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 Tracheal antimicrobial peptide (TAP) is a β-defensin with microbicidal activity 

against bacterial pathogens causing bovine respiratory disease. Lipopolysaccharide 

stimulates TAP gene expression, with maximal effect after 16 hours of stimulation. This 

study investigated other agonists of TAP gene expression to enhance immunity in calves 

during times of increased disease risk. Unstimulated bovine tracheal epithelial cells grown 

in culture expressed mRNA for IL-17RA and Toll-like receptors (TLR) 1- 6 and 9. These 

cells were stimulated with agonists and TAP gene expression was measured by quantitative 

RT- PCR. Pam3CSK4 (a TLR2/1 agonist) and IL-17A significantly induced TAP gene 

expression after only 8 hours of stimulation. Flagellin (TLR5 agonist), and IFN-α also had 

stimulatory effects after 16 hours of stimulation, but little or no response was found with 

CpG-ODN (TLR9 agonist) or lipoteichoic acid (TLR2/2 agonist). Therefore, IL-17A and 

TLR2/1 agonists may be of value to stimulate innate immunity in immunosuppressed 

feedlot cattle. 
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Chapter 1: Literature Review 

Bovine Respiratory Disease 

 Bovine Respiratory Disease (BRD) causes economic losses that can reach up to 1 billion 

dollars annually for feedlots across North America (Rice et al., 2007). Such losses are associated 

with costs of treatment, reduced average daily gain (ADG), reduced carcass value, and death of 

stock (Schneider et al., 2009).  

 BRD consists of a complex of diseases that are caused by a multitude of infectious 

agents, mainly both bacterial and viral pathogens. Commonly recorded viral infections are 

Bovine herpes virus-1 (BHV-1), Bovine parainfluenza virus -3, Bovine viral diarrhea virus 

(BVDV),  Bovine respiratory syncytial virus (BRSV) and bovine coronavirus (Ackermann et al., 

2010). Bacterial contributors to this disease include Mannheimia haemolytica, Histophilus 

somni, Pasteurella multocida, and Mycoplasma bovis (Aich et al., 2009, Snowder et al., 2006, 

Gagea et al., 2006). These bacteria exist as opportunistic pathogens in the upper respiratory tract 

and do not normally cause disease. However, when the immune system is compromised by 

primary viral infections and certain environmental factors, these bacteria reach the lung and 

proceed to cause disease in the animal (Sweiger and Nichols, 2010, Gagea et al., 2006, Angen et 

al, 2009).  

When cattle are placed in feedlots with high population density, exposure to viral 

pathogens is increased dramatically. Viruses associated with BRD affect the immune response of 

the individual (Aich et al., 2009). BVDV infections are common in cattle showing signs of BRD. 

A study conducted in Ontario feedlots has shown that 35% of the calves diagnosed with fatal 

BRD in the population were also infected with BVDV (Gagea et al., 2006). This virus weakens 

the innate responses provided by the epithelium of the bovine respiratory tract (Al-Haddawi et 
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al., 2006). Other factors that affect the immune response and contribute to bacterial infection in 

BRD include environmental conditions and stressors that occur when calves are moved into 

feedlots (Snowder et al., 2006).  

When calves are transported to backgrounding operations and feedlots, they experience 

many environmental changes and stressors. Weaning, transportation, vaccination and dehorning, 

castration, induced abortions and comingling with other cattle are very stressful events to a calf. 

During transportation, deprivation of food and water may cause dehydration and malnutrition for 

a short period of time. The lack of food moving through the intestine may disrupt gastrointestinal 

homeostasis maintained by fermentation. This may impair proper digestion for weeks after 

arrival leading to deficiencies in absorption of important nutrients (Sweiger et al., 2010). Upon 

arrival to feedlots, calves undergo a series of treatments and procedures called processing. 

Activities such as vaccination, castration, abortion, dehorning and deworming occur at this time. 

Such an intense level of handling in a short time period provides another source of stress. 

Exposure to environmental factors such as weather, humidity, dust particles and climate changes 

may also affect calf health. Viral infection, stress and environmental factors all contribute to 

weakening of the immune system of calves upon arrival to feedlots, predisposing them to 

infections associated with BRD (Snowder et al., 2006).  

BRD is a complex of multiple diseases. Among these are viral upper respiratory 

infections, viral pneumonia, bacterial bronchopneumonia, bronchitis, emphysema and pleuritis 

(Snowder et al., 2006). Of the diseases included in BRD, fibrinosuppurative bronchopneumonia 

or shipping fever pneumonia is most common. In feedlots in western Canada, it accounted for up 

to 57% of mortalities in 1987 (Ribble et al., 1995). 
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BRD is diagnosed mainly by observations of clinical signs made by feedlot personnel and 

examination of lung lesions at necropsy. Common clinical signs associated with BRD include 

fever, laboured breathing, repetitive coughing, nasal and ocular discharge, failure to move away 

when approached by people, hanging back from food bunk, reduced rumen fill, diarrhea, 

dehydration, and droopy ears (Snowder et al., 2006, Taylor et al., 2010, Schneider et al., 2009). 

Even though the clinical signs of advanced BRD are quite clear by observation, they may only 

become apparent later in the progression of the disease due to the stoic nature of cattle. When 

diagnosed in advanced stages, BRD can be difficult to effectively treat.   

Upon diagnosis, calves are typically relocated to a separate pen and treated with a course 

of antibiotics. Such antibiotics used to treat BRD include tilmicosin, florfenicol and 

tulathromycin (Wellman and Connor, 2007). The efficacy of antibiotic treatments relies heavily 

on the appropriate length of therapy and amount of time allocated for recovery (Nickell and 

White, 2010). Antibiotic treatments are effective in most cases of bovine respiratory disease. 

However, early signs can be subtle and overlooked (Nickell and White, 2010). Over 60% of 

cattle not treated for BRD exhibited lung lesions at slaughter (Schneider et al., 2009). This 

suggests that many cases of disease are missed when conventional diagnostic procedures are 

employed and that only a portion of those that are ill are being treated (Hanzlicek et al, 2010). 

Failing to detect and treat respiratory disease contributes to the economic losses faced by North 

American feedlots every year.  

An alternative use of antimicrobials called metaphylaxis delivers mass administration of 

antimicrobials to cattle before the onset of advanced bovine respiratory disease. The cattle 

chosen for metaphylaxis are considered high risk based on measures such as body temperature 

weight, origin, health history, and travel duration (Nickell and White, 2010). Antimicrobial drugs 
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such as ceftiofur, chlortetracycline, florfenicol, oxytetracycline, tilmicosin and tulathromycin 

have been approved for metaphylactic use (Nickell and White, 2010). In previous studies, it has 

been shown that metaphylaxis treatment given shortly after arrival to stocker operations and 

feedlots has been effective to reduce morbidity, mortality and number of antibiotic treatments 

administered to calves (Bremer and Erickson, 2007; Encinias et al., 2006; Wileman et al., 2009). 

For instance, a meta- analysis concluded that of the studies examined on metaphylaxis, there was 

only 29% morbidity amongst calves given metaphylactic treatment in comparison to 55% in the 

non-treated groups. In addition to a decrease in morbidity, the average daily gain for the treated 

groups was 0.11 kg per day higher than the control (Wileman et al., 2009). In another study, 

15.7% of metaphylactically treated calves required treatment where as 50% of the control group 

required treatment (Encinias et al., 2006). A metaphylactic approach utilized in feedlots and 

stocker yards to reduce occurrences of BRD and associated losses has proven to be beneficial. 

However, growing concerns involving the cost of metaphylactic treatments and potential 

antibiotic resistance may limit the use of this method in controlling BRD.  

The cost of treating mass numbers of calves prophylactically will require consideration. 

A review conducted on metaphylactic antibiotic therapy for BRD combined estimates from 

various studies to determine the economic efficiency of using this treatment. It was discovered 

that a minimum of 25% of calves arriving to the feedlot are required to be high risk for 

developing BRD in order for the regimen to be cost effective (Nickell and White, 2010). In 

addition to this obstacle, potential risks of acquired antibiotic resistance by certain BRD 

pathogens may emerge as a result of mass usage of antimicrobials in feedlots and stocker 

operations.  
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In a study conducted on antimicrobial resistance in bovine isolates of the family 

Pasteurellaceae, the investigators discovered that 85% of isolates of these bacteria were resistant 

to tylosin and 35% were resistant to tilmicosin. They also discovered that one strain was resistant 

to tulathromycin (Rérat et al., 2012). Even though one strain was resistant to this antibiotic, it 

posed concern because tulathromycin is heavily used for both treatment and metaphylaxis for 

BRD. Alternatively, vaccination and management practices  could be employed to decrease the 

amount of antimicrobial treatments required to treat or prevent BRD (Kirkpatrick et al., 2008; 

Sweiger and Nichols, 2010; Taylor et al., 2010).  

 Vaccines may be employed as a preventative measure to reduce treatments using 

antimicrobials. Vaccines for Mannheimia, Pasteurella, Histophilus and Clostridium have been 

shown to stimulate antibody titres to these pathogens (Sweiger and Nichols, 2010; Taylor et al., 

2010). A study found that vaccinated calves were 0.68 times as likely to be treated for BRD in 

comparison to the control group that received no vaccination (Macartney et al., 2003). Even 

though vaccines have proven effective in lowering incidence of BRD, environmentally induced 

stress may affect efficacy (Taylor et al., 2010). In order to overcome this obstacle there are 

managerial practices that may improve vaccine efficacy by managing levels of stress in beef 

calves.  

Stress may be reduced using a procedure called pre-conditioning in which processing 

protocols such as castration, dehorning, vaccination, weaning and adjustments to solid food 

occur in the cow-calf operation instead of adding additional stress to the calves upon arrival to 

feedlots. When practicing this method, vaccination and weaning must occur at least 30 days 

before sale (Macartney et al., 2003; Thornsbury, 1991). Studies have shown that preconditioning 

significantly decreases morbidity and mortality caused by BRD in comparison to conventional 
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methods of processing (Roeber et al., 1995; Macartney et al., 2003). A study showed that 

conventionally treated calves were 4.5 times more likely to be treated for BRD than those that 

were pre-conditioned (Macartney et al., 2003). Even though pre-conditioning practices 

significantly reduce mortality and morbidity, many farmers are concerned that higher prices they 

must charge to compensate for pre-conditioning costs may not be paid by feedlot buyers. Also, 

many cow-calf operations face the challenge of not being equipped with the facilities for pre-

conditioning procedures. Even if the equipment and facilities are accessible, the feedlots obtain 

the benefits of preconditioning practices while the producers are simply faced with the costs 

associated, deterring them from practicing preconditioning (Keith et al., 2004).  

Treatments for BRD and metaphylactic procedures using antimicrobials are generally 

effective. However, the costs of mass treatments and the risk of acquired antibiotic resistance 

have made the producers and consumer markets skeptical of this method. Alternatively, 

preventative methods such as vaccination and management protocols have been shown to 

effectively reduce BRD incidence. However, the efficacy of vaccination may questionable and 

the accessibility of proactive management practices may be limited (Taylor et al., 2010). Another 

approach that is more affordable, accessible and immediate needs to be considered. Perhaps 

stimulating the immediate response of the innate immune system may be the future answer to the 

challenge of BRD.  

Innate Immunity of the Respiratory Tract 

The innate immune system of the respiratory tract prevents invasion of pathogenic 

microbes by functioning as a physical barrier and as a source of microbicidal molecules. The 

respiratory tract has three main components: 1) upper airway, 2) lower airway, and 3) distal 
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airspaces including the bronchioles and alveoli (Ackermann et al., 2010). Each component 

consists of specific cell types, which normally interact to effectively clear infection. 

 The upper respiratory tract includes the nasal cavity, larynx and proximal trachea. The 

nostrils contain hairs that trap large particles from entering the airway and epithelium that is 

composed of squamous cells which inhibit the adhesion of pathogens (Ackermann et al., 2010). 

The nasal cavity is mostly lined by epithelium that is pseudostratified and ciliated. This 

arrangement allows for a physical barrier to prevent pathogens and other molecules from 

penetrating into the underlying tissue. The epithelial layer contributes to innate immunity by the 

presence of a mucociliary apparatus, which consists of a per-ciliary aqueous layer and an 

overlying mucus layer. The mucus traps inhaled debris and pathogens and is pushed by the 

beating motion of cilia toward the nasopharynx for removal. The airway surface liquid 

components are secreted from goblet cells and submucosal glands, and these secretions include 

antimicrobial proteins (Ackermann et al., 2010). 

The lower respiratory tract consists of the distal portion of the trachea, bronchi, 

bronchioles and alveoli. The trachea and bronchi contain ciliated epithelial cells, and also contain 

mucosal glands and goblet cells. The bronchiolar epithelium consists of Clara cells, basal cells 

and some ciliated epithelial cells. The Clara cells are responsible for modulating the immune 

response in the bronchioles and function as replacements for dead cells and have microbicidal 

properties as well. The alveoli in the lung are lined by type I and II pneumocytes. Type I 

pneumocytes are coated by surfactant phospholipids that interact with surfactant proteins and 

other antimicrobial proteins and peptides. Type II pneumocytes function to replace dead Type I 

pneumocytes (Ackermann et al., 2010). Alveolar macrophages are another cell population in the 
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alveoli, and function to phagocytose and kill pathogens, stimulate immune and inflammatory 

responses, and perform homeostatic functions in the alveoli.  

 There are various methods used throughout the respiratory tract to destroy and inactivate 

pathogens. The airway epithelium produces what is collectively known as the oxidative defence 

system (ODS) in which reactive oxygen species are produced to kill pathogens in the airway.  

Duox 1 and 2 enzymes produce hydrogen peroxide in the lung that is transported to the airway 

where it combines with thiocyanate to produce hypothiocyanate that has powerful microbicidal 

activity (Ackermann et al., 2010; Harper et al., 2005). In addition to oxidative defence, the 

respiratory tract contains various antimicrobial proteins. 

 Antimicrobial proteins and peptides are secreted in the trachea, bronchi, bronchioles and 

alveoli in the respiratory tract. Some well-known antimicrobial proteins and peptides include 

lactoferrin, lysozyme, surfactant proteins A and D, cathelicidins and defensins.  Lactoferrin 

sequesters iron from bacteria which prevents further growth and biofilm development. This 

protein also directly kills bacteria via a proteolytic fragment known as lactoferricin (Arnold et 

al., 1977; Singh et al., 2002; Travis et al., 1999). Lysozyme targets  and disrupts the β 1-4 

glycoside bonds in peptidoglycan leading to neutralization and death of Gram –positive bacteria  

(Parker and Prince, 2011a; Travis et al., 1999).  Both lactoferrin and lysozyme act together to kill 

Gram-negative bacteria in which lactoferrin disrupts the LPS linkages in the cell membrane, 

exposing the peptidoglycan underneath to the bacteriolytic affects of lysozyme (Ellison and 

Giehl, 1991).   

