT 
TGAAGAGGTGAGTGGCTGTCT 

 

 
NM_00060

0 

 
1125 

 
55-212 

 
158 

56.7 
57.9 

 
GM-CSF 

 
CACTGCTGCTGAGATGAATGA 
GATAATCTGGGTTGCACAGGA 

 

 
E01817 

 
767 

 
150-360 

 
211 

55.1 
54.7 

 

 
RANTES 

 
TTTCTACACCAGCAGCAAGTGC 
CACACACTTGGCGGTTCCT 

 

 
(Shi et al, 

2003) 

   
 

58.8 
58.1 

 
IFN-β 

 
GATTCATCTAGCACTGGCTGG 
CTTCAGGTAATGCAGAATCC 

 

 
(Li et al, 
1998) 

   
186 

55.4 
50.8 

 
GAPDH 

 
ATGACATCAAGAAGGTGGTG 
CATACCAGGAAATGAGCTTG 

 

 
(Lee et al, 

2007) 

   
177 

52.4 
51.1 
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Chapter 3: Functional consequences of altered TLR2 and TLR5 expression 

induced by Poly i/c on cytokine/chemokines mRNA and protein secretion 

by airway epithelial cells 

 

3. 1. Introduction 

Exacerbation of airway inflammatory disease is likely to involve 

simultaneous or subsequent activation of TLRs by multiple microbial pathogens 

(Fransson M et al. 2005,  Proud D and Chow CW 2006, Schleimer RP 2004). For 

instance, sensitization to fungal antigens during asthmatic reactions is 

exacerbated by viral respiratory infections (Proud D and Chow CW 2006, 

Beasley R et al. 1988, Gern JE 2004, Groskreutz et al. 2006, Kauffman HF and 

van der Heide S 2003, Mallia P and Johnston SL 2006, Tan WC 2005). To 

elucidate the interactions between viruses and allergens and their respective 

receptors, a synergistic effect between virus and allergen-induced airway 

inflammation has been proposed (Murray CS et al. 2004), but no definitive 

molecular mechanism has been described. Previous studies in primary small 

airway epithelial cells and airway smooth muscle cells showed that activation of 

TLR3 using a synthetic dsRNA (Poly i/c) increases mRNA expression of TLR2, 

TLR3 and suppresses mRNA expression of TLR5 (Ritter M et al. 2005, Sukkar 

MB et al. 2006). In accord with this in vitro work, high levels of TLR3 mRNA 

expression has been reported in ex vivo nasal mucosal samples from healthy 

human subjects and challenge with rhino viruses (RV) increased mRNA 

expression of TLR2, TLR3, TLR4, TLR7 and TLR8, but reduced mRNA 
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expression of TLR5 (Avila PC et al. 2005). Furthermore, up-regulation of TLR2, 3 

and 4 has been reported in the nasal mucosa of patients with allergic rhinitis. 

TLR2, TLR4 and TLR6 have also been implicated in mediating activation of 

epithelial cells by fungal allergens (Fransson M et al. 2005, Mallia P and 

Johnston SL 2006).  These in vitro, ex vivo and in vivo findings are suggestive of 

collaborative interactions among multiple TLRs and various co-receptors to 

regulate the immune response of the airway epithelium. The results also imply 

that respiratory viral infections can differentially alter epithelial sensitivity and 

responses to ligands sensed by multiple TLRs including bacterial agents and 

aeroallergens. 

 

3. 2. Rationale and objectives for the experiments 

Previous studies have shown that individual members of the TLR family 

and other non-TLR receptors both physically or functionally interact with each 

other to determine the subsequent nature and outcome of the immune response 

to a particular pathogen (Murray CS et al. 2004). The least understood 

phenotype in human asthma, predominantly in children and in adult asthmatics 

with severe symptoms, is acute exacerbation requiring hospitalization. The 

consistent observation that at the time of hospitalization most affected patients 

also carry respiratory viral infections is an important clue to the nature of the 

underlying trigger. This suggests inflammation arising from host antiviral defense 

may interact with underlying allergic inflammatory response produces cumulative 
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airway tissue damage above a critical threshold necessary to precipitate severe 

asthma attacks (Subrata LS et al. 2009). 

TLR3, RIG-I and MDA5 recognize viral replicative intermediates, double 

stranded RNA (dsRNA), or its synthetic analog, Poly i/c (Matsukura S et al. 2007, 

Sasai M et al. 2006). Although the roles for TLR3, RIG-I and MDA5 in the 

recognition of several RNA viruses have been investigated, the functional 

relationships between these dsRNA detectors and other pathogen recognition 

receptors in modulating airway inflammatory response remain to be determined. 

On the bases of data presented in Chapter 2 that show Poly i/c stimulation of 

NHBE cells increases mRNA and protein expression of TLR2 and decreases 

mRNA expression of TLR5, we hypothesized that following 24 hrs of TLR3 ligand 

priming, NHBE/HBE cells, would be more responsive to TLR2 ligand stimulation 

but less responsive to TLR5-dependent stimulation elicited by recombinant 

flagellin or flagellated bacteria (e.g. Burkholderia cenocepacia). Thus the 

objective of the present study was to investigate the effects of enhanced TLR2 

mRNA and protein expression and suppressed TLR5 mRNA expression induced 

by exposure to Poly i/c on the innate immune response of human airway 

epithelial cells to TLR2 and TLR5 ligands and microorganisms that activate these 

receptors. 
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3. 3. Materials and Methods 

Cell culture:  

          In addition to NHBE/HBE and Calu-3 cells, the human alveolar epithelial 

carcinoma cell line, A549, originated from type II pneumocytes (Burns JL et al. 

1996) were also used in the experiments addressing specific aim 2 of the thesis. 

This A549 cell line was used by various investigators as established models for 

studying the role of flagellated bacteria in inflicting human pulmonary diseases, 

particularly cystic fibrosis. It has also been previously demonstrated that the 

invasion of A549 cells by different strains of Burkholderia cenocepacia was 

significantly higher (10-20 fold higher) than that of Calu-3 cells and 16HBE14o- 

cells (Duff C et al. 2006). Furthermore, a strong positive correlation was 

recognized between in vitro invasion of A549 cells and in vivo infection of a 

mouse model by B. cenocepacia (Cieri MV et al. 2002). On the contrary, there 

has been controversy concerning the appropriateness of A549 cells in the study 

of certain pathogenic phenotypes (such as invasiveness) of flagellated bacteria 

(Pseudomona aurogenosa and B. cenocepacia). Since A549 cells do not readily 

polarize or form tight epithelial monolayers, their suitability has largely been 

brought to question (Duff C et al. 2006, McClean S and Callaghan M 2009). 

Despite this controversy, A549/NFκB-luc cells (a modification of the original A549 

cell model) are an appealing and powerful tool for experiments involving TLR5 

and B. cenocepacia. These cells are stably transfected with a nuclear factor 

kappa B (NF-κB) luciferase reporter plasmid making it a pertinent cell line for 

assaying NF-κB activation. Hence, we employed the A549/NFκB-luc cells for 
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studying the degree of NF-kB activation and cytokine/chemokine expression 

during infection of these cells with three strains of B. cenocepacia. A549-NF-κB-

luc cells constitutively express TLR5; originally purchased from Panomics Inc, 

(Freemont, CA, USA) were kind gift of Dr. Fekadu Kassie (Masonic Cancer 

Center, University of Minnesota) and were grown at 37˚C and 5% CO2 in 

Dulbecco’s modified Eagle’s medium (DMEM) supplemented with 10% bovine 

calf serum and were maintained in selection medium containing 100 μg/ml of 

Hygromycin B.  

Cell inoculation and NF-κB reporter activity assay:  

A549-NF-κB-luc cells were seeded in 96-well plates at 30,000 cells/well 

and were then incubated for 24 hrs before they were inoculated with three strains 

of  mid-exponential-phase Burkholderia (B.) cenocepacia at a multiplicity of 

infection (MOI) of 1:100 and incubated at 37°C in the presence of 5% CO2 for 2, 

4, and 6 hours. After incubating the cells with the bacteria for designated time 

points, bacterial-cell free culture supernatants were collected by centrifugation at 

6,000 X g for 15 min, filtered through a 0.2 mm pore size filter, and stored at -80 

ºC until checked for cytokines/ chemokine levels, where as the cells were then 

washed five times with phosphate-buffered saline to remove surface bacteria and 

processed for the luciferase assay. The three strains of B. cenocepacia used in 

this study were: 1) the parental wild type (WT) strain (J2315), a flagellated motile 

organism isolated from a patient with Cystic Fibrosis; 2) strain CM58, derived 

from the parental strain J2315, a non-motile bacterium lacking a flagellum, in 

which the fliI gene was insertionally inactivated using an antibiotic resistance 
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marker (cat-encoding chloramphenicol resistance); and 3) strain CM100, derived 

from strain CM58 in which a wild-type copy of the fliI gene was introduced, 

restoring motility to the mutant. All bacterial strains were grown at 37°C in Luria 

broth (LB). The luciferase activity was measured by luciferase assay system 

(Promega) using the GloMax luminometer as per the manufacturer’s instructions. 

The fold activation or repression was calculated relative to the control sample 

and all measurements were done by calculating the average of triplicate samples 

of at least three independent experiments.  

Measurement of cytokine/chemokine secretion:  

          In NHBE cells treated with Poly i/c for 24 hrs, triplicate samples of 

basolateral fluid harvested from each treatment condition were screened for 

several cytokines and chemokines using the Human Cytokine Antibody Array I 

(RayBiotech, Norcross, GA, USA) following the manufacturer’s instructions. 

Densitometry was performed on the images of the processed cytokine array 

membrane and the data were expressed as a percentage of the positive control 

spots present on the membrane. The effect of Poly i/c treatment on the 

expression of each of the proteins was determined by computing its percentage 

expression relative to the untreated controls. Cytokines and chemokines for 

which absolute quantitation was desired in the conditioned media were examined 

by specific ELISAs.  Duoset kits for IL-6 (samples diluted at 1:20) and Quantikine 

kit for GM-CSF (samples diluted at 1:10) (R & D systems, Minneapolis, MN, 

USA) were used for the ELISA assays. 
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Statistical analysis:  

          All data are reported as the mean ± SEM. Differences between groups 

were analyzed using an unpaired, two tailed t-test or an analysis of variance for 

multiple comparisons and considered to be significant when p < 0.05 .  
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3. 4. Results 

Poly i/c differentially regulates mRNA expression of TLR2 and TLR5 and 

adaptor proteins  

Using quantitative RT-PCR, NHBE cells were shown to express TLR1 

through TLR6 mRNA under basal conditions. Stimulation of NHBE cells with Poly 

i/c (10 µg/mL) for 24 hours profoundly increased TLR2 but suppressed TLR5 

mRNA expression as described in Chapter 2 (Fig. 1A). Poly i/c increased TLR2 

mRNA expression by approximately 47-fold but pretreatment with Poly i/c for 24 

hrs and then with a TLR2 ligand (PAM3CSK4 ; 1 µg/mL) for another 24 hrs had a 

marked synergistic effect on TLR2 mRNA expression (53-fold) but treatment with 

PAM3CSK4  alone produced only a modest effect on TLR2 mRNA expression 

(Fig. 1B).  

Poly i/c had also affected mRNA expression of adaptor proteins (MyD88, 

TIRAP and TRIF) involved in TLR signaling. Poly i/c induced a 4-6 fold up-

regulation of MyD88, and TRIF mRNA expression either alone or after treatment 

with PAM3CSK4 (1 µg/mL) for another 24 hrs compared to the untreated control 

cells. However, the increase in mRNA expression of TIRAP was barely 2-fold in 

cells treated with Poly i/c alone or in cells pretreated with Poly i/c for 24 hrs and 

then with PAM3CSK4 for another 24 hrs compared to the untreated control cells. 

PAM3CSK4 alone does not appear to alter mRNA expression of these adaptor 

proteins (Fig. 1C).  Unlike the robust induction of TLR2 mRNA expression in 

NHBE cells, Poly i/c stimulated very little change in Calu-3 and no change in 

A549-NF-κB-luc cells. Furthermore, initial screening of anti-inflammatory and 
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immune responses of these two human lung epithelial cell lines to various TLR 

ligands was not as pronounced as the response exhibited by NHBE cells; 

therefore detailed cytokine/chemokine profiling studies were performed only on 

NHBE/HBE cells.  

  

Poly i/c stimulation of NHBE/HBE enhanced mRNA expression of TLR2 that 

augment epithelial responsiveness to TLR2 ligand 

Since the airway epithelium is a major source of inflammatory mediators in 

various viral and bacterial infections (Diamond G et al. 2000,  Bals R et al. 2004), 

we determined which cytokines/chemokines are released from NHBE cells in 

response to activation by different TLR ligands. Among  the tested TLR-ligands 

(zymosan, poly i/c, and LPS), Poly i/c prompted the strongest proinflammatory 

response;  including increased secretion of IL-6, GM-CSF, MCP-1, GRO-α, 

RANTES, TNF-α, IL-10, MCP-2 and G-CSF (Fig. 2A-L). Secretion of IL-6, GM-

CSF, MCP-1, GRO-α and RANTES was stimulated to the greatest degree (Fig. 

