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Avian influenza viruses (AIV) are a significant threat to the poultry industry and public health. 

Recent outbreaks of AIV have provoked notable concerns about measures available for control of 

AIV. In conjunction with the research efforts focused on developing effective vaccines, there is a 

need to explore novel approaches to modulate host innate responses, as part of a strategy for rapid 

response against AIV outbreaks. The research presented here evaluated the antiviral activities of 

Toll-like receptor (TLR) ligands against AIV infection and assessed the underlying mechanisms 

of these activities. Initially, the potential ability of TLR ligands as antiviral agents against AIV 

was investigated using in vitro and in ovo models. Our results confirmed that TLR ligands were 

able to reduce AIV replication in chicken cells. However, different levels of antiviral activities 

were observed among TLR ligands. CpG ODN1826 caused the highest reduction in AIV 

replication in chicken macrophages and embryonated chicken eggs. Furthermore, results of the 

present research showed that TLR ligands were able to induce antiviral responses in chicken cells, 

as demonstrated by an increase in the expression of proinflammatory cytokines, type I interferons 

and some interferon-stimulated genes. Subsequently, several TLR ligands were examined in vivo 



 

 

to determine whether TLR ligands can reduce viral shedding from infected chickens. Our results 

demonstrated that all TLR ligand treatments reduced AIV shedding, with the CpG ODN1826 being 

the most efficacious to reduce oral virus shedding, whereas lipopolysaccharide (LPS) from 

Escherichia coli (E. coli) 026:B6 resulted in the largest reduction in cloacal virus shedding. To 

further explore the role of TLR ligands in inducing antiviral responses in the chicken respiratory 

system, tracheal organ cultures (TOC) were used to investigate localized innate responses to TLR 

ligands. The antiviral activity of TLR ligands in TOCs was demonstrated by induced expression 

of type I interferons (IFNs) and interferon-stimulated genes (ISGs) in TOCs and the reduction of 

AIV replication in treated TOCs. 

Overall, the results in this thesis identified candidate TLR ligands for control of AIV infection 

in chickens and also provided a better understanding of innate responses in chickens that 

contribute to protection against AIV. 
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Chapter 1 

Introduction 

1.1. Background information 

Avian influenza viruses (AIV) cause transmissible viral infection affecting several species of 

poultry, such as chickens and turkeys, as well as pet and wild birds. These viruses are classified 

into two pathotypes on the basis of their pathogenesis in poultry; low pathogenic (LPAI) and highly 

pathogenic avian influenza (HPAI) viruses (Laver et al. 1984; Fouchier et al. 2005). HPAI viruses 

have gained more attention due to their involvement in devastating major AIV outbreaks, whereas 

LPAI viruses typically cause little or no clinical signs (Morales et al. 2009). However, LPAI 

viruses can cause economic losses, decline in production (for example, a 5% decline in egg 

production) and a slight increase in daily mortality. Most AIVs are low pathogenic; however, some 

subtypes are capable of becoming highly pathogenic. Historically, only the H5 and H7 LPAI virus 

subtypes are known to have the ability to become highly pathogenic. In Canada, H5 and H7 avian 

influenza viruses are considered to be notifiable AIVs under the Health of Animals Act. As a result, 

all cases involving these subtypes must be reported to the Canadian Food Inspection Agency 

(CFIA). During the past decade, provincial veterinary diagnostic laboratories in Canada have 

reported the incidence of AIVs isolated from turkeys, chickens, domestic ducks and quails. It is 

worth noting that most of the isolated viruses originated from the provinces of British Columbia 

and Ontario. In 2004, for the first time, a H7N3 HPAI outbreak was reported in the Fraser valley 

of British Columbia, which accommodates about 85% to 90% of the province’s poultry production. 

At that time, 42 infected commercial flocks and 11 infected backyard flocks were identified. The 

HPAI British Columbia outbreak cost CAN$380 million.  
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Ideal avian influenza vaccines evoke long-term antigen-specific immune responses aiming to 

prevent the clinical signs and, in the long run, viral shedding and its spread. However, vaccines 

require several days to elicit protective immunity against AIV and sometimes multiple doses are 

required. Also, in the case of live attenuated vaccines, without any regular monitoring, there is a 

risk of silent circulation of the field virus in the environment (ducks and geese usually are 

asymptotic carriers). Therefore, there is a need to employ other measures along with vaccination 

protocols to control AIV infections and avoid the spread of the virus and economical losses in the 

case of AIV outbreaks. As a result, modulation of host innate responses within a short period could 

be an alternative approach to reduce the spread of the virus. Previous studies in mice and chickens 

have demonstrated promising results for the application of Toll-like receptor (TLR) ligands as 

stand-alone antiviral agents to reduce the replication of influenza virus (St Paul et. al 2013a). There 

is a wide range of TLR ligands which are commercially available. TLR ligands are 

immunostimulatory molecules in mammals and chickens. The purpose of the current study was to 

expand our understanding of TLR ligand activities against LPAI viruses. We hypothesized that 

TLR ligands can limit the replication of AIV which leads to the reduction of AIV shedding from 

infected chickens. We explored the application of TLR ligands as an alternative strategy to induce 

antiviral responses against influenza virus infection aiming to reduce the spread of the virus. We 

speculate that this alternative approach can significantly decrease economic losses in the poultry 

industry and potential risk of the transmission of AIV to humans by limiting the shedding and 

spread of AIV. In our studies, the potential to protect chickens against AIV by administering TLR 

ligands was addressed. To achieve this goal, a panel of different TLR ligands was prophylactically 

administered in chickens. Also, in this study, we focused on the mechanistic aspects of what we 

have found in relation to induced antiviral responses in chickens with TLR ligands. These studies 
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shed light on the regulation of immune responses in chickens and also provided valuable 

information for future studies that aim to induce immune responses in chickens. 

1.2. Literature review 

1.2.1. Influenza virus 

Influenza virus belongs to the Orthomyxoviridae family. Influenza viruses are enveloped, 

negative-stranded RNA viruses with segmented genomes containing seven to eight gene segments, 

encoding up to 12 proteins. The five genera in this family include influenza virus types A, B, and 

C, Isavirus, and Thogotovirus. Influenza viruses A, B, and C are classified on the basis of 

nucleoprotein (NP) and matrix (M) proteins (Cheung & Poon 2007). Each genera has a unique 

range of hosts. For example, influenza virus type A infects a wide range of hosts, such as 

mammalian and avian species. However, type B and C influenza viruses are mostly isolated from 

humans. Type B and C influenza viruses may also be isolated from other species, including seals 

and swine (Obenauer et al. 2006; Kuno et al. 2001; Suarez & Schultz-Cherry 2000; Webster et al. 

1992). Avian influenza viruses have been isolated from approximately 12 taxonomic orders 

(Suarez 2010).  

Avian influenza virus type A causes a wide range of clinical outcomes in birds, which depends 

on factors such as virus strain, host species, host age, immunity status of the host and 

environmental factors. In general, HPAI viruses are virulent, causing severe clinical signs and high 

mortality. HPAI viruses do not generally cause disease in reservoir hosts, such as ducks and geese. 

However, H5N1 influenza virus can cause clinical signs and death in North American wood ducks 

and gulls (Lee & Suarez 2007). HPAI viral infection leads to inflammation, haemorrhage, and 

cellular death in tissues and organs, such as brain and kidney. On the other hand, LPAI viruses are 

associated with no or moderate lesions in infected birds (Morales et al. 2009). Most microscopic 
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tissue lesions found in LPAI infections are limited to the respiratory and gastrointestinal tracts. 

Lesions and signs found in LPAI infections include lymphocytic rhinitis, catarrhal tracheitis, 

degenerative tracheitis, lymphocytic hepatitis, cecal tonsil micro-hemorrhages, and lymphoid 

depletion in bursa and thymus (Morales et al. 2009; Tumpey et al. 2013). These types of lesions 

are correlated with viral oropharyngeal shedding. However, this positive correlation could not be 

found in some LPAIs, such as A/Blue-Winged Teal/LA/240B/88 (H4N6), and 

A/Mallard/MN/232/98 (H9N2) (Morales et al. 2009). LPAI viruses can be directly transferred 

from wild birds to chickens. LPAI viruses originating from wild birds replicate poorly in chickens 

or fail to induce sero-conversion or lesions. As a result, it may be difficult to detect these LPAIs 

in commercial chickens (Morales et al. 2009).  

 Type A influenza viruses are subtyped on the basis of two surface glycoprotein antigens: 

hemagglutinin antigen (HA) and neuraminidase antigen (NA). Influenza virus, an enveloped virus, 

is polymorphic and its morphology may be affected by viral surface proteins, such as HA and NA, 

and host cells infected with the virus (Morales et al. 2009). Currently, 18 subtypes of HA and 11 

subtypes of NA have been discovered.  

1.2.2. Host range and susceptibility to AIV in avian species  

Influenza viruses have been isolated from approximately 12 avian orders, which cover more 

than 100 species of domestic and wild birds (Suarez 2010; Horimoto & Kawaoka 2005). Different 

avian species show varying susceptibility to influenza viruses. Some birds, such as ducks and gulls, 

are recognized as reservoirs of the virus. Influenza virus can be isolated from infected reservoirs, 

but infected reservoirs are resistant to pathogenesis caused by the virus. In contrast, chickens and 

turkeys are susceptible to AIV infections and HPAIVs are lethal in these species. Most influenza 

viruses of wild-bird origin, especially LPAIVs, are not properly adapted to chickens. As a result, 
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these viruses cannot adequately replicate and transmit in chickens. In addition, compared to 

poultry-origin viruses, a higher infectious dose of these wild-bird origin influenza viruses is 

required to infect chickens (Horimoto & Kawaoka 2005; Suarez 2010)  

1.2.3. Structure of influenza virus A 

Influenza A virus is a segmented negative-sense, single-stranded (ss)RNA virus which encodes 

12 viral proteins (Medina & García-Sastre 2011). The viral envelope encompasses a central core 

in addition to external glycoproteins, such as HA, NA, and M2 proteins. The HA protein is a rod-

shaped antigen with a homotrimer structure which is coupled with the bilayer lipid envelope 

through a short sequence of hydrophobic amino acids. The NA protein is a mushroom-shaped 

antigen with a homotetramer structure which is connected with the bilayer lipid envelop through 

a short sequence of hydrophobic amino acids (Pinto et al. 1992; Wang et al. 1994). While the M2 

protein is a membrane protein which plays a role in the acidification of virion during viral 

infection, the M1 protein is located beneath the lipid layer envelop (Ruigrok et al. 1989).  

Within the central core, segmented viral RNAs encode structural and non-structural proteins 

that play an important role in virus replication. There are two non-structural (NS) proteins; NS1 

and NS2. The NS1 protein is known as a multifunctional protein, which interferes with the antiviral 

activity of some interferon-stimulated genes (ISGs), such as protein kinase R (PKR), and 2′-5′ 

oligoadenylate synthetase (OAS), and production of type I interferons (IFNs) (Hale et al. 2008). 

In addition, NS2 is known as the nuclear export protein (NEP), because, NS2 plays a role in the 

translocation of packed viral ribonucleoproteins from the nucleus to the cytoplasm, and is also 

involved in the budding of progeny virions (Paterson & Fodor 2012).  

Ribonucleoprotein (RNP) of the influenza virus consists of nucleoprotein (NP), a structural 

protein coating viral RNA segments and RNA polymerases (Ruigrok et al. 1989). Influenza virus 
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RNA polymerase contains three subunits: polymerase basic (PB)1, PB2, and polymerase acidic 

(PA). PB1 is an RNA polymerase which interacts with other subunits including PB2 and PA and 

has binding sites for these subunits (Cheung & Poon 2007). However, PB2 plays a role to generate 

a cap for viral mRNAs in the nucleus of infected cells (Cheung & Poon 2007; Biswas et al. 1998; 

Kobayashi et al. 1996; Samji 2009). PA is an important protein due to its involvement in viral 

transcription and replication. PA controls the transportation of PB1 from the cytoplasm to the 

nucleus (Guu et al. 2008). PB1-F2, N40 which is known as virulence factor of influenza virus, 

interacts with PB1 to increase the polymerase activity of PB1. PB1-F2 causes apoptosis in host 

cells by interacting with mitochondrial membrane or modifying function of some mitochondrial 

proteins, such as adenine nucleotide translocase 3 (ANT3) or voltage-dependent anion channel 

(VDAC) proteins (Chakrabarti & Pasricha 2013).  

1.2.4. Virus life cycle  

The attachment of viral glycoproteins to sialic acid (SA) glycoproteins on the surface of host 

cells is the first step of infection. Sialic acid moieties on cell surfaces are the primary receptors for 

viral entry (Ramos & Fernandez-Sesma 2012). However, it has been shown that macrophage 

mannose receptor (MMR), macrophage galactose lectin (MGL), and C-type lectin receptor, are 

necessary for virus uptake in macrophages. Indeed, these receptors act as co-receptors with sialic 

acid receptors (Upham et al. 2010). Carbon sugars of sialic acid moieties are connected to basal 

sugar chains of glycoproteins in the cell membrane  through α2,3 or α2,6 (SAα2,3 or SAα2,6) 

linkages. 

Avian and human origin influenza viruses have varying affinity to different SA moieties. In fact, 

the HA glycoprotein binds to the host cell surface depending on the presence of specific sialic acid 

moieties on host cells. As a result, the viral HA glycoprotein affects the host range of different 
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influenza viruses and is known as a determinant of host susceptibility. Changes in amino acid 

sequence of HA affects the sialic acid receptor specificity and pathogenicity of the virus 

(Matrosovich et al. 1999; James et al. 2006). The HA of human origin viruses commonly binds to 

SA moieties with α2,6 linkages, while the HA of avian origin viruses commonly binds to SA 

moieties with α2,3 linkages. In addition, the patterns of α2,3 and α2,6 sialic acid expression differ 

in a variety of mammalian and avian species (Ito & Kawaoka 2000; Salomon & Webster 2009; 

Horimoto & Kawaoka 2005). In humans, tracheal epithelial cells primarily contain SA moieties 

with α2,6 linkages, whereas the tracheal epithelium in chickens and pigs expresses both SA moieties 

with α2,6 and α2,3 linkages (Ito & Kawaoka 2000; Salomon & Webster 2009; Janeiro et al. 1993). 

In addition, the lower respiratory tract of humans carries SA moieties with α2,3 linkages which bind 

to avian origin viruses (van Riel et al. 2006). Consequently, the attachment of avian origin viruses 

to human lower respiratory tract results in viral pneumonia and severe clinical cases (Medina & 

García-Sastre 2011).  