Surfactant proteins A and D (SP-A and SP-D) have the ability to bind and opsonize 

microbes for uptake by phagocytes. These proteins also have microbicidal characteristics in 

which they employ reactive oxygen species (ROS) to kill microorganisms by disrupting 
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membrane integrity ( Wu & Kuzmenko, 2003). Surfactant proteins also perform chemotactic 

functions to communicate with and activate the cell-mediated aspect of the adaptive immune 

system (Pastva et al., 2007). SP-A has the ability to interact with C1q receptor that activates the 

complement cascade. Together, C1q and SP-A have been shown to enhance phagocytosis of 

pathogens and apoptotic cells by agglutinating bacteria and viruses so that they are easy targets 

for phagocytes. SP-A and C1qR have also been shown to inhibit inflammatory gene induction 

via the receptor CD93 (Bohlson et al., 2012; Nepomuceno et al., 1997; Wright, 2005). 

  Cathelicidins and defensins are cationic peptides that employ their positive charge to 

closely interact with mucus in the airways and negatively charged bacterial surfaces so that 

exposure of pathogens to their microbicidal agents can occur upon entry into the respiratory tract 

(Felgentreff et al., 2006; Hiemstra, 2006). Cathelicidins have a variable C-domain that is 

microbicidal once activated by cleavage of the remaining parts of the pre-pro-peptide (Bals and 

Hiemstra, 2004; Bartlett et al., 2008). Cathelicidins have a 100 amino acid conserved N-terminal 

domain known as the cathelin domain. A human cathelicidin called LL-37 assists in wound 

repair, blood vessel production and chemotaxis in addition to its antimicrobial features (Bartlett 

et al., 2008).  

 Defensins 

Defensins are characterized by a six-cysteine motif with three internal disulfide bonds 

organized into a pleated β-sheet structure (Ganz, 2003; Koczulla and Bals, 2003).The defensin 

family can be divided in to α, β and θ subgroups based on the length of the peptide chains that 

are located between the cysteine residues. Generally, α-defensins are produced by Paneth cells of 

the intestine and neutrophils, whereas β-defensins are produced by neutrophils and mucosal 
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epithelia (Hazlett and Wu, 2011; Selsted and Ouellette, 2005). Cattle have various β-defensins 

however, they lack α-defensins (Fjell et al., 2008).  

A functional role of  β-defensins is to kill and neutralize Gram-negative and Gram-

positive bacteria, viruses and fungi  (Hancock and Scott, 2000). Host cells are not affected by β-

defensins because of the difference that exists in cell surface charges between prokaryotes and 

eukaryotes. In particular, mammalian cells have a neutral cell membrane which consists of 

phosphatidylcholine and sphingomyelin (Grubor et al., 2006). In contrast to these cell types, 

Gram-negative bacteria have cell membranes that consist of arrangements of negatively charged 

lipopolysaccharide (LPS). The cationic nature of β-defensins makes them effective in killing and 

neutralizing Gram-negative bacteria because strong electrostatic interactions with anionic LPS 

results in effective binding of peptides to the bacteria. Peptides are larger than the divalent 

cations that normally interact with LPS to stabilize the membrane. Therefore, they compete for 

this location and interact directly with the LPS. This results in an interruption in the bacterial 

membrane causing blebbing to occur. Once the peptide inserts itself in the membrane of the 

bacterium high in concentrations, a channel is opened and the bacterium may be destroyed 

(Grubor et al., 2006; Hancock and Scott, 2000). 

 In addition to killing and disabling pathogenic microbes, β-defensins have other innate 

immune functions such as the ability to communicate with other immune cells. For instance, it 

has been shown that they can serve as ligands for chemokine receptor-6 (CCR6) to signal to 

immature dendritic cells and memory T cells (Bartlett et al., 2008). This peptide is also capable 

of influencing the adaptive immune system by binding to antibodies and binding to TLR4 to 

polarize a T cell-mediated response (Biragyn et al., 2002). β-defensins have also been shown to 
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play a role in epithelial cell proliferation and wound repair (Meyerholz et al., 2004).These 

antimicrobial peptides are important for proper mucosal function in various species.  

 Tracheal Antimicrobial Peptide (TAP) 

There are up to 57 open reading frames that contain the characteristic cysteine residue 

pattern of β-defensins in cattle (Cormican et al., 2008). Some of the characterized β-defensins 

include bovine neutrophil beta- defensins (BNBD) 1-13, enteric antimicrobial peptide, lingual 

antimicrobial peptide (LAP) and tracheal antimicrobial peptide (TAP). TAP was the first β-

defensin discovered, by Diamond et al. in 1991, and is the highest expressed antimicrobial 

peptide in cattle (Ackermann et al., 2010; Diamond et al., 1991). Previous studies have suggested 

that TAP is expressed throughout the respiratory tract in the airway and lung (Cormican et al., 

2008; Diamond et al., 1996). However, recent findings suggest that it is also found in other 

epithelia such the mammary gland and endometrium (Davies et al., 2008; López-Meza et al., 

2009). 

TAP shares the characteristic β-defensin trait of being ribosomally constructed, meaning 

that one gene encodes for a single peptide. The gene encoding this peptide has 2 exons and 1 

intron, and contains regulatory components in the promoter region (Koczulla and Bals, 2003). 

Exon 1 produces the N-terminal region of the pro-pre-peptide and Exon 2 produces the C-

terminal antimicrobial region. Before translation, the intron is removed causing the exons to fuse 

together to form the pro-segment between the N-terminal and C-terminal sections of the pro-pre-

peptide. Once the N-terminal region and pro-segments are cleaved from the antimicrobial C-

terminal region, a mature peptide that is 38 amino acids long with a 4085 Dalton mass is 

produced (Diamond et al., 1991; Grubor et al., 2006; Koczulla and Bals, 2003; Selsted and 

Ouellette, 2005). 
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 The post-translational mature TAP contains some structural features that are consistent 

with β-defensins and others that are unique. This peptide shares the six cysteine residues and 

internal disulfide bonds with that of the defensin family. There is also conservation of the 

spacing of cysteine residues 2-4 with the presence of a glycine residue between cysteine 3 and 4. 

TAP also has a pair of cysteine residues located close to the C-terminus of the peptide (Diamond 

et al., 1991). However, the 5’ nucleotide sequence of TAP differs from this conserved region in 

the remainder of the defensin family. 

Many studies have demonstrated the inducible nature of TAP by experimental 

stimulation with killed pathogens or their membrane components such as lipopolysaccharide 

(LPS), lipoteichoic acid (LTA) and muramyl dipeptides (MDP). In a study conducted by López-

Meza et al., an increase in TAP mRNA expression was recorded in bovine mammary epithelial 

cells after stimulation with gentamycin- killed Staphylococcus aureus (López-Meza et al., 2009). 

Similarly, TAP expression increased 10-fold when tracheal epithelial cells were stimulated with 

heat- killed Pseudomonas aeruginosa (Diamond et al., 1996). A dramatic 25-fold increase in 

TAP expression in bovine mammary epithelial cells was recorded when calves were infected 

experimentally with the common BRD pathogen M. haemolytica (Caverly et al., 2003). 

 Stimulation of epithelial cells with bacterial components such as LPS, LTA and MDP 

has been shown to significantly increase TAP expression as well. LPS is the most potent of these 

components inducing a tenfold increase in gene expression after 16 hours of stimulation (Davies 

et al., 2008; Diamond et al., 1996; Diamond et al., 2000; Russell et al., 1996). However, to 

function efficiently, LPS requires LPS-binding protein (LBP). By experimentally blocking LBP, 

much higher levels of LPS are required to induce TAP gene expression  (Diamond et al., 2000; 

Russell et al., 1996). 
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 In addition to bacterial components, certain pro-inflammatory cytokines have been 

shown to induce TAP expression in epithelial cells. Cytokines such as tumor necrosis factor α 

(TNF-α), interleukin-1β (IL-1β) and interleukin-6 (IL-6) are produced in inflammatory 

circumstances. In two studies, primary cultures of tracheal epithelial cells were stimulated with 

TNF-α resulting in a four-fold increase in TAP mRNA expression relative to the control samples. 

Similarly, IL-1β provided an increase in TAP expression. However, stimulation with IL-6  

showed no recordable increase in TAP gene expression (Diamond et al., 2000; Russell et al., 

1996). 

TAP is considered an inducible antimicrobial peptide because inflammatory cytokines 

such as IL-1β, TNF-α and exogenous stimuli such as bacterial infection or bacterial components 

increase its gene expression ( Diamond et al., 1996). However, recent studies examining the 

promoter region of the TAP gene have discovered evidence supporting that a 61bp element 

interacts with a TATA box in this region to initiate and maintain constitutive expression of TAP  

(Yang et al., 2011). Therefore, TAP may be both inducible and constitutively produced.  

Induction of the expression of the TAP gene is proposed to be mediated by nuclear factor 

κB (NF-κB). This complex is stored in the cytoplasm in an inactive form bound to IκB. When 

phosphorylation of this inhibitory complex occurs by the cell kinase IKK, NF-κB is translocated 

to the nucleus where transcription of pro-inflammatory elements occurs (Scheidereit, 2006). 

Previous studies have shown that macrophages in bovine alveoli exposed to M. haemolytica were 

induced by means of the NF-κB pathway to produce inflammatory cytokines such as IL-1β and 

TNF-α (Caverly et al., 2003). This complex has also been shown to induce in human cells the 

expression of a TAP homologue known as human β-defensin-2 (Liu et al., 1998). Many studies 

have shown the presence of NF-κB binding sites in the TAP gene itself. 
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Studies examining the mechanisms involved with TAP expression have discovered the 

presence of NF-κB binding sites in the 5’ flanking promoter region of the TAP gene. The motifs 

for this pro-inflammatory mediator have a consensus site located 177 base pairs upstream from 

the transcriptional start site in the TAP gene (Caverly et al., 2003; Diamond et al., 2000; Russell 

et al., 1996). It has been shown that an additional element known as NF IL-6 is located on a 

consensus site in proximity to the NF-κB binding site on the TAP gene. A luciferase reporter 

assay conducted on constructs containing NF IL-6 and NF-κB on the TAP gene showed that both 

needed to be present on the same construct in order to cause expression of the reporter gene. 

Further, stimulation of tracheal epithelial cells with LPS required the presence of both NF-κB 

and NF IL-6 binding sites to induce TAP gene expression (Diamond et al., 2000). These pieces 

of evidence suggest that binding of NF-κB and other transcription factors to the promoter region 

of the TAP gene are essential for inducing expression. 

In addition to discovering NF-κB binding sites in the TAP gene, other expression studies 

have found evidence for the presence of functional effects of NF-κB in TAP induction. Caverly 

et al. employed immunohistochemistry using a NF-κB -specific antibody to show that an 

increase in NF-κB nuclear translocation occurs when calves were infected with M. haemolytica 

(Caverly et al., 2003). In another study, the anti-inflammatory drug acetylsalicylic acid (Aspirin) 

decreased the level of TAP expression when tracheal epithelial cells were stimulated with LPS. 

This drug is known to inhibit the ability of IKK to activate NF-κB signaling providing evidence 

that NF-κB is responsible for inducing TAP expression (Diamond et al., 2000).  



 
 
 

 15 

 Toll-like Receptors and Their Ligands 

 The innate immune system has various pattern recognition receptors (PRRs) that 

recognize components of pathogenic and non-pathogenic microorganisms known as 

microorganism-or pathogen- associated molecular patterns (MAMPs or PAMPs) ( Hemmi et al., 

2000); these receptors include the Toll-like receptors (TLRs). These PRRs recognize various 

MAMPs as ligands, inducing the production of pro-inflammatory cytokines that activate antigen-

presenting cells to support T-cell mediated adaptive immune responses. TLRs are also known to 

induce production of antimicrobial peptides for clearance of pathogens as a component of the 

innate immune system. TLRs are Type 1 transmembrane proteins of the Interleukin-1 receptor 

(IL-1R) family. Each TLR consists of an extracellular N -terminal domain of leucine-rich repeats 

for ligand recognition and  an intracellular C-terminal signal transducing Toll/IL-1R (TIR) 

domain (Beutler, 2004; West et al., 2006).   

There are ten known Toll-like receptors in the bovine genome (1-10). TLRs 1, 2, 4, 5, 

and 6 are present on the cell surface while TLRs 3, 7, 8, and 9 are generally present in endosomal 

compartments located within the cell. Each TLR forms dimers with either the same or different 

TLRs to recognize specific microbial components. For instance, TLR2 forms a homodimer with 

itself or a heterodimer with TLR1 or TLR6 to recognize lipoteichoic acid, lipoproteins, and 

peptidoglycan from Gram-positive bacteria ( Kaisho & Akira, 2006; Takeuchi et al., 2001; 

Wetzler, 2003). It is unknown what TLR10 recognizes, however it may interact with TLR2 

(Chang, 2010). 

 There are various other TLRs located on the cell surface that recognize bacterial 

components. TLR4 recognizes a glycolipid component of the cell wall of Gram-negative bacteria 
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known as lipopolysaccharide (West et al., 2006). In order for TLR4 to recognize LPS properly, a 

co-receptor on the cell surface called CD14 is required to bind LPS via LBP to TLR4. It has also 

been shown that TLR2 requires CD14 to transfer lipopeptides and peptidoglycan to the receptor, 

and TLR3 requires CD14 to bind extracellular polyinosinic:polycytidylic acid (poly I:C) and 

induce cellular uptake and delivery into endosomes (Lee et al., 2006; Wetzler, 2003). Inside the 

cell, another co-receptor called MD-2 brings the TLR4 to the cell membrane (Miyake, 2004). 

TLR5 recognizes a component of bacterial flagella known as flagellin (Hayashi et al., 2001a; 

Kaisho and Akira, 2006).  

Endosomal compartments inside the cell contain TLRs 3, 7, 8 and 9. TLR3 recognizes 

viral MAMPs such as double stranded RNA (dsRNA) and poly I: C. TLR7 recognizes synthetic 

viral compounds such as imidazoquinoline and loxoribine, whereas TLR8 recognizes guanosine- 

or uridine-rich single-stranded RNA from RNA viruses (Heil et al., 2003; Hemmi et al., 2002; 

Lund et al., 2004). TLR9 recognizes unmethylated CpG oligodeoxynucleotides from bacterial 

and viral DNA (Hemmi et al., 2000; Kaisho & Akira, 2006). 