3). In contrast to poly i/c, ligands for TLR2 and TLR4 were less effective in 

stimulating cytokine or chemokine release by NHBE cells (Fig. 2A-L). 

To examine whether the Poly i/c-induced increase in TLR2 expression 

was associated with enhanced TLR2 function, NHBE/HBE cells were stimulated 

with various combinations of Poly i/c and then TLR2 ligand, PAM3CSK4. Then 

expression levels of transcripts of selected cytokines in these sequentially 

stimulated cells were compared with that of cells that were stimulated individually 

with either Poly i/c or PAM3CSK4 for 24 hrs. A comparison of mRNA expression 
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for IL-6, GM-CSF, RANTES and IFN-β, a cytokine typically associated with viral 

infection, after Poly i/c treatment for 24 hrs, followed by PAM3CSK4 stimulation 

for an additional 24 hrs was carried out by QRT-PCR and the result is shown in 

Figure 5. Stimulation with PAM3CSK4 for 24 hours produced only a modest 

increase in mRNA expression of IL-6 and GM-CSF but did not affect RANTES or 

IFN-β. However, expression of IL-6 mRNA was augmented by forty- fold in 

response to PAM3CSK4 when cells were pretreated for 24 hrs with Poly i/c, which 

was shown to up-regulate mRNA expression of TLR2 (Fig. 5A). To determine the 

kinetics of IL-6 and GM-CSF mRNA expression, NHBE cells were exposed to 

Poly i/c at different time points and induction of IL-6 and GM-CSF mRNA 

expression following stimulation with Poly i/c was found to be time-dependent 

(Fig. 4). Moreover, IL-6 mRNA levels were profoundly enhanced within 3 hours 

following stimulation and reached a plateau that was ~50 fold higher than 

baseline after 24 hours (Fig. 4). On the other hand, induction of GM-CSF mRNA 

synthesis was more gradual, achieving a similar maximum fold increase as IL-6 

after 24 hours (Fig. 4).  

 

Apical Poly i/c exposure enhances secretion of IL-6 and GM-CSF across the 

apical membrane  

Unlike PAM3CSK4 and flagellin stimulation alone, apical exposure of 

NHBE monolayers to poly i/c alone for 24 hrs or following sequentially stimulation 

for another 24 hrs with PAM3CSK4 or flagellin after initially priming with Poly i/c 

for 24 hrs induced robust, polarized secretion of IL-6 mainly across the apical 
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membrane (Fig. 7A, & B). The effect of Poly i/c on GM-CSF secretion was lower 

than that observed for IL-6, although a greater amount of secretion was directed 

into the apical solution similar to IL-6 (Fig. 7C, & D). Stimulation of monolayers 

with PAM3CSK4 or flagellin, following 24 hour pretreatment with Poly i/c resulted 

in significant enhancement of IL-6 secretion into both the apical and basolateral 

solutions (Fig. 7A, & B). Similarly, an increase in apical and basolateral secretion 

of GM-CSF was also measured in response to PAM3CSK4 or flagellin following 

apical exposure to Poly i/c (Fig. 7C, & D). These results demonstrate significant 

directional secretion of IL-6 secretion across the apical membrane of NHBE 

monolayers following apical Poly i/c exposure that is significantly enhanced by 

PAM3CSK4 or flagellin.   

 

PAM3CSK4 mediated increase in IL-6 secretion was dependent on TLR2 

activation 

The effect of known TLR2 ligands (PAM3CSK4 and Alternaria alternata 

extract, zymosan, and LTA) on apical IL-6 secretion was measured after 

pretreatment of NHBE cells with Poly i/c for 24 hours. Both PAM3CSK4 and 

Alternaria extract produced a significant increase in secretion compared to their 

effects in the absence of Poly i/c (Fig. 8A).  In contrast, zymosan and LTA did not 

produce significant changes in IL-6 secretion alone and no significant increase 

was detected when monolayers were pretreated with Poly i/c (Fig. 8A).  

To verify that the increase in IL-6 secretion evoked by PAM3CSK4 was 

dependent on binding to TLR2, monolayers were pretreated with TLR2 blocking 
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antibody during the time period they were exposed to PAM3CSK4. The results 

(Fig. 8B) show that monolayers simultaneously treated with TLR2 blocking 

antibody failed to exhibit a significant increase in IL-6 secretion in response to 

PAM3CSK4, demonstrating that the TLR2 blocking antibody was effective at 

inhibiting the PAM3CSK4 response after Poly i/c treatment. In contrast, 

pretreatment with TLR2 blocking antibody failed to block the increase in IL-6 

secretion evoked by Alternaria extract following Poly i/c exposure, suggesting 

that TLR2 was not responsible for the increase in responsiveness to Alternaria 

alternata extract. 

 

Silencing TLR3 reduces the inflammatory response to Poly i/c stimulation  

Given the existence of multiple, redundant dsRNA signaling pathways 

(TLR3, RIG-I, MDA5, PKR), we determined the relative contribution of TLR3 

signaling to the Poly i/c-induced inflammatory response in immortalized normal 

human bronchial epithelial cells. We quantified changes in TLR2 mRNA 

expression and secretion of selected cytokines in HBE cells stimulated with Poly 

i/c following stable knockdown of TLR3 with lentiviral mediated introduction of 

shRNA against TLR3. Furthermore, compared with control empty vector-

transfected cells, TLR3 shRNA-transfected cells demonstrated abrogated 

inflammatory responses to Poly i/c stimulation with 83% reduction in IL-6 level 

(Fig. 9A). No significant difference in Poly i/c-dependent IL-8 secretion was 

observed between controls versus TLR3 silenced HBE cells with and without 

without subsequent exposure to PAM3CSK4 or Alternaria extract. Relatively 



 

90

higher levels of IL-8 secretion were induced by stimulating both cell types with 

Alternaria extract (Fig. 9B). Together, these results suggested that, despite the 

existence of redundant dsRNA signaling pathways, TLR3 contributes significantly 

to the Poly i/c-induced inflammatory response in the airway epithelium.  

 

Poly i/c-mediated reduction of TLR5 mRNA expression in NHBE cells failed 

to exhibit a corresponding decline on cytokine/chemokine levels   

As shown in Figure 5E to 5H, Poly i/c mediated down-regulation of TLR5 

mRNA did not exhibit a corresponding reduction in IL-6, GM-CSF, RANTES or 

IFN-β mRNA expression with flagellin treatment of NHBE cells for 24 hrs, 

following 24 hrs of TLR3 ligand priming. Furthermore, IL-6 and GM-CSF protein 

secretion from NHBE cells stimulated with flagellin following Poly i/c priming did 

not match Poly i/c-dependent abrogation of TLR5 (Fig. 7B, & D). Conversely, 

apical exposure of NHBE cells to Poly i/c for 24 hrs and subsequent treatment 

with flagellin for another 24 hrs resulted in significant augmentation of IL-6 and 

GM-CSF secretion into both the apical and basolateral solutions (Fig. 7B, & D).  

 

Flagella are required for NF-kB activation and cytokine/chemokine mRNA 

and protein expression in A549 cells infected with B. cenocepacia  

A549/NFκB-luc cells (a modification of the original A549 cell model) 

constitutively expressing TLR5 (Fig. 10A) were employed for studying the degree 

of NF-kB activation and cytokine/chemokine expression during infection with 

three strains of B. cenocepacia that vary in their degree of motility as a result of 
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molecular manipulation of their flagella (Fig. 10B). To determine whether 

impaired motility of B. cenocepacia affects cytokine induction, A549/NFκB-luc 

cells were exposed to stain J2315, CM58 and CM100 of B. cenocepacia and IL-8 

mRNA expression and protein secretion were compared at different time points. 

Challenging A549/NFκB-luc cells with all the three strains of B. cenocepacia for 6 

hrs enormously stimulated IL-8 mRNA expression by over 50 to 200 fold. The 

level of induction of the IL-8 transcript elicited with wild type B. cenocepacia 

(strain J2315; intact flagella) was comparable to the level induced by the flagella-

complemented B. cenocepacia (strain CM100; flagella-complemented). However, 

fliI mutant B. cenocepacia (strain CM58; flagella-deprived) suppressed IL-8 

mRNA expression by about 5 fold relative to the levels induced by both 

flagellated and flagella-complemented strains (Fig. 11A). Incubation of 

A549/NFκB-luc cells with both the wild type and flagella complemented strains 

induced statistically significant IL-8 protein secretion than cells exposed to the 

flagella mutant strain (Fig. 11B).  However, the same level of induction as the 

wild type strain (1.5 fold more) was not achieved by the complemented strain 

(Fig. 11B). Interestingly, stimulation with flagella-deprived strain resulted in IL-8 

secretion that paralleled the level detected from unstimulated control cells. 

Moreover, no significant synergistic or additive effect on IL-8 secretion was 

observed in cells incubated for 6 hrs with all the three strains of B. cenocepacia 

subsequent to exposure to poly i/c for 24 hrs (Fig. 12B). 

Since flagella-mediated induction of cytokines/chemokines involve the NF-

kB pathway triggered by TLR5 activation, we tested the effect of intact or mutant 
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bacterial flagella on activation of the NF-kB pathway by incubating A549/NFκB-

luc cells with the three strains of B. cenocepacia for different time points (2, 4, 

and 6 hrs) and measured the activity of this transcription factor by luciferase 

assay. With exposure to all the three strains of B. cenocepacia, A549/NFκB-luc 

cells exhibited relatively higher level of NF-kB activation at 6 hrs. At 4 and 6 hrs 

of incubation, NF-kB activation elicited by flagella-complemented strain of B. 

cenocepacia was as high as the activation elicited by the wild type strain with 

intact flagella. However, the level of NF-kB activation induced by the flagella 

mutant (motility impaired) strain was significantly lower than the level induced by 

both the flagella complemented and the wild type strains. Incubation of cells with 

the bacteria only for two-hours was not sufficient to distinguish the intensity of 

NF-kB activation elicited by the three strains of bacteria (Fig. 12A).
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3. 5. Discussion 

In this study, we demonstrate that TLR3 is the most abundant and 

functionally active TLR expressed largely in primary and immortalized surface 

bronchial epithelial cells (NHBE/HBE) compared to glandular (Calu-3) or alveolar 

(A549) epithelial cells. This difference may point to potential differences in innate 

immune signaling between primary and transformed airway epithelial cell lines as 

reported for primary and transformed esophageal epithelial cell lines (Lim DM et 

al. 2009) The data also revealed that primary and immortalized human airway 

epithelial cells can function autonomously as innate immune effector cells in 

response to TLR ligand stimulation. Interestingly, TLR3 stimulation of NHBE/HBE 

by Poly i/c leads not only to robust induction of cytokine/chemokine secretion by 

airway epithelial cells but also differentially regulates the expression of Toll-like 

receptors, notably of TLR2 and TLR5. The ability of TLR3 agonist stimulation of 

NHBE cells to modulate the expression of other TLRs implies the potential of 

viral infection in regulating the host response to pathogens sensed by these 

altered pathogen recognition receptors. 

The profile of cytokines/chemokines induced by Poly i/c stimulation of 

NHBE cells is consistent with what others have previously reported in other 

human airway epithelial cell lines; in small airway epithelial cells (SAEC) (Ritter M 

et al. 2005), and in human bronchial epithelial cells, transformed by SV40 T-

antigen (BEAS-2B cells) (Guillot L et al. 2004). In our study, NHBE cell 

stimulation with Poly i/c resulted in increased secretion of several pro-

inflammatory cytokines including IL-6, GM-CSF, G-CSF and TNF-α, an anti-
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inflammatory cytokine, IL-10 and inflammatory chemokines including RANTES, 

GM-CSF, MCP-1, MCP-2 and GRO-α. These signaling molecules have been 

previously shown to be involved in airway inflammation by enhancing immune 

cell activation and recruitment (Bishop B and Lloyd CM 2003, Gern JE et al. 

2003, Gonzalo J-A et al. 1998, Lukacs NW et al. 1996, Yamashita K et al. 2005). 

These sets of Poly i/c- induced cytokines/chemokines are part of a pronounced 

Th1 response leading to the recruitment and activation of neutrophils, 

macrophages and Th1 cells, which may contribute to viral exacerbations found in 

type-1 pulmonary diseases like COPD (Ritter M 2005). In addition, chemokines 

such as RANTES and GM-CSF have been shown to be involved in the 

recruitment and survival of eosinophils (Lampinen M et al. 2004) that contribute 

to Th2-mediated pulmonary immune responses like allergic asthma. NHBE cells 

also exhibited a significant increase in mRNA expression of IFN-β in response to 

Poly i/c stimulation, which is a well established antiviral response that occurs 

following activation of TLR3 (Meylan E and Tschopp J 2006, Hewson CA et al. 

2005, Kumar A et al. 2006, Matsukura S et al. 2006). Overall, cytokines and 

chemokines important in the recruitment of various leukocytes and dendritic cells 

and which have relevance in allergic airway inflammatory diseases were shown 

to be released from the airway epithelium following stimulation with poly i/c. 