Influenza virus enters into the host cell via clathrin-dependent endocytosis. The pH reduction 

of endosomes results in fusion of viral and endosome membranes. Initially, pH reduction causes a 

conformational change that reveals the fusion peptide of the HA molecule, a homotrimer 

glycoprotein on the viral lipid membrane (Skehel & Wiley 1999). HA0 is the precursor of HA and 

consists of HA1 and HA2 subunits. HA1 has a binding domain, while HA2 plays a role in the 

fusion of viral and endosomal membranes (Samji 2009). Host proteases cause HA0 cleavage into 

HA1 and HA2 subunits. The amino acid sequence of HA at the cleavage site is a determining 

factor for pathogenicity of the virus. The basic amino acid of HPAIV is cleaved by host ubiquitous 

proteases which are present in different organs. In contrast, HA of LPAI viruses does not contain 

the basic amino acid. As a result, HA of LPAI viruses just can be cleaved by specific proteases 
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that are primarily present in the respiratory system and intestine (Horimoto & Kawaoka 2005). 

Exposure of HA peptides helps the viral envelope to attach to the endosomal membrane. 

Simultaneously, the M2 ion channel helps to import hydrogen ions into the virion resulting in 

dissociation of the matrix protein and viral RNA polymerase complex. Subsequently, viral 

ribonucleoproteins (vRNPs) are released into the host cytoplasm. vRNPs are transported, in turn, 

into the nucleus, and primary transcription is initiated (Sieczkarski & Whittaker 2005; Inoue et al. 

2007). The transcription and replication of influenza viruses take place in the nucleus of host cells 

(Cheung & Poon 2007). In the host cell nucleus, viral positive-sense RNA is generated by the viral 

RNA-dependent RNA polymerases (PA, PB1 and PB2). The viral polymerase can influence the 

efficiency of viral replication and the adaptation of the virus in the host.  It has been shown that 

the K627 residue of the PB2 subunit of RNA polymerase confers pathogenicity of influenza 

viruses and their replication in humans. Influenza viruses which contain the K627 residue, replicate 

efficiently at 33°C in human and mouse respiratory tracts. As a result, the K627 residue of the PB2 

protein increases the virulence of influenza viruses (Medina & García-Sastre 2011). K627 has been 

detected in most HPAIVs, including H5N1 and 2009 H1N1, which caused influenza pandemics. 

 Negative sense vRNPs are exported from the nucleus to the cytoplasm through the nuclear 

pores. The M1 protein associates with the newly synthesized vRNPs. M1 directs vRNPs to exit 

the nucleus. Also, M1 plays a critical role in the budding process. Influenza viruses use the plasma 

membrane of host cells to assemble viral particles.  The completed virion is released from the host 

cell to infect other cells (Samji 2009; Martin & Helenius 1991).  

1.2.5. Innate responses  

The innate immune system is the first line of defense against pathogens such as influenza 

viruses. This system contains different components to provide a barrier against microbes. Rapid 
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and non-specific innate responses can reduce or inhibit viral replication at the site of infection. 

However, pathogens have their own properties to break, evade, or inhibit innate responses. For 

example, the NS1 protein in influenza virus is able to shut down antiviral responses in host cells 

by interfering the IFN signalling pathway (Jia et al. 2010). The mucus produced by airway 

epithelial cells maintains a physical barrier against microbes. It contains cells and cell debris as 

well as mucin. Mucin is a heterogeneous glycoprotein produced by different types of airway 

epithelial cells, such as basal cells, goblet cells, and ciliated cells. Two types of mucin are present 

in the respiratory system; a secreted form ( for example MUC5AC and MUC5B) and a form 

present on the cell surface acting as a receptor (for example MUC1, MUC4, MUC11, MUC13) 

(Voynow & Mengr 2009; Williams et al. 2006). Mucin can capture viruses because of its viscosity 

and is known as a physical barrier.  

In the lower part of the respiratory system, lectin, which can bind to carbohydrates, is present 

instead of mucin. Three classes of lectins have been identified in mammalian species; C-type 

lectin, S-type lectin, and pentraxins. The C-type lectin subclass has a carbohydrate recognition 

domain, and also binds to influenza virus, inhibiting its attachment. Collectin, another subclass of 

C-type lectin, inhibits influenza virus infection by interaction with the HA antigen of the virus, 

inhibiting HA activity (Nicholls 2013).  

However, when the virus passes these preliminary physical barriers, other cells in the 

respiratory system, such as macrophages and lymphocytes interact with the virus. These are the 

primary cells which encounter AIV. Following either infection of the respiratory system or 

vaccination, antigens will be taken up by some phagocytic cells, such as macrophages or dendritic 

cells (DCs). Phagocytic cells are potent antigen-presenting cells (APCs) that activate T cells. In 

addition, phagocytic cells are located beneath epithelial surfaces. In mice, both conventional and 
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plasmacytoid dendritic cells (cDCs and pDCs, respectively) are located in the respiratory tract, 

parenchyma of the respiratory system, and trachea. Moreover, alveolar macrophages are located 

in alveolar spaces. In mammalian species, alveolar macrophages play a key role in protecting 

tissues with large surface areas against pathogens. Alveolar macrophages in alveolar spaces, 

phagocytize cell debris of influenza virus-infected cells to limit the spread of the virus. In addition, 

the activated macrophages secrete nitric oxide synthase 2 (NOS2) (Kreijtz et al. 2011). Notably, 

this activity should be tightly regulated, since large amounts of NOS2 contribute to the 

pathogenicity of AIV (Lin et al. 2008; Jayasekera et al. 2007). 

Antigen presenting cells take up antigens and subsequently migrate into bronchus-associated 

lymphoid tissue (BALT) (de Geus et al. 2012a; de Geus et al. 2012b). In humans, cDCs are present 

beneath epithelial cells and above the basal membrane. DCs play a key role in the initiation phase 

of immune responses to influenza virus infection and can recognize virions and debris of infected 

cells. Following the sensing or capturing of viral antigens by cDCs, these DCs migrate to lymph 

nodes in a CCR7-dependent manner to present the viral epitopes to CD4+ T cells via major 

histocompatibility complex (MHC) class II (Kreijtz et al. 2011; GeurtsvanKessel & Lambrecht 

2008). Moreover, DCs also present viral epitopes to CD8+ T cells via cross-presentation (van de 

Sandt et al. 2012). The activity of cytotoxic CD8+ T cells is crucial to eliminate influenza virus 

infection. Transportation of viral antigens from the site of infection to draining lymph nodes by 

DCs influences activation of T cell subsets. CD103+ DCs are resistant to influenza virus infection. 

Therefore their existence is critical for transportation of viral antigens. It has been shown that the 

expression of interferon-induced transmembrane protein (IFITM)3 in CD103+ DCs ensures their 

resistance to influenza virus infection (Infusini et al. 2015). However, some tissue resident DCs 

are susceptible to influenza virus infection. As a result, they cannot migrate to lymph nodes to 
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present viral epitopes to T cells. In the virus-infected DCs, the inflammasome and caspase-1 are 

activated following the infection, leading to the production of interleukin (IL)-1 beta, and induction 

of pyroptosis. Pyroptosis is a form of host cell death triggered by various stimuli, including 

infection with pathogens and activation of the inflammasome and caspase 1 pathway (Bergsbaken 

et al. 2010). Following IL-1 production, other DCs known as bystander DCs move toward the site 

of infection to capture virus particles and migrate to lymph nodes (Yamazaki & Ichinohe 2014).  

In chickens, the trachea is able to mount immune responses against pathogens (Gaunson et al. 

2006; Matthijs et al. 2009; Gaunson et al. 2000; Fulton et al. 1993). Following initiation of immune 

responses by the chicken trachea, infiltration of cells of the immune system, including lymphocytes 

and macrophages has been previously observed (Gaunson et al. 2000; Gaunson et al. 2006; 

Matthijs et al. 2009; Toth 2000). In chickens, APCs, such as subepithelial phagocytes and 

interstitial macrophages are not present on the external surface of the chicken respiratory system 

and do not migrate toward the lumen of the respiratory tract. In fact, viral antigens are transported 

to APCs by the epithelial layer, which highlights the essential contribution of airway epithelial 

cells in host responses against AIV in chickens (Klika et al. 1996; de Geus et al. 2012a).  

1.2.6. Sensing microbes  

The innate immune system discriminates self from non-self molecules through sensing 

molecular signatures which are called pathogen-associated molecular patterns (PAMPs). These 

common motifs are determined by germ-line encoded molecules termed pattern-recognition 

receptors (PRRs). The three subfamilies of PRRs include Toll-like receptors (TLRs), retinoic acid-

inducible gene I (RIG-I)-like helicase receptors (RLRs) and nucleotide oligomerization domain 

(NOD)-like receptors (NLRs) (Kawai & Akira 2006; Kawai & Akira 2005).  

1.2.6.1 Toll-like receptors 
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TLRs are conserved molecules that can be found in a variety of species. The Toll molecule was 

originally determined to be an important protein in drosophila embryonic development and 

subsequently was found to have a key role in responses against fungal infection in flies. When 

mammalian and avian homologs were identified, the role of TLRs in the immune system was 

recognized as leading to activation of inflammatory responses, antiviral responses, and the 

adaptive immune system (Medzhitov & Janeway 1997a; Medzhitov et al. 1997b; Roach et al. 

2005). To date, 10 and 13 TLRs have been identified in humans and mice, respectively.  

TLRs are expressed in different compartments of host cells and sense different PAMPs derived 

from various microbes on the basis of their motifs. Each TLR shows divergent immune responses 

(Kawai & Akira 2010). The TLR molecule contains one extracellular or intra-endosomal leucine-

rich repeat (LLR) domain, and one intracellular cytoplasmic tail known as the Toll-interleukin-

1(IL-1) receptor (TIR) domain. The LLR domain provides a horseshoe-shaped structure for the 

interaction between ligands and TLRs. The extracellular or intra-endosomal domain interacts with 

its specific ligand and the TIR domain transmits intracellular signals. The TIR domain is also found 

in interleukin-1 and interleukin-18 receptors (IL1R and IL18R) (Leulier & Lemaitre 2008).  

Indeed, TIR recruits adaptor proteins, such as myeloid differentiation factor 88 (MyD88), 

MyD88-adapter-like (MAL), TIR domain-containing adaptor protein (TIRAP), TIRAP inducing 

interferon β (TRIF), TRIF-related adaptor molecule (TRAM), and interleukin-1 receptor-

associated kinase (IRAK). There is variation in adaptor usage among different TLRs. Adaptor 

protein recruitment is followed by initiation of intracellular signaling.  

 At least 10 TLR genes have been identified in chickens, including TLR1A, 1B, 2A, 2B, 3, 4, 

5, 7, 15, and 21 (St Paul et al. 2013a). Each of these TLRs can bind to its own specific ligand. 

Various TLR ligands have been identified. Determining the natural variation in TLR specificity 
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and functions helps us to have a better understanding of the evolution of the immune system and 

disease resistance mechanisms. In the following section, functions and characteristics of different 

TLRs, specifically in chickens, have been described in detail.  

In a variety of species, TLR2 protein can be found as a functional heterodimer complex with 

TLR1 and TLR6. TLR2/1 and TLR2/6 sense diacyl lipopeptides, triacyl lipopeptides, and 

lipoteichoic acid (Keestra et al. 2013; Akira & Takeda 2004; Kawai & Akira 2006; Kawai & Akira 

2005). In chickens, two isoforms of TLR2: chTLR2t1 and chTLR2t2 are expressed. Also, chTLR2 

can be found as a heterodimer complex with chTLR1LA (also known as chTLR16), and 

chTLR1LB, which are orthologs of mammalian TLR6/TLR1. It is possible that different TLR2 

heterodimer complexes have diverse functions (Keestra et al. 2013; Fukui et al. 2001).  

TLR3 in chickens is similar to that of its mammalian ortholog. TLR3 is an intracellular TLR 

that can sense double-stranded RNA (dsRNA) including viral RNA. Sensing its specific ligand 

causes TLR3 homodimerization followed by IFN expression through the TRIF-dependent 

pathway. Cells of the chicken immune system respond to polyI:C, which is a synthetic TLR3 

ligand. It has been shown that the intracellular pathways after TLR3 activation are similar between 

chickens and mammalian species (Keestra et al. 2013; Akira & Takeda 2004).  

TLR4 makes a heterodimer with MD2, and the TLR4/MD2 complex is presented on the cell 

surface. Bacterial lipopolysaccharides (LPS) are the major ligands for TLR4. In mammalian 

species, TLR4 has different specificities to different forms of LPS. Also, an auxiliary molecule, 

CD14, enhances the transfer of LPS and binding to the TLR4/MD2 complex in mammalian 

species. However, the function of CD14 in the chicken has not been clearly investigated (Chow 

1999; Steeghs et al. 2008; Wu et al. 2009).  
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Mammalian TLR5 recognizes a domain of flagellin, a bacterial protein. Chickens express 

functional TLR5, but the sensing quality is different from that of humans. While chTLR5 can sense 

the flagellin of Salmonella enterica serovar Typhimurium, it is not able to recognize flagellins of 

other bacterial species, such as Campylobacter jejuni. chTLR5 recognizes one specific domain of 

flagellin (Keestra et al. 2008a; Kogut et al. 2005; de Zoete et al. 2010).  

TLR7 and TLR8 are located in endosomes that have some ligands in common. Both TLR7 and 

8 can recognize viral single-stranded RNA (ssRNA), but their functions are distinct. In fact, they 

exhibit different specificity to their ligands. Although mouse TLR8 has the highest homology with 

TLR7, it is assumed to be non-functional (Heil et al. 2004; Heil et al. 2003). It has been 

demonstrated that the biology of TLR7 in chickens is different from that in humans. Chicken TLR7 

is expressed in a variety of chicken cells, such as B cells, T cells, thrombocytes, and heterophils. 

In chickens, it has been shown that activation of TLR7 by its specific synthetic ligands, such as 

loxoribine (a guanosine analog), imidazoquinolinamine or R848 (imidazoquinoline compound), 

leads to expression of type I interferons, interleukin (IL)-1, and IL-6. Different TLR7 ligands 

have different capacity to activate type I interferon in chickens (Philbin et al. 2005; St Paul, et al. 

2013a). In addition, cDCs sense different types of RNAs originating from bacteria, such as group 

B Streptococcus through TLR7 (Kawai & Akira 2010). 

 In mammalian species, TLR9 is an intra-endosomal receptor that can sense bacterial non-

methylated CpG DNA motifs (Brownlie et al. 2009). TLR9 preferentially senses specific DNA 

motifs in humans or mice, such as the GTCGTT DNA motif or the GACGTT DNA motif, 

respectively. Although, TLR9 is absent from chickens, it has been demonstrated that avian TLR21 

also recognizes non-methylated CpG DNA. However, TLR9 and chTLR21 have low similarity in 

their amino acid sequences (Brownlie et al. 2009; St Paul et al. 2013a). chTLR21 binds to a wide 
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range of synthesized CpG DNA and non-methylated CpG DNA compared to human and mouse 

TLR9 (Keestra & van Putten 2008a; Ewald et al. 2008). chTLR21 is expressed in various cells of 

the immune system, such as B cells or macrophages. Activation of chTLR21 causes expression of 

several genes, including IL-1β, IFN-γ, IFN-α, IFN-β, and IL-8 (St Paul, et al. 2013a). 