 Once a TLR has interacted with its respective ligand, intracellular signal transduction 

pathways induce expression of genes for pro-inflammatory cytokines, chemokines and 

antimicrobial peptides and proteins.  There are two main signaling pathways that TLRs induce in 

cells. The first in called the MyD88-dependent signaling pathway in which MyD88 adaptor 

protein is associated with all TLRs except for TLR3. This protein contains a C-terminal end that 

interacts with the TIR domain of the TLR and an N-terminal death domain that interacts with 

members of the IL-1 receptor-associated kinase family (IRAK) (Suzuki et al., 2002). Interactions 

between members of the IRAK family recruit tumor necrosis factor receptor associated factor 6 
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(TRAF6) to the MyD88/ IRAKs complex (Burns et al., 2003; Medzhitov et al., 1998; Suzuki et 

al., 2002; Wang et al., 2001). TRAF6 then self-ubiquitinates to activate TGF-β activated kinase-1 

(TAK 1) which then activates and phosphorylates the IKK complex.  The IKK complex further 

proceeds to phosphorylate and subsequently deactivate the NF-κB inhibitory complex known as 

IκB (Wang et al., 2001).  TAK1 is also capable of activating the MAP kinases p38 and JNK via 

the MyD88 dependent pathway. Once activated, JNK, p38 and NF-κB are able to translocate to 

the nucleus where they interact with the promoter regions on genes to induce expression to 

produce proinflammatory cytokines, chemokines and antimicrobial products (Kaisho and Akira, 

2006; Wang et al., 2001). In endosomal TLRs such as with TLR9,  MyD88 interacts with IRAKs 

and TRAF to activate and translocate IRF-7 into the nucleus to induce production of IFN (Figure 

1) (Kaisho and Akira, 2006). 

There are some TLRs including TLR 3 and 4 that utilize adaptor proteins other than to 

MyD88 to initiate intracellular signal transduction. TLR3 requires TRIF and follows the MyD88-

independent signaling pathway. TLR4 is capable of utilizing both TRIF and MyD88. The adapter 

protein that is employed for MyD88 independent signaling is called the TIR domain-containing 

adaptor protein inducing IFN-β (TRIF). TRIF can directly interact with TLR3 however, TLR4 

requires additional binding of the TRIF- related adapter molecule (TRAM) before binding to 

TRIF can occur. TRIF then interacts with IKKε and TANK-binding kinase 1 (TBK1) to 

phosphorylate and activate IRF-3 which causes its translocation to the nucleus to induce gene 

expression.  The TRIF adapter protein can also interact with the TRAF6 pathway, as mentioned 

previously, to activate and translocate NF-κB to the nucleus where it promotes inflammatory 

responses (Kaisho and Akira, 2006).   
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Figure 1. Toll-like receptors and their signaling pathways (West et al., 2006) 

Many types of cells use TLR signaling to activate immune effectors to fight infection. 

Previous studies have shown the presence mRNA expression of TLRs in various types of 

epithelia that provide immune defense against pathogenic microbes and recognize commensal 
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organisms. Expression of all TLRs (1,2,4,6,7,8,9,10) except for 3 and 5 is detected in the bovine 

gastrointestinal tract and is highest in the jejunum and ileum (Malmuthuge et al., 2012; Menzies 

and Ingham, 2006a). Another similar study discovered that TLR2, 4 and 6 are expressed in a cell 

line of human intestinal epithelial cells (Vora et al., 2004). The skin of dairy calves has shown to 

express all TLRs except 4 and 6 (Menzies and Ingham, 2006a). In primary cultured bovine 

mammary epithelial cells, it has been shown that TLR 2 and 4 and CD14 are expressed 

(Strandberg et al., 2005). Primary cultures of bovine tracheal epithelial cells have also shown 

mRNA expression of TLRs 2 and 4 in addition to TLRs 3 and 9 (Legarda et al., 2005). In human 

tracheal epithelium TLRs 1-6 and 9 are expressed at the protein level with no detection of TLR7 

or 8 (Ioannidis et al., 2013). A study discovered that primary polarized human airway epithelial 

cells express TLRs 1-7, 9 and 10 where TLR 2 and 6 are located at the basolateral surface and 

the rest of the TLRs are primarily apical (Ioannidis et al., 2013). However, a similar study using 

polarized human airway epithelial cells found TLR2 distribution to be apical (Muir et al., 2004). 

A cell line of human bronchial cells showed expression for all 10 TLRs (Ioannidis et al., 2013; 

Muir et al., 2004).  From observing trends in previous research, it seems that TLRs 2, 3, 4 and 6 

shows the highest mRNA expression in cultured epithelial cells in both human and bovine 

species.  

Activation of certain TLRs by their agonists leads to production of proinflammatory 

immune mediators in bovine epithelial cells (Mount et al., 2009; Yang et al., 2008). A study 

discovered that heat-killed Gram-negative E. coli and Gram-positive S. aureus induced 

expression of TLRs 4 and 2 respectively in bovine mammary epithelial cells. E.coli especially 

induced expression of the genes that encode for TNF-α and IL-8 proinflammatory cytokines. 

Similarly, it was discovered that LPS induced expression of IL-8 in bovine mammary epithelial 
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cells. In addition to inducing this chemokine, LPS induced expression of monocyte 

chemoattractant proteins 1-3 (MCP1-3) and peptidoglycan (PTG) and lipoteichoic acid (LTA) 

induced expression of MCP-1 (Mount et al., 2009). In addition to producing pro-inflammatory 

mediators, agonist-activated TLRs induce antimicrobial gene expression.  

 Activation of certain TLRs induces β-defensin expression in epithelial cells. A study 

showed that a synthetic lipoprotein called Pam3CSK4, significantly induced human β-defensin 

expression in tracheobronchial epithelial cells by interaction with TLR2/1 (Hertz et al., 2003).  

Another study showed that stimulation of mammary epithelial cells with LPS induced β-defensin 

gene expression by almost 500 fold. Lipoteichoic acid also induced β-defensin gene expression 

via TLR2 but to a lesser extent. Of the induced β-defensins, 70% of the amplicons encoded for 

tracheal antimicrobial peptide and lingual antimicrobial peptide (Strandberg et al., 2005).  

To complement these findings, an additional study showed that TLR4 was responsible for 

inducing expression of TAP in bovine tracheal epithelial cells (TECs) via stimulation with LPS. 

This was discovered when an LPS antagonist called RsDPLA was incubated with bovine TECs 

before stimulation with LPS causing a severe inhibition of TAP expression (Legarda et al., 

2005). By adding an NF-κB inhibitor called SN50 to TEC cultures, a dramatic decrease in TAP 

expression and a decrease of NF-κB translocation to the nuclei was also shown suggesting TLR 

related signaling pathways are responsible for inducing TAP expression (Legarda et al., 2005). 

  Interleukin-17A and Interactions with IL-17 Receptor A and C   

 A lineage of T lymphocytes known as CD4
+
 helper cells are further divided into subsets. 

One of these subsets consists of T helper (Th) 17 cells, which play an important role in mucosal 
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immunity by recruiting neutrophils and inducing antimicrobial components at sites of infection 

by extracellular pathogens (Shen and Gaffen, 2008). However, Th17 cells are known to cause 

certain autoimmune disorders such as rheumatoid arthritis, multiple sclerosis, Crohn’s disease 

and systemic lupus erythematosus, as well as respiratory inflammation in cystic fibrosis (Gaffen, 

2004; Kolls and Linde, 2004; Weaver et al., 2006). These cells can be activated by IL-23 to 

induce expression of a superfamily of  pro-inflammatory cytokines known as IL-17A-F 

(Aggarwal et al., 2003; Gaffen, 2009; Happel et al., 2003). Other cell types produce IL-17 to a 

lesser extent such as CD8
+ 

T lymphocytes, γδ T lymphocytes, natural killer T (NKT) cells and 

natural killer (NK) cells (Gaffen, 2009). IL-17 family orthologues have been identified in various 

species other than mammals such as lamprey, trout and zebrafish, suggesting a conserved 

structure and possible conserved function across species (Tsutsui and Nakamura, 2007). 

 Among the IL-17 family, IL-17A, also known as CTLA-8 or simply IL-17, is extensively 

studied and is known to be a highly potent pro-inflammatory cytokine that exhibits effects on 

epithelial cells, endothelial cells, fibroblasts, macrophages and dendritic cells (Bougarn et al., 

2011; Gaffen, 2009; Rouvier et al., 1993).  IL-17A induces gene expression and subsequent 

production of many pro-inflammatory cytokines such as IL-6, IL-8, IL-1β and granulocyte 

macrophage colony-stimulating factor (GM-CSF)  as well as antimicrobial factors such as human 

β-defensin-2 (hBD-2), TAP, and LAP (Bougarn et al., 2011; Kao et al., 2004; Yao et al., 1995). 

Previous studies have shown that recombinant IL-17A significantly induces TAP gene 

expression in bovine mammary epithelial cells after only 6 hours of treatment (Bougarn et al., 

2011). In the same study, other antimicrobial factors such as serum amyloid A (SAA), inducible 

nitric oxide (iNOS), and lingual antimicrobial peptide (LAP) were induced by treatment with IL-

17A. Other studies found that IL-17A induced  hBD-2 gene expression more than 75-fold in 



 
 
 

 22 

primary human tracheobronchial cells and induced significant hBD-2 peptide secretion in both 

these cells and a bronchial epithelial cell line (Kao et al., 2004). IL-17A has also been shown to 

interact synergistically with TLR agonists and other cytokines to induce antimicrobial peptide 

expression (Bougarn et al., 2011). 

 When epithelial cells are treated with a combination of IL-17A and pro-inflammatory 

cytokines such as TNF-α or TLR agonists such as lipoteichoic acid, synergistic induction of 

antimicrobial factors occur. For example, bovine mammary epithelial cells, stimulated 

simultaneously with recombinant IL-17A and TNF-α showed  more than additive induction of 

gene expression of antimicrobial peptides such as TAP, LAP and other factors such as SAA, 

iNOS, and CCL20 (Bougarn et al., 2011). When IL-17A was combined with LTA, a similar 

synergy occurred in induction of TAP as well as other antimicrobial compounds such as, 

S100A8, S100A9 and iNOS (Bougarn et al., 2011).  

 In order to induce expression of innate immune genes, IL-17A must interact with a 

surface receptor to activate intracellular signaling. IL-17A interacts with a trimeric complex 

consisting of two IL-17RA subunits and an IL-17RC subunit (Shen and Gaffen, 2008; Toy et al., 

2006). Gene expression of subunits A and C has been detected in bovine mammary epithelial 

cells, mammary tissue and bovine blood leukocytes (Bougarn et al., 2011). Another study 

showed that the use of anti-IL-17AR antibodies determined a dose-dependent inhibition of hBD-

2 induction in IL-17A-stimulated primary human tracheobronchial epithelial cells (Kao et al., 

2004). The location of IL-17RA/C complex in  polarized  airway epithelial cells is on the basal 

surface (Kao et al., 2004). The structure of the IL-17RA has very unique characteristics and 

many potential signaling pathways. 
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 The structure of IL-17RA is unique for a cytokine receptor because of its pre-assembled 

complex in the plasma membrane known as a PLAD (pre-ligand assembly domain) (Kramer et 

al., 2007). IL-17RA PLAD consists of two fibronectin III-like domains (FN) that interact with  

IL-17A homodimers or IL-17A/F heterodimers  on the surface of the cell and cytoplasmic tails 

that consist of a SEF/IL-17R (SEFIR) domain and a distal domains (Gaffen, 2009; Shen and 

Gaffen, 2008).  The SEFIR domain contains a structure on its C-terminus that is very similar to 

the TIR domain located on the cytoplasmic end of Toll-like receptors, however, it is missing the 

TIR box 3 subdomain and BB loop structure. Consequently this structure is named the TILL or 

TIR-like loop and has been shown to have immune functions different from those induced by 

TLRs (Maitra et al., 2007). Upon binding of IL-17A to FN, the cytoplasmic tails of IL-17RA 

separate to allow integration of IL-17RC (Shen and Gaffen, 2008).  

  Once activated by binding of IL-17A, the IL-17RA/IL-7RC complex triggers a signaling 

cascade to activate various transcription factors that lead to expression of various cytokines, 

chemokines and antimicrobial factors. Upon binding of IL-17A to the IL-17RA/C complex, 

signaling occurs through the SEFIR/TILL domain which contains the adaptor ACT1. ACT1 then 

mediates activation of other downstream signaling intermediates to activate transcription factors 

such as NF-κB, MAP kinase (MAPK), and CCAAT/enhancer binding proteins δ and β (C/EBP- 

δ) and (C/EBP- β). Once activated, these transcription factors translocate to the nucleus and 

induce gene expression of IL-17A target genes (Figure 2) (Ruddy et al., 2004; Shen and Gaffen, 

2008).  Previous studies have shown the involvement of NF- κB in IL-17A activation of defensin 

gene expression.  Human tracheobronchial cells stimulated with IL-17A showed significant 

nuclear translocation and more than 20-fold increases in DNA binding activity of the canonical 

p50 and p65 subunits of the NF- κB complex (Kao et al., 2008). Interestingly, the same study 
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found that IL-17A treatment also increased expression of the NF- κB inhibitor IκB-δ (Kao et al., 

2008; Ruddy et al., 2004; Shen et al., 2005).  A study using bovine mammary epithelial cells 

showed that treatment with an NF-κB inhibitor dramatically reduced secretion of CXCL8 

(interleukin-8), a neutrophil-targeting chemokine, after stimulation with both IL-17A and LTA 

(Bougarn et al., 2011). Similarly, tracheobronchial epithelial cells stimulated with IL-17A 

showed dose-dependent decreases in hBD-2 expression upon treatment with various NF-κB 

inhibitors. Interestingly, this study also showed a dose dependant decrease in hBD-2 expression 

when the cells were treated with inhibitors of the JAK/STAT pathway, suggesting that multiple 

and interconnected pathways are involved in IL-17RA-mediated activation of antimicrobial 

peptides (Kao et al., 2004).  

 

Figure 2. Signaling pathways mediated by IL-17 receptor A/C complex (IL-17RA/C) (Gaffen, 

2009). 
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 IL-17A is produced by cells of the adaptive immune system and stimulates other cells to 

produce innate immune effectors. A model of this process begins with activation of TLRs by 

components of extracellular pathogens. Once a TLR is activated, intracellular signaling events 

occur to induce gene expression and consequent secretion of β-defensins. These defensins then 

have direct microbicidal properties, but also work as chemoattractants that interact with Th17 

cells. Once activated, these T cells produce IL-17A which then interacts with its receptor 

complex on the basal side of epithelial cells. Induction of further signaling pathways stimulates 

additional production of more antimicrobial peptides and attracts more inflammatory cells to the 

site of pathogen invasion (Kao et al., 2004). This link of innate responses and adaptive immune 

responses functions to effectively clear infections and produces immunological memory at 

mucosal sites in the body. 