The effect of Poly i/c on IL-6 and GM-CSF secretion was investigated 

further using polarized monolayers under apical air interface conditions instead of 

cells grown on standard tissue culture plates. Apical stimulation with Poly i/c 

resulted in preferential secretion across the apical membrane. Polarized 
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secretion of cytokines and chemokines has been reported for several epithelial 

cell types but directionality of secretion varies depending on the stimulus or 

surface of exposure. Earlier studies with mouse and human endometrial 

epithelial cells showed that IL-6 and GM-CSF were secreted into the apical fluid 

by as much as 4-5 fold over basolateral secretion (Fahey JV et al. 2005, Jacobs 

AL et al. 1992). Similarly, experiments with primary human nasal epithelial cells 

under air interface conditions and alveolar epithelial cell monolayers have shown 

that exposure of the apical surface to particulates, in the case of nasal epithelial 

cells or to Francisella tularensis, in the case of alveolar epithelial cells, evokes IL-

6 and GM-CSF secretion across the apical membrane (Auger F et al. 2006, 

Gentry M et al. 2007). In contrast, experiments using rat intestinal epithelial cell 

line, IEC-6, have demonstrated basolateral secretion of IL-6 in response to IL-1β 

stimulation, and nearly equal amounts of apical and basolateral secretion 

following stimulation with TNF-α (Mascarenhas JO et al. 1996). Results of the 

present study suggest that apically directed IL-6 and GM-CSF secretion would 

most likely activate and recruit immune cells already present in the airway lumen 

to the site of viral infection or epithelial damage. Given the large surface area of 

the epithelium and a relatively dispersed population of immune cells, greater 

amounts of IL-6 and GM-CSF secretion may partially compensate for the 

limitations of diffusion. 

In order to investigate the functional consequences of TLR2 and 

associated co-receptor up-regulation on the epithelial immune response to 

various TLR2 ligands, monolayers were first pretreated with Poly i/c for a period 
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of 24 hours to enhance (TLR2, Dectin-1 and CD14) or reduce (TLR5, CD36) 

receptor expression and subsequently stimulated with TLR2 and TLR5 ligands 

for another 24 hrs. Subsequent stimulation with a TLR2 specific ligand, 

PAM3CSK4, produced an increase in apical IL-6 secretion compared to the level 

evoked from monolayers that were not treated with Poly i/c. Enhanced IL-6 

secretion was inhibited in monolayers that were simultaneously treated with anti-

TLR2 blocking antibody, indicating that the effect of PAM3CSK4 was dependent 

on binding to TLR2.  Previous studies have shown that triacyl lipopeptides such 

as PAM3CSK4 stimulate TLR1-TLR2 heterodimers, ultimately activating nuclear 

factor-kappa B (NF-қB)-dependent cytokine/chemokine expression and secretion 

(Takeuchi O et al. 2002, Triantafilou M et al. 2006). The increase in both IL-6 

mRNA and protein secretion observed in Poly i/c stimulated NHBE cells was 

consistent with this interpretation. Moreover, increasing the level of TLR2 

expression appears to be necessary for enhancing the responsiveness of airway 

epithelial cells to triacyl lipopeptides. 

Although apical IL-6 secretion evoked by Alternaria extract was also 

enhanced by pretreatment with Poly i/c, it was not inhibited by simultaneous 

treatment with TLR2 blocking antibody. Alternaria alternata is a common 

saprophyte that is found in the soil and often on decaying vegetation in many 

locations worldwide (Fung F et al. 2000). Inhaled Alternaria spores can cause 

respiratory distress and airway hyper-responsiveness, particularly in asthma 

patients and individuals sensitized to Alternaria are three times more likely to 

develop asthma (Kauffman HF and van der Heide S 2003). Alternaria alternata 
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was recently shown to constitutively express heat shock protein 60 (Hsp60) 

(Buzina W et al. 2008). Hsp60 possesses intrinsic immunostimulatory activity 

mediated by TLR2 and TLR4 signaling pathways leading to the activation of NF-

қB and mitogen-activated protein kinases (Vabulas RM et al. 2001), implicating 

the potential importance of this airborne mold in airway inflammation. The results 

of the present study would suggest the possibility that exposure to dsRNA 

associated with viral infection may predispose some individuals to sensitization to 

Alternaria, but upregulation of TLR2 expression does not appear to be 

responsible for the effect. Therefore, Poly i/c may regulate the expression of 

another unidentified receptor or signaling pathway that mediates the increase in 

responsiveness to ligands associated with Alternaria. 

Stimulation of monolayers with zymosan, a cell wall preparation extracted 

from yeast (S. cerevisiae), did not stimulate IL-6 secretion in either control or 

Poly i/c treated monolayers. Previous studies with macrophages and dendritic 

cells showed that TLR2 and Dectin-1 function collaboratively in the detection and 

response to fungal cell wall components, including zymosan (Gantner BM et al. 

2003, Underhill DM 2003). Dectin-1 is known to activate Src and Syk kinases, 

triggering phagocytosis and production of reactive oxygen species (ROS). In 

addition, Dectin-1 is known to enhance cytokine secretion synergistically with 

TLR2 by activating NF-ĸB through stimulation of CARD9, although it is not clear 

whether Dectin-1 activation in the absence of TLR stimulation is sufficient to 

induce NF-қB-mediated transcription (Gross O et al. 2006). Our results are 

consistent with a previous study using human bronchial epithelial cells (BEAS-2B 
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cells) which also failed to show activation in response to zymosan (Mayer AK et 

al. 2007). BEAS-2B cells do not appear to express Dectin-1 receptors, which 

would explain the lack of activation. Although Poly i/c exposure increased Dectin-

1 mRNA expression, levels were much lower compared to CD14 (basal mRNA 

expression of Dectin-1 (CT = 31.7) was approximately 1000 fold lower than the 

expression of CD14 (CT = 21.8).  It is worth noting however that failure to detect 

stimulation of cytokine secretion does not necessarily mean that NHBE cells do 

not respond to zymosan. Unlike macrophages, Dectin-1 signaling through 

CARD9 may not occur in airway epithelial cells, but activation of Src/Syc kinase-

dependent signaling, perhaps leading to ROS production or phagocytosis, may 

have taken place but was not measured in the present study.  

Experiments with LTA also failed to show stimulation of IL-6 secretion in 

either control or Poly i/c treated monolayers. This result was again consistent 

with data from BEAS-2B cells (Mayer AK et al. 2007). However, when BEAS-2B 

cells were transfected with TLR2 and CD36 as a means to increase protein 

expression for both receptors, cytokine secretion occurred in response to LTA 

and the Gram-positive bacterium, Staphylococcus aureus.  It was concluded from 

the results with BEAS-2B cells that hypo-responsiveness to Gram-positive 

bacteria observed in airway epithelial cells was due to low expression of TLR2 

and CD36 and that expression of both receptors was necessary to observe 

responses from the complete set of TLR2 ligands. Results from the present study 

support the idea that both TLR2 and CD36 up-regulation are necessary for 

airway epithelial cells to respond to LTA since Poly i/c was shown to decrease 
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CD36 mRNA expression by 62% and protein expression by approximately 1.8-2 

fold. Based on these findings it appears that reduced expression of CD36 in 

monolayers exposed to Poly i/c may have contributed to the lack of enhanced 

responsiveness to LTA, in spite of elevated TLR2 expression. 

Enhanced TLR2 expression and signaling in response to Poly i/c 

activation of the airway both in vitro and in vivo has been previously observed 

(Ritter M et al. 2005, Sukkar MB et al. 2006, Jenssen R et al. 2007). Expanding 

on the earlier findings, in the current work poly i/c treatment of NHBE/HBE cells 

resulted in enhanced mRNA expression of RIG-I and MDA5, suggesting that 

detection of viral RNA may also involve these RNA helicases in addition to TLR3. 

Silencing TLR3 reduced Poly i/c–mediated induction of TLR2 mRNA expression 

by 83.6%, indicating that Poly i/c induced enhancement of TLR2 mRNA and 

protein expression is TLR3-mediated. However, the role played by the RNA 

helicases in regulating TLR2 expression needs to be examined using a molecular 

approach involving RLR silencing. 

The insight that TLR3 activation modulates the expression and function 

TLR2 and other PRRs, thereby regulating the host response to potential 

pathogens, has been recognized in the past (Ritter M et al. 2005, Sukkar MB et 

al. 2006, Jenssen R et al. 2007, Sato S et al. 2000, Bagchi A et al. 2007, Lim DM 

et al. 2009). However, no molecular mechanism has been described in cells or 

tissues of the airway to explain the mechanism. Based on the premises that 

several likely binding sites for NF-ĸB were recognized in the human TLR2 

promoter (Haehnel V et al. 2002, Furuta T et al. 2008), the potential involvement 
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of NF-ĸB in the transcriptional regulation of the human TLR2 gene has been 

speculated. The findings as of now are controversial. A few studies have 

demonstrated that NF-ĸB binding is required for the inducible regulation of TLR2 

expression in human endothelial cells (Satta N et al. 2002), in murine 

hepatocytes (Matsumura T 2003), and in human esophageal epithelial cells (Lim 

DM et al. 2009). Conversely, others have demonstrated that no direct role was 

played by NF-ĸB in the activation of the TLR2 promoter in human monocytes and 

macrophages (Haehnel V et al. 2002). Since these opposing findings underline 

that NF-ĸB-mediated regulation of TLR2 induction may occur in a tissue- and 

cell-specific mode, thus the mechanism by which Poly i/c enhances TLR2 gene 

transcription and translation in NHBE cells remains to be determined.  

The major pulmonary cells that support the survival of B. cenocepacia are 

primary type II pneumocytes, and the transformed lung epithelial cell line A549 is 

an accepted surrogate for these cells (Keig PM et al. 2001, Reddi K et al. 2003). 

Hence, in this study, we used A549 cells to evaluate the role that B. cenocepacia 

flagella has in activating NF-kB and in inducing IL-8 transcription and protein 

secretion. The induction of IL-8 by B. cenocepacia strain J2315 (flagellated 

strain) in A549 cells was consistent with the findings reported by previous 

investigators (Palfreyman RW et al. 1997, Tomochi et al. 2002). Production of the 

IL-8, a major neutrophil chemotactic cytokine, is a hallmark of the pathology of 

cystic fibrosis (CF) (Reddi K et al. 2003). Consequently, neutrophils, accounting 

for up to 90% of inflammatory cells in CF lung, release enzymes that contribute 

to the tissue damage and chronic lung inflammation (Stone P et al. 1995, 
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Brennan S et al. 2001). Of the two bacterial agents known to cause chronic 

inflammation of the lung in CF patients, B. cenocepacia causes the most severe 

form paralleled with more IL-8 induction and greater neutrophilic recruitment than 

that caused by Pseudomonas aeruginosa (Reddi K et al. 2003). The difference in 

the degree of IL-8 secretion and neutrophil recruitment elicited by the two 

bacterial types may have been attributed to the potency of their molecular 

patterns in activating their matching recognition receptors. However, data 

supporting this claim is controversial. Our results show that the level of secreted 

IL-8 and the degree of NF-kB activation exhibited by A549/NFκB-luc cells treated 

with fliI mutant B. cenocepacia was comparable to untreated A549/NFκB-luc 

cells, suggesting that the IL-8-inducing and NF-kB activating component of B. 

cenocepacia is mainly the flagella. A TLR5 agonist, flagellin, extracted from 

bacterial flagellae, has been shown to be strong mediator for pulmonary 

inflammation (Liaudet L et al. 2003). This finding is in agreement with a study by 

Palfreyman and coworkers that implicated a non-LPS extracellular factor from B. 

cepacia to be responsible for the induction of IL-8 secretion in alveolar epithelial 

cells (Palfreyman RW et al. 1997). In contrast, other investigators have reported 

that the LPS from isolates of B. cepacia induced TNF-α in human monocytes 

(Zughaier SM et al. 1999) and IL-8 in A549 cells (Reddi K et al. 2003) in a CD14-

dependent manner. These differences in the relative role of various components 

of microbes to elicit inflammatory responses may be due to differences in cell 

types, bacterial strains used and the duration of exposure of the cells to the 

agonists. 



 

102

Poly i/c-induced differential regulation of TLR2 and TLR5 expression 

observed in NHBE/HBE cells has not been noticed in A549-NF-κB-luc cells, 

explaining why Poly i/c priming of A549-NF-κB-luc cells with flagellated B. 

cenocepacia did not produce synergistic or an additive outcome as compared to 

cells that were not Poly i/c primed. Since there might be differences in response 

to Poly i/c among the different cell types derived from different anatomical sites of 

the pulmonary system, the down-regulation of TLR5 by Poly i/c and the 

consequence for pulmonary infections with flagellated bacteria in other cells of 

upper airway origin, including NHBE/HBE requires further investigation. 

In summary, experiments with NHBE cells demonstrated that exposure to 

synthetic dsRNA as a means to activate TLR3 resulted in up-regulation of TLR2 

and certain co-receptors that conferred increased responsiveness to triacyl 

lipopeptides and to constituents present in extracts from Alternaria alternata. 