TLR15 is a chicken TLR that does not exist in fish or mammalian species. This TLR can be 

activated by fungal and some bacterial proteases, which leads to the NF-κB pathway activation 

and pro-inflammatory cytokine production (Keestra et al. 2013; Boyd et al. 2012). It has been 

shown that chTLR15 is up-regulated following Salmonella enterica serovar Typhimurium 

infection (Higgs et al. 2006).  

These aforementioned ligands interact with their cognate receptors in different ways. For 

example, the lipid chain of Pam3CSK4, TLR2/1 ligand, inserts into hydrophobic pockets of 

dimerized TLR2/1 while dsRNA interacts with TLR3 through hydrogen bonds (Jin et al. 2008). 

In addition to interactions with their cognate receptors, PAMPs can also interact with other 

receptors. For instance, CpG ODN can bind to MRC1 (Mannose receptor, CD206). In addition, 

CD14 or the β2 (CD11/CD18) leukocyte integrins and macrophage scavenger receptor (SR) bind 

to the lipid A of bacterial LPS (Ingalls et. al 1999, Moseman et. al 2013).   

In addition to PAMPs, some endogenous host molecules, such as degraded extracellular matrix 

(ECM), heat-shock proteins and high-mobility group box 1 (HMGB1) proteins, activate TLRs 

leading to initiation of pro-inflammatory responses. Most of these proteins are released into the 

extracellular environment due to cell death (Kawai & Akira 2010). In addition, endosomal TLRs, 

including TLR7 and TLR9, can recognize chromatin and ribonucleoprotein of dead cells and sense 

self-nucleotic acids which leads to the development of autoimmune disease. Another example of 

sensing self-ligands are recognition of cleaved ECM or hyaluronic acid of dying cells by TLR2 
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and TLR4, respectively. Moreover, the role of TLRs in non-infectious inflammatory conditions, 

such as atherosclerosis and tumor-cell metastasis, has been previously described. In the case of 

these sterile inflammatory responses, TLR4 and 6, conjointly with the scavenger receptor CD36, 

recognize some self-molecules, for instance, oxidized low-density lipoprotein. Activation of TLR4 

and 6 in tumor cells by ECM initiate TNF-alpha production and tumor-cell metastasis (Kawai & 

Akira 2010).  

The signalling pathways that follow TLR ligand recognition differ among TLRs. All TLRs 

except TLR3 trigger signalling pathways through the MyD88 adaptor molecule. Instead, TLR3 

activates signalling pathways through the TRIF molecule. In mammals, TLR4 activates both 

MyD88-dependent and MyD88-independent pathways, however, in chickens, chTLR4 failed to 

activate intracellular signalling pathways in a MyD88-independent manner (Keestra & van Putten 

2008a). Chickens may lack the TRAM molecule that plays a role in the MyD88-independent 

pathway in mammalian species, which may cause general resistance to LPS in chickens and lower 

transcription of IFN-β following LPS treatment (Lynn et al. 2003).  

1.2.6.2. RIG-I-like helicase 

The RLR family has three members: RIG I, melanoma differentiation associated gene-5 (MDA-

5), and LGP2 (laboratory of genetics and physiology 2). RIG-I detects viral ssRNA and short, 

blunt dsRNA, while MDA5 recognizes dsRNA. RIG-I helicase receptors are present in the 

cytoplasm. In general, the RIG-I helicase receptor contains two types of domains: the caspase 

recruitment domain (CARD) and the RNA helicase domain. RIG-I and MDA-5 interact with the 

mitochondrial antiviral-signaling protein (MAVS), as an adaptor protein, to initiate antiviral 

responses. MAVS is also known as the interferon promoter-stimulating factor-1 (IPS-1) and is 

essential to initiate innate responses through either RIG-I or MDA-5. MAVS activation and 
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recruitment of other adaptor molecules lead to activation of NF-κB and IRF pathways. Viruses 

disrupt IPS-1 function to evade innate responses.   

Even though RIG-I and MDA-5 have similar structures, they differ in signalling activation. 

MDA-5 is expressed following dsRNA stimulation in chickens, similar to mammalian species. 

Comparison of the MDA-5 amino acid sequence between chickens and other species reveals a 

distinct N-terminal 300-residue region in chMDA-5. This difference, along with the absence of 

RIG-I in chickens, may propose possible functional dissimilarities between the way mammalian 

and ChMDA5 interact with different dsRNA species. In spite of the lack of RIG-I in chickens, 

activation of chMDA-5 can induce antiviral responses and accomplishes some RIG-I functions. 

However, it has been shown that chMDA-5 is unable to initiate sufficient antiviral responses 

against influenza virus suggesting that chMDA-5 may not have a pivotal role in limiting influenza 

virus replication (Karpala et al. 2011b). Future studies are required to determine other intracellular 

receptors in chickens or possible chMDA-5 functions to different influenza virus infections 

(Karpala et al. 2011b). It has been suggested that chickens do not have RIG-I and resistance to 

HPAI infection in ducks is likely due to the presence of RIG-I in this species (Loo et al. 2008; 

Barber et al. 2010; Karpala et al. 2011b; Kawai & Akira 2008).  

1.2.6.3. NOD-like receptors 

The third group of PRRs comprises nucleotide oligomerization domain (NOD)-like receptors 

(NLRs). The NLR family has 20 members. NLRs respond to PAMPs and even cellular stresses, 

and then become activated to initiate pro-inflammatory responses (Kawai & Akira 2010). The most 

important characteristic of this family is recognition of pathogen products in the cell cytoplasm. 

There are two subfamilies within this family: NODs and NALPs (NACHT, LRR, and PYD-
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containing proteins). These subfamilies can be categorized by their domains. NODs have CARD 

and leucine-rich domains while NALPs have a pyrin and the leucine-rich domains.  

The human NLR family contains 22 members. The functions of some members, such as NOD1 

and NOD2, have been well characterized. PAMP sensing by NLRs leads to downstream signaling 

pathways such as NF-κB and mitogen-activated protein kinase (MAPK) (Akira & Takeda 2004). 

Some members of this family, such as NLRP1 and NLRP3, play crucial roles in sensing 

intracellular PAMPs and activating inflammatory responses. Some NALP proteins form 

complexes known as inflammasomes to initiate inflammatory responses and activate the caspase 

pathway. For example, the assembly of NALP1, two caspases, and one adaptor protein forms an 

inflammasome. In addition to PAMPs, other types of danger signals are sensed by inflammasomes, 

including aluminum salt crystals (Yamazaki & Ichinohe 2014). 

1.2.7. Sensing influenza A virus  

Once the influenza virus infects host cells, its presence can be sensed in different ways. In 

mammalian species, host cells detect the presence of viral components by means of germline-

encoded PRRs. Uncapped ssRNA produced by influenza virus polymerase is recognized by 

some cytosolic receptors, such as nucleotide NLRs, RLRs, and the interferon-inducible protein 

absent in melanoma 2 (AIM2)-like receptor families (Le Goffic et al. 2006; Yoneyama et al. 

2004; Allen et al. 2009; Waithman & Mintern 2012). Blunt-ended RNA with a triphosphate 

(PPP) moiety is essential to activate RIG-I (Goubau et al. 2013). The carboxyl domain of RIG-I 

has a pocket for 5'-PPP. However, other types of RNAs in infected host cells, such as RNAs 

lacking a 5'-PPP or long dsRNA can bind directly to RIG-I with lower affinities (Goubau et al. 

2013). While the NLR and the RLR families recognize the presence of the virus in the cytosol of 

infected cells, TLR7 senses the presence of viral RNA in the endosome of host cells such as pDC 



19 

 

(Iwasaki & Pillai 2014). In mammals, TLR3 plays a key role in recognition of double-stranded 

RNA (dsRNA) once the virus replicates in host cells (Guillot et al. 2005; Le Goffic et al. 2006). 

Like mammalian species, several PRRs, including TLRs and RLRs have been identified in 

chickens.  In chickens, despite the lack of RIG-I, influenza virus infection is sensed by chicken 

MDA5 (Liniger et al. 2012b), which results in the expression of type I interferons. ChMDA5 and 

downstream mediators of cell signaling, such as mitochondrial adaptor molecule CARDIF 

(CARD adaptor inducing IFN-β) and chicken interferon regulatory factor 7 (chIRF7) are 

necessary to induce antiviral responses (Kim & Zhou 2015; Liniger et al. 2012b). Activation of 

PRRs leads to intracellular signalling pathways, the production of type I interferons and pro-

inflammatory responses. However, IFN responses activated by PRRs are insufficient to inhibit 

influenza virus replication in host cells. Also, NS1 of influenza virus can interfere with antiviral 

responses, which may help the virus to evade the immune system (GeurtsvanKessel & 

Lambrecht 2008; Kane & Golovkina 2012; Heer et al. 2007). 

C-type lectin receptors (CLRs) that are present on the surface of macrophages and DCs can 

interact with the influenza virus and mediate its attachment. CLRs activate phagocytosis in 

macrophages and DCs. Dendritic cell-specific intercellular adhesion molecule-3-grabbing non-

integrin (DC-SIGN), another member of the CLR family in DCs, can interact with the influenza 

virus. Other studies in mice have shown that macrophage galactose-type lectin (MGL) and 

macrophage mannose receptor (MMR), and the mannose binding lectin (MBL), a member of the 

collectin family, can interact with influenza virus (Ramos & Fernandez-Sesma 2012). The 

interaction of these receptors with influenza viruses leads to viral neutralization, opsonisation of 

viral particles, and ultimately recognition of opsonized particles by phagocytic cells (Ramos & 

Fernandez-Sesma 2012).  
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Along with the recognition of viral components by PRRs, influenza virus infection results in 

the induction of danger-associated signals. Danger-associated signals are molecules, such as heat 

shock proteins, nucleotides and mitochondrial DNA, which are released from intracellular 

compartments following infection with influenza viruses. Danger-associated signals activate 

inflammasomes resulting in activation of cellular protease caspase-1, which mediates the 

processing of pro–IL-1β/pro–IL-18 to mature IL-1b/IL-18 and subsequently, their secretion into 

the extracellular space (Yoo et al. 2013).  

1.2.8. The vertebrate interferon response  

The stimulation of PRRs with their ligands leads to the activation of intracellular signaling 

pathways downstream of PRRs, including TLRs. The engagement of TLRs with their ligands 

results in the dimerization of TLRs, with conformational changes in the TIR domain. These 

alterations provide a platform to recruit adaptor molecules, such as MAL, MyD88, TRIF, and 

TRAM (O’Neill & Bowie 2007; Krishnan et al. 2007). Each PRR employs a different set of 

adaptor molecules. MyD88 is a common adaptor molecule recruited by different TLRs. MAL is 

recruited by TLR2 and TLR4 present on the plasma membrane. MAL is involved in TLR signalling 

to recruit MyD88. Although the majority of TLRs depend on the MyD88 signalling pathway to 

active transcription factors, TLR3 and 4 have the particular ability to recruit TRIF and TRAF. Both 

MyD88-dependent and -independent signalling pathways lead to the activation of some 

transcription factors, such as NF-kB and IRF7 causing the production of type I IFNs. 

 PAMP recognition induces antiviral and inflammatory responses. Type I IFN production and 

secretion can activate the JAK (Janus kinase)-STAT (Signal Transducer and Activator of 

Transcription) signalling pathway, which up-regulates the expression of interferon-stimulated 

genes (ISGs). The majority of ISGs have antiviral properties, such as inhibition of virus assembly 
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or degradation of viral nucleic acids (Boo & Yang 2010). Some of these proteins, such as PKR 

(OAS), ribonuclease L (RNase L), myxoma resistance protein 1 (Mx1), tetherin and RSAD2 (also 

known as viperin), play key roles in immunity against viral infections (Le Tortorec et al. 2011; 

Diamond & Farzan 2013). Two subfamilies in the ISG family that execute extensive antiviral 

effects are “IFN-induced proteins with tetratricopeptide repeats (IFIT)” and “IFN-induced 

transmembrane proteins (IFITM)”. IFIT genes encode functional proteins that are expressed in 

response to type I IFNs. In humans, IFIT has four members, IFIT1, IFIT2, IFIT3, and IFIT5 which 

are also known as ISG56, ISG54, ISG60, and ISG58, respectively. Human IFIT genes are located 

on chromosome 10. Chickens have only IFIT5 located on chromosome 6 (Zhou et al. 2013). IFIT 

proteins are present in the cytoplasm and have several tetratricopeptide repeats (TPRs) motifs. 

IFIT proteins play a role in cell cycle regulation, transcription, and protein transportation. IFIT 

proteins, such as P56 or P49 interact with other host proteins to induce antiviral responses. TPR 

motifs direct interactions of IFIT proteins. On the basis of IFIT family member sequence analysis, 

it has been predicted that each member has a specific number of TPRs that may affect protein 

function. In general, cells (except those of myeloid origin) do not express IFITs, until they are 

exposed to viruses (Daffis et al. 2007; Sarkar & Sen 2004).  

The expression of IFIT genes is primarily initiated by type I IFNs produced after viral infection. 

In addition, it has been noted that signaling pathways through TLR3, TLR4, MDA-5, and RIG-I 

receptors induce IFIT gene expression before type I IFN production (Diamond & Farzan 2013). 

IFIT proteins inhibit viral replication by abolishing translation processes, attaching to viral RNA, 

sequestering viral proteins, and regulating cell-intrinsic and cell-extrinsic immune responses. 

Moreover, it has been suggested that IFIT proteins have immunomodulatory effects (Diamond & 

Farzan 2013) .  
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The second subfamily within the ISG family is IFITM, which in humans contains four 

members, IFITM1, IFITM2, IFITM3, and IFITM5. Three members of this subfamily have been 

discovered in chickens: IFITM1, IFITM3 and IFITM5 (Diamond & Farzan 2013, Smith et al. 

2013). Although IFIT and IFITM proteins have different mechanisms of action, there are some 

similarities in their structures. IFITM gene expression is up-regulated after viral infection. In 

contrast to the IFIT subfamily, IFITM genes have a basal level of expression in different types of 

cells. In addition, type I IFN production augments IFITM gene expression. While the IFITM 

subfamily has a wide range of bioactivities, the most important of these is initiation of antiviral 

responses (Diamond & Farzan 2013). For example, IFITM3 plays a crucial role in inhibiting 

influenza virus infection by preventing entry of the virus into host cells. IFITM proteins can control 

replication of Marburg and Ebola viruses (Huang et al. 2011). Moreover, each member of the 

IFITM family has a distinct ability to inhibit virus infection in different steps in virus replication. 