  Interferon-α and Signalling Through the IFN Receptor Complex 

 The interferons (IFN) are a family of cytokines that are known for robust anti-viral and 

immunoregulatory functions as demonstrated in therapeutic treatments for hepatitis B and C 

virus infection, hematological cancers  and multiple sclerosis (Borden et al., 2007; De Maeyer 

and De Maeyer-Guignard, 1998) This family consists of classes I-III according to interactions 

with specific receptor complexes (Sadler and Williams, 2008). The type I IFNS consist of IFN-α, 

β, κ, ε, τ, δ, δ, and ω and interact with the IFN-α/β receptor complex (IFNAR) (Levy et al., 2011; 

Sadler and Williams, 2008).  This class of IFNs are essential components of antimicrobial and 

inflammatory responses to viruses and bacteria, and play an important role in cell proliferation 

control and immunoregulation (de Veer et al., 2001; Der et al., 1998).   
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  Of type I IFNs, the α and β subtypes have been highly studied and are known for their 

potent antiviral activities and responses to extracellular bacteria in the airway epithelium (Decker 

et al., 2005; Parker and Prince, 2011b; Platanias, 2005; Samuel, 2001). IFN-α is composed of 

166 amino acids folded into 5 α-helical bundles stabilized by 2 disulfide bonds (Pesch et al., 

2004). This cytokine is induced by viral and bacterial interaction with PRRs expressed in airway 

epithelial cells (Bérubé et al., 2009; Mayer et al., 2007; Muir et al., 2004; Platz et al., 2013). 

 Epithelial cells express various membrane-bound Toll-like receptors as well as 

nucleotide-binding oligomerization domain (NOD-like) receptors and retinoic inducible gene 1 

(RIG-I-like) receptors (Bérubé et al., 2009; Mayer et al., 2007; Muir et al., 2004; Parker and 

Prince, 2011c; Platz et al., 2004). Upon infection of the airway epithelium by bacteria or viruses, 

recognition of viral or bacterial components (MAMPs) by these receptors activates signaling 

pathways to phosphorylate IFN regulatory transcription factors (IRFs) 3, 5, and 7 (Blasius and 

Beutler, 2010; Häcker et al., 2006; Kagan et al., 2008; Parker and Prince, 2011c). These IRFs 

translocate to the nucleus to induce gene expression and subsequent secretion of IFN-α (Liu, 

2005; Sommereyns et al., 2008). A previous study showed that human airway epithelial cells 

stimulated with influenza virus produced IFN-α (Ioannidis et al., 2013). Indeed, all nucleated 

cells, including airway epithelial cells , produce and respond to IFN-α (Liu, 2005; Sommereyns 

et al., 2008) 

 After secretion, IFN-α binds to the IFNAR1-2 receptor heterodimer complex. The IFN-

α/β receptor (IFNAR) consists of two subunits called IFNAR1 and IFNAR2 which form a 

heterodimer upon ligand binding with type I IFN. This receptor complex is constitutively 

expressed in all cell types, including airway epithelial cells (Ciencewicki, 2009; Sommereyns et 
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al., 2008). Previous  use of immunohistochemistry has shown that fully differentiated bronchial 

and tracheal epithelial cells express IFNAR on the basolateral surface (Ciencewicki, 2009). 

However, non-differentiated airway epithelial cells showed more apical distribution of the 

IFNAR. Possible explanations for basolateral distribution in differentiated cells suggest that by 

having the receptor on the basolateral side of the cell, there is restriction of overstimulation of 

the IFNAR. When viral infection damages the integrity of the cell, the receptor is activated to 

produce antiviral genes to prevent infection of the surrounding cells (Ciencewicki, 2009). 

 When type I IFNs bind to the IFNAR receptor complex, phosphorylation of preassociated 

Jak1 and Tyk2 kinases occurs. Once activated, these kinases recruit and phosphorylate signal 

transducers and activators of transcription (STATs) 1 and 2 which form a heterodimer. STAT1/2 

then associates with IRF9 to form the IFN-stimulated gene factor 3 complex (ISGF3) and 

translocate to the nucleus to induce IFN-stimulated genes (ISGs) (Figure3) (Sadler and Williams, 

2008). Over 300 genes are classified as IFN-stimulated genes that encode for PRRs, cytokines 

and chemokines that are necessary for clearance of viruses and bacteria in the respiratory 

epithelium (Decker et al., 2005; Der et al., 1998).  
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Figure 3.Signaling via IFN α/β receptor (IFNAR) (Sadler & Williams, 2008). 

 

  Epithelial cells stimulated with IFN-α increase expression of  TLR3 located on 

intracellular endosomes (Blasius and Beutler, 2010; Ciencewicki, 2009). Previous studies have 

shown that lung epithelial cells treated with IFN-α for 6 hours showed significant induction of 

TLR3 mRNA (Ciencewicki, 2009). This activation suggests that during viral or bacterial 

infection, a positive feedback loop occurs when PRRs interact with pathogenic components to 

induce IFN production which then produces genes to further increase receptor expression.  
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 IFN-α stimulates production of antiviral effector molecules. Type I IFNs have direct 

antiviral effects by inducing defense genes against viral infection and by reducing the spread of 

infection into surrounding cells until the adaptive response can be initiated (Platanias, 2005; 

Samuel, 2001). Some  main antiviral effectors induced by type I IFNs include ribonuclease L 

(RNaseL), myxovirus resistance 1(Mx1) and Protein kinase R (PKR) (Sadler and Williams, 

2008). RNase L degrades viral RNA, PKR blocks the translation of viral RNA and Mx1 is a 

GTPase that forms complexes with dynamin to disrupt activation of viral polymerases which 

then interrupts viral replication (Der et al., 1998; Lu, 1999; Noppert et al., 2007).   

 IFN-α stimulates gene expression and subsequent production of cytokines and 

chemokines that recruit and activate other immune system cells. IFN-α-stimulated epithelial cells 

produce the cytokines GM-CSF and IL-1β as well as chemokines such as CXC ligand 8 

(CXCL8)  to ultimately recruit neutrophils and induce  maturation of myeloid dendritic cells 

(DCs) (Hammad and Lambrecht, 2008; Parker and Prince, 2011c). Mature DCs induce B cell 

maturation and immunoglobulin class switching for antibody responses to antigens (Bougarn et 

al., 2011; Le Bon et al., 2001; Montoya, 2002; Theofilopoulos et al., 2005). Other chemokines 

induced by IFN-α such as CXCL10 and CCL12  recruit NK cells, macrophages, and T cells to 

infected areas (Thomas et al., 2006).  

 Considering the extensive research that has been conducted on Type I IFNs in the 

respiratory tract, there are very few studies that examine whether type I IFN stimulation of 

epithelial cells induces expression of antimicrobial peptides. One study found that IFN-γ, a type 

III IFN, induces human β-defensin 3 (hBD-3) gene expression in normal human keratinocytes 

(Pernet et al., 2003). Another study discovered that simultaneous stimulation of human airway 



 
 
 

 30 

epithelial cells with TNF-α and IFN-γ significantly induced hBD-2 mRNA expression (Winder 

et al., 2009). However, there are no other studies have been conducted using type 1 IFNs. Due to 

the effective bactericidal nature of antimicrobial proteins in the respiratory tract, one may find it 

beneficial to determine if IFN-α stimulation of airway epithelial cells induces expression of 

antimicrobial peptides. 

 Factors That Compromise Gene Expression and Antimicrobial Function of β-

Defensins 

Even though bacterial and viral components act as ligands for TLRs to initiate the innate 

immune defense,  infections of  viral pathogens such as BVDV or bacterial pathogens such as B. 

bronchiseptica  inhibit the induction of TAP in bovine TECs (Al-Haddawi et al., 2007; Legarda 

et al., 2005; Mitchell et al., 2007). An in-vitro study found that after infection of bovine tracheal 

epithelial cells with a type 2 BVDV isolate, induction of TAP mRNA by LPS stimulation was 

significantly inhibited in comparison to the uninfected LPS-stimulated cells (Al-Haddawi et al., 

2007). Viral infections have been determined to disrupt NF-κB signaling in cells. This method of 

evading the immune system is achieved in ways such as by inhibiting the translocation of NF-κB 

into the nucleus of a cell to prevent gene expression or by preventing complete degradation of 

the NF-κB inhibitory complex IκB (Santoro et al., 2003). These mechanisms may be responsible 

for the effect of viruses in decreasing TAP induction by TLR agonists. 

 Bacterial infections have also been shown to inhibit induction of TAP. Experimental 

infection of bovine TECs with B. bronchiseptica decreased LPS induction of TAP by 40%. This 

bacterium contains a type III secretion system that inhibits NF-κB activation by exhibiting a 

lower binding activity of NF-κB in the nuclei of these cells (Legarda et al., 2005).  
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Other factors in addition to infection cause decrease in TAP gene expression. 

Glucocorticoids produced under stress for example, have been shown to decrease up regulation 

of TAP mRNA in bovine TECs. A study showed that exposure of cultured TECs to the 

corticosteroid dexamethasone before stimulation with LPS caused a 51% inhibition in TAP 

induction (Mitchell et al., 2007). A similar study showed that pretreatment of human airway 

epithelial cells with dexamethasone caused a significant decrease in the induction of hBD-2 

(Winder et al., 2009). Due to the presence of an AP-1 binding site on the TAP gene, it is 

proposed that the corticosteroid-directed disruption of the AP-1 signaling pathway inhibits gene 

expression (De Bosscher et al., 2000). In addition to AP-1, specific glucocorticoid-binding sites 

located on the promoter region of TAP suggest that activation of this receptor may also inhibit 

TAP gene expression for an anti-inflammatory effect (Mitchell et al., 2007). However, extended 

periods of reduced TAP gene expression may inhibit peptide production in circumstances that 

require pathogen clearance. Such situations may increase the risk of developing disease.  

Conclusion 

Tracheal antimicrobial peptide is an inducible β-defensin that is highly expressed in the 

bovine respiratory tract and has been shown to exhibit powerful antimicrobial effects on 

pathogenic microorganisms that enter the trachea (Diamond et al., 1991; Grubor et al., 2006; 

Hancock and Scott, 2000).This antimicrobial peptide has been shown to be induced by bacterial 

components that are recognized by Toll-like receptors and by various pro-inflammatory 

cytokines recognized by their respective receptors. For example, TLR4 and IL-17A initiate 

signal transduction pathways that lead to gene expression of TAP (Bougarn et al., 2011; Mount 

et al., 2009; Strandberg et al., 2005; Yang et al., 2008). However, under conditions of infection 
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with certain viruses and bacteria, as well as under exposure to glucocorticoids, TAP induction 

via certain TLR ligands such as LPS is significantly inhibited (Al-Haddawi et al., 2007; Legarda 

et al., 2005; Mitchell et al., 2007). This may increase risk of infections that lead to BRD in cattle 

that are shipped and commingled in large feedlots. 

Rationale and Objectives 

Tracheal antimicrobial peptide is an important component of the innate immune system 

of the bovine respiratory tract. This peptide has been shown to directly kill major pathogens 

associated with BRD such as M. haemolytica and others(Taha-Abdelaziz et al., 2013). TAP has 

also been shown to interact with the adaptive immune response and aid in tissue repair and 

epithelial cell proliferation. TAP gene expression is inducible by certain proinflammatory 

cytokines such as TNF-α and IL-17A and ligands for specific Toll-like receptors (TLRs) such as 

LPS for TLR4 (Bougarn et al., 2011; Diamond et al., 2000; Mitchell et al., 2007; Mount et al., 

2009; Russell et al., 1996).  

The purpose of this research project is to determine which cytokines and TLR ligands 

most efficiently and rapidly induce TAP gene expression, in comparison to the known effects of 

LPS which has been currently optimized at 16 hours of stimulation. Previous studies have shown 

that various TLR2 ligands and cytokines such as IL-17A  markedly induced β-defensin 

expression (Bougarn et al., 2011; Hertz et al., 2003). Therefore, these ligands will significantly 

induce gene expression of TAP earlier than LPS. The ultimate goal is to administer these ligands 

or cytokines to calves upon arrival to feedlots, when exposure to BRD pathogens is highest, so 

that the antimicrobial and immunomodulatory functions of TAP can reduce infection and 

minimize the severity of BRD in feedlot cattle. 

The three main objectives of this study are: 
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1)  to determine which Toll-like receptors are expressed in bovine tracheal epithelial cells, 

tracheal tissue and lung tissue, 

2) to characterize the timing and magnitude of TAP gene expression induced by various 

pro-inflammatory cytokines and TLR agonists and 

3) to confirm the presence of TAP in supernatant of bovine tracheal epithelial cells 

stimulated with various TLR agonists that induce gene expression. 

  

 Since TLRs 2, 3, and 4 have been shown to be expressed in both bovine and human 

airway epithelial cells, it is anticipated that the same will be expressed in bovine tracheal 

epithelial cells (bTECs) and the lung tissue examined in this study (Legarda et al., 2005; Sha et 

al., 2004). TLR4 expression has been determined  in cultured bovine pulmonary epithelial cells 

in previous studies, suggesting that expression of TLR4 mRNA in bovine lung tissue is likely 

(McClenahan et al., 2008). Identifying gene expression of various TLRs in these cells and tissues 

will indicate potential ligands that may induce TAP expression. 

 Previous studies have shown that bTECs stimulated with LPS induce TAP gene 

expression through TLR4 signalling (Al-Haddawi et al., 2007; Diamond et al., 2000, 1996; 

Mount et al., 2009; Strandberg et al., 2005; Yang et al., 2008). These results suggest that if 

certain TLRs, such as TLR2 or TLR3, are expressed in airway epithelial cells, stimulation with 

specific ligands may activate TLR signalling pathways. Therefore, ligands such as lipoteichoic 

acid (TLR2/2), Pam3CSK4 (TLR2/1), FSL-1 (TLR2/6), CpG ODN 2007 (TLR9) and flagellin 

(TLR5) are anticipated to induce TAP gene expression.  

 In addition to TLR ligands, certain cytokines may induce TAP gene expression. Pro-

inflammatory cytokines such as type III IFNs and IL-17A stimulate expression of inducible β-
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defensins in various types of epithelial cells (Bougarn et al., 2011; Winder et al., 2009). This 

suggests that IL-17A may stimulate TAP expression in bTECs (Diamond et al., 2000, 1996; Kao 

et al., 2008). IFN-α (type I IFN) was examined because of the known predisposing effect of viral 

infection on bacterial pneumonia in cattle, and because of the commercial availability of a viral 

immunostimulant (Parapoxvirus ovis, Zylexis) that is known to induce IFN-α expression 

(Horohov et al., 2008). Whether these cytokines and TLR agonists are more effective than LPS, 

or induce a more rapid effect, is the major objective of this study. Knowing which agonists are 

most effective in stimulating TAP gene expression would identify key signalling pathways and 

therefore would suggest candidate drugs. Eventually, development of such pharmaceutical 

products could stimulate TAP gene expression in cattle as a method to prevent BRD during times 

of high risk of this disease.   
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Chapter 2: Materials and Methods 

General Reagents  

 All reagents were purchased from Invitrogen Canada unless otherwise stated. Primers for 

PCR were obtained from Sigma Chemical Co., St. Louis, MO. 