Failure to detect LTA was correlated with decreased mRNA expression of CD36, 

providing support for the contention that up-regulation of both TLR2 and CD36 

receptor expression are necessary for increasing responsiveness of the airway 

epithelium to LTA and Gram-positive bacteria. The experiments with A549-NF-

κB-luc cells indicated that flagella of B. cenocepacia play a major role in 

triggering NF-kB activation and IL-8 mRNA expression and protein secretion.  
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Figure 1: Effects Poly i/c on the expression of TLR2, TLR5 and respective 
adaptor proteins: (A) Comparison of Poly i/c-treated versus untreated cells 
showing that Poly i/c differentially regulates TLR2 and TLR5 mRNA expression. 
Both PAM3CSK4 (A) and flagellin (B) did not affect the expression of their 
cognate receptors.  Poly i/c increased mRNA expression of MyD88 and TIRAP 
(C, D), adaptor proteins involved in downstream signaling of TLR2, unlike the 
TLR2 ligand PAM3CSK4 and TLR5 ligand flagellin. Poly i/c also had an effect on 
TRIF (C, D), an adaptor protein involved in TLR3 signaling (n=3).  GAPDH was 
used as an internal control to normalize measurements between control and Poly 
i/c treated conditions.  
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Figure 2: Effects of Poly i/c treatment on NHBE cell cytokine and 
chemokine secretion: (A-L) Cytokines and chemokines released from NHBE 
cells into basolateral fluid in response to activation by different TLR ligands for 24 
hrs (10 μg/mL of zymosan, 25 μg/mL of Poly i/c, and 10 μg/mL of LPS) were 
collected. The harvested fluid from each treatment condition was screened for 23 
different cytokines and chemokines using the Human Cytokine Antibody Array I 
(RayBiotech, Norcross, GA, USA) as described in the Methods. Densitometry 
was performed on the images of the processed cytokine array membranes and 
the data expressed as a percentage of the positive controls present on the 
membrane (n=4). 
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Figure 3: Profiling of select cytokines and chemokines in response to Poly 
i/c stimulation in NHBE cells: Of the 23 detected cytokines and chemokines, 
analysis of protein levels of a select group of 9 exhibited ≥ 200% induction over 
untreated controls (n=4). 
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Figure 4: Time course showing mRNA expression of IL-6 and GM-CSF 
following exposure to 10 μg/mL Poly i/c: NHBE cells were exposed to Poly i/c 
at different time points, and induction of IL-6 and GM-CSF mRNA expression 
following stimulation with Poly i/c was found to be time-dependent (n=3).  
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Figure 5: Effects of TLR2 and TLR5 activation on mRNA expression of 
selected cytokines/chemokines after pretreatment of NHBE cells with Poly 
i/c:  NHBE cells were stimulated with various combinations of Poly i/c and then 
TLR2 ligand, PAM3CSK4, (A-D) as well as TLR5 ligand, flagellin (E-H). 
Expression levels of transcripts of selected cytokines in these sequentially 
stimulated cells were then compared with cells that were stimulated individually 
with either Poly i/c or PAM3CSK4/flagellin for 24 hrs. Enhanced mRNA 
expression of pro-inflammatory cytokines (IL-6) and chemotactic chemokines 
(GM-CSF, RANTES) and the antiviral cytokine IFN-β was observed in cells 
treated with 10 μg/mL Poly i/c for 24 hours in contrast to 1 μg/mL of PAM3CSK4 

which slightly increased mRNA expression of IL-6 and GM-CSF but did not affect 
RANTES or IFN-β (A-D). No reduction in cytokine mRNA levels was observed in 
Poly i/c-primed and flagellin-treated cells (E-H) (n=3). 
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Figure 6: Polarity of cytokine and chemokine secretion in relation to the 
side of exposure to the ligand: NHBE cells grown on transwell filters were 
exposed to Poly i/c on both apical and basolateral sides for 24 hrs. The fluid was 
collected from both sides, and levels of GM-CSF (A) and IL-6 (B) were 
determined using ELISA kit. The side to which cytokines and chemokines are 
preferentially secreted depended upon the side of exposure of NHBE cells to the 
activating ligand Poly i/c. Apical exposure tended to direct the secretion towards 
apical fluid, while basolateral exposure preferentially leads the release into the 
basolateral fluid. 
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Figure 7: Effect of Poly i/c pretreatment of NHBE cells on sensitivity to a 
TLR2 ligand (PAM3CSK4 ) and TLR5 ligand (flagellin): Apical exposure of 
NHBE cells to Poly i/c (10μg/mL) induced robust release of IL-6 into the apical 
and basolateral fluid that was greater than that produced by PAM3CSK4 (A) or 
flagellin (B) alone. A significantly greater amount of IL-6 was secreted into the 
apical solution compared to the basolateral solution (n=6) (A, B).  
Apical Poly i/c treatment also increased GM-CSF secretion into the apical and 
basolateral fluid relative to that produced by PAM3CSK4 (C) and flagellin (D) 
(n=3). Again, a significantly greater amount of secretion into the apical solution 
was observed relative to the basolateral solution (C, D).  
The secretion of both IL-6 and GM-CSF into the apical and basolateral fluids was 
enhanced by pretreatment of cells with 10 μg/mL of Poly i/c for 24 hrs before 
stimulation with 1 μg/mL of PAM3CSK4 (or 0.5 μg/mL of flagellin) for another 24 
hrs. 
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Figure 8: Apical IL-6 secretion in response to specific TLR2 ligands 
following pretreatment with Poly i/c: (A) Secretion of IL-6 into the apical fluid 
was compared in monolayers treated with PAM3CSK4 (1 μg/mL), Alternaria 
alternata extract (100 μg/mL), Zymosan (10 μg/mL) and LTA (10 μg/mL) in the 
absence and presence of Poly i/c (10 μg/mL). Polarized monolayers were 
incubated with apical Poly i/c for 24 hours followed by the specified ligand for 
another 24 hrs. Basal secretion was determined by subtracting the level of IL-6 
measured in untreated monolayers from the amount measured in TLR2 ligand 
treated monolayers. Secretion induced by each TLR2 ligand after Poly i/c 
treatment was determined by subtracting the level of IL-6 secretion measured in 
Poly i/c treated monolayers from the amount measured in Poly i/c + TLR2 ligand 
exposed monolayers. Significant increases in IL-6 secretion were observed in 
monolayers pretreated with Poly i/c and then treated with PAM3CSK4 and 
Alternaria extract but not with Zymosan or LTA. 
(B) The increase in apical IL-6 secretion induced by PAM3CSK4 after Poly i/c 
pretreatment was inhibited by TLR2 blocking antibody. Monolayers of NHBE 
were apically treated with Poly i/c for 24 hrs then treated with anti-TLR2 antibody 
(Functional Grade purified TL2.1 monoclonal, at 20 μg/mL, for 2 hours before 
and during incubation with PAM3CSK4.  
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Figure 9: Effect of Silencing TLR3 in HBE cells on the response to Poly i/c: 
The relative contribution of TLR3 to the Poly i/c-induced cytokine response was 
assessed by quantifying IL-6 (A) and IL-8 (B) secretion in TLR3 knockdown 
(TLR3-/-) and vector control HBE cells. Monolayers of both cell types were 
stimulated with PAM3CSK4 (1 μg/mL) and Alternaria alternata extract (100 
μg/mL) in the absence and presence of Poly i/c (10 μg/mL). No basal secretion of 
IL-6 was detected in untreated cells. No detectable level of IL-6 secretion was 
observed in both cell types exposed to PAM3CSK4 or Alternaria extract. Poly i/c 
stimulation with or without subsequent exposure to PAM3CSK4 or Alternaria 
extract resulted in a marked abrogation of IL-6 secretion in HBE cells that exhibit 
silenced TLR3 as compared to the control cells (n=6). (B) No significant 
difference in Poly i/c-dependent IL-8 secretion was observed between controls 
versus TLR3 silenced HBE cells with and without without subsequent exposure 
to PAM3CSK4 or Alternaria extract. Relatively higher level of IL-8 secretion was 
induced by stimulating both cell types with Alternaria extract. 
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Figure 10: TLR profiling of A549/NFκB-luc cells and phenotypes of 
Burkholderia cenocepacia: (A) Basal mRNA expression of A549/NFκB-luc cells 
was determined by QRT-PCR. The results show TLR5, which detects flagellated 
bacteria and flagella, is highly expressed in this cell line.  
(B) Phenotypes of Burkholderia cenocepacia wild type strain and mutant strains 
with impaired and restored motility. Strains were stabbed into semisolid LB 
medium plates (0.25% agar) and incubated at 37˚C for 24 hrs. Flagellated wild 
type strain 2315, flagella-deprived mutant strain CM58 (fliI Mutant), and flagella-
deprived strain CM58 complemented with fliI (strain CM100) are depicted in the 
figure. 
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Figure 11: Change in IL-8 mRNA expression and protein secretion after 
treatment of A549/NFκB-luc cells with Burkholderia cenocepacia strains: 
A549/NFκB-luc cells were exposed to all three strains of B. cenocepacia—J2315 
(Wt), CM58 (Fl-/-) and CM100 (Comp)—for 6 hrs.  Total RNA was isolated from 
the exposed and control cells (Unt) and used for determination of IL-8 mRNA 
expression (A). Media from exposed cells was collected, and bacterial cells were 
sedimented by centrifugation. The supernatant fluid was collected in order to 
quantify IL-8 protein secretion using ELISA kit (B).  
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Figure 12: Activation of NF-κB and induction of IL-8 secretion with the three 
strains of Burkholderia cenocepacia in A549/NFκB-luc cells: (A) The degree 
of NF-kB activation was determined by a Luciferase-based assay following 
exposure of A549/NFκB-luc cells to the three strains of B. cenocepacia (Wt, Fl-/-, 
and Comp). Luciferase activity measured at different time points (2, 4, and 6 hrs) 
showed that the same level of NF-κB activation can be achieved in cells treated 
by the wild type bacteria (flagellated) and flagella-complemented strains, but 
activation was impaired when cells are treated by the mutant strain. 
(B) This same pattern was detected with regards to IL-8 protein secretion; both 
wild type bacteria (flagellated) and flagella-complemented strains could induce 
IL-8 secretion.  
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Chapter 4: The in vivo effects of enhanced TLR2 expression following TLR3 

activation by dsRNA (Poly i/c) on airway inflammatory responses to TLR2 

selective ligand (PAM3CSK4) and Alternaria alternata  

 

4. 1. Introduction 

Virus-mediated acute exacerbations account for a significant amount of 

the morbidity and mortality in chronic inflammatory airway diseases (Johnston SL 

et al. 1995, Kang M-J et al. 2005, Sapey E and Stockley RA 2006). Thus, 

mediators of the exacerbations are now considered to be reasonable targets for 

therapy against these diseases. In view of that, a thorough understanding of the 

underlying pathophysiology is crucial in identifying effective therapeutic strategies 

for asthma exacerbations. Viral exacerbations of chronic pulmonary diseases are 

believed to be due to inflammatory responses that overwhelm protective anti-

inflammatory defenses (Sapey E and Stockley  RA 2006, Papi A et al. 2006). 

Neutrophilic and lymphocytic airway influxes are recognized as dominant cellular 

components of the exaggerated inflammatory response during these 

exacerbations (Jarjour NN et al. 2000, Fraenkel DJ et al. 1995). Eosinophilic 

inflammation is also noticed during viral infection-induced asthmatic 

exacerbations, but not as robust as in atopic inflammation that involves no 

concomitant viral infection (Sigurs NR et al. 2000, Park SW et al. 2003). 

However, the mechanisms of recruitment of these cells and how resident and 

recruited cells in the lungs sense viruses and mount immune and inflammatory 

responses are poorly defined.  
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Stimulation of lung epithelial cells in vivo with Poly i/c elicited the secretion of 

multiple cytokines, chemokines, the induction of transcription factors and 

increased expression of TLRs (Sha Q et al. 2004, Ritter M et al. 2005, Melkamu 

T et al. 2009). The key mediator of these responses was suggested to be TLR3. 

Moreover, impaired responses to viral dsRNA and to Poly i/c have been 

documented in human cells and in mice deficient in TLR3 (Alexopoulou L et al. 

2001, Rudd DB et al. 2005, Stowell NC et al. 2009, Lim DM et al. 2009). Yet, 

other nucleic acid-recognition proteins, including RIG-I and MDA5, have been 

implicated as viral sensors. Using actual virus (influenza A virus; IAV) and 

various molecular tools, an earlier in vitro study explored the respective role of 

TLR3 versus RIG-I/MDA5 signaling in human airway epithelial cells (Le Goffic R 

et al. 2007). Their data demonstrated that recognition of IAV by TLR3 primarily 

regulates a proinflammatory response, whereas RIG-I (but not MDA5) mediates 

both a type I interferon (IFN)-dependent antiviral signaling and a proinflammatory 

response. The relative importance of these proinflammatory cytokine and IFN 

responses in aggravation of asthma have been investigated by various 

investigators. A few studies involving in vitro human airway epithelial cells as well 

as analysis of bronchoalveolar lavage and sputum of patients revealed a positive 

correlation between the induction of proinflammatory (IL-1β, IL-6) and 

chemotactic (IL-8 and RANTES) cytokine and severity of disease (Grunberg K et 

al. 1997, Norzila MZ  et al. 2000, de Kluijver J et al. 2003). Conversely, other 

studies failed to find differences in IL-6, IL-8, IL-11, GM-CSF and RANTES levels 

in nasal lavage or sputum samples from patients with virus-associated asthma 
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exacerbations compared to virus-infected healthy subjects (Fleming HE et al. 