For example, IFITM1 inhibits Marburg and Ebola virus replication while IFITM3 inhibits 

influenza virus replication (Yan & Chen 2012; Diamond & Farzan 2013).  

1.2.9. Natural killer cells 

Natural killer (NK) cells are effector cells of the innate immune system. NK cells can 

distinguish infected cells with their activating receptors such as NKp44 and NKp46 (Kreijtz et.al 

2011). Not only NK cells can recognize the influenza virus HA surface antigen and lyse the 

infected cells through antibody dependent cell cytotoxicity (ADCC) process, they also play a key 

role in the initiation and modulation of T cell responses following influenza virus infection (Ge et 

al. 2012; Kreijtz et al. 2011).  

1.2.10. Adaptive immune system responses against influenza virus  
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The second line of host defense is shaped by the adaptive immune system, which contains 

antibody-mediated and cell-mediated immune responses.  

1.2.10.1. Antibody-mediated immune responses 

Influenza virus infection induces virus-specific antibodies. Antibodies specific for HA and NA 

glycoproteins are important. There is a significant correlation between these antibodies and 

immunity against orthologous influenza virus strains (Mancini et al. 2011). Antibodies against HA 

attach to the head of the HA antigen and block virus binding and entry into host cells. In addition, 

these antibodies can neutralize the HA antigens of homologous viruses. Anti-HA antibodies are 

also involved in the ADCC process in collaboration with NK cells (Kreijtz et al. 2011). Antibodies 

against conserved epitopes in the stalk domain of the HA can neutralize a wide spectrum of 

influenza virus strains and subtypes, however, they are hardly found in vaccinated or infected 

individuals (Krammer & Palese 2013). Current approaches for development of universal vaccines 

are focused on developing vaccines that can induce anti-stalk antibodies. These antibodies can 

inhibit the fusion of viral and endosomal membranes by locking the haemagglutinin trimer and 

inhibition of pH-triggered conformational changes. Moreover, these antibodies cover the stalk 

domain of the HA. As a result, proteases cannot cleave the HA0 subunit to the HA1 and HA2 

subunits of HA. Stalk-reactive antibodies also prevent viruses from budding by interacting with 

newly formed haemagglutinin on the cell surface (Krammer & Palese 2015).  

The NA glycoprotein has enzymatic activity to cleave sialic acid motifs. This enzymatic activity 

supports viral spreading in the host body. Thus, NA-specific antibodies are not neutralizing 

antibodies, but can inhibit the release of the virus from infected cells and viral spread (Kreijtz et 

al. 2011). Furthermore, it has been demonstrated that NA-specific antibodies participate in 

clearance of virus-infected cells. Antibodies specific for influenza virus NP have been detected, 
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but the involvement of these antibodies in protective immune responses remains unclear. 

Moreover, NP-specific antibodies initiate complement-mediated cell lysis (Mozdzanowska et al. 

1999; Sambhara et al. 2001).  

1.2.10.2. Cell-mediated immune responses  

There are different subsets of DCs including CD103+, CD8α+ and CD11bhi DCs in the 

respiratory system with varying phenotypes, anatomic localizations, and functions. DCs in the 

respiratory system execute different roles, such as antigen recognition, antigen transportation to 

the regional lymph nodes and presenting antigens to CD4+ or CD8+ T cells for the induction of 

immunity against influenza viruses. In both human and mice, different subsets of DCs have 

divergent susceptibility to influenza virus. For example, in mice CD103+ DCs are susceptible to 

infection with H1N1 influenza virus. Following the influenza virus infection, susceptible DCs 

become infected with the virus. Some other subsets of DCs can uptake viral particles through 

cross-presentation. For example, respiratory DCs deliver viral antigen to resident DCs in lymph 

nodes, such as CD8+ DCs (Hufford et al. 2013).  

The activation of cytotoxic T lymphocytes (CTLs) and T helper (Th) cells is an essential phase 

for viral clearance from the site of infection, and the induction of protective immunity against 

influenza viruses. In mice, CD103+ migrant respiratory DCs and CD11bhi respiratory DCs are 

characterized as the most effective APCs to activate CTLs. In addition, both CD103+ migrant 

respiratory DCs and CD11bhi respiratory DCs can activate naïve CD4+ T cells. Following the 

activation of T cell subsets in lymph nodes by DCs, T cells migrate into non-lymphoid tissues 

including the airways, where the influenza virus replicates (Hufford et al. 2013).  

Activated T cells express CD11a, which is essential for lung vascular adhesion and retention 

within the respiratory tract.  Moreover, respiratory DCs induce the expression of the chemokine 
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receptor CCR4 on activated T cells, which helps their migration into infected lungs (Mikhak et al. 

2013). Moreover, lung epithelial and endothelial cells express CCL17 and CCL22, which are 

ligands for CCR4. As a result, respiratory DCs play a critical role to direct the migration of T cells 

to the site of infection. Furthermore, IL-15 increases the expression of CD11a on activated effector 

CD8+ T cells, which helps their migration to the lung airways following influenza virus infection 

(Verbist et al. 2011).   

Following migration of lymphocytes into infected lungs, different subsets of cells, such as Th 

cells or CTLs, and their products, including immune-modulating cytokines and chemokines, work 

together to promote elimination of the virus. Some activated T cells have cytolytic activities, but 

the majority of these cells have a Th phenotype. Th2 cells, which mainly produce IL-4 and IL-13, 

support B cell responses, while Th1 cells which predominately produce IFN-γ and IL-2, and are 

involved in cell-mediated immune responses.  

Activated CD8+ T cells have a dispensable role to clear influenza viruses from infected tissues 

including lung.  They recognize and lyse infected cells via perforin and granzyme (Gr) proteins 

(e.g. GrA and GrB). GrA has enzymatic activities that cleave viral proteins inhibiting viral 

replication. Indeed, CTLs prevent production of viral progeny by destroying infected cells. 

However, it has been demonstrated that influenza virus-specific-CTLs lacking granzyme A or 

gramzyme B, can destroy infected cells (Kreijtz et al. 2011). In addition, one possible Gr-

independent mechanisms that CTLs may use to kill virus-infected cells is initiation of apoptosis in 

infected cells via the Fas/FasL pathway (Andrade 2010; Domselaar & Bovenschen 2011; Regner 

et al. 2009). Memory-specific CTLs may reside at the site of infection, in lymphoid tissues, or in 

blood. Memory CTLs rapidly become activated after influenza virus infection (Rangel-Moreno et 

al. 2011; X. Wang et al. 2007). 
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1.2.11. Applications of Toll-like receptor ligands  

TLR ligand application has gained attention in diverse areas, such as cancer, autoimmunity, 

allergy and asthma in the last decade (Hennessy et al. 2010). Clinical trials using TLR ligands for 

the treatment of allergic diseases have been conducted. Monophosphoryl lipid A and CpG ODNs 

have been co-administered with allergens for the treatment of rhinitis and asthma (Hennessy et al. 

2010; Kanzler et al. 2007).  Furthermore, the utility of TLR ligands in cancer therapy has been 

investigated. Clinical trials using LPS as a method of treating cancer have shown positive results 

in colorectal and non-small cell lung carcinomas and are currently being tested for efficacy against 

sacroma, neuroblastoma, melanoma and hematological cancers (Galluzzi et al. 2012). Two 

synthetic molecules, Ampligen and Hiltonol (polyI:C combined with carboxymethyl cellulose and 

poly-L-lysine stabilizers), have been under research and development as therapy against various 

cancers. Studies have demonstrated that stimulation of DCs promotes a cytotoxic Th1 response 

that can kill tumor cells. Hiltonol was also able to stimulate a large increase in IFN- in in vivo 

studies, whereas Ampligen was unable to stimulate such a response at the same concentration. 

Both of these synthetic molecules have demonstrated safety in patients and have had promising 

results in antitumor and vaccination studies. Ampligen is being tested for efficacy in reproductive 

tract neoplasms and resectable colorectal cancers; Hiltonol has shown an ability to induce 

anticancer immune responses against hematological, brain, renal, ovarian, and melanoma cancer 

cells, and is being investigated in a number of phase 1 and 2 clinical trials for safety (Galluzzi et 

al. 2012). CpG-7909 has been investigated as an antitumor agent. Stimulation through TLR9, by 

CpG-7909, activates apoptosis in malignant B cells and thus may have applications in lymphomas; 

this molecule is in Phase I/II investigation. CpG-7909 is also under investigation for use as an 
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adjuvant in conjunction with the recombinant vaccine MAGE-A3 for use against melanoma and 

breast cancer. 

As mentioned, the main function of TLRs is to sense PAMPs and stimulate intracellular 

signalling pathways leading to innate responses. Therefore, the application of TLR ligands could 

be envisaged as a way to induce host innate responses against pathogens. TLR ligands have been 

used in mammals against several infectious diseases (Horscroft et al. 2012; Vollmer & Krieg 2009; 

Tuvim et al. 2012). The application of TLR ligands as vaccine adjuvants in mammalian species as 

well as chickens has been widely investigated. Employing TLR ligands in vaccines increases 

antigen uptake by DCs, assists antigen processing, and MHC-peptide presentation. A number of 

vaccines in humans with TLR ligands as adjuvants have been approved or are in clinical trials, 

such as a vaccine against hepatitis B virus (approved vaccine using monophosphoryl lipid A 

(MPL) as an adjuvant) or human immunodeficiency virus (in a Phase III trial; the vaccine uses 

CPG ODN as an adjuvant) (Makkouk & Abdelnoor 2009). Flagellin-based adjuvants have also 

been explored. Using a truncated sequence of the flagellin gene from Salmonella enterica serovar 

Typhimurium (STF2) ligated to the matrix surface antigen of influenza (M2e), the vaccine-

adjuvant VAX-102 was developed. In model systems and primary clinical trials, effective immune 

responses have been elicited by vaccines adjuvanted with TLR ligands, without adverse effects. 

The STF2 truncated flagellin is under investigation as an adjuvant for other vaccines, including 

vaccines for West Nile virus and Listeria infection (Hennessy et al. 2010). A CpG-7909-containing 

hepatitis B vaccine resulted in the induction of high magnitude antigen-specific T cells responses 

proliferation, leading to long-term seroprotection demonstrating the molecule’s potential as an 

immune stimulant. Further, CpG-7909 enhanced the efficacy and activity of the anthrax 
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(BioThrax) and influenza (Fluarix) vaccines when compared to the un-adjuvanted vaccines 

(Hedayat et al. 2011). 

Previous studies have demonstrated that in vivo administration of LPS, polyI:C and CpG ODN 

in chickens increases the expression of cytokines and chemokines, such as IFN-γ, IFN-β, IL-1β, 

IL-8 and iNOS  (Parvizi et al. 2012a; St Paul et al. 2012b; St Paul et al. 2013a). In chickens, TLR 

ligands have been successfully employed as vaccine adjuvants aiming to increase antibody- and 

cell-mediated immune responses. Previous studies in chickens demonstrated that the application 

of TLR ligands including LPS, flagellin, and CpG ODN increases antibody-mediated responses to 

different pathogens, such as E. coli, Campylobacter jejuni, infectious bursal disease virus (St Paul 

et al. 2013a). Moreover, it has been shown that TLR2/1, 3, 4, 5 and 21 ligands, as adjuvants in an 

AIV vaccine, can increase antibody- and cell-mediated immune responses, and significantly 

reduce shedding of AIV in vaccinated chickens (St Paul et al. 2014a; St Paul et al. 2014b). A 

previous study demonstrated that an inactivated AIV vaccine induced significantly more systemic 

and mucosal IgY anti-AIV antibodies when adjuvanted with encapsulated CpG ODN 2007 (Singh 

et al. 2016a). Importantly, increased production of anti-AIV antibodies was correlated with a 

reduction in influenza viral shedding in chickens (Singh et al. 2016b).  

Previous studies have confirmed imunostimulatory properties of TLR ligands in chicken cells 

(Parvizi et al. 2012b; St Paul et al. 2012a; St Paul et al. 2013b; St Paul et al. 2013). 

Immunostimulatory properties of TLR ligands make them potent candidates to be used in chickens 

as stand-alone agents to protect chickens against different pathogens. The administration of LPS 

and CpG ODN in chickens before infection with the RB1B strain of Marek's disease virus can 

delay the disease progression (Parvizi et al. 2014). Also, polyI:C treatment in combination with 

vaccination against Marek's disease virus increases the efficacy of the vaccine and decreases the 
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incidence of tumors (Parvizi et al. 2012a). Furthermore, a previous study has demonstrated that 

that in ovo administration of CpG ODN reduces mortality and morbidity in chickens caused by 

avian infectious laryngotracheitis virus (Thapa et al. 2015). St Paul et al. have confirmed that 

intramuscular administration of polyI:C, LPS from E. coli  0111:B4 and CpG ODN significantly 

reduced cloacal and oral AIV shedding (St Paul et al. 2012b). Immunostimulatory properties of 

TLR ligands are not limited to viral diseases. Previous studies in chickens have proved that TLR5 

and 21 ligands are potent agents to induce innate responses and protect chickens from Salmonella 

enterica serovar Enteritidis and Salmonella enterica serovar Typhimurium (Taghavi et al. 2008; 

Genovese et al. 2007). Also, it has been demonstrated that CpG ODN is able to induce immune 

responses in chickens and protect them against E. coli (Gunawardana et al. Gomis et al. 2004). 

These aforementioned studies have confirmed the immunostimulatory effects of TLR ligands in 

chickens and provided evidence for the potential application of these ligands as stand-alone agents 

in chickens. However, the efficacy of TLR ligands is dependent on several other factors, such as 

route of administration, dosage of TLR ligands and timing of TLR ligand administration. As a 

result, there is a need to consider the effects of these factors on the efficacy of TLR ligands. In 

addition, there is little information available about the nature of the antiviral responses induced in 

chickens following treatment with TLR ligands and their underlying mechanisms.  