 Toll-like Receptor Gene Expression in the Bovine Respiratory Tract 

 Tissue Acquisition   

 Tracheal and lung tissue from three market weight calves was obtained from Cargill Meat 

Solutions Dunlop Facility in Guelph, Ontario. From each calf, 30 mg samples of tracheal 

mucosal tissue and lung tissue were obtained, washed in PBS, submerged in 500 μl of 

RNAlater® and incubated at 4°C for 24 hours. The tissues were then stored at -80°C until RNA 

extraction. Adjacent samples of the same tissues were submerged in formalin for approximately 

48 hours then histologic sections were prepared routinely by embedding in paraffin, sectioning, 

mounting on glass slides and staining with hematoxylin and eosin.   

 Positive controls for the TLR gene expression study consisted of pooled cDNA from 

mesenteric lymph node and ileum tissue samples obtained from a Holstein calf from Elora Dairy 

Research Station.  These tissues were previously shown to express all ten bovine TLRs 

(Malmuthuge et al., 2012) 

 Primary Cell Culture of Bovine Tracheal Epithelial Cells (bTEC) 

  Fresh tracheas were obtained as above and were submerged within an hour of acquisition 

into a washing solution containing PBS, 0.1 mg/ml penicillin-streptomycin, 0.5 mg/ml 

gentamycin and 10 μg/ml amphotericin B. Mucosal tissue sections of approximately 4 cm X 4 

cm were dissected from the cartilage, rinsed four times in washing solution and submerged in 
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washing solution containing 0.1% protease (Dispase®, Invitrogen) overnight at 4°C. Fetal 

bovine serum (FBS, approximately 2%) was added to deactivate the protease. Each mucosal 

section was washed three times in sterile PBS and the cells were scraped from the tissue using a 

scalpel blade. The cells were loosened from the dish using small volumes of PBS and were 

transferred into a 50 ml tube containing 10 ml of PBS.  The cell suspension was topped up to 40 

ml with sterile PBS and centrifuged at 500 x g for 10 minutes twice. The pellet  was then 

resuspended in 10 ml of a 1:1 mixture of Dulbecco’s modified Eagle’s medium and Ham’s F-12 

medium (DMEM/F12) containing 5% FBS, 0.1 mg/ml penicillin-streptomycin, 5 μg/ml 

amphotericin B, 0.5 mg/ml cell culture grade gentamycin, 25 μg/ml bovine pituitary extract, 25 

ng/ml epidermal growth factor and 1% insulin-transferrin-selenium.  

 The suspended bTECs were stained 1:1 with Trypan blue dye to determine viability 

(which was typically about70%) and were counted using a hemocytometer. Approximately 2.5 to 

5.0 x 10
5
 cells/ml were seeded onto wells coated with 0.03 mg/ml Type 1 bovine collagen and 

incubated at 37°C in 5% CO2 for 24 hours. Each well was washed twice with sterile PBS to 

remove debris and re-submerged in fresh medium. This procedure was repeated for 4-6 days 

until the cells reached 80-90% confluency.  

 For immunohistochemistry, cell suspensions were fixed in 70% ethanol and suspended in 

HistoGel™ (Thermo Fisher Scientific Inc.) following manufacturer’s instructions. 

Immunohistochemistry performed by the Animal Health Laboratory (University of Guelph, 

Canada) showed that 100% of the cells had positive cytoplasmic labeling for pancytokeratin (an 

epithelial cell specific marker; AE1/AE3, No. M3515, Dako, ON, Canada) and about 5% had 

positive cytoplasmic labeling for vimentin (a marker of mesenchymal cells; No. M0725, Dako). 
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The negative control, prepared by omitting the primary antibody, did not show background 

staining. 

 RNA Extraction and cDNA Synthesis 

 RNA was extracted from tissues preserved in RNA later® and from cultured bTEC using 

RNAeasy® Mini Kit capture columns (QIAGEN Inc, Mississauga, ON) with additional use of 

QIAshredder™ (QIAGEN Inc, Mississauga, ON) for extraction from tissues according to 

manufacturer’s instructions. Genomic DNA was removed by treatment with DNase I (QIAGEN 

Inc, Mississauga, ON). Extracted RNA was eluted into 35 μl of RNase-free water and the 

concentration and quality was measured using a Nanodrop 2000 spectrophotometer (Thermo 

Scientific; Wilmington, DE). Complementary single-stranded DNA (cDNA) was reverse 

transcribed from 100 ng total RNA using Super Script® III reverse transcriptase  according to 

the manufacturer’s protocol. Oligo dTs were used as a primer. Once cDNA synthesis was 

completed, samples were incubated at 37°C for 20 minutes with ribonuclease H (Invitrogen) to 

remove any remaining RNA. Concentrations and quality of cDNA were measured using a 

Nanodrop 2000 and stored at -20°C.  

 PCR and Gel Electrophoresis 

   PCR amplification of neat cDNA was completed using primers for TLRs 1-10 and IL-

17RA. Refer to appendix 2 for forward and reverse primer sequences as well as expected product 

sizes for each of the 10 TLRs (Malmuthuge et al., 2012; Menzies and Ingham, 2006a) . IL-17RA 

sequences were obtained from NCBI BLAST (XM_002683626.2) and primers were designed 

using NCBI primer designer software. The primer sequences for IL-17RA and expected size are 

as follows: forward 5’-GTGCCCGACTGCAAGGACCC-3’ and reverse 5’-

CTGGGTGGCTTCCTGTGCGG-3’, 250bp product size .The PCR profile was as follows: 95°C 
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for 5 min, 95°C for 30 sec, 58°C for 30 sec for TLR primers and 65°C for 30 sec for IL-17RA 

primers, 72°C for 30 sec, repeat from step 2 for 35 cycles, 72°C for 5 min. The PCR product was 

analyzed by gel electrophoresis using 0.01% SYBR® Safe gel dye on a 5% agarose gel (Sigma, 

St. Louis, MO) in 0.5x Tris/Borate/EDTA buffer (Sigma, St. Louis, MO). The relative size of the 

PCR product was measured by comparison to a 100 bp ladder. After gel electrophoresis, the 

image was recorded using a ChemiDoc system (Bio-Rad; Hercules, CA). Appropriately sized 

PCRs products were excised and extracted using a MiniElute gel extraction kit (QIAGEN Inc, 

Mississauga, ON). The extracted PCR products were then sent to the Molecular Biology Unit of 

Laboratory Services at the Agriculture and Food Laboratory (University of Guelph) for 

sequencing using the ABI 3730 DNA sequencer. Sequencing results were aligned to published 

nucleotide sequences in NCBI using the Geneious nucleotide analysis software. 

Stimulation of Tracheal Epithelial Cells with TLR Agonists and Pro-inflammatory 

Cytokines 

 Stimulation with Agonists   

 Serum-free medium consisted of DMEM/F12, 0.1 mg/ml penicillin-streptomycin and 1.5 

μg/ml amphotericin B. Confluent bTEC, cultured as described above, were incubated with 

serum-free medium at 37°C in 5% CO2 for 6-12 hours to remove any possible effects of fetal 

bovine serum on response to agonists. The bTECs were then incubated in triplicate with various 

TLR agonists or cytokines. To determine the optimal dosage and incubation time, the effect of 

different doses of each agonist was examined first, with a subsequent experiment to determine 

the time course to induce gene expression at the optimal dose. The TLR agonists used in this 

study include lipoteichoic acid from S. aureus (which stimulates TLR2/2 homodimer) (Sigma-

Aldrich, St. Louis, MO, USA, cat no: L2630), Pam3CSK4 (TLR2/1 heterodimer) (Invivogen, 
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San Diego, CA, cat no: t1rl-pms), FSL-1(TLR2/6 heterodimer) (Invivogen, San Diego, CA, cat 

no: t1r1-fsl), Flagellin from Salmonella enteric serovar 

Typhimurium (TLR5) (Invivogen, San Diego, CA, cat no: t1r1-pstfla), and CpG ODN 2007 

(TLR9) (Invivogen, San Diego, CA, cat no:t1rl-2007) along with a non-CpG ODN 2007 

(Invivogen, San Diego, CA, cat no:t1r1-2007c). The cytokines used in this study included bovine 

recombinant IL-17A (Kingfisher Biotech, St. Paul, MN, USA, cat no: RP0056B-005) and bovine 

recombinant IFN-α (Kingfisher Biotech, St. Paul, MN, USA, cat no: RP0008B-025). 

Lipopolysaccharide derived from Pseudomonas aeruginosa (a TLR 4 agonist, Sigma Aldrich, 

MO, USA, cat no: L9143), was included at a concentration of 0.1 μg/ml in each trial as a positive 

control because this ligand has been shown to stimulate TAP gene expression in previous studies 

(Mitchell et al., 2007).   

 Quantitative Real-time Reverse Transcription PCR 

 To quantify relative gene expression between stimulated and non-stimulated bTEC, real-

time reverse transcription quantitative PCR was conducted using LightCycler® 480 technology 

(Roche Diagnostics, Mannheim, Germany). Constant amounts of cDNA synthesized from 100ng 

of total RNA were used in each reaction to measure gene expression of TAP relative to the 

reference gene glyceraldehyde-3-phosphate dehydrogenase (GAPDH). The abundance of 

GAPDH amplified product remained constant across different treatments, based on finding 

constant crossing points. The primer sequences and product sizes for TAP and GAPH are as 

follows: TAP forward 5’-TCTTCCTGGTCTGT CTGCT-3’, reverse 5’-

GCTGTGTCTTGGCCTTCTTT-3’, 183 bp product size; GAPDH forward 5’-

GGCGTGAACCACG AGAAGTATAA-3’, reverse 5’-CCCTCCACGATGCCAAAGT-3’, 120 

bp product size (Mitchell et al., 2007). Amplification efficiencies of 1.91 for TAP and 1.88 for 
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GAP were determined from the slope of a standard curve constructed from a series of 1:5 serial 

dilutions of cDNA synthesized from LPS-stimulated bTEC. A middle dilution was used in each 

qPCR run as a calibrator to control for plate to plate variation.  

 Each qPCR reaction consisted of 10 μl of 2X LightCycler®480 SYBR Green 1 master 

mix (Roche Diagnostics, Mannheim, Germany), 0.5 μl each of forward and reverse primers (10 

μM), 7 μl of PCR grade H2O and 2 μl of 1:10 diluted template cDNA.  The reaction was started 

by a pre-incubation step at 95°C for 7 min followed by 45 amplification cycles consisting of 

95°C for 15 sec, 63 °C for 15 sec, and 72°C for 20 sec. Once this was completed, a melting curve 

was produced at 95°C for 5 sec then 45°C for 1 min. The reaction was finally concluded by a 

cooling step at 40°C for 1 min. The samples were run in technical duplicates for both the gene of 

interest (TAP) and the reference gene (GAPDH) then averaged for advanced relative 

quantification analysis using LightCycler®480 software (Roche Diagnostics, Mannheim, 

Germany).  

Epithelial Cell Culture Supernatants  

 As described above, confluent bTECs in a 24 well plate were treated with serum-free 

medium then stimulated in triplicate wells with DMEM/F12 medium containing TLR agonists 

Pam3CSK4 (1 μg/ml), FSL-1 (31.6 ng/ml) or LPS (0.1 μg/ml). Non-stimulated control wells 

contained only DMEM/F12 medium. The supernatants were collected after 24 hours and 

submitted to the Mass Spectrometry Facility located in the Advanced Protein Technology Centre 

at the Hospital for Sick Children in Toronto, ON. The samples underwent an in-solution trypsin 

digestion and a C18 Ziptip clean up. Liquid chromatography coupled with tandem mass 

spectrometry (LC-MS/MS) was then conducted to identify and quantify the peptides present in 

the supernatants. The results were analyzed using Scaffold 4 software. 
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Statistical Analysis 

 A general linear mixed model was used to fit the normalized ratios using Proc MIXED 

(SAS 9.2).  Fixed effects were a combination of agonist and dose by time and the combination 

by time interaction were also included in the model. ID was a random blocking variable (a 

random effect), and the random interaction of ID by dose-agonist combination by time was used 

to handle sub-sampling (technical triplicates). 

 To assess the ANOVA assumptions, residual analyses were conducted.  The residuals 

were formally tested for normality using the four tests offered by SAS (Shapiro-Wilk, Cramér-

von Mises, Kolmogorov-Smirnov and Anderson-Darling tests).  In addition, the residuals were 

plotted against the predicted values and explanatory variables included in the model.  Log 

transformation and exclusion of 2 outliers produced a fundamentally normal distribution of data. 

A P value < 0.05 was considered significant. The data are shown graphically as mean ± standard 

error of the mean (SEM). 
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Chapter 3: Results 

Characterization of Cultured Cells Using Immunohistochemistry 

 Trypsinized bTEC embedded in HistoGel™ were examined histologically. Sections 

stained with hematoxylin and eosin showed rounded cells with abundant eosinophilic cytoplasm, 

marked anisocytosis, and occasional bi-or multi-nucleation (Figure 1A). Immunohistochemistry 

revealed that 100% of the cells were positive for cytokeratin (Figure 1B) and 5% were positive 

for vimentin (Figure. 1C). Immunoreactivity for both antigens was present in the cytoplasm.   

Basal Expression of Toll-like Receptors and Interleukin-17RA Genes in bTEC, Tracheal 

Tissue and Lung Tissue 

 Basal expression of bovine TLR genes was examined in unstimulated primary cultures of 

bTEC as well as tracheal tissue and lung tissue from three beef calves. Histologically, the 

tracheal and lung samples from all calves contained low numbers of lymphocytes, plasma cells, 

and few neutrophils, which were considered within normal limits. 

  Unstimulated bTEC showed mRNA expression for TLRs 1-6, 9 and 10 but not TLR7 or 

8 (Figure 2B). In contrast, tracheal tissue, lung tissue, and the positive control (pooled RNA from 

mesenteric lymph node and ileum) each expressed mRNA for all ten bovine TLRs (Figure 2C 

and 2D). Similar findings were obtained for cell cultures as tissues from the 3 calves examined. 

In addition to TLRs, bTEC and the positive control each showed mRNA expression for IL-17 

receptor subunit A (IL-17RA) (Figure 3).  

Induction of TAP Gene Expression by TLR Agonists and Cytokines. 