1999, Grissell TV et al. 2005). These conflicting results highlight the need for 

further studies evaluating the inflammatory profile in asthma exacerbation models 

in vitro in various pulmonary cells, in vivo in animal models, and eventually in 

human subjects. Moreover, an impaired innate antiviral immune response, 

including impaired production of the IFN-β and reduced apoptosis have been 

documented in epithelial cells derived from asthmatic patients as compared to 

control cells (Wark PA et al. 2005). The consequence of these functional 

impairments is enhanced viral replication that eventually leads to cytotoxic cell 

death with the release of alarmins, inflammatory mediators and large numbers of 

intact viral particles, exacerbating the disease. The administration of IFN-β 

restores the virus protection observed in epithelial cells from normal airways. 

Whether these in vitro observations translate into new therapies aimed at 

augmenting or replacing deficient IFN-β production in asthma models warrants 

investigation.  

In this study, we investigated the in vivo role of viral replicative 

intermediate, dsRNA, sensing receptors (TLR3/RIG-I/MDA5) in modulating the 

expression and functional consequence of TLR2. In our study design, we primed 

mice with Poly i/c or PBS for 12 hours, and then challenged with, a TLR2 specific 

agonist, a bacterial lipoprotein, PAM3CSK4, or with a fungal extract of Alternaria 

alternata. Exposure to Alternaria is implicated in the development and 

exacerbation of asthma and its effect is speculated to be TLR-mediated. Using 
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heterologous (ovalbumin and Alternaria alternata) airway sensitization model of 

mice, Kobayashi and coworkers have demonstrated an enhanced sensitization to 

ovalbumin when supernatants of Alternaria alternata is co-administered as 

measured by airway eosinophlic inflammation, Th2 cytokine production , and 

serum IgE levels. The sensitization was significantly minimal in the absence of 

Alternaria alternata culture supernatant, implicating the significance of this fungal 

allergen in exacerbating allergic airway diseases (Kobayashi T et al. 2009). 

Employing knockout mice, the same researchers found out those TLR4-deficient 

mice exhibited the same Th2-type immune responses to OVA similar to wild-type 

mice. On the contrary, TLR2 knockout mice developed more robust Th2-type 

responses to ovalbumin and Alternaria alternata extract compared to wild type 

mice and underscore the possible involvement of TLR2 in sensitization with 

Alternaria alternata (Kobayashi T et al. 2009).  In line with our experiments, a 

most recent in vivo study demonstrated that Poly i/c administration into mouse 

lungs induced a TLR3-dependent production of pro-inflammatory mediators that 

recruited inflammatory cells into the airways (Stowell NC et al. 2009). 

Furthermore, the study showed TLR3-mediated impairment of lung function by 

Poly i/c, implying the potential role of TLR3 activation during viral infections in 

contributing towards exacerbation of inflammatory airway diseases (Stowell NC 

et al. 2009). 
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4. 2. Rationale and objectives for the experiments  

We and others have shown that in vitro stimulation of human airway 

epithelial and smooth muscle cells with Poly i/c augments levels of TLR2 mRNA 

and protein (Sha Q et al. 2004, Ritter M et al. 2005, Sukkar MB et al. 2006, 

Melkamu T et al. 2009). The functional consequence of this effect has also been 

determined by demonstrating that IL-6 secretion elicited by the TLR2 ligand, 

PAM3SK4, is potentiated when NHBE cells have been previously exposed to Poly 

i/c (Melkamu T et al. 2009). In line with these in vitro studies, increased mRNA 

expression of multiple TLRs including TLR2 and TLR3 as well as reduced mRNA 

expression of TLR5 were previously reported in ex vivo human nasal epithelial 

cells challenged with rhinovirus (Avila PC et al. 2005). In addition, microarray 

data from lung and bronchial lymph nodes of mice infected with respiratory 

syncitial virus also revealed that TLR2 and TLR3 are among the up-regulated 

genes (Jenssen R et al. 2007). Furthermore, ovalbumin-sensitized mice 

stimulated with Poly i/c exhibited an enhanced allergic inflammatory response, 

suggesting a role for dsRNA-sensing receptors (TLR3, RIG-I, MDA5 and PKR) in 

exacerbation of allergic airway inflammation during viral infection (Nagase H et 

al. 2006). Based on the results of these in vitro studies and the existing ex vivo 

human and in vivo mouse data, we hypothesize that in vivo activation of dsRNA-

sensing receptors with Poly i/c or virus may alter the innate immune response to 

TLR2 activators and potentially increase the sensitivity of the airway epithelium to 

fungal allergens, but at this time there have been no reported studies that have 

addressed this possibility. Therefore, the objective of the studies presented in 
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this chapter is to elucidate the functional consequence of dsRNA (Poly i/c) on the 

inflammatory response of mouse airways to a selective TLR2 ligand (PAM3CSK4) 

and to a common fungal allergen (Alternaria alternata) known to induce 

inflammation, in part through activation of TLR2. 

 

4. 3. Materials and Methods 

Mouse types:  

For initial characterization of the effect of Poly i/c on the expression of TLR2 

mRNA, protein and the functional consequences of this modulation, female 

C57BL/6 wild type mice 8 weeks of age were used. The mice were purchased 

from Jackson laboratory (Bar Harbor, ME). Prior to challenging with various TLR-

ligands, mice were allowed to acclimatize by housing them for one week at Mayo 

clinic animal facility. The mice were then randomly assigned into six groups as 

follows: 

1. Mice challenged with PBS for 24 hrs and then PBS for another 12 hrs. 

2. Mice challenged with Poly i/c for 24 hrs and then PBS for another 12 hrs. 

3. Mice challenged with Poly i/c for 24 hrs and then with PAM3CSK4 for 

another 12 hrs.  

4. Mice challenged with PBS for 24 hrs and then with PAM3CSK4 for another 

12 hrs. 

5. Mice challenged with Poly i/c for 24 hrs and then with Alternaria for 

another 12 hrs.  
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6. Mice challenged with PBS for 24 hrs and then with Alternaria for another 

12 hrs. 

All experiments were approved by the Institutional Animal Care and Use 

Committee (IACUC), at Mayo Clinic, Rochester, Minnesota. 

Administration of TLR-agonists into the lungs of mice: 

Mice were anesthetized with intraperitoneal injection of 200-400 µl of 

Avertin/mouse (100% Avertin: 10 g of 2,2,2-tribromoethyl alcohol and 10 ml of 

tert-amyl alcohol, Sigma). An additional 100 to 200 µl of Avertin was given when 

the mouse was not fully anesthetized within 5 minutes. The mice remained 

anesthetized for approximately 15-20 minutes and recovered within 30-60 

minutes. Mice were kept warm during recovery. Each mouse was then 

intranasally (I.N.) instilled with Poly i/c 50 μg in 50 μl sterile PBS, or with 50 μl 

sterile PBS alone. Twenty-four hours following Poly i/c (or PBS) administration, 

the mice were re-anesthetized with Avertin and then I.N. challenged with 

PAM3CSK4 (10 μg in 50 μl sterile PBS/mouse) or with Alternaria extract (50 μg in 

50 μl sterile PBS/mouse). Twelve hours after administering PBS, PAM3CSK4 or 

Alternaria extract, mice were euthanized with overdose of Avertin and then the 

trachea was cannulated with a 19 gauge cannula and bronchoalveolar lavage 

(BAL) was performed by injecting 1 mL of Hank’s balanced saline solution 

(HBSS) into the lungs and the effluent fluid was collected by gentle aspiration.  

Collection of lung tissue for histopathological and molecular assessment: 

Following collection of BAL samples, the left lobes of the lung were 

removed and placed in 10% neutral buffered formalin for histopathological 
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analysis. The leftover lung tissue with the airways was split in two; one-half was 

snap frozen in liquid N2 for protein determination and Western blot analysis. The 

other half of lung tissue was placed in 1 ml of RNA-stabilizing reagent (RNAlater) 

(Ambion Inc., Austin, TX) for RNA extraction and quantitative RT-PCR. Samples 

for protein and RNA determination were stored at -80 ºC until processing.  

Processing of the bronchoalveolar lavage samples: 

 Bronchoalveolar lavage was performed by intratracheal instillation of 1.0 

ml of Hank’s balanced saline solution (HBSS). The BAL fluids were fractionated 

by centrifugation (1200 rpm, 10 minutes) and the cell-free supernatants were 

collected and stored at -80°C until analyzed. The cell pellet was resuspended in 

200 μl of 1ml PBS and total leukocyte counts were determined with a 

hemocytometer after Randolph’s staining.  For differential cell counts, cytospin 

preparations from BAL fluids were stained with Wright-Giemsa stain. Total and 

differential cell counting was performed using standard morphological criteria and 

was enumerated as the multiple of the total cell count and differential cell type 

percentage after counting at least 500 cells/slide under oil immersion at x1,000 

magnification (Axolab, Zeiss). The cell-free supernatants were assayed for IL-1β, 

IL-5, IL-6, and IFN-β using duosets ELISA kits following the manufacturer's 

protocol (R & D systems, MPLS, MN). Limits of detection for the analytes ranged 

from 3 – 20 pg/ml. 

Tissue sample processing for mRNA and protein determination: 

Lung tissue was snap frozen at collection and stored at -80 ˚C until 

processing. Aliquots of frozen normal lungs, lung tissue from different treatment 
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groups were then dispersed and ground into powder with a mortar and a pestle in 

liquid nitrogen. For RNA isolation, the powdered whole lung tissue was 

homogenized by adding Trizol reagent to it. RNA was isolated using 

manufacturer's instructions (Life Technologies, Gaithersburg, MD). Quality and 

quantity of the RNAs were assessed by A260/A280 nm reading and by running 

on a gel and checking for its integrity. Quantitative reverse transcriptase 

polymerase chain reaction (QRT-PCR) assay was performed as it was described 

in the methods section of Chapter 2 of this thesis. Primer sets for the target 

genes were developed using Primer 3 software or taken from published work and 

all sequences used for real time PCR analysis of mouse lung tissue are given in 

Table 2. 

For Western blot analysis, the powdered tissue was transferred into an 

eppendorf tube and homogenized by adding lysis buffer (RIPA) and incubated 

with agitation for 1 hour at 4 ºC. The homogenate was then clarified by 

centrifugation at 13000 RPM for 10 minutes, the supernatant was transferred into 

a new tube and the protein concentration determined by BCA and the samples 

were aliquoted and stored at -80C. For Western immunoblotting, 50 g of 

protein per sample were loaded onto a 4-12% Novex Tris-glycine gel (Invitrogen, 

Carlsbad, CA) and electrophoresis performed for 60 min at 200 V. The proteins 

were then transferred onto a nitrocellulose membrane (Bio-Rad, Hercules, CA) 

for 2 h at 30 V. Subsequently, membranes were blocked in 5% Blotto non-fat dry 

milk in Tris buffer containing 1% Tween-20 for 1 h and probed overnight with 

anti-TLR2 primary antibody (1:200), sc-12504, from Santa Cruz Biotechnology. 
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After incubating the membranes with a secondary antibody (donkey anti-goat 

IgG, 1:5,000, sc-2020, Santa Cruz Biotechnology) for 1 h, chemiluminescent 

immunodetection was employed. Signal was visualized by exposing membranes 

to HyBolt CL autoradiography film. To check for differences in the amount of 

protein loaded in each lane, membranes were stripped and probed with anti-β-

tubulin, at 1:200, sc-9104 also from Santa Cruz Biotechnology. 

 Histological Analysis: 

 The left lobes of the lung placed in 10% neutral buffered formalin were 

submitted for histopathological analysis. Tissue was processed by routine 

methods of sectioning and hematoxylin and eosin staining. Histopathological 

analysis of lung sections were performed by a board certified veterinary 

pathologist. 
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4. 4. Results 

Basal and Poly i/c-induced changes in TLR mRNA levels in whole lung of 

C57BL/6 wild type mice: 

 Basal mRNA expression of TLR1–9 in was measured by QRT-PCR in 

whole lung tissue of PBS treated control mice.  All of the TLRs were expressed: 

TLR8, TLR3, and TLR7 were expressed at relatively higher levels (mean CT 

values 27.4, 27.4, and 28.6 respectively); TLR5, TLR6, TLR2, and TLR1 at 

intermediate levels (mean CT values 30.5, 31, 31.1, and 33.9 respectively), and 

TLR4 at the lowest level (mean CT value 38.4) (Fig. 1A). In an effort to 

understand how intranasal instillation of Poly i/c to mice modulates mRNA 

expression of TLRs of the lung, QRT-PCR analysis was performed. Several 

TLRs exhibited more than a 2-fold increase following Poly i/c instillation, including 

TLR2 (10.9), TLR1 (4.9), TLR9 (3.6), TLR8 (2.8), TLR3 (2.4) and TLR6 (2.2) 

whereas TLR4 and TLR5 exhibited down-regulation and TLR7 did not show any 

significant change (Fig. 1B). Moreover, TLR2 mRNA expression, which exhibited 

the highest augmentation in the lung following Poly i/c challenge, also exhibited 

enhanced protein expression as revealed by western blot analysis (Fig. 2). 