Therefore, in the presented research, we employed different types of TLR ligands to determine 

their antiviral activities against AIV and their mode of actions. We hypothesized that TLR ligands 

limit the replication of AIV which leads to reduction of AIV shedding from infected chickens. The 

objectives described in this thesis were to: (1) investigate the effect of in vitro administration of 

TLR 2/1, 3, 4, 7 and 21 ligands on replication of low pathogenic avian influenza virus in a chicken 

macrophage cell line (chapter 2), (2) demonstrate antiviral properties of in ovo administration of 
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TLR ligands (chapter3), (3) enhance host innate responses by in vivo administration of TLR 

ligands against low pathogenic avian influenza virus (chapter 4), and (4) characterize innate 

responses in the chicken trachea following TLR ligand administration (chapter 5). 
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2.1. Abstract 

Chicken macrophages express several receptors for recognition of pathogens, including Toll-

like receptors (TLRs). TLRs bind to pathogen-associated molecular patterns (PAMPs) derived 

from bacterial or viral pathogens leading to the activation of macrophages. Macrophages play a 

critical role in immunity against viruses, including influenza viruses. The present study was 

designed to test the hypothesis that treatment of chicken macrophages with TLR ligands reduces 

avian influenza replication. Furthermore, we sought to study the expression of some of the key 

mediators involved in the TLR-mediated antiviral responses of macrophages. Chicken 

macrophages were treated with the TLR2/1, 3, 4, 7 and 21 ligands, Pam3CSK4, polyI:C, LPS, 

R848 and CpG ODN, respectively, at different doses and time points pre- and post-H4N6 avian 

influenza virus (AIV) infection. The results revealed that pre-treatment of macrophages with 

Pam3CSK4, LPS and CpG ODN reduced the replication of AIV in chicken macrophages. In 

addition, the relative expression of genes involved in inflammatory and antiviral responses were 

quantified at 3, 8 and 18 hours post-treatment with the TLR2/1, 4 and 21 ligands. Pam3CSK4, LPS 

and CpG ODN increased the expression of interleukin (IL)-1β, interferon (IFN)-γ, IFN-β and 

interferon regulatory factor (IRF) 7. The expression of these genes correlated with the reduction 

of viral replication in macrophages. These results shed light on the process of immunity to AIV in 

chickens. 

Keywords: Macrophages, Chicken, Avian influenza virus, TLR ligands  
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2.2. Introduction 

Macrophages are important cells of the innate immune system that play a critical role in the 

initiation of immune responses against pathogens, such as influenza viruses (Tate et al. 2010; 

Fujisawa et al. 1987; Hashimoto et al. 2007; Peroval et al. 2013). Functions of macrophages 

include phagocytosis, cytokine and chemokine production, secretion of antimicrobial factors and 

peptides and antigen presentation (Parihar et al. 2010; Qureshi et al. 2000; Martinez et al. 2009). 

Macrophages express several receptors for recognition of pathogens, including Toll-like receptors 

(TLRs). TLRs bind to pathogen-associated molecular patterns (PAMPs) or synthetic ligands 

leading to activation of macrophages. 

Influenza viruses can infect macrophages and dendritic cells (Yan & Chen 2012), leading to the 

production of cytokines and chemokines in response to the infection (Kaufmann et al. 2001). In 

chickens, macrophages produce pro-inflammatory cytokines such as interleukin (IL)-1β, IL-6 and 

IL-8 in response to avian influenza virus infection (Xing et al. 2008), subsequently attracting other 

cells of the immune system, such as heterophils, to the site of infection (Xing et al. 2010). In 

addition to pro-inflammatory cytokines, chicken macrophages produce type I interferons (IFNs) 

upon infection (Liniger et al. 2012b). From studies in mammals, it is known that after binding of 

IFNs to their receptors, the Janus kinase and signal transducer and activator of transcription (JAK-

STAT) signalling pathway is activated, which in turn up-regulates the expression of interferon-

stimulated genes (ISGs). ISGs encode a wide variety of proteins, such as RNA-activated protein 

kinase (PKR), oligoadenylate synthase (OAS) and ribonuclease L (RNase L), that play crucial 

roles in immune responses against viral infections  (Yan & Chen 2012; Fitzgerald 2011; Le 

Tortorec et al. 2011).  IFNs and ISGs can inhibit the replication of the virus by preventing entry 

of virus into host cells, abolishing translation processes, attaching to viral RNA, sequestering viral 
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proteins and regulating host antiviral responses. In addition, ISGs modulate adaptive immune 

responses by affecting the secondary CD8+ T cell responses or facilitating T cell receptor (TCR)-

mediated GATA3 activation to produce T helper (Th)2 cytokines (Yan & Chen 2012; Nakayama 

et al. 2010; Qiu et al. 2009; García-Sastre & Biron 2006). 

At least 10 TLR genes have been identified in chickens, including TLR1A, 1B, 2A, 2B, 3, 4, 5, 

7, 15 and 21 (St Paul et al. 2013a). The immunomodulatory role of TLR ligands has been 

demonstrated in chickens. Treatment of chicken cells, such as splenocytes, macrophages and 

monocytes with TLR2/1, 3, 4 and 21 ligands significantly up-regulates the expression of pro-

inflammatory cytokines, such as IL-1β, IL-6 and IL-8 (St Paul et al. 2013c; He et al. 2006; 

Barjesteh et al. 2013). In addition to pro-inflammatory responses, TLR ligand administration may 

lead to induction of biased Th responses. It has recently been demonstrated that ligands for 

TLR2/1and 4 induce Th1-like and Th2-like responses while ligands for TLR21 induce Th1-like 

responses in chickens (St Paul et al. 2013c; Barjesteh et al. 2013; St Paul et al. 2012b). TLR ligands 

are also known to induce antiviral responses, including the induction of type I IFNs in chickens 

(St Paul, et al. 2012b; Stewart et al. 2012). Considering the immunostimulatory activities of TLR 

ligands, these molecules have been successfully used for conferring immunity on the host against 

viral and bacterial pathogens (Shinya et al. 2011; Tuvim et al. 2012; Abdul-Careem et al. 2011; 

Tacken et al. 2011). In mammals, it is known that TLR ligands can exert antiviral activity against 

influenza viruses and cause protection against influenza virus infection (Tuvim et al. 2012; Wong 

et al. 2009). Previous studies demonstrated that prophylactic treatment of chickens with polyI:C, 

CpG ODN and LPS can reduce shedding of low pathogenic AIV (St Paul et al. 2012b). However, 

little information is available about the antiviral mechanisms of these ligands in chickens and their 

underlying mechanisms of action against AIV. Therefore, the objective of the present study was 
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to examine the potential of TLR ligands to limit low pathogenic AIV replication in avian 

macrophages. We hypothesized that TLR ligands induce antiviral activities in chicken 

macrophages. These antiviral activities may be responsible for restricting the replication of AIV 

in these cells. 

2.3. Materials and methods 

2.3.1. Avian influenza virus 

The A/Duck/Czech/56 (H4N6), a low pathogenic avian influenza virus (LPAIV), was used in the 

study. The virus was propagated in 11-day-old embryonated chicken eggs by inoculation through 

the allantoic cavity (Szretter et al. 2006). Briefly, embryonated chicken eggs were candled and 

embryos were inoculated with 100 μl of allantoic fluid containing 0.2 hemagglutination units 

(HAU) of H4N6. The allantoic fluid was harvested after 72 h and the virus titre was determined 

using end-point dilution in Madin-Darby canine kidney (MDCK) cells and expressed as 50% tissue 

culture infective dose (TCID50)/ml according to the Reed-Muench formula (WHO Manual on 

Animal Influenza Diagnosis and Surveillance, 2002). 

2.3.2. Cell culture 

The chicken macrophage cell line (MQ-NCSU) was kindly provided by Dr. Juan Carlos 

Rodriguez (University of Prince Edward Island, Canada). This cell line was derived from spleen 

cells of a chicken infected with the JM/102W strain of Marek's disease virus (Qureshi et al. 1990). 

The cells were maintained in 1:1 combination of Mc Coy’s 5A modified medium and L-15 

Leibovitz medium supplemented with 8% fetal bovine serum (FBS), 10% chicken serum, 1% 

tryptose phosphate broth, 1% sodium pyruvate, 2 mM L-glutamine, 200 U/ml penicillin, 80 µg/ml 

streptomycin, and 50 µg/ml gentamicin at 41°C and 5% CO2 in a humidified incubator. 

2.3.3. Avian influenza virus infection of cells  
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MQ-NCSU cells were seeded into 24-well cell culture plates at a viable cell density (determined 

by Trypan blue exclusion) of 5 x 105 cells/ml in DMEM containing 10% FBS, 200 U/ml penicillin, 

and 80 µg/ml streptomycin for 18 hours. Cells were washed with DMEM and medium was 

replaced with DMEM supplemented with 200 U/ml penicillin, 80 µg/ml streptomycin, 50 µg/ml 

gentamicin, 25 mM HEPES, 7.5% BSA and 1 µg/µl trypsin-TPCK. Cells were infected with a 

multiplicity of infection (MOI) of 1 with H4N6 AIV. In a preliminary study, different MOI were 

tested (0.5, 1, 5 and 10) and it was determined that a MOI of 1 was ideal for H4N6 AIV replication 

in chicken macrophages (data not shown). Subsequent to infection, cells were washed two times 

after 2 hours and fresh medium was added to the culture. The virus titer in supernatants was 

measured using a TCID50 assay at different time points (0, 6, 16, 24, 32 and 42 hours) post-

infection. 

2.3.4. TLR ligands 

Pam3CSK4 (synthetic triacylated lipoprotein), polyI:C and R848 were purchased from 

Invivogen (San Diego, California, USA). Synthetic class A CpG ODN 2216 [5’- 

GGGGGACGA:TCGTCGGGGGG-3’], synthetic class B CpG ODN 2007 [5’- 

TCGTCGTTGTCGTTTTGTCGTT- 3’], synthetic class B CpG ODN 1826 [ 5’- 

TCCATGACGTTCCTGACGTT- 3’], synthetic class C CpG ODN 2395 [5’- TCGTCGTTT-

TCG-GCGCGCGCCG- 3’], non-CpG ODN [5’ -TGCTGCTTGTGCTTTTGTGCTT- 3’], 

lipopolysaccharides (LPS) from Escherichia coli 0111:B4 and LPS from E. coli 026:B6 were 

purchased from Sigma–Aldrich (Oakville, Ontario, Canada). These ligands were selected as they 

have previously been shown to stimulate chicken TLRs (St Paul et al. 2013a; St Paul et al. 2013c). 

2.3.5. Macrophage treatment with TLR ligands and cell infection with avian influenza virus 

MQ-NCSU cells were seeded into 24-well cell culture plates at a viable cell density (determined 

by Trypan blue exclusion) of 5 x 105 cells/ml in DMEM containing 10% FBS, 200 U/ml penicillin 
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and 80 µg/ml streptomycin for 18 hours. Subsequently, cells were stimulated with three different 

doses of TLR ligands (Table 1) and their ability to stimulate nitric oxide (NO) production in culture 

supernatants which were collected 48 hours post-stimulation, as measured by Griess assay 

(Promega, Madison, WI) according to the manufacturer’s instructions. The amount of nitrite in the 

each experimental sample was quantified by comparing to the standards available in the Griess 

assay kit. Various doses of TLR ligands were selected based on the results of previous studies in 

chickens and manufacturer’s recommendations (Peroval et al. 2013; St Paul et al. 2012a, St Paul, 

et al. 2012c; St Paul et al. 2013b; St Paul et al. 2013c; Ciraci & Lamont 2011). The doses are 

within the range that has been shown to activate macrophages or monocytes (Takashiba et al. 1999; 

Keestra et al. 2013; Arsenault et al. 2013). We analysed NO production to screen the ability of 

different doses of TLR ligands to induce macrophage activation. Analysis of NO production is 

known to be a reliable method for measuring macrophage activation (Mosser & Zhang 2008; 

Mosser 2003). 

To determine the effect of in vitro administration of TLR ligands on the replication of H4N6 

AIV in chicken macrophages, these cells were treated with the optimum dose (Table 1) of various 

TLR ligands (determined above) at different time points, including at the time of infection, prior 

to or after infection with low pathogenic H4N6 AIV as described above. Specifically, the time 

points included co-administration of TLR ligands and H4N6 AIV as well as treatment 1, 6 and 12 

hours prior to infection and 1, 6 and 12 hours post-infection. There were four replicates in each 

group. Virus titers in the supernatant were determined 14 hours post-infection via the TCID50 assay 

or hemagglutination test (WHO Manual on Animal Influenza Diagnosis and Surveillance). 

2.3.6. Gene expression in chicken macrophages stimulated with TLR ligands  
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MQ-NCSU cells were seeded into 24-well cell culture plates at a viable cell density (determined 

by trypan blue exclusion) of 2 x 106 cells/ml in DMEM containing 10% FBS, 200 U/ml penicillin 

and 80 µg/ml streptomycin for 18 hours. Cells were washed with DMEM and the cell culture 

medium was replaced with DMEM supplemented with 200 U/ml penicillin, 80 µg/ml 

streptomycin, 50 µg/ml gentamicin, 25 mM HEPES, 7.5% BSA and 1 µg/µl trypsin-TPCK. Cells 

were stimulated with either class B CpG ODN 1826 (10 µg/ml), Pam3CSK4 (10 µg/ml) or LPS 

from E. coli 026:B6 (1 µg/ml). The control groups were treated with non-CpG ODN (10 µg/mL) 

or received cell culture medium only. Cells were collected for RNA extraction at 3, 8 and 18 hours 

post-treatment. There were 6 biological replicates in each group. 

2.3.7. RNA extraction and cDNA synthesis 

Total RNA was extracted with Trizol reagent (Life Technologies, Burlington, Ca), according 

to the manufacturer's recommendations. Total RNA was treated with the DNA Free DNAse kit 

(Ambion, Austin, TX), and 1 µg of RNA was used for cDNA synthesis using Superscript II First 

Strand Synthesis kit (Life Technologies, Burlington, Ca) and oligo-dT primers, according to the 

manufacturer’s protocol. 

2.3.8. Real-time PCR  

Quantitative real-time PCR was performed on diluted cDNA (1:10 in DEPC treated water) 

using SYBR green dye in a LightCycler 480 II (Roche Diagnostics GmbH, Mannheim, DE) as 

previously described (St Paul et al. 2011; Barjesteh et al. 2013). Briefly, the amplification 

conditions consisted of pre-incubation for 10 min at 94°C, followed by 45 cycles of 95ºC for 10 s, 

55–64°C annealing as described in table 2 for each of the primers for 5 s and elongation and signal 

acquisition (single mode) at 72°C for 10 s. Melting curve analysis was done in three steps; 95°C 

for 10 s, cooling to 65°C for 1 min and heating to 97°C. Specific sequences of primers were 
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described previously, and are listed in Table 2 (Barjesteh et al. 2013; Brisbin et al. 2010; 

Villanueva et al. 2011; Abdul-Careem et al. 2007).  

2.3.9. Flow cytometry  

MQ-NCSU cells (1 x 106 cells/ml) were stimulated with class B CpG ODN 1826 (10 µg/ml), 

Pam3CSK4 (10 µg/ml) or LPS from E. coli 026:B6 (1 µg/ml), non-CpG ODN (10 µg/ ml) or 

medium only (no stimulation) for 24 hours as described above. The cells were harvested and 

stained with FITC conjugated anti-chicken major histocompatibility complex (MHC) class II 

molecules (Clone 2G11-IgG1, Bioscience, Cambridge, UK), Alexa Fluor 647-conjugated mouse 

anti-chicken CD80 (clone AV82- IgG2a), Alexa Fluor 647-conjugated mouse anti-chicken CD86 

(clone AV88- IgG1) or isotype controls (Bioscience, Cambridge, UK). AV82 and AV88 were kind 

gifts from Dr John R. Young. The cells were washed in PBS and analysed by flow cytometry and 

FlowJo v10 was used for analysis of the data. 