  TAP gene expression was measured in bTEC stimulated with TLR agonists and 

cytokines. Pam3CSK4, an agonist of the TLR2/1 heterodimer, induced TAP gene expression in a 
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dose-dependent manner from 31.6 ng/ml to a maximal effect at the highest dose tested of 3.16 

μg/ml. This effect was significantly different from the non-stimulated control and LPS-

stimulated cells (Figure 4).  At this dose, the magnitude of effect was significantly greater than 

induction by LPS. The findings were similar in both calves tested, although the magnitude of the 

response differed. Induction of TAP gene expression was detected as early as 4 hours with 

Pam3CSK4 stimulation (Figure 5). FSL-1, a TLR2/6 agonist, also showed significant induction 

of TAP gene expression. A dose of 31.6 ng/ml induced the highest levels of TAP gene 

expression at both 8 and 16 hours of stimulation (Figure 6A and B). Using this concentration in 

the time course study, FSL-1 induced significantly greater TAP gene expression compared to the 

negative control and LPS after 4 hours of stimulation (Figure 7). In contrast, lipoteichoic acid, an 

agonist of the TLR2/2 homodimer, did not significantly induce TAP gene expression in doses 

ranging from 10-1000 ng/mL (Figure 8). However, the bTEC in this experiment did respond as 

expected to LPS. In an earlier time-course study using a lipoteichoic acid dose of 20 μg/ml and 

bTEC sourced from a different calf, significant induction of TAP gene expression was found at 8 

and 16 hours, albeit at lower magnitude than for stimulation with LPS (Figure 9). 

 In bTEC stimulated with flagellin (a TLR5 agonist), a dose of 316 ng/ml (the highest 

dose tested) achieved significant induction of TAP compared to the non-stimulated control, that 

was dose-dependent at both 8 and 16 hours of stimulation (Figure 10). Using this dose, a time 

course revealed that TAP gene expression was significantly induced after 8 hours of stimulation 

(Figure 11). However, flagellin did not induce significantly higher gene expression than LPS at 

any of the doses or times tested. 

 When bTEC were stimulated with various doses of bovine/porcine specific CpG ODN 

2007 (a TLR9 agonist) and its non-CpG control, there was no significant induction of TAP gene 
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expression at 8 or 16 hours (Figure 12), although a minor non-significant increase was noted for 

both CpG ODN2007 and the non-CpG control. In the time course study using the highest dose, 

the same trend of increased TAP gene expression was noted but was significantly different from 

the non-stimulated cells at 24 hours for both CpG and its non-CpG control. However, CpG did 

not induce gene expression significantly higher than its non-CPG control at any time (Figure 13).  

 Stimulation of bTEC with recombinant bovine IL-17A showed dose-dependent induction 

of TAP gene expression, to a maximum of 316 ng/ml (the highest dose tested) (Figure 14). The 

dose that incurred the highest effect was then used in a time course stimulation experiment to 

determine that IL-17A significantly induced TAP expression after 8 hours of stimulation, with a 

non-significant increase in TAP level as early as 4 hours (Figure 15).   

 Stimulation of bTEC with recombinant bovine IFN-α showed that a dose of 1000ng/ml 

(the highest dose tested) significantly induced TAP gene expression in comparison to the non-

stimulated control, at both 8 and 16 hours of stimulation (Figure 16). Using this dose of IFN-α, a 

time course showed that significant gene expression induction of TAP occurred after 4 hours of 

stimulation and it remained significantly elevated at later time points. Even though there was a 

rapid induction by IFN-α, it was not higher than LPS (Figure 17).  

 A summary experiment was conducted to compare the effects of Pam3CSK4, IL-17A and 

LPS on induction of TAP gene expression (Figure 18). All agonists had significantly greater 

effects than no stimulation. Pam3CSK4 induced significantly higher TAP gene expression than 

IL-17A and LPS did at both 8 and 16 hours of stimulation for all 4 calves examined. IL-17A also 

induced significantly higher gene expression than LPS after 8 hours, but not at 16 hours. There 

were between-animal differences within a time point, but this was not consistent between time 

points. 
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Detection of Immunologically Relevant Proteins in Supernatants of Stimulated Cultures of 

bTEC by Mass Spectrometry. 

 Supernatants of non-stimulated bTEC and bTEC stimulated with Pam3CSK4, FSL-1 or 

LPS were analyzed by liquid chromatography tandem mass spectrometry (LC-MS/MS). Data 

were analyzed using Scaffold proteomic software to create a list of predicted proteins (Appendix 

A). Of these proteins, a total of 6 were identified as being of immunological importance. These 

proteins are listed along with their molecular weights, unique peptide number and percent 

coverage in Table 1. Immunological function of the selected proteins as well as ratios comparing 

stimulated to unstimulated normalized quantification values are shown in Table 2. Lactoferrin 

and GCP-2 showed the greatest quantification values in Pam3CSK4 and LPS-stimulated samples 

compared to non-stimulated samples (Table 2). TAP was not detected in any of the samples.  
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Figure 4.  Histology and immunohistochemistry of trypsinized cultures of bovine tracheal 

epithelial cells. A) Hematoxylin and eosin stain. B) Immunohistochemistry for pancytokeratin, 

with 100% of cells labelled positively. C) Immunohistochemistry for vimentin, with 5% of cells 

labelled positively. All images under 1000X magnification. 
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Figure 5. Basal Toll-like receptor (TLR) mRNA expression in cultured bovine tracheal epithelial 

cells (A), tracheal tissue (B), lung tissue (C), and positive control tissue (pooled mesenteric 

lymph node and ileum) (D). Extracted RNA was reverse transcribed then amplified by PCR 

using specific primers, and the product was examined on an agarose gel. The gel lanes match the 

corresponding TLR (eg. the lane labelled 1 is TLR1), and the data shown from 1 calf are 

representative of the 3 calves examined. The DNA ladder is denoted by an L on the left. Note 

that expression of TLR8 is present but is low in tracheal and lung tissue and in the positive 

control, but expression of TLR7 and TLR8 are absent in bTEC. 
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Figure 6. Basal expression of IL-17RA mRNA in primary cultured bovine tracheal epithelial 

cells.).Lane 1 represents the negative control (no cDNA), lanes 2-4 are representative samples 

from 2 calves in duplicate and lane 5 represents the positive control consisting of pooled 

mesenteric lymph node and ileum. The ladder is denoted by L on the left. 
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Figure 7.  Dose-dependent effect of Pam3CSK4 (a TLR2/1 agonist) on induction of TAP gene 

expression. Confluent bTEC were stimulated with various concentrations of Pam3CSK4 for 16 

hours (n=2 calves, triplicate cell cultures). Gene expression was assessed using real-time RT-

qPCR in which ratios were calculated by comparing TAP gene expression to GAPDH reference 

gene expression, then normalized to a positive calibrator. A significant difference in gene 

expression from unstimulated cells (P<0.05) is denoted by the asterisks (*). Lipopolysaccharide 

(LPS) was used as a positive control at a dose of 0.1 μg/ml. Pam3CSK4 at 1000 or 3160 ng/ml 

induced a level of TAP gene expression that was significantly higher than that for LPS (P<0.05). 
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Figure 8. Time-dependent effect of Pam3CSK4 on induction of TAP gene expression. Confluent 

bTEC were stimulated with 1 μg/ml Pam3CSK4 for 4, 8, 16, or 24 hours. The earliest significant 

effect of Pam3CSK4 was at 4 hours (n=1 calf, triplicate cell cultures; * denotes significant 

difference from non-stimulated control [P<0.05]). Pam3CSK4 induced significant higher TAP 

gene expression than did the negative control at all time points, and significantly higher than 0.1 

μg/ml LPS at 4, 8, and 16 hours (P<0.05). 
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Figure 9. Dose-dependent effect of FSL-1 (TLR 2/6 agonist) on induction of TAP gene 

expression. Confluent bTEC were stimulated with various concentrations of FSL-1 for A) 8 

hours and B) 16 hours (n=1 calf, triplicate cell cultures; * denotes significant difference from 

non-stimulated control [P<0.05]). FSL-1-induced significantly higher TAP gene expression than 

LPS for every dose at 8 hours (P<0.05). 
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Figure 10. Time-dependent effect of FSL-1 on induction of TAP gene expression. Confluent 

bTEC were stimulated with 3.16 or 31.6 ng/ml FSL-1 for 4, 8, 16, or 24. The earliest significant 

effect of FSL-1 was at 4 hours (n=1 calf, triplicate cell cultures; * denotes significant difference 

from non-stimulated control [P<0.05]). Both doses of FSL-1 induced significantly higher TAP 

gene expression than did 0.1μg/ml LPS at 4 and 8 hours (P<0.05). 
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Figure 11.  Dose-dependent effects of lipoteichoic acid (LTA) (a TLR2 agonist) on induction of 

TAP gene expression. Confluent bTEC were stimulated with various concentrations of LTA for 

16 hours (n=1 calf, triplicate cell cultures; * denotes significant difference from non-stimulated 

control [P<0.05]). The levels of TAP gene expression in LTA-stimulated cells were not 

significantly different than baseline, and were always significantly less than the LPS-stimulated 

cells (P<0.05). 
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Figure 12. Time-dependent effect of LTA on induction of TAP gene expression. Confluent 

bTEC were stimulated with 20 μg/ml LTA for 4, 8, or 16 hours. The earliest significant effect of 

LTA was at 8 hours (n=1 calf, triplicate cell cultures; * denotes significant difference from non-

stimulated control [P<0.05]). Cells stimulated with LTA were significantly different than 

baseline at 8 and 16 hours, but these had significantly lower TAP expression than cells 

stimulated with 0.1 μg/ml LPS (P<0.05). 
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Figure 13. Dose-dependent effect of flagellin (a TLR 5 agonist) on induction of TAP gene 

expression. Confluent bTEC were stimulated with various concentrations of flagellin for A) 8 

hours and B) 16 hours (n=1 calf, triplicate cell cultures; * denotes significant difference from 

non-stimulated control [P<0.05]). Cell stimulated with 316 ng/mL flagellin for 8 hours had 

significantly higher TAP gene expression than LPS-stimulated cells (P<0.05), but not at other 

doses. In contrast, LPS had significantly greater effect than 3.16 ng/ml and 10 ng/ml of flagellin 

at 8 hours and every dose of flagellin at 16 hours. 
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Figure 14. Time-dependent effect of flagellin on induction of TAP gene expression. Confluent 

bTEC were stimulated with 316 ng/ml flagellin for 4, 8, 16, or 24 hours. The earliest significant 

effect of LTA was at 8 hours (n=1 calf, triplicate cell cultures; * denotes significant difference 

from non-stimulated control [P<0.05]).  Flagellin never had a greater stimulatory effect than 0.1 

μg/ml LPS, and was significantly lower than LPS at 16 and 24 hours (P<0.05). 
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Figure 15. Dose-dependent effect of CpG ODN 2007 (TLR 9 agonist) on induction of TAP gene 

expression. Confluent bTEC were stimulated with various concentrations of CpG and a non-CpG 

control for A) 8 hours and B) 16 hours. CpG ODN 2007 had no significant effect compared to 

unstimulated cells or those stimulated with non-CpG DNA(n=1 calf, triplicate cell cultures). In 

contrast, LPS significantly induced TAP gene expression at both 8 and 16 hours (P<0.05). 
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Figure 16. Time-dependent effect of CpG ODN 2007 on induction of TAP gene expression. 

Confluent bTEC were stimulated with 100 μg/ml CpG ODN 2007 and its non-CpG control for 4, 

8, 16, or 24 hours. TAP induction was greater than baseline at 24 hours, but there were no 

significant differences between CpG ODN 2007 and the non-CpG control (n=1 calf, triplicate 

cell cultures; * denotes significant difference from non-stimulated control [P<0.05]).  LPS (0.1 

μg/ml) induced significantly higher TAP gene expression than baseline, CpG, or non-CpG 

control at 16 and 24 hours (P<0.05). 

  



 
 
 

 59 

 

 

Figure 17. Dose-dependent effect of IL-17A on induction of TAP gene expression. Confluent 

bTEC were stimulated with various concentrations of IL-17A for A) 8 hours and B) 16 hours 

(n=1 calf, triplicate cell cultures; * denotes significant difference from non-stimulated control 

[P<0.05]).  The effect of 316 ng/mL IL-17A on TAP gene expression was significantly greater 

than LPS at 8 hours but not at other doses or time points. LPS had a greater effect than IL-17A at 

≤3.16 ng/mL (8 hours) and ≤31.6 ng/ml (16 hours) (P<0.05). 
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Figure 18. Time-dependent effect of IL-17A on induction of TAP gene expression. Confluent 

bTEC were stimulated with 316 ng/ml IL-17A for 4, 8, 16, or 24 hours. The earliest significant 

effect of LTA was at 8 hours (n=1 calf, triplicate cell cultures; * denotes significant difference 

from non-stimulated control [P<0.05]).  IL-17A-induced TAP gene expression was never greater 

than that induced by 0.1μg/ml LPS (P<0.05). 
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Figure 19. Dose-dependent effect of IFN-α on induction of TAP gene expression. Confluent 

bTEC were stimulated with various concentrations of IFNα for A) 8 hours and B) 16 hours (n=1 

calf, triplicate cell cultures; * denotes significant difference from non-stimulated control 

[P<0.05]).  
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Figure 20. Time-dependent effect of IFN-α on induction of TAP gene expression. Confluent 

bTEC were stimulated with 1 μg/ml IFNα for 4, 8, 16, or 24 hours. The earliest significant effect 

of LTA was at 4 hours (n=1 calf, triplicate cell cultures; * denotes significant difference from 

non-stimulated control [P<0.05]).  IFN-α-induced TAP gene expression was never greater than 

that induced by 0.1 μg/ml LPS (P<0.05). 
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Figure 21.  Comparison of the effects of IL-17A, Pam3CSK4 and LPS on TAP gene expression.  

Confluent bTEC were stimulated with 1 μg/ml Pam3CSK4, 316 ng/ml IL-17A, or 0.1 μg/ml LPS 

for A) 8 hours and B) 16 hours ( n=4). Gene expression was assessed using real-time RT-qPCR 

in which ratios were calculated by comparing TAP gene expression to GAPDH reference gene 

expression then normalized to a positive calibrator. * denotes a significant difference in gene 

expression from the non-stimulated control (P<0.05). Pam3CSK4 induced significantly higher 

TAP gene expression than IL-17A and LPS at both 8 and 16 hours (P<0.05).  IL-17A induced 

significantly higher gene expression than LPS at 8 hours (P<0.05)
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Table 1. Mass spectrometric identification of proteins in bovine tracheal epithelial cell culture supernatants. Cultures were 

unstimulated or stimulated with FSL, LPS or Pam3CSK4 (one sample per agonist). The supernatants were harvested and analyzed by 

tandem mass spectrometry and the data were analyzed using Scaffold software  

Identified Proteins Accession 

Number 

MW 

(kDa) 

Probability (%) Unique Peptide # % Coverage 

NEG FSL LPS PAM NEG FSL LPS PAM NEG FSL LPS PAM 

Lactoferrin (diferric), 

bovine 

gi|2781197 76 100 100 100 100 4 8 10 13 8 14 21 25 

Granulocyte 

chemotactic protein-2, 

bovine 

gi|415589 8 100 100 100 100 1 5 3 4 16 65 55 65 

Cu-Zn superoxide 

dismutase, chain B, 

bovine 

gi|12084771 15 100 100 100 100 3 4 4 3 25 40 32 40 

Annexin Vi (calcium-

bound), bovine 

gi|2914360 76 100 100 100 100 1 1 1 2 1 1 1 5 

Metallothionein-1A, 

bovine 

gi|94966789 6 100 100 100 100 4 2 2 2 43 21 33 21 

Surfactant protein D, 

bovine  

gi|423283 37 100 0 0 0 2 0 0 0 13 0 0 0 
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Table 2. Mass spectrometric identification of proteins in bovine tracheal epithelial cell culture supernatant. Cultures were 

unstimulated or stimulated with FSL, LPS or Pam3CSK4 (one sample per agonist). The supernatants were harvested and analyzed by 

tandem mass spectrometry. The data shown are quantification values (Scaffold software) calculated for proteins of immunological 

importance . The ratios compare quantification values between treatments. 