 

Quantitative and qualitative changes in cellularity of bronchoalveolar 

lavage (BAL) fluid following Poly i/c exposure and TLR2 activation: 

Total and differential cell counts in BAL fluid were performed to determine 

changes in immune cell infiltration of the airways following challenge with Poly i/c 

alone or subsequently with selected TLR2 ligands. BAL fluid from mice 
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challenged only with Poly i/c did not exhibit a significant difference in total cell 

count from lavage fluid of vehicle-treated control mice. However, there was a 

remarkable difference in the composition of cells; in BAL of vehicle-treated mice 

92.5% of cells were of monocytes/macrophage lineage, while in BAL of Poly i/c-

treated mice over half (52%) were neutrophils (Fig. 3B). Unlike mice that were 

challenged only with Poly i/c for 24 hrs, mice that were either primed with Poly i/c 

or treated with vehicle (PBS) for 24 hrs and then sequentially treated with 

PAM3CSK4 for 12 hrs exhibited a dramatic increase in cellularity of BAL as 

compared to the BAL from control mice (Fig. 3A). The remarkable boost in total 

cellularity of lavage fluid in PAM3CSK4 treated mice following Poly i/c-priming or 

PBS-treatment was largely due to a significant increase of neutrophils (89.6% 

and 75.2%, respectively) (Fig. 3B). Mice challenged with Alternaria extract with 

and without Poly i/c-priming also exhibited a phenotypic change in BAL cells as 

compared to BAL fluid from vehicle-treated control mice, showing similar 

amplification in the proportion of neutrophils (75.4% and 53.4% in Poly i/c primed 

and unprimed mice, respectively). Furthermore, the fraction of lymphocytes was 

found to be relatively larger whenever the mice were primed with Poly i/c. 

 

Changes in BAL protein levels and in lung tissue mRNA level of selected 

cytokine/chemokines following Poly i/c priming and TLR2 activation: 

To elucidate the mechanism by which intranasal instillation of Poly i/c 

exacerbates the allergen-induced airway sensitization; we analyzed secretion 

profiles in BAL fluids and mRNA expression patterns in lung tissue of selected 
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cytokines. We assessed levels of IL-1β, IL-6, (T helper 1 (Th1) cytokines), IL-5 

(Th2 cytokine) and IFN- β (antiviral-response) in BAL fluid. We also analyzed 

lung tissue mRNA expression of signature cytokines for Th1 (IL-1β, IL-6), Th2 

(IL-5, IL-13), and anti-viral dsRNA (IFN-γ, IFN-β) responses. No measurable 

amount of the tested Th1 or Th2 cytokines were detected in the lavage fluid of 

vehicle-treated control mice (Fig. 4A-D). In contrast to the non-detectable 

cytokine level in the  lavage fluids from vehicle-treated control mice, stimulation 

with Poly i/c, PAM3CSK4 and Alternaria extract generated a significantly higher 

level of the Th1 cytokines (IL-1β, IL-6 and IFN-β) in BAL fluid (Fig. 4A, & 4B). 

Priming mice with intranasal instillation of Poly i/c for 24 hrs potentiated the 

secretion of Th1 cytokines by 3 to 5 fold (IL-1β (3 fold), IL-6 (5 fold), and IFN-β (5 

fold) when mice were subsequently challenged for 12 hrs with TLR2 specific 

ligand (PAM3CSK4) than those challenged with the vehicle (PBS) (Fig. 4C). 

Twelve-hours after intranasal instillation of mice with Alternaria extract, slightly 

enhanced secretion of Th1 cytokines (1.6 fold for IL-1β, 1.9 fold IL-6, and 1.7 fold 

for IFN-β) was detected in the BAL fluid of mice pretreated with Poly i/c 

compared to PBS pretreated mice (Fig. 4C, & 5A). Interestingly, mice challenged 

with Alternaria extract alone (in 4 mice out of 6) produced measurable amounts 

of a Th2 cytokine (IL-5) in BAL fluid. Notably, IL-5 secretion into the BAL fluid 

elicited by intranasal instillation with Alternaria extract was abrogated when the 

mice were primed with Poly i/c 24 hrs before Alternaria challenge (Fig. 4D, & 5B). 

As an indicator of a Th1 immune response, IL-6 mRNA expression was 

remarkably upregulated in the lungs of mice treated with Poly i/c (Fig. 6A, C, & 
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D). However, enhanced (>10 fold) mRNA expression of IL-1β and IFN-γ were 

observed in lung tissue collected from samples under all treatment conditions, as 

compared to the lung tissue collected from PBS-treated control mice (Fig. 6B, & 

6C). As expected, it was only the lung tissue of mice treated with Poly i/c that 

exhibited increased mRNA levels of IFN-β (Fig. 6D). The mRNA expression of 

signature cytokines for allergic immune response, IL-5 and IL-13, were found to 

be augmented in the lung tissue of mice treated with Alternaria extract, both with 

and without Poly i/c pretreatment (Fig. 6E, & 6F). TLR2 ligation with PAM3CSK4 

also resulted in mildly enhanced mRNA expression of these Th2 cytokines (Fig. 

6E, & 6F). 

 

Histopathological analysis of lung tissue of mice primed with Poly i/c and 

challenged with PAM3CSK4, or with Alternaria alternata extract 

Histopathological analysis of unprimed (vehicle-treated) lungs challenged 

with PAM3CSK4, a specific TLR2 agonist, revealed patchy, low grade minimal to 

occasionally mild, perivascular and peribronchial inflammation characterized by 

low numbers of neutrophils around the medium to small airways and blood 

vessels, and occasionally within the lumen of small airways and alveoli (Fig. 7B). 

Slight perivascular edema was sometimes present (Fig. 7B).  Interpretation of 

findings was complicated by the presence of some foci of inflammation around 

foreign body material that was presumably inhaled.  Inflammation was not 

observed in the lung of one animal primed with Poly i/c and challenged with 

PAM3CSK4.   
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Unprimed (vehicle-treated) lungs challenged with Alternaria alternata also 

had similar minimal to mild inflammation, and a few eosinophils were present 

along with neutrophils in one animal.  Poly i/c-primed lungs that were challenged 

with Alternaria alternata had similar minimal to mild inflammation.  In addition, 

apoptosis was frequently observed in the lining epithelium of small airways of 

mice primed with Poly i/c (Fig. 7C). Priming with Poly i/c did not appear to 

augment the subsequent Alternaria alternata-induced inflammation. 
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4. 5. Discussion 

Various studies involving human subjects and supportive data from animal 

experiments have shown the existence of molecular interactions between 

respiratory allergies and viral infections. Early childhood viral infection, for 

instance with RSV, was shown to enhance development of airway allergen 

sensitization (Siegel JS et al. 2010).   Studies in mice showed that ovalbumin-

sensitized mice stimulated with Poly i/c exhibited an enhanced allergic 

inflammatory response, suggesting a role for dsRNA-sensing receptors (mainly 

TLR3) in exacerbation of allergic airway inflammation during viral infection 

(Nagase H et al. 2006). Although the roles for TLR3, RIG-I and MDA5 in 

recognition of several RNA viruses have been investigated, the functional 

relationships between these dsRNA detectors and other pathogen recognition 

receptors remain to be determined.  

We and others have shown that TLR2 expression and function are 

augmented by stimulation of airway epithelial cells with Poly i/c (Ritter M et al. 

2005, Melkamu T et al. 2009). Concomitant to this, an in vivo microarray analysis 

of lung and bronchial lymph nodes of mice infected with respiratory syncitial virus 

(RSV) revealed enhanced gene expression of TLR2 (Jenssen R et al. 2007). The 

results of these in vitro and in vivo studies suggest that in vivo activation with 

Poly i/c or virus may alter the innate immune response to TLR2 activators and 

potentially increase the sensitivity of the airway epithelium to TLR2-specific 

agonist or to fungal allergens sensed by TLR2. Therefore, this chapter of the 

thesis presents an in vivo study that addresses the functional consequence of 
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dsRNA-priming of mice on the inflammatory response of the airways to TLR2 

ligands (PAM3CSK4 and Alternaria alternata). In this mice model, we elicited Poly 

i/c-dependent stimulation of dsRNA sensing receptors (TLR3, RIG-I, MDA5 and 

PKR) to mimic the physiologic disease state associated with virally-induced 

disease exacerbations. 

Results of the present study show that transcripts of TLR1-9 are 

detectable in lung tissue of female C57BL/6 mouse strains and that TLR2 and 

TLR3 receptors are functionally active. Poly i/c administration for 24 hrs 

increased not only its cognate receptor, TLR3, but also mRNA expression of 

TLR2, TLR1, TLR9, TLR8 and TLR6 contrary to TLR4 and TLR5 that showed 

down-regulation and TLR7 that did not show significant change. Moreover, TLR2 

mRNA expression that exhibited the highest augmentation in the lung following 

Poly i/c challenge of mice was also shown to be enhanced at a protein level. This 

is partly in agreement with the findings of Stowell and coworkers who recently 

reported up-regulation of TLR3, TLR2, TLR7, and TLR9 gene expression 

following repeated (3-times every 24 hrs) intra-tracheal challenge of mice with 

poly i/c (Stowell NC et al. 2009). The slight divergence in the findings (the 

relatively higher TLR9 and TLR7 expression than our findings) may be attributed 

to the sample size and method of collection (we analyzed individual animals of 

sample size ranging from 3-6 while theirs are pooled tissue from 6-8 mice) and 

the duration of exposure to Poly i/c (one time exposure in the present study 

compared to 3 exposure periods in 24 hrs). 
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Since whole lung was used for mRNA and protein determination, the 

potential source of augmented TLR mRNA expression could be either through 

up-regulation in resident lung cells (alveolar macrophages) or as a result of 

enhanced expression in infiltrating inflammatory cells (neutrophils and other 

polymorphonuclear cells, lymphocytes and other mononuclear cells) or through 

increased expression on structural cells (epithelial and smooth muscle cells). The 

initial possibility is supported by the fact that amplification of lung inflammatory 

response to PAMPs in LPS- or virus-infected mice has been ascribed to airway 

macrophages, which can include the resident population or recruited monocytes 

(Didierlaurent A et al. 2004, Maus UA et al. 2006). Indeed, viral infection 

dependent modulation of PRRs was reported in epithelial cells and tissue 

monocytes from asthmatic patients (Norzila MZ et al. 2000, de Kluijver J et al. 

2003, Welliver RV Sr 2007). As determined by cytological analysis of the BAL 

fluid and histopathology of the lung, our findings showed that the major cellular 

components of the inflammatory milieu are neutrophils. This neutrophilic 

infiltration into the airways of mice evoked by Poly i/c is in agreement with 

previous findings reported by other investigators (Nagase H et al. 2007, Shiraishi 

Y et al. 2008). However, the notion that neutrophils play a role in eliciting Poly i/c- 

enhanced expression of TLRs is not likely, since neutrophils are known to poorly 

express TLR3 (Hayashi F et al. 2003). With regard to structural cells, however, 

there are several compelling in vitro studies in airway epithelial and smooth 

muscle cells that indicate modulation of TLR expression by various ligands, 

including Poly i/c (Sha Q et al. 2004, Ritter M et al. 2005, Sukkar MB et al. 2006, 
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Melkamu T et al. 2009). In an in vivo model, direct evidence for a critical role of 

airway epithelial cells in innate immune response, particularly in controlling viral 

replication has been recently published using the Stat1-/- mouse infection model 

with paramyxovirus (Shornick LP et al. 2008).  

The differential modulatory effect of Poly i/c on the expression of TLRs in 

mice lung may indicate how concomitant viral infections can potentially lead to 

hypo- or hyper-responsiveness to PAMPs of subsequent microbial or allergen 

challenge resulting in either a truncated or augmented innate immune response 

of the airway to the ensuing insults. In accord with this hypothesis, infection of 

airway epithelial cells with Hemophilus influenza was shown to up-regulate TLR3 

expression, and increased the responsiveness to secondary challenge with 

Rhinovirus. Through siRNA based silencing, these researchers verified that this 

enhanced sensitivity to Rhinovirus was TLR3 dependent (Sajjan et al. 2006). 

Furthermore, though no molecular mechanism has been worked out, enhanced 

inflammatory responses and increased bacterial burden following Streptococcus 

pneumoniae exposure have been observed in mice exposed to influenza virus or 

to RSV compared to control mice (Levine M et al. 2001).  