2.4. Statistical analysis  

To examine whether TLR ligand treatment of macrophages altered NO production or viral 

replication, statistical analysis was performed by one-way ANOVA followed by Tukey’s post hoc 

test for multiple comparisons. Statistical analysis of the TCID50 data was performed using the two 

tailed student’s t test to compare viral titre between treated groups and the untreated group. 

Relative expression of all genes was calculated relative to the housekeeping gene β-actin using the 

LightCycler 480 software (Roche Diagnostics). Relative expression data represent mean fold-

change of 6 replicates compared to the medium control group ± standard error. For gene 

expression, statistical significance was calculated using a two tailed t-test. For all analyses, P ≤ 

0.05 was considered statistically significant. 

2.5. Results 

2.5.1. Low pathogenic avian influenza virus replicates in chicken macrophages 
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Viral infection and replication were analyzed by assaying infectious virus in cell culture 

supernatant using the TCID50 assay. The results demonstrated that the virus titre was significantly 

increased by 100 fold at 6 hours post-infection with a log10 TCID50/mL of 5.02 compared to the 

time of infection (time 0) with a log10 TCID50/mL of 3.02.  In addition, the virus titre was 

significantly increased at 16 hours post-infection by 32 fold with a log10 TCID50/mL of 4.52 

compared to the time of infection (Fig.1). Furthermore, the virus titre was significantly decreased 

by 5 fold at 42 hours post-infection relative to time of infection (time 0) (Fig. 1). 

 2.5.2. TLR ligands induce NO production in chicken macrophages 

To examine the effects of TLR ligands on chicken macrophages, cells were treated with three 

different doses of ligands for TLR2/1, 3, 4, 7 and 21. All TLR ligands except class A CpG ODN 

2216 induced a significant increase in NO production by chicken macrophages compared to the 

cells without TLR ligand stimulation (Fig. 2). The high dose of Pam3CSK4, polyI:C, R848, class 

B CpG ODNs 2007and 1826 and class C CpG ODN 2395 induced the highest amount of NO 

production by chicken macrophages compared to the other doses of the corresponding TLR 

ligands. The intermediate dose of LPS (1 µg/ml) induced higher NO production by macrophages 

compared to either the high or low dose of LPS (10 µg/ml). There was no significant difference in 

NO production by the cells that received either LPS derived from E. coli 0111:B4 or LPS from E. 

coli 026:B6. Furthermore, there was no significant difference in NO production between the cells 

that received either class B CPG ODNs 2007 and 1826 or class C CpG ODN 2395, while cells 

treated with class A CpG ODN 2216 did not significantly produce NO compared to the cells 

without TLR ligand stimulation (Fig. 2). The optimal doses of TLR ligands were selected for the 

next experiment based on the results of this experiment. These were the ligand doses that induced 

the most amount of activation in macrophages, manifested by NO production. 
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2.5.3. Pam3CSK4, LPS and CpG ODNs decrease viral replication in chicken macrophages 

To determine the kinetics of response, seven different time points (1, 6, and 12 hours prior to 

infection, time of infection, and 1, 6, and 12 hours post-infection) for TLR ligand administration 

were selected and the virus titre in supernatants were initially determined using a HA assay (Table 

3). PolyI:C, R848, and class A CpG ODN 2216 did not significantly alter the HAUs in macrophage 

supernatant compared to cells without TLR ligand treatment. The HAUs of cells that received 

either Pam3CSK4 prior to (1, 6 and 12), after (1 or 6 hours) or at the time of infection were 

significantly lower than the untreated cells. Treatment of cells with LPS from either E. coli 

0111:B4 or E. coli 026:B6 at 1 and 6 hours prior to infection or 1 hour post-infection had 

significantly lower HAU compared to untreated cells (P < 0.05). Stimulation of chicken 

macrophages with class B CpG ODNs 2007 and 1826 or class C CpG ODN 2395, 1 or 6 hours 

prior to infection significantly reduced HAUs in supernatants, while stimulation of chicken 

macrophages with either class B CpG ODN 2007 at the time of infection or class B CpG ODN 

1826 12 hours prior to infection, significantly reduced HAUs in supernatants. The lowest HAU 

was recorded by treating the macrophages at 6 hours prior to infection with Pam3CSK4, CpG 

ODNs (2007, 1826 and 2395), and LPS from either E. coli 0111:B4 or E. coli 026:B6 and was 

therefore used for subsequent studies.  

To confirm the infectivity of the virus in the supernatants, the virus titre in cells that received 

TLR ligand treatment 6 hours prior to infection was determined via a TCID50 assay. The virus titre 

obtained with the TCID50 assay was similar to that obtained with the HA assay in that the lowest 

virus titer was recorded by treating the macrophages with Pam3CSK4, CpG ODNs (2007, 1826, 

and 2395) and LPS from either E. coli 0111:B4 or E. coli 026:B6 (P ≤ 0.05; Fig. 3). Treatment of 

cells with polyI:C (TLR3 ligand) and R848 (TLR7 ligand) did not significantly reduce the virus 
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titre in the supernatants (Fig. 3). There was no significant difference between the two types of LPS 

in terms of their ability to reduce the virus titres. Furthermore, the supernatant from cells treated 

with class B CpG ODN 2007 and 1826 had significantly lower viral titres than cells treated with 

class C CpG ODN 2395. However, no significant difference in viral titre between cells treated 

with different class B CpG ODN was observed (Fig. 3). 

2.5.4. Induction of gene expression in macrophages by TLR ligands 

The expression of IL-1β was significantly increased in cells that were treated with Pam3CSK4 

at 3, 8 and 18 hours post-treatment by 12,458, 2,570 and 638 fold, respectively (P ≤ 0.05). 

Similarly, the expression of IL-1β by macrophages incubated with 1 µg/ml of LPS was 

significantly increased at 3, 8 and 18 hours of incubation by 17,317, 1,490 and 1,135 fold, 

respectively (P ≤ 0.05). Moreover, class B CpG ODN 1826 caused up-regulation of IL-1β in 

chicken macrophages at 3, 8 and 18 hours of incubation with 7,725, 1,411 and 840 fold increases, 

respectively (P ≤ 0.05) (Fig. 4A). 

The expression of interferon regulatory factor (IRF)1 in cells treated with either Pam3CSK4, 

LPS or class B CpG ODN 1826 was significantly increased after 3, 8 and 18 hours post-treatment 

(Fig. 4B). Macrophage treatment with Pam3CSK4 and class B CpG ODN 1826 caused a 

significant down-regulation of the IRF2 transcripts at early time points, while the expression of 

IRF2 in cells incubated with LPS was significantly down-regulated at 3, 8 and 18 hours of 

incubation (Fig. 4C). The expression of IRF7 in cells incubated with Pam3CSK4, LPS or class B 

CpG ODN 1826 was significantly increased at 3 and 18 hours post-treatment (Fig. 4D). In addition, 

the expression of IRF7 in cells incubated with Pam3CSK4 was significantly down-regulated at 8 

hours of incubation by 1.88 fold (Fig. 4D). 
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The expression of IFN-β by chicken macrophages incubated with LPS, Pam3CSK4 and class 

B CpG ODN 1826 was increased at 18 hours compared to untreated cells, with 16, 5.7 and 8 fold, 

respectively. Moreover, the expression of IFN-β in cells incubated with non-CpG ODN was 

significantly up-regulated at 8 hours post-treatment with 11 fold (P ≤ 0.05; Fig. 4E). In addition, 

the expression of IFN-α by chicken macrophages incubated with class B CpG ODN 1826 was 

increased (1.8 fold; P≤ 0.05) at 3 hours of incubation compared to untreated cells (Fig. 4F). 

Pam3CSK4 induced a 450, 174 and 28 fold up-regulation of IFN-γ expression in macrophages at 

3, 8 and 18 hours post-treatment, respectively (P ≤ 0.05). LPS induced an 816, 459, and 83 fold 

up-regulation in IFN-γ expression in macrophage cells at 3, 8 and 18 hours post-treatment, 

respectively (P ≤ 0.05). Likewise, class B CpG ODN 1826 induced a 785, 305 and 37 fold up-

regulation in IFN-γ expression in macrophages at 3, 8 and 18 hours post-treatment, respectively 

(P ≤ 0.05; Fig. 4G). 

The expression of 2'-5' OAS, as an ISG, by cells stimulated with LPS and class B CpG ODN 

1826 was significantly down-regulated at 3 hours post-treatment (Fig. 4H). The expression of 2'-

5' OAS by macrophages incubated with LPS was significantly down-regulated (2.4 fold) at 3 hours 

of incubation. 2’-5’OAS expression by macrophages incubated with class B CpG ODN 1826 was 

significantly down-regulated (2.9 fold) at 3 hours post-treatment. However, the expression of 2'-5' 

OAS by chicken macrophages incubated with LPS and Pam3CSK4 was increased at 18 hours of 

incubation compared to untreated cells, by 5.6 and 3.8 fold, respectively (P ≤ 0.05). 

2.5.5. TLR 2, 4 and 21 ligands up-regulate macrophage activation markers  

We examined the effects of the TLR ligands, LPS, class B CpG ODN 1826 and Pam3CSK4, 

on the expression levels of MHC class II, CD80 and CD86 on chicken macrophages. The results 

revealed that Pam3CSK4 and LPS, but not class B CpG ODN 1826 or control ODN, up-regulated 
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surface expression of CD80 molecules after 24 hours of stimulation (Fig. 5). The mean 

fluorescence intensity (MFI) of CD80 was increased by 198% in cells treated with LPS, while the 

cells treated with Pam3CSK4 showed 252% increase in CD80 MFI. In addition, LPS, Pam3CSK4 

as well as class B CpG ODN 1826 increased (212%, 193% and 37%, respectively) surface 

expression of CD86. Control macrophages expressed high levels of MHC class II and TLR ligand 

stimulation did not alter the expression of this molecule. 

2.6. Discussion 

Macrophages play an important role in the induction and regulation of immune responses and 

protection of the host against pathogens (Wynn et al. 2013). In particular, macrophages are 

involved in mounting antiviral responses (Haddadi et al. 2013). Their importance is highlighted 

by the fact that in mammals, many viruses target macrophages and impair the function of these 

cells (Coleman 2007; Jia et al. 2010; Welsh et al. 1995). However, very little is known about the 

ability of avian viruses, such as AIV, to infect chicken macrophages and the consequent 

macrophage response to viral infection. In the present study, it was demonstrated that chicken 

macrophages support the replication of AIV. This study confirmed that low pathogenic H4N6 AIV 

can replicate within chicken macrophages and that the viral particles are infectious as demonstrated 

by their ability to subsequently infect MDCK cells. An increase in infectious virus was observed 

up to 16 hours post-infection. The results presented here are in agreement with previous studies 

that have demonstrated that various low pathogenic avian influenza viruses can replicate in the 

chicken macrophage cell line, HD11 (Lyon & Hinshaw 1991; Liniger et al. 2012b). The cell 

culture used in the present study allowed further examination of TLR ligands potential to limit 

H4N6 virus replication in avian macrophages. 
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Pre-stimulation of macrophages with the TLR2/1, 4, and 21 ligands, Pam3CSk4, LPS and 

class B CpG ODN 1826, was marked by a reduction in H4N6 AIV replication. The timing of 

administration of TLR ligands however strongly influenced the ability of the cells to reduce viral 

replication. Although 6 hour pre-treatment was not the only time to significantly limit viral 

replication, it was selected for further analysis because it was the time when the greatest reduction 

of viral titre was observed for all three ligands. These results correlate with previous studies 

showing that pre-treatment with TLR7 ligands 6 hours prior to infection induced potent antiviral 

responses (Stewart et al. 2012). This suggests that a 6 hour pre-treatment of macrophages results 

in the early protection of the cells against AIV, which presumably relies on the TLR-mediated 

activation of antiviral responses. It has yet to be determined exactly what mechanisms play a role 

in the reduction of the virus replication after TLR ligand administration. However, the present 

findings did demonstrate that TLR ligands were able to boost the antiviral responses of 

macrophages, as demonstrated by an increase in expression of IRF genes, IRF1 and IRF7, type I 

and II IFNs, namely IFN-β and IFN-γ, and the ISG, 2’-5’ OAS. The induction and regulation of 

IFNs and downstream genes are crucial to establish the antiviral state in cells (Taniguchi et al. 

2001) and have been shown to be crucial against some viruses, such as influenza viruses in 

mammals (Hsu et al. 2012; Liang et al. 2006). Our results suggest that similar to the case in 

mammals (Taniguchi et al. 2001), chicken IRF1, 2 and 7 are involved in TLR ligand mediated 

signalling with the down-regulation of IRF2 and up-regulation of IRF1 and 7 initiating IFN 

responses that could limit H4N6 AIV replication in chicken macrophages. 

Furthermore, we determined that LPS, CpG ODN and Pam3CSK4 activate chicken 

macrophages. Pam3CSk4 and LPS induced the expression of CD80 and CD86, while class B CpG 

ODN 1826 only up-regulated CD86. Although these molecules are regarded as co-stimulatory 
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molecules that exert an important function in antigen presentation to cells of the adaptive immune 

system, they are also markers of macrophage activation. Therefore, we demonstrated that 

following stimulation with TLR2/1, 4 and 21 ligands, macrophages become activated, as indicated 

by the surface expression of CD80 and CD86 and this corresponds to the observed increase in NO 

production and IL-1β expression. 

Previous in vivo studies demonstrated that CpG ODN and LPS when given prophylactically are 

able to reduce viral load following infection with an AIV (St Paul et al. 2012b). Immunity was 

correlated with an increase in IFN-γ expression. In mice, swine, and humans, disease outcome has 

been correlated with the in vitro expression of IL-1β and IFN-γ (van de Sandt et al. 2012; van 

Reeth 2000; Vanrompay et al. 2001). Here we observed an increase in expression of IL-1β and 

IFN-γ in macrophages stimulated with CpG ODN, LPS, and Pam3CSk4 which coincide with the 

reduction in viral replication. IFNs have a critical role in limiting viral infection, for example in 

the case of human influenza virus (Hsu et al. 2012; Kumar et al. 2009). Therefore TLR ligands 

may interfere with viral replication through the induction of IFNs and downstream ISGs. The direct 

antiviral activity of IFN-γ against AIV in chickens has not been characterized, but IFN-γ induces 

nitric oxide production, macrophage cell surface markers and up-regulation of some ISGs such as 

2'-5' OAS. Therefore, it might be that IFN-γ through the initiation of RNase L pathway, indirectly, 

interferes with the replication of AIV in macrophages (Suarez & Schultz-Cherry 2000). 