Identified Proteins 
Immunological 

function 

Normalized Quantification Value Ratios 

NEG FSL LPS PAM PAM:NEG LPS:NEG FSL:NEG PAM:LPS 

Lactoferrin 

(diferric), bovine Antimicrobial 5 7 10 13 2.6 2.0 1.4 1.3 

Granulocyte 

chemotactic protein-

2, bovine 
Antimicrobial 1 8 8 7 7.0 8.0 8.0 0.9 

Cu-Zn superoxide 

dismutase, chain B, 

bovine 

Antioxidant 

Mononuclear cell 

response 

3 7 5 4 1.3 1.7 2.3 0.8 

Annexin Vi 

(calcium-bound), 

bovine 

Immunogenicity of 

vaccines 
1 1 1 2 2.0 1.0 1.0 2.0 

Metallothionein-1A, 

bovine 
Antioxidant 7 3 2 2 0.3 0.3 0.4 1.0 

Surfactant protein D, 

bovine  

Antimicrobial 

Immunoregulation  
2 0 0 0 0.0 0.0 0.0 -- 
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Chapter 4: Discussion 

 The present study investigated factors that induce antimicrobial peptide gene expression 

in bovine tracheal epithelial cells, with the intent of developing methods to stimulate this 

response to prevent respiratory disease. Initial studies evaluated the expression of TLRs and IL-

17RA in bTEC, as well as the presence of TLRs in bovine tracheal tissue and lung tissue. These 

results justified the use of agonists to determine the effect of these agonists on induction of TAP, 

an inducible β-defensin that has been shown to have bactericidal effects on BRD-related 

pathogens such as Mannheimia haemolytica, Pasteurella multocida, and Histophilus somni 

(Becker et al., 2000; Taha-Abdelaziz et al., 2013). Specifically, upon detection of TLRs 1-6, 9 

and 10 in bTECs and in both tissues, agonists for TLR 2/2, 2/1, 2/6, 5, and 9 were used to 

determine their effects on TAP gene expression in bTEC.  Similarly, because IL-17RA 

expression was detected in bTEC, subsequent experiments were designed to examine the effect 

of stimulation of bTEC with IL-17A.  Results showed that a TLR2/1 agonist and IL-17A 

produced a more robust and earlier dose-dependent induction of TAP gene expression than 

stimulation with LPS. These findings suggest that agonists of TLR2/1 and IL-17RA signalling 

pathways could be of value for stimulating innate immune responses in disease-prone cattle. 

 Primary cultured bTEC used in both receptor expression and agonist stimulation 

experiments were characterized as epithelial in origin based on their morphology in culture, and 

because all of these cells expressed cytokeratin. Cytokeratin is an intermediate filament protein 

found in epithelial cells (van der Velden et al., 1997). In addition to cytokeratin, a small 

percentage of cells were labelled for vimentin. Although vimentin is found in mesenchymal cells 

such as fibroblasts, it has been established by studies that bronchial epithelial cell cultures co-



 
 
 

 67 

express vimentin and cytokeratin (Jong et al., 1993; Richard et al., 1990). Therefore, these 

findings indicate that the cells propagated in culture were tracheal epithelial cells. 

 Expression of TLR mRNA from this study in bTEC is consistent with other findings 

using primary cultured airway epithelial cells (Mayer et al., 2007; Muir et al., 2004; Platz et al., 

2004; Sha et al., 2004). The lack of expression of TLR 7 and 8, which dimerize to recognize viral 

ssRNA, may indicate that expression needs to be induced by cytokines, such as IFNs triggered 

by viral infection (Ciencewicki, 2009). 

  Negative controls consisted of PCR reactions that included receptor-specific primer pairs 

but contained no template cDNA. A positive control consisted of pooled RNA from mesenteric 

lymph node and ileum tissues from a clinically healthy Holstein calf. The PCR product of  

cDNA from this pooled RNA produced appropriately sized bands for all ten TLRs. Having 

negative and positive controls ensured that the bands produced by experimental samples were in 

fact specific for target receptors rather than primer dimers or false positives caused by DNA 

contamination of primers. The PCR products were sequenced to confirm that amplified products 

were of the sequence of interest. Sequencing results were aligned with published sequences from 

NCBI to determine a match for all 10 TLRs. These controls support the validity of the PCR 

assays used to detect receptor expression in bTEC. 

 Different band intensities were shown amongst various TLRs in bTEC and tracheal and 

lung tissues. However, RT-PCR does not permit accurate quantification of TLR expression 

levels from band intensities. Therefore, only qualitative inferences can be made based on the 

presence or absence of bands. Quantitative RT-PCR was not used because crossing points were 

too high to produce reliable quantification of TLR mRNA in each sample.  
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 The findings indicated expression of TLR 1-6, 9 and 10 in bTEC, tracheal and lung tissue 

in all calves. Thus agonists for TLRs 1, 2, 5, 6 and 9 were studied to determine their effect on 

induction of TAP gene expression. A prior study was able to determine the localization of TLR 

protein expression in polarized human airway epithelial cells. Results showed that TLRs 2 and 6 

were primarily located on the basolateral side, where as TLRs 4, 5, 9, and 10 were located 

apically, and TLR1and 3  were expressed apically and basolaterally (Ioannidis et al., 2013). 

Considering these findings, the apical or basal localization of TLRs on airway epithelial cells 

may influence interaction with agonists. However, this does not apply to this study because 

bTEC were stimulated with agonists before differentiation and polarization could occur. 

 Tracheal and lung tissue in this study showed expression of all 10 TLRs. This result may 

suggest the presence of other cell types in tissues of the respiratory tract. Histologically, tracheal 

and lung samples from all calves contained lymphocytes, plasma cells, and neutrophils, albeit in 

low number. Dendritic cells express TLRs 2-10, B cells express TLRs 1, 5, 7, 8, 9 and 10, 

alveolar macrophages express TLRs 1, 2, 4, 5, 6 and 8, and neutrophils express TLRs 1-10 

except TLR 3 (Vahanan et al., 2008; Werling et al.,2006). The presence of these cell types in 

respiratory tissues could contribute to basal expression of mRNA of all 10 TLRs, and could 

explain why TLR 7 and 8 were expressed in these tissues but not in cultured bTEC.  

 The expression of IL-17RA mRNA in bTEC in this study is consistent with findings of 

IL-17RA mRNA expression in bovine mammary epithelial cells (Bougarn et al., 2011). This 

result suggests that the IL-17A receptor may be expressed in bTEC so that stimulation with the 

cytokine IL-17A could induce an intracellular signalling cascade to activate transcription of 

TAP.  
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 To validate IL-17RA receptor mRNA expression, a negative control and a positive 

control were incorporated into the experimental design. The negative control consisted of a PCR 

reaction lacking template DNA, and the positive control consisted of cDNA of pooled tissues 

that express IL-17RA. Using these controls confirmed that the result obtained by RT-PCR 

analysis of bTEC was reliable.  

 Both TLR and IL-17RA expression experiments examined qualitative presence of mRNA 

as an indication of receptor expression. However, in a cellular system, transcription does not 

necessarily determine if translation and subsequent expression on the cell surface will occur. 

Keeping this in mind, future experiments could to be conducted to determine cell surface 

expression of these receptor proteins in bTECS.  

 Quality control procedures for measuring TAP gene expression included positive and 

negative controls, and measures to validate the results obtained. LPS was used in every 

stimulation trial as a positive control. This TLR4 agonist has been repeatedly shown to induce 

TAP gene expression after 16 hours  of stimulation (Caverly et al., 2003; Russell et al., 1996). 

Therefore, incorporating this agonist into each experiment validates that 1) the stimulation trial 

was conducted using viable bTECs and 2) the RT-qPCR assay was executed properly. Using 

LPS as a standard also allowed comparison of its stimulatory activity to that of the experimental 

agonist. Two types of negative controls were used in each stimulation trial. A non-stimulated 

control differed from the other wells only in the absence of an agonist, and this allowed for 

comparison of TAP/GAPDH ratios between stimulated and non-stimulated cells using three 

technical replicates. In every RT-qPCR run, an additional negative control was added to the plate 

containing master mix but no template cDNA. Use of this control accounted for possible 

contamination of components of the master mix, which could have affected the qPCR result. 
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  As mentioned in the methods, construction of a standard curve evaluated the 

amplification efficiency of the TAP and GAPDH primers as 1.91 and 1.88 respectively. An 

efficiency of 2.0 indicates perfect amplification efficiency, and both TAP and GAPDH primers 

selected for this study were efficient in doubling template DNA for each progressive qPCR 

cycle. Construction of a standard curve also provided a positive calibrator to account for plate to 

plate variation. In this study, GAPDH Ct values remained within 1 crossing point across various 

treatments, implying it is accurate as a reference gene for calculating relative quantification 

ratios with Ct values obtained from the target gene.  

 Each agonist was tested in a dose response and a time course stimulation trial to 

determine the optimal dose and incubation time for induction of TAP gene expression. The level 

of mRNA expression increased according to dose and stimulation time for many agonists 

including Pam3CSK4, flagellin, IL-17A and IFN-α. Finding a dose-dependent response further 

supports the validity of the findings.  

 TLR2 forms homodimers with itself or heterodimers with TLR 1 or 6 to recognize 

membrane structures of Gram-positive bacteria including Mycoplasma sp., and of Gram-negative 

bacteria. TLR 2/2 recognizes cell wall components of Gram-positive bacteria such as 

peptidoglycan and lipoteichoic acid. Lipoteichoic acid consists of a highly immunogenic lipid 

bound to a glycerol phosphate chain, and is an agonist of TLR 2/2 (Pedersen et al., 2010). TLR 

2/1 recognizes triacylated lipopeptides found in the membrane of Gram-positive and Gram-

negative bacteria. Pam3CSK4 is a synthetic tripalmitoylated lipopeptide, resembling the acylated 

terminus of bacterial lipoproteins, and is an agonist of TLR 2/1 (Aliprantis et al., 1999; Ozinsky 

et al., 2000). TLR 2/6 recognizes lipoproteins from Mycoplasma sp.. FSL-1 is an N-terminal 

section of the LP44 lipoprotein of Mycoplasma salivarium, which has a diacylated lipoprotein 
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with a N-terminal cysteine residue. FSL-1 is an agonist of TLR2/6 (Okusawa et al., 2004; 

Shibata et al., 2000). 

 Pam3CSK4 significantly induced TAP gene expression in comparison to non-stimulated 

controls and to LPS, and this stimulatory effect was observed in a dose- and time-dependent 

manner. These results are consistent with studies in humans that have shown up-regulation of 

human β-defensin-2 (hBD-2)—an inducible β-defensin homologous to TAP—in human airway 

epithelial cells (Hertz et al., 2003; Winder et al., 2009). Stimulation of human tracheobronchial 

cells with Pam3CSK4 induced antimicrobial activity against both Gram-positive and Gram-

negative bacteria including Pseudomonas aeruginosa and Listeria monocytogenes (Hertz et al., 

2003). 

Pam3CSK4 has been shown to activate hBD-2 gene expression via TLR 2 (Hertz et al., 

2003). These results suggest that Pam3CSK4 interacts with TLR 2/1 on the cell surface to trigger 

intracellular signalling that activates transcription of β-defensin genes. Previous studies have not 

been able to determine which particular signal transduction pathway is triggered by TLR 2/1 to 

induce defensin gene expression. However, future studies using inhibitors of specific signalling 

pathways could be used to determine the role of NF-κB or MAPK.  

 FSL-1 stimulation of bTEC using a dose response and time course study resulted in 

robust induction of TAP gene expression, in comparison to a non-stimulated control and LPS. 

However, FSL-1 did not induce TAP gene expression in the summary experiment at either 8 or 

16 hours for all 4 calves. These results were excluded from the data set as the summary 

experiment was intended to compare the magnitude of TAP gene expression induced by 

previously successful agonists. The reasons for this discrepancy were not investigated and it 

remains uncertain whether the finding of FSL-1-induced TAP expression is valid. 
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FSL-1 has been engineered to mimic the lipoprotein structure exhibited in Mycoplasma 

sp. (Shibata et al., 2000). A previous study has shown that hBD-2 is microbicidal against 

Mycoplasma pneumoniae (Kuwano et al., 2006). However, recent in vitro findings have shown 

that TAP did not effectively kill isolates of M. bovis (Taha-Abdelaziz et al., 2013). These 

findings suggest that certain species of Mycoplasma are resistant to bactericidal effects of TAP. 

It is also possible that TAP production may not be induced upon exposure to Mycoplasma 

components, although this has not yet been investigated. 

  Lipoteichoic acid (LTA) did not stimulate TAP gene expression significantly higher than 

the non-stimulated control in the dose response study, and it only produced a minimal induction 

during the time course study in relation to LPS. LTA is a Gram-positive bacterial MAMP that 

interacts with TLR2/2; therefore, it was considered to be a suitable choice to examine TLR2/2-

activated TAP gene expression. In previous studies, LTA was able to significantly upregulate 

TAP and LAP gene expression in primary bovine mammary epithelial cells. However, when 

compared to LPS, the effect of LTA in stimulating β-defensin as well as pro-inflammatory 

cytokine gene expression was significantly lower (Strandberg et al., 2005). In a study using 

human lung epithelial cells, stimulation with LTA showed lower induction of IL-8 gene 

expression compared to stimulation with LPS; IL-8 is a neutrophil chemoattractant (Mayer et al., 

2007; Sorrentino et al., 2008). However, Gram-positive bacteria such as Staphylococcus aureus 

induced higher disruption of  epithelial barrier function than Gram-negative bacteria (Sorrentino 

et al., 2008). These results suggest that responses in the airway to certain Gram-positive PAMPS 

may produce pathological inflammatory conditions in the respiratory tract. Therefore, reduced 

responses to LTA may prevent manifestation of deleterious inflammatory conditions in the 

respiratory tract. On another note, low induction of TAP by LTA stimulation of TLR2 may be 
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due to a lack of CD36 co-receptor expression. This co-receptor has recently been shown to be 

required for LTA and other PAMPs to effectively bind to TLR2 (Hoebe et al., 2005). In the 

future, additional studies need to be completed to determine if LTA stimulation of bTEC affects 

synthesis other innate immune components such as cytokines or chemokines, to evaluate whether 

LTA is effectively stimulating TLR 2/2 in these cells. 