In agreement with preceding studies, the results of this study showed that 

Poly i/c-dependent stimulation of dsRNA-sensing PRRs culminates in the 

synthesis of antiviral cytokines, such as type I IFNs, IL-1β, and IL-6, which may 

directly suppress viral replication (Thompson JM and Iwasaki A 2007, Stowell NC 

et al. 2009). Based on the analysis of the intensity and types cytokines detected 
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in BAL fluid, our data also revealed that priming of either one or more dsRNA-

sensing receptors by intranasal instillation of Poly i/c stimulates expression of 

TLR2 and enhances the sensitivity and magnitude of the airway inflammatory 

response to a TLR2-selective ligand PAM3CSK4. Interestingly, challenging mice 

with Alternaria extract alone, produced measurable amounts of a Th2 cytokine 

(IL-5) in BAL fluid. Hence, prior sensitization is not required for eliciting atopic 

inflammation following exposure to Alternaria. IL-5 induces proliferation and 

differentiation of eosinophils, and acts with IL-4 to enhance the production of IgE 

antibodies, the entire hallmark features for allergic inflammation. Notably, this IL-

5 secretion into the BAL fluid was abrogated when the mice were primed with 

Poly i/c 24 hrs before Alternaria challenge. In agreement with the BAL cytokine 

profile (IL-5), histopathological analysis of the lung revealed mild eosinophilic 

infiltration into the lung. Conversely, eosinophils were not detected in the lavage 

fluid probably as the recruitment may have not been reached a threshold level to 

detect them in BAL fluid.  Prior instillation of Poly i/c with ovalbumin has been 

previously reported to significantly suppress BAL eosinophilia in sensitized mice 

(Shiraishi Y et al. 2008). Interestingly, the event was accompanied with increased 

levels of interferon-gamma and decreased levels of IL-4 and IL-13. On the other 

hand, instillation of Poly i/c 8-16 hours after ovalbumin sensitization, i.e. after 

substantial number of eosinophils had already infiltrated into the lungs, 

significantly enhanced BAL eosinophilia (Shiraishi Y et al. 2008). Similarly, the 

present study suggests that Poly i/c priming and sensitization with Alternaria may 

have a potential role in modulating eosinophilic airway inflammation and Th2 
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cytokine profile differently depending on the airway microenvironment. Hence, 

understanding the mechanism by which Poly i/c interferes with the Alternaria-

evoked Th2 response needs further investigation. The extent to which this in vivo 

effect is dependent on TLR3 or cytoplasmic dsRNA sensing receptors remains to 

be explored by employing knockout mice. Histopathologically, one noteworthy 

finding in the inflamed lung was the presence of bronchial epithelial cell 

hypertrophy and apoptosis in mice primed with Poly i/c. This was expected since 

Poly i/c is known to cause apoptosis and is now being explored as therapeutic 

agent for cancer (Salaun B et al. 2006, Shir A et al. 2009, O’Neill LA et al. 2009).  

The current in vivo mice study showed that innate immune stimulation of 

the airway by Poly i/c amplified the level and activity of TLR2. It also 

demonstrated that viral dsRNA can promote a subsequent allergen sensitization, 

particularly if the allergen is recognized by TLR2. These data, taken along with 

the in vitro findings suggest that Poly i/c-dependent activation of dsRNA-sensing 

receptors, particularly TLR3, may play an essential role in respiratory disease 

pathogenesis. Furthermore, the data imply that viral infections can modulate the 

local inflammatory response of the lung and determine the severity and the 

course of chronic pulmonary diseases. Hence, unraveling the pathways and the 

outcomes involved during activation viral dsRNA-sensing receptors provides 

additional insight into the mechanisms underlying viral-induced exacerbations of 

chronic airway diseases. The findings may provide a potential to identify suitable 

targets for therapeutic intervention for respiratory disease exacerbations.  
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Figure 1: Profiling of TLR mRNA expression in mouse lung: (A) Basal 
expression of TLR mRNAs in the whole lung of C57BL/6 mice was quantified 
using QRT-PCRs. Results are provided as relative cycle threshold numbers (CT). 
(B) Modulation of TLR mRNA expression in the lungs of C57BL/6 mice 
challenged with Poly i/c was determined by comparative CT value analysis. Data 
are expressed as fold-expression over controls exposed to vehicle control (PBS). 
β-Actin was used as a normalizer. TLR2 mRNA expression exhibited the highest 
augmentation in the lung following Poly i/c challenge. 
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Figure 2: TLR2 protein determination in mouse lung after ligand 
stimulation: Western blot analysis of whole mouse lung allowed determination 
of TLR2 protein levels. Mice were exposed to TLR2 ligands, both with and 
without Poly i/c pretreatment. Priming with Poly i/c generally augmented TLR2 
protein expression, as compared to the vehicle treated control mice. TLR2 
ligands PAM3CSK4 and Alternaria extract also induced TLR2 protein expression, 
but not to the extent of Poly i/c stimulation. 
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Figure 3: Quantitative and qualitative changes in cellularity of 
bronchoalveolar lavage (BAL) fluid following Poly i/c exposure and TLR2 
activation: Total and differential cell counts in BAL fluid were performed 
following challenge with Poly i/c alone, or subsequently with selected TLR2 
ligands.  
(A) BAL fluid from mice challenged only with Poly i/c did not exhibit a significant 
difference in total cell count from lavage fluid of vehicle-treated control mice; 
however, a clear increase in total cell count is apparent in all conditions 
consisting of a combination of challenges. 
(B) BAL fluid from mice that are either primed with Poly i/c or treated with vehicle 
control (PBS) for 24 hrs and then sequentially treated with PAM3CSK4 for 12 hrs 
exhibited a significantly large increase in cellularity, as compared to that of 
control mice. The jump in total cellularity was largely due to a significant increase 
of neutrophils. 
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Figure 4: T helper 1 (Th1) and Th2 cytokine secretion into bronchoalveolar 
lavage (BAL) fluid after Poly i/c challenge with and without other TLR2 
ligands: Cytokine secretion profiles in BAL fluid were determined following 
challenge with Poly i/c alone, or subsequently with selected TLR2 ligands. 
Stimulation with Poly i/c and PAM3CSK4 generated an elevated level of Th1 
cytokines, IL-1β and IL-6 (A, B). Poly i/c triggered secretion of IFN-β, 
characteristic of a typical antiviral response (C). Th2 cytokine response (IL-5) 
was detected in the BAL fluid of mice challenged only by Alternaria (D). 
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Figure 5: The effect of priming with Poly i/c on bronchoalveolar lavage 
(BAL) fluid cytokine level following challenge with TLR2 ligands: (A) 
Pretreatment of mice with Poly i/c appears to potentiate the IL-6 and IFN-β 
response, especially when subsequently challenged with TLR2 ligand, 
PAM3CSK4.  
(B) Conversely, Poly i/c pretreatment causes complete truncation of Th2 cytokine 
response (IL-5) elicited by Atlernaria. 
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Figure 6: Assessment of T helper 1 (Th1) and Th2 cytokine mRNA 
expression in mouse lung tissue after Poly i/c challenge with and without 
other TLR2 ligands: Th1 type cytokines are robustly induced by Poly i/c (A, C, 
and D). All treatment conditions enhanced IL-1β mRNA expression, but induction 
by Alternaria alone was significantly greater (B), as is also the case for IFN-γ (C). 
The presence of Alternaria triggered a significant amount of Th2 cytokine (IL-5 
and IL-13) mRNA expression (E, F).  
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Figure 7: Histopathological analysis of lung tissue of mice primed with Poly 
i/c and challenged with specific TLR2 antagonists and Alternaria Alternata 
extract: All treatment conditions evoked mild inflammatory reaction in mice lung, 
which are patchy—localized peribronchially and perivascularly (B). Though it is 
mild, this inflammation is easily detectable when observed through histology of 
mouse lung (A). Apoptosis (as indicated by the arrows) was consistently detected 
in lung tissue of mice challenged with Poly i/c (C). 
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Table 2: Primer sequences for QRT-PCR for Mouse Target Genes
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Chapter 5: Overall conclusions and Future Direction 

 

Conclusions: 

The immune mechanisms associated with virus-triggered exacerbations of 

chronic inflammatory airway diseases are not fully understood. Evidence 

suggests that impairment of innate immune responses mediated by Toll-like 

receptors (TLRs) is involved. Pathogen associated molecular patterns (PAMPs) 

of viruses bind TLRs, triggering induction of genes involved in innate immune 

and inflammatory responses. Viral infections compromise the tight regulation of 

these responses that overwhelm protective anti-inflammatory defenses, leading 

to amplified reactions. Therefore, understanding the pathways involved in the 

pathogenesis of these exacerbations should help to facilitate the discovery and 

implementation of novel interventions to reduce viral exacerbations of airway 

inflammation. For that reason, this thesis examined the multiple receptor 

interactions that detect microbial components in order to understand the role of 

TLRs in exacerbations of chronic airway inflammatory diseases triggered by 

respiratory viral infections.   

The first objective of this thesis was to identify and characterize the basal 

and PAMP-induced mRNA and protein expression of TLRs in human airway 

epithelial cells. The second aim was to determine the functional consequence of 

Poly i/c-dependent differential regulation of TLR2 and TLR5. This was carried out 

by assessing basal and TLR ligand-modulated patterns of mRNA expression and 

protein secretion of cytokines and chemokines by airway epithelial cells. The 
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third aim of the study was to investigate the in vivo effects of Poly i/c on mouse 

airway inflammatory responses to TLR2 selective ligand, PAM3CSK4, and 

Alternaria alternata, a fungus detected in part by TLR2 and also capable of 

inducing acute asthmatic episodes. This final aim investigated the effects of 

enhanced TLR2 expression following TLR3 activation. The findings of the three 

specific aims of the study are summarized as follows: 

1. Of the ten tested TLR mRNAs (TLRs 1-10) all were detected in A549 cells, 

but only TLRs 1-6 were detected in both Calu-3 and NHBE/HBE cells. In 

A549 cells, TLR5 was expressed at the highest levels, while TLR3 

expression was greatest in both Calu-3 and NHBE/HBE cells.  

2. Several cytokines and chemokines were basally secreted by airway 

epithelial cells. Yet, when treated with TLR ligands, the pattern of 

secretion was modulated. Of the three tested cell lines (A549, Calu-3 and 

NHBE/HBE), robust responses, largely to Poly i/c, were seen in 

NHBE/HBE cells. Cytokines and chemokines important in the recruitment 

of various leukocytes and dendritic cells, which are relevant to allergic 

airway inflammatory diseases, were shown to be released from the airway 

epithelium following stimulation with Poly i/c.  

3. Experiments with NHBE cells demonstrated that exposure to synthetic 

dsRNA as a means to activate TLR3 resulted in up-regulation of TLR2 and 

certain co-receptors but suppressed TLR5 mRNA level. Poly i/c activation 

also enhanced TLR2 protein level.  
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4. This Poly i/c-induced increase in TLR2 mRNA and protein also conferred 

increased responsiveness to triacyl lipopeptides and to constituents 

present in extracts from Alternaria alternata, showing that activation by 

Poly i/c also enhanced TLR2 function. TLR2 blocking antibody was 

effective at inhibiting the enhanced PAM3CSK4 response after Poly i/c 

treatment,  but it was not effective in inhibiting the enhanced response 

evoked by Alternaria extract following Poly i/c exposure.This suggests that 

TLR2 was responsible for the increase in responsiveness to PAM3CSK4, 

but not to Alternaria alternata extract.  

5. Using TLR3 RNA silencing in HBE, the enhanced level and function of 

TLR2 by Poly i/c was shown to be TLR3-dependent. Conversely, Poly i/c-

mediated down-regulation of TLR5 mRNA was not verified at the protein 

level. Correspondingly, no functional alteration in cytokine/chemokine and 

NF-ĸB activation was observed in Poly i/c-primed airway epithelial cells in 

which TLR5 was subsequently activated using recombinant flagellin 

protein and/or wild-type (flagellated) and flagella-mutated Burkholderia 

(B.) cenocepacia, an opportunistic bacteria causing pulmonary infection in 

individuals with cystic fibrosis.  

6. In the in vivo study, as observed under in vitro conditions, administration 

of Poly i/c into the lungs enhanced mRNA and protein expression of TLR2. 

Poly i/c challenge elicited a marked induction of Th1 type cytokines. Poly 

i/c priming and subsequent challenge with a TLR2 ligand also elicited a 

marked induction of pro-inflammatory mediators, which was skewed 
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towards Th1 to a greater extent with the TLR2 specific ligand (PAM3CSK4) 

than with the subsequent Alternaria challenge. Interestingly, only BALF 

from mice challenged with Alternaria extract alone exhibited a measurable 

level of IL-5, and this induction of the Th2 cytokine was abrogated when 

the mice were primed with Poly i/c before Alternaria challenge. 

Inflammatory cell recruitment into the airways, with neutrophils dominating 

the cellular milieu, was also observed. Mice challenged with Alternaria 

extract alone exhibited mild eosinophilic infiltration in the lung tissue, 

which was not observed in Poly i/c-primed and Alternaria challenged mice. 

Apoptotic airway cells were evident in the lung tissue of mice instilled with 

Poly i/c. 

 In the past, by employing in vitro and ex vivo human, as well as in vivo 

mouse studies, various investigators had shown that natural viral infections or a 

synthetic viral dsRNA analogue (Poly i/c) differentially regulated TLR mRNA 

expression in airway epithelial/smooth muscle cells or in the whole lung. 