Furthermore, although the host response to AIV is complex, it is known that macrophages are key 

participants in the ability of the innate immune system to respond and subsequently activate the 

adaptive immune system after AIV infection. Therefore, it is possible that TLR ligand 

administration in vivo stimulates macrophages and the activated macrophages can act as antigen 

presenting cells and activate the adaptive immune response to influenza virus infection. 
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In contrast, the TLR3 ligand, poly(I:C) reduced viral shedding in vivo (St Paul et al. 2012b) but 

did not stimulate chicken macrophages in vitro or reduce viral titres in these cells. These results 

suggest that stimulation of macrophages is not the only way in which TLR treatment limits viral 

replication in vivo. The lack of response observed in macrophages corresponds to previous reports 

that demonstrated that poly(I:C) is a weak NO inducer in chicken monocytes (He et al. 2007). 

Conversely, poly(I:C) has been shown to stimulate HD11 cells, to produce NO (Peroval et al. 

2013; He et al. 2007; Crippen 2006). Although both MQ-NCSU and HD11 are macrophage cell 

lines, it has been shown that their TLR3 expression, functions, responsiveness, and susceptibility 

to infection are different (Lillehoj & Li 2004; Guillermo & DaMatta 2004). The limited responses 

observed in this experiment may be related to the limited and variable expression of TLR3 in 

chicken macrophages (He et al. 2006; Kogut et al. 2005). 

Varying effects were observed when different classes of CpG ODN were applied in this study, 

as shown by the production of NO by macrophages and the reduction of viral replication. Previous 

studies also demonstrated chicken macrophages respond differently to different types of CpG 

ODN in a sequence-specific manner (Ciraci & Lamont 2011). Different levels of TLR expression 

and the activation of downstream signalling cascades can cause divergent and sometimes 

contrasting responses in cells (Ciraci & Lamont 2011; Gursel et al. 2002). Additionally, our results 

demonstrate that different types of CpG ODN may exert different levels of antiviral effects. For 

example, class A CpG ODN 2216 treatment did not reduce viral replication, while both class B 

and C CpG ODN reduced viral replication in chicken macrophages. However, differences in 

activity of CpG ODN may also exist within the same class of CpG ODN. For instance, it has been 

demonstrated that class B CpG ODN 2006 is more potent at inducing pro-inflammatory cytokines, 
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nitric oxide production and bacterial intracellular killing compared to class B CpG ODN 1826 (Xie 

et al. 2003). 

Overall, our results demonstrated that the TLR2/1, 3 and 21 ligands, Pam3CSK4, LPS and CpG 

ODN, activated macrophages and initiated pro-inflammatory and antiviral responses in these cells. 

In addition, our results indicate that TLR ligands have varying abilities with respect to inducing 

antiviral responses against avian influenza virus in chicken macrophages. The appropriate time 

point for treating macrophages with TLR ligands and the dose of TLR ligand could affect the 

outcome of macrophage activation. Transcriptional analysis revealed that TLR2/1, 4 and 21 

ligands were able to induce the expression of IL-1β, IFN-γ, IRF7, and IFN-β in macrophages, 

which might play a role in control of AIV replication in these cells. Future studies should be aimed 

at characterizing the antiviral properties of ISG proteins in avian cells infected with influenza 

viruses. 
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Table 1- TLR ligands and their corresponding doses in MQ-NCSU cells 

TLR ligand TLR High dose 

(µg/ml) 

Intermediate dose 

(µg/ml) 

Low dose 

(µg/ml) 

Pam3CSK4 TLR2/1 10* 1 0.1 

PolyI:C TLR3 50* 10 1 

LPS (E. coli 0111:B4) TLR4 10 1* 0.1 

LPS (E. coli 026:B6) TLR4 10 1* 0.1 

R848 TLR7 10* 1 0.1 

CpG ODN 2216 (class 

A) 
TLR21 10* 1 0.1 

CpG ODN 2007 (class 

B) 
TLR21 10* 1 0.1 

CpG ODN 1826 (class 

B) 
TLR21 10* 1 0.1 

CpG ODN 2395 (class 

C) 
TLR21 10* 1 0.1 

Non-CpG ODN  10 

 

The optimal dose of TLR ligands was determined based on NO production in chicken 

macrophages 

 * Determined to be the optimal dose  
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Table 2- Real-time RT-PCR primer sequences for chicken target genes 1 

Gene 

Name 

Primer sequence Annealing 

Temp.  

(ºC) 

Reference 

β-actin 
F: 5'-CAACACAGTGCTGTCTGGTGGTA-3' 

R: 5'-ATCGTACTCCTGCTTGCTGATCC-3' 
60 

(St Paul et al. 

2011) 

IFN-α 
F: 5'-ATCCTGCTGCTCACGCTCCTTCT-3' 

R: 5'-GGTGTTGCTGGTGTCCAGGATG-3' 
64 

(St Paul et al. 

2011) 

IL-1β 
F: 5'-GTGAGGCTCAACATTGCGCTGTA-3' 

R: 5'-TGTCCAGGCGGTAGAAGATGAAG-3' 
64 

(St Paul et al. 

2011) 

IFN-γ 
F: 5'-ACACTGACAAGTCAAAGCCGCACA-3' 

R: 5'-AGTCGTTCATCGGGAGCTTGGC-3' 
60 

(Brisbin et al. 

2010) 

IFN-β 
F: 5'-GCCTCCAGCTCCTTCAGAATAC G- 3' 

R: 5'-CTGGATCTGGTTGAGGAGGCTGT-3' 
64 

(Villanueva et 

al. 2011) 

2'-5’ OAC 
F:5'-AGAACTGCAGAAGAACTTTGTC-3' 

R:5'-GCTTCAACATCTCCTTGTACC-3' 
60 

(Villanueva et 

al. 2011) 

IRF 1 
F: 5’-ATGAGGATGGAGGAGTCAGCAGA-3’ 

R: 5’- CTGGTAGATGTCGTTGGTGCTGT -3’ 
60 

(Barjesteh et 

al. 2014) 

IRF 2 
F: 5’- CAGCAGTGAGGAGCAGGTGATAG -3’ 

R: 5’- TCTTCATCGCTTGGAACGCTGTC -3’ 
60 

(Barjesteh et 

al. 2014) 

IRF 7 
F: 5’- CTCCCCTCCTCCAAAAGCTG -3’ 

R: 5’- CTGGGAGCGAAGGAGGAATG -3’ 
60 

(Barjesteh et 

al. 2014) 

  2 
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Table 3- AIV titres in supernatants of MQ-NCSU cells following treatment with TLR 

ligands 
 

 

 

Chicken macrophages were treated with TLR ligands prior to, simultaneously, and post- 

infection with AIV.  Supernatants were collected 14 hours post infection to measure virus titre 

via HA. There were four replicated for each treatment group.  Titre of virus represented as Log 2 

geometric mean of haemagglutination unit (HAU) of four replicates.  
 

 a Hours relative to virus infection 
* Significant difference (P < 0.05) between treatment group and medium control group 
C Represents control group which was not stimulated with TLR ligands 

  

TLR ligand 

Hours prior to 

infectiona 

Simultaneouslya Hours post-infectiona 

12 6 1 0 1 6 12 

Pam3CSK4 4* 3* 3.30* 3.30* 4.30* 4* 4.64 

PolyI:C 5 5 5 5 5 5 5 

LPS (E. coli 

0111:B4) 

5 3.30* 3.30* 4.64 4* 4.30* 4.64 

LPS (E. coli 

026:B6) 

5 3* 3* 4.64 4* 4.64 4.64 

R848 5 4.64 4.64 4.30 5 4.64 5 

CpG ODN 2216  5 5 5 5 5 5 5 

CpG ODN 2007  5 3* 4* 3.30* 4.64 4.64 5 

CpG ODN 1826  4.30* 3* 4* 4.64 5 5 5 

CpG ODN 2395  5 3.30* 3.63* 4.64 5 5 5 

Non-CpG ODN 5 4.64 3.63* 4.30* 5 5 5 

MediumC 5 5 5 5 5 5 5 
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Chicken macrophages were infected with low pathogenic H4N6 AIV at a MOI of 1. Cell 

supernatants were collected at 0, 6, 16, 24, 31 and 42 hours post-infection. This figure 

is representative of three separate experiments with four biological replicates per time 

point. Virus titre is represented by the log10 TCID50. Significant differences (P ≤ 0.05) 

between the viral titer at a specific time point and the time of infection (time 0) are 

indicated by an *. 

 

Figure 1- The replication of low pathogenic H4N6 AIV in chicken 

macrophages. 
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Chicken macrophages were stimulated with Pam3CSK4 (10, 1, and 0.1 µg/ml), PolyI:C (50, 10, and 1 

µg/ml), LPS (E. coli 0111:B4; 10, 1, and 0.1 µg/ml), LPS (E. coli 026:B6; 10, 1, and 0.1 µg/ml), R848 (10, 1, 

and 0.1 µg/ml), class A CpG ODN 2216 (10, 1, and 0.1 µg/ml), class B CpG ODN 2007 (10, 1, and 0.1 

µg/ml), class B CpG ODN 1826 (10, 1, and 0.1 µg/ml), class C CpG ODN 2395 (10, 1, and 0.1 µg/ml), non-

CpG ODN (10 µg/ml), and medium. Subsequently, nitrite in supernatants was measured after 48 hours of 

stimulation via the Griess assay. Nitric oxide production in each TLR ligand concentration group was 

compared to the cells without stimulation using a two tailed student’s t test. Significant differences (P ≤ 

0.05) between a test group and the group without stimulation (medium) are indicated by *. Significant 

differences (P ≤ 0.05) between different doses of TLR ligands are presented by #. 

 

Figure 2- Nitrite production in chicken macrophages with a variety of different types 

of TLR ligands. 
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MQ-NCSU cells were untreated (control group) or treated with Pam3CSK4 (10 µg/ml), polyI:C (50 

µg/ml), R848(10 µg/ml), LPS from E. coli 0111:B4 (1 µg/ml), LPS from E. coli 026:B6 (1 µg/ml), class A 

CpG ODN 2216 (10 µg/ml), class C CpG ODN 2395 (10 µg/ml), class B CpG ODN 1826(10 µg/ml), class 

B CpG ODN 2007 (10 µg/ml) and non CpG ODN (10 µg/ml) for 6 hours. Cells (either treated or 

untreated) then were infected with a MOI of 1 with H4N6 avian influenza virus for 14 hours. Virus 

titre was quantified via TCID50 assay. Each treatment group was compared to control group without 

stimulation TLR ligand treatment using a two tailed student’s t test. Significant differences (P ≤ 0.05) 

between a test group and the group without stimulation (medium) are indicated by *. Significant 

differences (P ≤ 0.05) between different types of CpG ODN are presented by #. There were four 

replicates in each group. This experiment was repeated three times. 

Figure 3- TLR ligands inhibit influenza virus replication in a chicken 

macrophage cell line. 
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Chicken macrophages were stimulated with Pam3CSK4 (10 µg/µl), LPS from E. coli 026:B6 (1 µg/µl), 

class B CpG ODN 1826 (10 µg/µl), and non CpG ODN (10 µg/µl) at 3, 8 and 18 hours post-treatment. 

Gene expression relative to the housekeeping gene β-actin was assessed using quantitative RT-PCR. 

Gene expression is presented as fold changes relative to the medium control group. Error bars 

represent standard error of the mean. Gene expression among treatment groups was compared 

statistically using a two tailed student's t-distribution test. Significant up- regulation (P ≤ 0.05) is 

indicated by *, while significant down-regulation is indicated by §. 

 

Figure 4- Cytokine gene expression of chicken macrophages stimulated with TLR ligands 



56 

 

  

MQ-NCSU cells were stimulated with LPS from E. coli 026:B6 (1 µg/ml), Pam3CSK4 (10 µg/ ml), class B 

CpG ODN 1826 (10 µg/ ml), control ODN (10 mg/ ml) or medium (no stimulation) for 24 hours. The 

cells were stained with FITC conjugated anti-chicken MHC class II molecules (Clone 2G11-IgG1), Alexa 

Fluor 647-conjugated mouse anti-chicken CD80 (clone AV82- IgG2a), Alexa Fluor 647-conjugated 

mouse anti-chicken CD86 (clone AV88- IgG1) or isotype controls. 

Figure 5- Expression levels of MHC class II, CD80 and CD86 on chicken macrophages 

stimulated with TLR ligands. 
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3.1. Abstract 

Early responses against viruses, such as avian influenza virus (AIV) may be induced by Toll-like 

receptor (TLR) pathways. In the present study, we employed an in ovo model to study the antiviral 

activities of TLR ligands. We hypothesized that administration of TLR ligands in ovo at the 

appropriate dose and time can reduce AIV titres in embryonated chicken eggs. Moreover, we 

aimed to determine the mechanisms involved in the TLR-mediated antiviral responses in the 

chorioallantoic membrane (CAM). Embryonated eggs (10-14 day old) were treated with TLR2/1, 

4, 7 and 21 ligands using different doses and times pre- and post- AIV infection. The results 

revealed that treatment of embryonated chicken eggs with TLR ligands reduced AIV replication. 

Further analysis showed that TLR ligands induced interferon (IFN)-γ and IFN stimulatory genes 

in the CAM, which may have played a role in the reduction of the AIV titre. The timing and dosage 

of TLR ligands administration had significant impacts on the outcome of the treated eggs. In 

conclusion, the present study demonstrated that the in ovo route may be employed to determine 

the antiviral characteristics of TLR ligands against AIV. 

Keywords: TLR ligands, avian influenza virus, innate antiviral responses, chorioallantoic 

membrane 
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3.2. Introduction 

Host innate responses, especially those that are activated through Toll-like receptors (TLRs), 

represent an early response against pathogens, such as avian influenza virus (AIV). Avian 

influenza viruses can infect various cell types in the infected chicken, such as tracheal epithelial 

cells, fibroblasts and macrophages (Liniger et al. 2012a; Liniger et al. 2012b; Shen et al. 2011). 

In response to TLR ligand binding, these cells initiate antiviral responses that can limit viral 

replication and spread. TLRs are evolutionarily conserved molecules that can be found in a variety 

of species, including humans, mice, fish and chickens (Keestra et al. 2013). Some TLR genes have 

been identified and characterized in chickens, such as TLR1A, 1B, 2A, 2B, 3, 4, 5, 7, 15 and 21 

(St Paul et al. 2013a) and each of these TLRs binds to pathogen-associated molecular patterns 

(PAMPs) or their synthetic analogs. Activation of TLR signalling pathways leads to a variety of 

cellular responses, including the production of interferons (IFNs). It has been shown in mice that 

stimulation of TLRs with their ligands prior to influenza virus infection, increases resistance to 

highly pathogenic influenza viruses (Tuvim et al. 2012; Shinya et al. 2011; Wong et al. 2009). In 

chickens, administration of TLR ligands induces the expression of antiviral and pro-inflammatory 

cytokines and IFN stimulated genes (ISGs), such as oligoadenylate synthase (OAS) (St Paul et al. 