 Flagellin is the major protein component of flagella of Gram-negative and Gram-positive 

bacteria, and it activates TLR5 (Hayashi et al., 2001b). In this study, flagellin induced TAP gene 

expression in bTEC in a dose- and time-dependent fashion. However, it never produced effects 

as high as LPS. In previous studies, flagellin mediated the production of hBD-2 in Caco-2 

colorectal epithelial cells (Schlee et al., 2007). Other studies have shown that flagellin markedly 

up-regulated proinflammatory cytokines such as GM-CSF and chemokines such as CCL20 in 

human bronchial epithelial cells (Sha et al., 2004). The results obtained from this experiment 

suggest that flagellin interacts with TLR5. Therefore, future studies need to determine this. With 

regards to the in vivo relevance, the major respiratory pathogens that cause BRD in the 

Pasteurellaceae family do not possess flagella. Consequently, flagellin may not be important for 

inducing TAP responses in BRD. However, it is important to point out that other opportunistic 

bacteria of low virulence may have flagella that induce this TAP response. 

 Bacteria DNA contains 20 times more unmethylated CG dinucleotides than mammalian 

DNA, making the CpG motifs immunostimulatory and recognizable by mammalian TLR9. 

(Krieg et al., 1995).This study used CpG ODN 2007, a bovine-specific ODN, belonging to class 

B. Among the three classes of CpG ODN, class B stimulates B cells (Krieg et al., 1995). CpG 

ODN 2007 did not significantly induce TAP gene expression in the dose response study and only 

induced TAP gene expression at 24 hours in the time course study. When compared to its non-
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CpG control, consisting of GpG motifs, there was no significant difference, suggesting that there 

was probably induction of TAP by stimulation with DNA but not via interaction with TLR9. 

This result is consistent with other studies which have shown that CpG ODN had no effect on 

pro-inflammatory cytokine production in human bronchial epithelial cells (Sha et al., 2004).  

However, other studies have found that microbial DNA induced gene expression of hBD-2 in 

airway epithelial cells by interaction with TLR 9 and through activation of NF-κB (Platz et al., 

2004). 

 CpG may need to be combined with other inflammatory cytokines in order to induce an 

innate response in epithelial cells. A study using IL-1β and TNF-α as co-stimulators with CpG 

discovered that these cytokines augmented IL-8 production in bronchial epithelial cells (Parilla et 

al., 2006). Therefore, future studies using CpG ODN 2007 with inflammatory cytokines are 

required to determine if this interaction enhances gene expression of TAP. It would also be 

important to test whether CpG induces cytokine gene expression as expected by prior studies, to 

show that CpG ODN 2007 is in fact interacting with TLR 9 in epithelial cells. Other classes of 

CpG ODNs, such as class A, should be tested to determine their effects on TAP induction.  

 IL-17A is a potent inflammatory cytokine produced by Th17 lymphocytes in response to 

extracellular pathogens (Shen and Gaffen, 2008). IL-17A-stimulated bTEC showed a robust and 

rapid induction of TAP gene expression. This result is consistent with other studies, which  

discovered that IL-17A markedly induced expression of hBD-2 in airway epithelial cells and 

TAP in bovine mammary epithelial cells (Bougarn et al., 2011; Kao et al., 2004).  

 In this study, IL-17A stimulated TAP gene expression in bTEC in a dose- and time-

dependent fashion, to a greater degree than did stimulation with either LPS. IL-17A interacts 

with IL-17 receptor complex consisting of subunits A and C.  This receptor was previously found 
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to be expressed in human airway epithelial cells (Kao et al., 2004). Once IL-17A is released from 

Th17 cells in circulation, it binds to the IL-17RAC complex on the basolateral side of epithelial 

cells. Upon ligand binding, intracellular signaling is triggered by the SEFIR/TILL intracellular 

domain to activate transcription factors such as NF-κB (Ruddy et al., 2004; Shen and Gaffen, 

2008). NF-κB has been previously shown to orchestrate IL-17A-mediated up-regulation of 

defensins and inflammatory cytokines (Bougarn et al., 2011; Kao et al., 2004).  These findings 

suggest that IL-17A is a potent inducer of the innate mucosal antimicrobial defence in the 

respiratory tract.  

 IFN-α is a potent antiviral type I interferon produced by stimulation of PRRs in cells 

exposed to intracellular pathogen components such as viral or bacterial DNA. Such PRRs 

include NOD-like receptors, RIG-like receptors, and TLRs 3, 4, 7, 8 and 9 (Bérubé et al., 2009; 

Mayer et al., 2007; Muir et al., 2004; Parker and Prince, 2011c; Platz et al., 2004). Once 

interaction with MAMPs occurs, these PRRs respond by activating transcription factors called 

interferon regulatory factors to induce IFN-α expression (Blasius and Beutler, 2010; Häcker et 

al., 2006; Kagan et al., 2008). Secreted IFN-α then interacts with the IFNαβ receptor 

(IFNAR1/2) to activate the JAK/STAT signalling pathway and induce gene expression of over 

300 immune response genes (Sadler and Williams, 2008).  

 IFNAR is expressed in all cell types. A study discovered that IFNAR was expressed on 

the basolateral side of tracheal epithelial cells (Ciencewicki, 2009). In the present study, IFN-α 

induced TAP gene expression in bTEC in a dose- and time-dependent fashion. However, 

induction was not greater than that produced by LPS. Significant induction of TAP does suggest 

that TAP could be one of the many IFN-α-stimulated genes. Other studies have found that IFN-γ 

(a Type III IFN), coupled with TNF-α, showed significant induction of hBD-2 expression in 
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airway epithelial cells. IFN-α has been shown to up regulate TLR3 in airway epithelial cells, 

further complementing the innate response against viral infection (Noppert et al.,2007).  

  There are clinical implications involved in determining the effect of IFN-α on TAP gene 

expression. An immunostimulant called Zylexis contains an attenuated strain of Parapoxvirus 

ovis that has been shown to stimulate the innate response in the respiratory tract of horses, cattle 

and humans. This drug, due to its viral components, stimulates cells to produce IFN-α (Horohov 

et al., 2008). IFN-α-mediated induction of TAP gene expression could be useful to stimulate 

innate immune responses in cattle upon arrival to feedlots.  

 The summary experiment conducted in this study compared the effect of the most 

successful agonists—Pam3CSK4, IL-17A, and LPS—to one another at the optimal doses 

identified in this study. Pam3CSK4 and IL-17A were each able to induce more rapid and higher 

TAP gene expression than LPS, as early as 8 hours after stimulation of bTEC. Interpretation of 

the magnitude of induction of TAP by these agonists is limited because the relative potency of 

inducing other effects was not determined. Therefore, they could be good inducers of responses 

in general, not specifically TAP. 

 Mass spectrometry of supernatants harvested from bTEC stimulated with various agonists 

did not detect TAP in either non-stimulated or stimulated samples. This may due to low amounts 

of TAP present in the samples, and due to the abundance of other proteins in the samples. There 

were 6 proteins detected with known antimicrobial, antioxidant and immunologic functions  

(Linge et al., 2008; Madsen et al., 2000; Singh et al., 2002; Spears & Weiss, 2008; Stach et al., 

2000). Ratios of the levels found in Pam3CSK4- and LPS-stimulated samples relative to non-

stimulated samples were calculated using the normalized quantification values provided by 

Scaffold proteomic software. Lactoferrin and granulocyte chemotactic protein-2 (CXCL6) 
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showed the greatest quantification ratios in Pam3CSK4- and LPS-stimulated samples. These 

results should be considered semi-quantitative, and are of limited significance because they were 

obtained from one individual sample per treatment. Repeating this analysis for additional 

samples would be required to make more definite conclusions.  

 The findings of this study are important for understanding host responses to pathogens. 

Tracheal epithelium is a dynamic sensor of threats entering into the lung and responds 

appropriately to pathogens by providing a physical barrier, a mucociliary escalator, and by 

secreting various antimicrobial peptides, immununomodulatory proteins, antioxidants and 

chemokines that attract other cells of both the innate and adaptive immune responses 

(Ackermann, et al,. 2010). An important antimicrobial peptide secreted from the respiratory 

epithelium is TAP. TAP is an inducible cationic peptide that has been shown to effectively kill 

Gram-negative pathogens that cause pneumonia in cattle (Taha-Abdelaziz et al., 2013). TAP also 

has antiviral effects by interrupting viral envelopes. Further, TAP has chemotactic functions 

relevant to the adaptive immune response, because it interacts with chemokine receptor 6 

(CCR6) to attract immature dendritic cells and T lymphocytes to sites of infection (Bartlett et al., 

2008).  It has also been shown to play a role in epithelial cell proliferation and wound repair 

(Meyerholz et al., 2004). The agonists tested in this study to induce gene expression of TAP 

represent MAMPs on Gram-positive and Gram-negative bacteria and viruses. 

 The TLR 2/1 agonist Pam3CSK4 induced a greater response than LPS, a component of 

Gram-negative bacteria that interacts with TLR4. This is an interesting finding because cattle 

commonly suffer from pneumonia caused by Gram-negative bacterial infections whereas Gram-

positive pathogens are rarely present. One could speculate that the lack of infections caused by 

Gram-positive bacteria in the lung may be because of a robust induction of TAP. However, TAP 



 
 
 

 78 

is only one component of the complex defence system that occurs in the lung. Also, is not known 

that TLR2 signalling is more efficient than TLR4 because the exact pathway of stimulation was 

not characterized in this study. 

 The findings of this study have implications for the development of methods to stimulate 

innate immune responses in cattle. Prior studies have shown that LPS induces TAP gene 

expression. However, results obtained from this study suggest that TLR 2 or IL-17A downstream 

signalling pathways should be a focus of future work. Previous studies have shown that using 

combinations of agonists produced synergistic induction of β-defensins in airway epithelium 

(Bougarn et al., 2011; Winder et al., 2009). The effects of combined stimulation were not 

evaluated in this study. Therefore, future studies using combinations of agonists such as 

Pam3CSK4, IL-17A and LPS may be useful in determining the effectiveness in stimulating more 

than one pathway. However, combined stimulation may increase the risks of adverse effects, so 

identifying major effective pathways is important.  

 The in vitro nature of this study has limitations in that it may not be representative of in 

vivo conditions. There are many complex interactions between different cell types that occur in 

the respiratory tract that are not present in primary cultures of bTEC.  However, this may be 

advantageous because epithelial cell responses can be focused on without having to account for 

interactions with other cells. Further, it is possible that the surface mucus layer that may block 

the effect of agonists, and this in vitro work avoids this complication. In vitro experimentation is 

also beneficial in that controlled laboratory conditions make reliable replication of experiments 

feasible. 

 The specificity of the responses of Pam3CSK4 interacting with TLR2 or IL-17A 

interacting with IL-17RA was not confirmed. Therefore, future experiments such as using 
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blocking antibodies or knock-down of these receptors may provide more information as to the 

receptor-specificity of these agonists.  

 The induction of TAP in this study was measured by mRNA expression. However, 

transcription does not necessarily predict that translation will proceed to produce protein. 

Therefore, future studies need to determine if induction of TAP gene expression induces 

production and secretion of the peptide. 
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Conclusion 

 Bovine respiratory disease (BRD) is an economically devastating complex of bacterial 

and viral infections that greatly affects the beef industry across North America. Studies have 

shown that viral infections such as BVDV and glucocorticoid production in stressed calves 

inhibit the induction of tracheal antimicrobial peptide (TAP), a cationic β-defensin that has direct 

microbicidal effects within the respiratory tract. Lipopolysaccharide is known to stimulate TAP 

gene expression, probably via the TLR4–NF-κB signal transduction pathway, but the maximum 

effect is only observed after 16 hours of stimulation. This study investigated other agonists of 

TAP gene expression. PCR analysis of unstimulated tracheal epithelial cells showed mRNA 

expression for TLRs 1, 2, 3, 4, 5, 6 and 9. Quantitative RT- PCR analysis showed that a TLR1/2 

agonist (Pam3csk4) and IL-17A significantly induced TAP gene expression after only 8 hours of 

stimulation of tracheal epithelial cells. Flagellin (TLR5), and interferon- also had stimulatory 

effects, but little or no response was found with CpG ODN (TLR9) or lipoteichoic acid (TLR2). 

Therefore, TLR2 agonists or IL-17A may be of value to stimulate innate immunity in 

immunosuppressed feedlot cattle. 
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Appendix 1: Forward and reverse sequences and expected product sizes for bovine TLRs. 

 

TLR Forward Primer Sequence Reverse Primer Sequence Expected bb Size 

1 CTGCCCATATGCCAAGAGTT GGCATCTTCTCTTTCCCCAT 159 

2 ACGACGCCTTTGTGTCCTAC CCGAAAGCACAAAGATGGTT 192 

3 TCTTTTCGGGACTGTTGACC AAATCCCCCATCCAAGGTAG 224 

4 GGTTTCCACAAAAGCCGTAA AGGACGATGAAGATGATGCC 137 

5 TCAATGGGAGCCAGATTTTC CCTTCAGCTCCTGGAGTGTC 198 

6 CGACATTGAAGGCACTGAAA TCCTGAGGACAAAGCATGTG 148 

7 TCTCCAAGGTGCTTTCCAGT CCACCAGACAAACCACACAG 166 

8 TCACACGGGTAACGAATGAA TTTGAGGTTGAGAAATGCCC 143 

9 CTCTCCTTGGACTGCTTTGG CACTGCACTCTGCACCTTGT 204 

10 TCACCTGACATCTTTGCGAG TCGGAATGGATTTCTTCCTG 187 

(Malmuthuge et al., 2012; Menzies and Ingham, 2006b) 
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Appendix 2: Mass spectrometric identification of proteins in tracheal epithelial cell culture  

supernatants. Cultures were unstimulated or stimulated with FSL, LPS or Pam3csk4 (one sample per agonist). The supernatants were 

harvested and analyzed by tandem mass spectrometry. The data shown are quantification values calculated by the Scaffold software. 

The yellow highlights indicate those of functional interest, 0 in NEG and ≥3 with agonist stimulation, ≥3 in NEG and 0 with agonist 

stimulation, or with ratios ≥1.5 or ≤0.5. 
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