Similarly, studies conducted as part of this thesis also demonstrated a Poly i/c-

dependent differential regulation of TLR mRNA expression, up-regulation of 

TLR2 and down-regulation of TLR5, in vitro in human airway epithelial cells and 

in vivo in mouse lungs. These findings imply that viral infection can differentially 

alter epithelial sensitivity and response to fungal allergens, bacteria, and other 

microbial agents sensed by modulated TLRs. The data also revealed that Poly i/c 

enhanced not only TLR2 mRNA expression but also augmented total protein 

level in human surface airway epithelial (NHBE/HBE) cells and also in the whole 
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lung of mice. Furthermore, epithelial surface expression of TLR2 protein was 

boosted. Additionally, our study has revealed for the first time that the enhanced 

TLR2 mRNA and protein expression following activation of TLR3 by Poly i/c has 

functional consequence. In vitro stimulation of human airway epithelial cells or in 

vivo priming of mouse lung with Poly i/c potentiated the innate immune response 

of human airway epithelial cells as well as the pulmonary innate immune 

response of mice against a TLR2 specific synthetic ligand (PAM3CSK4) and 

against a fungus that is detected in part by TLR2 and has a huge significance in 

causing allergic airway inflammation (Alternaria alternata). By silencing TLR3 in 

airway epithelial cells, we have also demonstrated that Poly i/c-mediated 

augmentation of TLR2 mRNA and protein, as well as its function, may depend 

upon TLR3. Altogether, the present study demonstrated that TLR3 activation 

stimulates TLR2 expression and innate immune responses to TLR2 ligands in 

airway epithelial cells and potentially in mouse lungs. This represents at least 

one potential mechanism by which viral infections could exacerbate allergic 

airway inflammation.  
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Future Studies:  

 The studies described in this dissertation demonstrated that Poly i/c 

activation of TLR3 in airway epithelial cells augments TLR2 mRNA and protein 

expression, which is associated with enhanced TLR2 function. However, there 

are several questions that remain unanswered and several future studies are 

described in the following paragraphs. 

 

1. Determine the mechanisms of Poly i/c-induced up-regulation of TLR2 mRNA 

and protein expression: 

Although it was shown that induction of TLR2 mRNA and protein 

expression was dependent upon ligation of TLR3 by Poly i/c, a clear 

understanding of the underlying mechanisms requires further investigation. In the 

past, in vitro and in vivo studies in mice revealed that endotoxin-mediated 

induction of TLR2 mRNA and protein was regulated by activation of NF-ĸB 

(Matsuguchi T et al. 2000, Matsumura T et al. 2003). Supportive evidence for a 

critical role of NF-ĸB as transcriptional regulator of the TLR2 gene has emerged 

from the identification of NF-ĸB-binding sites in the mouse TLR2 promoter region 

(Mtisikacharoen T et al. 2001, Wang T et al. 2001). Besides NF-ĸB, other 

pathways including PKR, STAT5 and p38 kinase were also shown to be involved 

for the induction of TLR2 in mouse macrophages following LPS or cytokine 

stimulation (Cebanski M et al. 2008, Matsumura T et al. 2000, Mtisikacharoen T 

et al. 2001, Wang T et al. 2001, Oshikawa K and Sugiyama Y 2003, Ojaniemi M 

et al. 2006). Recently, studies in human esophageal epithelial and endothelial 
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cells have also shown that enhanced TLR2 expression is regulated by NF-ĸB 

activation (Lim DM et al. 2009, Satta N et al. 2008). Based on these studies, we 

hypothesize that Poly i/c-mediated and TLR3-dependent induction of TLR2 may 

be the result of transcriptional activation of the TLR2 gene by NF-ĸB. We also 

propose that cytokines induced by Poly i/c ligation of TLR3 may contribute to the 

enhanced expression and function of TLR2 gene in airway epithelial cells. To test 

these hypotheses, NHBE/HBE cells can be treated with an irreversible inhibitor of 

NF-ĸB that blocks its nuclear translocation and activation by selectively blocking 

phosphorylation and degradation of its repressor protein, IĸB-α. Additionally, 

NHBE/HBE cells can be transfected with a promoterless pGL2Basic vector 

(negative control), a wild-type TLR2 promoter construct, and a TLR2 promoter 

construct containing a site-directed mutation of its NF-ĸB-binding element. By 

employing these pharmacological and molecular approaches, the kinetics and 

intensity of TLR2 and IĸB-α expression along with signature cytokines of TLR3 

activation (IL-6 and IFN-β) under different treatment conditions (with and without 

Poly i/c stimulation) could be compared.  

Despite the fact that more than 80% of Poly i/c-induced augmentation of 

TLR2 in NHBE/HBE cells was due to TLR3, there still is a potential role for other 

dsRNA sensing receptors in the process, particularly if TLR2 induction is elicited 

by cytokines induced by Poly i/c.  Therefore, siRNA-mediated silencing of these 

RNA helicases should be conducted to determine whether TLR3 is the lone 

receptor that mediates the response to Poly i/c in NHBE/HBE cells. The in vitro 
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role of TLR3 in differentially regulating the level as well as the function of TLR2 

could also be verified using an in vivo approach, by employing TLR3 knock-out in 

mice. The in vivo role of the alternative dsRNA sensors may also be established 

using transgenic RIG-I and MDA5 deficient mice.  

 

2. Identify possible mechanisms involved in the processing of TLR2: 

In evaluating the effect of Poly i/c stimulation on TLR2 protein expression 

by immunoblotting, multiple bands with sizes ranging from the intact TLR2 

protein to several much smaller bands, presumably representing cleavage 

products of the receptor with possible regulatory functions, were detected. 

Moreover, TLR2 labeling of all detected bands was eliminated from the Western 

blot using peptide competition, implying that the lower molecular weight bands 

contain TLR2 specific antigen. Earlier reports of soluble forms of TLR2 (sTLR2) 

in various biological fluids, including human plasma, milk, saliva, amniotic fluid 

and in blood monocytes has provided direct evidence for TLR2 cleavage (Dulay 

AT et al. 2009, Kuroishi T et al. 2006, LeBouder E et al. 2003). sTLR2 in body 

fluids can either be processed fragments of the entire molecule or the 

extracellular domain of TLR2. Interestingly, recombinant extracellular domains of 

TLRs were shown to attenuate TLR-mediated cellular activation (LeBouder E et 

al. 2003). Likewise, the binding of PAM3CSK4 to sTLR2 in parotid saliva was 

weaker than that of intact TLR2. Pre-incubation of salivary sTLR2 with 

PAM3CSK4 can lead to neutralization, without simultaneous activation, enabling 
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sTLR2 to capture and exclude its ligands from the oral cavity, averting 

inflammatory responses (Kuroishi T et al. 2006). 

Furthermore, discovery of ectodomain shedding of TLR7 and TLR9 

(Ewald SE et al. 2008, Park B et al. 2008) support the presumption that 

ectodomain shedding of TLR2 also occurs. Both the full-length and cleaved 

forms of TLR9 can bind ligand, but it is only the processed form that recruits 

MyD88 upon activation. Furthermore, pharmacological inhibition of TLR9 

receptor proteolysis was shown to render the receptor to be non-functional, 

indicating that the cleaved form, rather than the full-length form, is functional. 

Therefore, ectodomain cleavage of TLR7 and TLR9 represents a strategy for 

restricting receptor activation to endolysosomal compartments and prevents 

TLRs from responding to self nucleic acids. The likelihood of TLR2 processing is 

further supported by the discovery of cleavage of the intracellular C-terminal 

domain of IL-1R1 (that has homologous cytoplasmic Toll/IL-1R (TIR) domain, 

and analogous signaling mechanisms as TLRs) by γ-secretase with subsequent 

release of intracellular peptides (Elzinga BM et al. 2009). Cleavage products of 

type I transmembrane receptors (IL-1R1 and TNFR1) were shown to be 

structurally incapable of signaling or presenting the agonist to receptor 

complexes, hence function as decoy receptors (Mantovani A et al. 2001). 

Similarly, cleavage products of TLR2 might serve as decoy receptor and act as a 

molecular trap for agonists and other essential components of TLR2 signaling, 

thereby limiting excessive inflammatory responses. 
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To test whether Poly i/c-stimulation of NHBE/HBE cells results in intra-

membrane proteolysis of TLR2 protein and its fragmentation, pharmacological 

blockers can be utilized. Using selective protease inhibitors, including 

metalloproteinase (for extracellular proteolysis) and γ-secretase (for intracellular 

proteolysis) with and without Poly i/c treatment, cleavage of TLR2 initiated by 

Poly i/c can be blocked and analyzed by Western blot to detect full-length and 

the various cleavage products of TLR2.  

 

3. Evaluate the contribution of epithelial cells and other resident cell types 

(particularly macrophages) to the pathophysiology of airway inflammation either 

alone or in synergy with other cell types: 

Inflammatory processes involve multiple cell types that include 

macrophages and epithelial cells. However, the degree of interaction of epithelial 

cells and macrophages in responding to various stimuli and initiating 

inflammatory reactions within the airways has not been fully characterized.  

Exacerbation of airway responses in LPS- or virus-infected mice has previously 

been ascribed to airway macrophages, rather than to epithelial cells 

(Didierlaurent A et al. 2008). On the other hand, epithelial cells are known to 

participate in the control of immune-related processes, including differentiation of 

leukocytes, microbial sensing, peripheral tissue sampling and presentation of 

antigens to T-cells, thereby regulating the onset of adaptive immune responses 

(Shaykhiev R and Bals R 2007). Direct evidence regarding the critical role of airway 

epithelial cells in the innate immune response to pathogens, particularly in 
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controlling viral replication has been recently investigated using the Stat1-/- 

mouse infection model with paramyxovirus (Shornick LP et al. 2008). Accordingly, 

it is likely that airway epithelial cells are the initial responders to environmental 

stimuli and are involved in activation of macrophages.  

To assess whether Poly i/c-mediated induction of TLR2 occurs selectively 

in epithelial cells, frozen lung sections can be subjected to laser capture micro-

dissection (LCM). LCM enables the selection of the epithelial cell layer in fixed 

sections of the airway. Therefore, it may be possible to precisely determine the 

contribution of epithelial cells on pulmonary inflammation with reduced 

confounding influences of multiple cell types.  In addition, it would be important to 

explore the effect the epithelium has on the resident immune cells, particularly 

macrophages. The role of epithelial cells: macrophage direct contact in 

modulating inflammatory response can be investigated by physically separating 

the co-cultured cell monolayers by plating the epithelial cells on transwell filters 

and U937 cells (macrophage surrogate cell model) inside transwell inserts. 

Macrophage activation could be determined by measuring the surface 

expression of CD11b, activation of NF-κB and phagocytic activity. Macrophage 

adherence to the epithelial monolayer can be confirmed by CD68 

immunostaining. Relative to a monoculture model, when macrophages are co-

cultured with epithelial cells, an increase in the CD11b expression, increased 

adherence to the epithelial cell layer and enhanced NF-κB activation are often 

observed. It is anticipated that co-cultured macrophages will be exposed to the 

inflammatory mediators secreted by epithelial cells, resulting in macrophage 
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activation. This result would suggest that airway epithelial cells are primary 

generators of inflammatory signals that result in activation of macrophages. To 

validate the role of epithelial cells, co-culture experiments could also be done 

between lung fibroblasts cell line (HFL1) and macrophages (U937) and 

compared with NHBE-U937 co-culture experiments.  

 

4. Elucidate the relationship among the various signaling pathways activated 

during TLR3 priming and subsequent ligation of TLR2: 

Ligation of TLR3 with Poly i/c leads to activation of NF-ĸB and IRF 

transcription factors resulting in eventual secretion of pro-inflammatory cytokines 

and type I interferons. Poly i/c-mediated induction of apoptosis has also been 

described particularly in transformed epithelial cells. Among our in vitro and in 

vivo experiments, we have also recognized that all these potential pathways 

were active. The balance among these various signaling pathways determines 

the outcome of inflammation. For instance, induction of IFN-alpha/beta by dsRNA 

can aid in host defense against many viruses; however, if not tightly regulated, 

dsRNA may also elevate levels of chemokines, such as IL-8 and RANTES, which 

are implicated in exacerbation of asthma. Though multiple biological outcomes 

are possible via dsRNA ligation of TLR3, the mechanism that controls the 

phenomenon has not been characterized. Furthermore, it is of great interest to 

assess the conditions that control switching from the canonical antiviral IFN-

response, which is mediated by IRF3 pathway, to responses that induce 

expression and release of proinflammatory cytokines via the NF-ĸB pathway. 
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On the basis of the intensity and the rapidity of IL-6 mRNA induction in 

response to Poly i/c stimulation of NHBE cells, the transcriptional mechanisms of 

Poly i/c-stimulated induction of IL-6 in airway epithelial cells can be investigated.  

NHBE cells can be stimulated with Poly i/c following transient transfection with a 

luciferase reporter construct containing an IL-6 promoter construct containing a 

site-directed mutation of its NF-ĸB binding site or its binding element for IRF3. 

Poly i/c stimulation is expected to exhibit significant transactivation of the IL-6 

promoter over unstimulated controls. Mutation of the NF-ĸB or IRF3 binding site 

is expected to eliminate this effect with variable intensity. Then the degree and 

the condition at which that Poly i/c-induced IL-6 promoter activation is dependent 

on the interaction of NF-ĸB or IRF3 with the IL-6 promoter can be assessed. 
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