2011). In addition, we previously demonstrated that administration of TLR ligands, including 

polyinosinic:polycytidylic acid (polyI:C), CpG oligodeoxynucleotides (CpG ODN) and 

lipopolysaccharide (LPS), to chickens 24 h prior to infection with AIV significantly reduced viral 

shedding (St Paul et al. 2012b). Further results demonstrated that poly I:C, CpG ODN and LPS 

treatment enhanced the protective effect of vaccination against influenza virus in vivo (St Paul et 

al. 2014). The molecular mechanisms responsible for the observed reduction in viral shedding are 

not completely understood.   
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There is a wide range of available synthetic ligands that could be assessed as antiviral agents in 

chickens and the efficacy of these TLR ligands may be different from each other. Moreover, the 

potency of different ligands in chickens is likely to differ from what is seen in mammalian species 

(Ciraci & Lamont, Barjesteh et al. 2014, St Paul et al. 2013a). In order to determine antiviral 

efficacy of TLR ligands in chickens, these ligands have been screened in vivo and in vitro (St Paul 

et al. 2012b; Barjesteh et al. 2014). However, the in ovo route offers an alternative method to 

screen and assess the efficacy of TLR ligands as antiviral agents in chickens. Previous studies have 

demonstrated host responses in embryonated chicken eggs following infection with various 

pathogens, which confirms the ability of the chick embryo to mount a response (Adam et al. 2002; 

Gow et al. 2003; Jacobsen et al. 2010). The best example of the ability of the chicken embryo to 

mount an immune response is in ovo vaccination to control infectious diseases in chickens, such 

as infectious bursal disease (IBD), coccidiosis and Marek’s disease (Johnston et al. 1997; Ding et 

al. 2004).   

To date there is little information available about innate responses following in ovo 

administration of TLR ligands (Dar et al. 2009; Szretter et al. 2006). Previously, it was shown that 

the TLR7 ligand, Loxoribine, inhibits the replication of AIV in ovo (Stewart et al. 2012). AIV 

replicates in cells of the chorioallantoic membrane and virus particles are released into the 

allantoic fluid (Spackman 2008). It has been shown that chicken embryos, more specifically the 

chorioallantoic membrane (CAM), can respond to stimuli or pathogens (Gabrielli & Accili 2010; 

Gabrielli et al. 2004). Previous studies demonstrated that CAM expresses various cytokines such 

as IFN-γ, IL-1β, IL-8, and IL-12. Moreover, some cells of the immune systems, such as 

macrophages, are present in the CAM (Gabrielli & Accili 2010; Gabrielli et al. 2004; Isaacs & 

Lindenmann 1957; Jacobsen et al. 2011). As a result, there is a possibility that TLR ligands induce 
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antiviral responses in CAM where AIV replicates and, hence may interfere with replication of the 

virus.   

In the present study, we examined whether activation of innate immune responses of 

embryonated chicken eggs by TLR ligands can influence AIV replication. To this end, we have 

demonstrated that pre-treatment of embryonated eggs with TLR ligands can restrict virus 

replication in the eggs. Moreover, to expand our understanding of TLR ligand activities, possible 

mechanisms associated with TLR-mediated antiviral effects in the CAM were assessed.  

 

3.3. Materials and methods 

3.3.1. Avian influenza virus 

The A/Duck/Czech/56 (H4N6) low pathogenic avian influenza virus was used in the present 

study. The virus was propagated in 11-day-old embryonated chicken eggs by inoculation through 

the allantoic cavity (Szretter et al. 2006). Briefly, embryonated chicken eggs were candled and 

100 μl of allantoic fluid containing 0.2 hemagglutination (HA) units of H4N6 AIV was injected. 

The allantoic fluid was harvested 72 h later.  

3.3.2. TLR ligands  

Pam3CSK4 (synthetic triacylated lipoprotein) and R848 were purchased from Invivogen (San 

Diego, California, USA). Synthetic class B CpG ODN 1826 [5’- 

TCCATGACGTTCCTGACGTT- 3’], non-CpG ODN [5’ -TGCTGCTTGTGCTTTTGTGCTT- 

3’], LPS from Escherichia coli 0111:B4 and E. coli 026:B6 were purchased from Sigma–Aldrich 

(Oakville, Ontario, Canada). These ligands were selected as they have previously been shown to 

stimulate chicken TLRs (Barjesteh et al. 2014; St Paul et al. 2013c). 

3.3.3. Embryonated egg treatment with TLR ligands and infection with avian influenza virus  
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Embryonated chicken eggs were treated with different doses of TLR ligands as described 

in Table 4. Ten-day-old embryonated chicken eggs were candled, their surface was disinfected 

with 70% ethanol and TLR ligands were administered directly into the allantoic fluid using a 25 

gauge, 1 inch needle. The eggs were then sealed with Permount mounting media. After 24 h of 

incubation, embryonated chicken eggs were infected with 0.2 HA units of H4N6 AIV. The 

allantoic fluid was harvested 72 h later and the virus titre was quantified via the hemagglutination 

test (WHO Manual on Animal Influenza Diagnosis and Surveillance, 2002). 

In order to determine the effect of in ovo administration of TLR ligands on the replication of 

H4N6 AIV in embryonated chicken eggs, eggs were treated with the optimum dose of the various 

TLR ligands (as determined above) at different time points. Specifically the time points included 

co-administration of TLR ligands and H4N6 AIV as well as treatment 72, 48, 36, 24 and 12 h prior 

to infection, and 72, 48, 36, 24 and 12 h post-infection. The virus titre in the allantoic fluid was 

quantified using an end-point dilution in Madin-Darby canine kidney (MDCK) cells and was 

expressed as 50% tissue culture infective dose (TCID50)/ml according to the Reed-Muench 

formula (WHO Manual on Animal Influenza Diagnosis and Surveillance, 2002). There were 10 

biological replicates in each group. 

3.3.4. Gene expression of the chorioallantoic membrane stimulated with TLR ligands  

Eleven-day-old embryonated chicken eggs were treated with either LPS from E. coli 026:B6 (2 

µg/ egg), Pam3CSK4 (10 µg/ egg), R848 (10 µg/ egg) or CpG ODN 1826 (2 µg/ egg). The control 

groups were treated with non-CpG ODN (20 µg/egg) or PBS only. At 3, 8 and 18 h post-treatment, 

the surface of eggs containing viable embryos (determined by candling) were disinfected with 70% 

ethanol. Then, the shell was cut in half with sterile scissors under sterile conditions. The adhering 
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chorioallantoic membrane was collected for RNA extraction. There were six replicates in each 

group. 

3.3.5. RNA extraction and cDNA synthesis 

Total RNA was extracted from the CAM using Trizol reagent (Life Technologies, Burlington, 

Ontario, Canada), according to the manufacturer's recommendations. Total RNA was treated with 

the DNA-Free™ kit (Ambion, Austin, TX, USA), and 1 µg of RNA was used for cDNA synthesis 

using Superscript II First Strand Synthesis kit (Life Technologies) and oligo-dT primers, according 

to the manufacturer’s protocol.  

3.3.6. Real-time PCR  

Quantitative real-time PCR was performed on diluted cDNA (1:10 in DEPC treated water) 

using a SYBR green dye in a LightCycler 480 II (Roche Diagnostics, Laval, Quebec, Canada) as 

previously described (St Paul et al. 2011; Barjesteh et al. 2013). Briefly, the amplification 

conditions consisted of pre-incubation for 10 min at 94°C, followed by 45 cycles of 95ºC for 10 s, 

55–64°C annealing as described in Table 6 for each of the primers for 5 s and elongation and signal 

acquisition (single mode) at 72°C for 10 s. Melt curve analysis was done in three steps; 95°C for 

10 s, cooling to 65°C for 1 min and heating to 97°C. Specific sequences of primers were described 

previously, and are listed in Table 4 (Abdul-Careem et al. 2007; Barjesteh et al. 2013; Barjesteh 

et al. 2014; Brisbin et al. 2010; St Paul et al. 2012a; St Paul et al. 2012c; Villanueva et al. 2011). 

3.4. Statistical analysis  

Statistical analysis of the virus titre was performed by one-way ANOVA followed by Tukey’s 

post hoc test for multiple comparisons to examine the effects of TLR ligands. P values < 0.05 were 

considered to be statistically significant.  

For gene expression, fold changes and standard errors were calculated using REST (Relative 

Expression Software Tool) software version 2009 (Qiagen, Toronto, Ontario, Canada). The REST 
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software compared control (PBS) and treatment groups using pair-wise fixed reallocation 

randomization based on the PCR efficiencies and the mean crossing point deviations between the 

PBS control and treatment groups.  

3.5. Results 

3.5.1. The chorioallantoic membrane expresses TLRs  

We first examined CAM from control group (PBS treated) and discovered that the CAM expressed 

TLR2, 4, and 21 at the transcript level at 3, 8 and 18 h after PBS injection. TLR7 was also 

expressed at all three time points, although to a lesser extent (Fig.6). 

3.5.2. TLR2/1, 4, 7 and 21 ligands decrease viral replication in embryonated eggs 

To examine the effects of TLR ligands on virus titre, embryonated eggs were treated with three 

different doses of TLR2/1, 4, 7 and 21 ligands as listed in Table 5 for 24 h prior to infection. The 

treatment of embryonated eggs with the high dose of LPS, CpG ODN 1826 and Pam3CSK4 

significantly reduced the virus titre in the allantoic fluid (Fig.7); however, the mortality of the 

embryos was higher in these treatment groups compared to those that received lower doses of TLR 

ligands (Table 6). As a result, the high dose was excluded from subsequent experiments. There 

was also a significant decrease in viral titre in the allantoic fluid of embryonated eggs treated with 

the intermediate dose of LPS, CpG ODN 1826, R848 and Pam3C SK4 compared to eggs 

administered PBS (Fig. 7). The low dose of LPS and CPG ODN 1826 also significantly reduced 

the virus titre in the embryonated eggs. However, the low dose did not reduce viral replication as 

efficiently as the intermediate dose (P < 0.05). As a result, the intermediate dose of all the TLR 

ligands was selected for further experiments.  

To determine the optimal time for TLR ligand treatment, 9 different time points (72, 48, 36, 24 

and 12 h prior to infection, time of infection, and 12, 24 and 36 h post-infection) were selected and 
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TLR ligands were administered before the virus titre in allantoic fluid was assessed. The treatment 

of embryonated eggs with LPS from E. coli O26:B6 at 72, 48 and 24 h prior to infection, at the 

time of infection and at 24 h post-infection significantly reduced the virus titre in the allantoic fluid 

(Fig.8A). Treatment of embryonated eggs with LPS from E. coli O111:B4 at the time of infection 

or at 12, 24 and 36 h post-infection significantly reduced the virus titre in the allantoic fluid 

(Fig.8A). Moreover, eggs treated with Pam3CSK4 at 36 and 24 h prior to infection had lower virus 

titres compared to eggs that received PBS (P < 0.05; Fig.8B). Treatment of embryonated eggs with 

CpG ODN 1826 at 36, 24 and 12 h prior to infection significantly reduced the virus titre in the 

allantoic fluid (Fig.8C). Eggs treated with R848 at 36 and 24 h prior to infection had significantly 

lower virus titres compared to the eggs that received PBS at the corresponding time points 

(Fig.8D). 

3.5.3. Induction of gene expression in the CAM by TLR ligands 

The expression of IL-1β was significantly increased in the CAM compared to eggs treated with 

LPS at 3, 8 and 18 h post-treatment by 630, 137 and 58 fold, respectively (Fig.9A). The expression 

of IL-1β by the CAM from eggs that received Pam3CSK4 was significantly increased at 3, 8 and 

18 h post-treatment with 169, 48 and 33 fold increases, respectively. Moreover, R848 induced the 

expression of IL-1β by the CAM at 3, 8 and 18 h post-treatment with 30, 22 and 9 fold increases, 

respectively (Fig.9A). The expression of IL-1β in the CAM incubated with non-CpG ODN was 

up-regulated at 18 h post-treatment (P ≤ 0.05). 

The expression of interferon regulatory factor (IRF)1 in the CAM isolated from LPS or R848 

treated eggs was significantly increased at 3, 8 and 18 h post-treatment (Fig.9B). The expression 

of IRF1 in the CAM after treatment with Pam3CSK4 was significantly increased at 3 h post-

treatment, while the expression of this gene was up-regulated at 18 post-treatment in the group 
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treated with CpG ODN 1826 (Fig.9B). The expression of IRF7 in the CAM after treatment with 

either LPS or R848 was significantly increased at 3, 8 and 18 h post-treatment (Fig.9C). In 

addition, the expression of IRF7 by the CAM treated with Pam3CSK4 was significantly up-

regulated at 3 and 8 h post-treatment with 6 and 2 fold increases, respectively. The expression of 

IRF7 by the CAM treated with CpG ODN 1826 was significantly up-regulated at 18 h post-

treatment with a 2 fold increase (Fig.9C). 

TLR ligand treatment of embryonated eggs did not increase the expression of IFN-α or IFN-β 

by the CAM (Fig.9D and E). The expression of IFN-α by the CAM isolated from embryos treated 

with LPS or R848 was significantly down-regulated at 3 h post-treatment, both with a 4 fold 

decrease (Fig.9D).  

LPS induced 20, 8 and 5 fold increases in IFN-γ expression by the CAM at 3, 8 and 18 h post-

treatment, respectively (Fig.9F). R848 induced significant expression of IFN-γ at 8 and 18 h post-

treatment with 13 and 2 increases, respectively. The expression of IFN-γ by the CAM isolated 

from eggs incubated with CpG ODN 1826 was significantly increased (5 fold) compared to 

untreated eggs at 18 h post-treatment, while Pam3CSK4 induced a 3 fold increase in IFN-γ 

expression at 8 h post-treatment (Fig.9F). 

The expression of 2'-5' OAS, an interferon-stimulated gene (ISG), by the CAM isolated from 

embryonated eggs stimulated with LPS, Pam3CSK4 and R848 was up-regulated at 3 h post-

treatment with 28, 4 and 4 fold increases, respectively (P ≤ 0.05; Fig.4G). The expression of 2'-5' 

OAS by the CAM incubated with LPS and R848 was significantly increased at 8 h of incubation 

compared to untreated cells, with 74 and 8 fold increases, respectively. OAS expression by the 

CAM incubated with R848 was also significantly up-regulated (49 fold) at 18 h post-treatment 

(Fig.9G). 
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The expression of interferon induced transmembrane protein (IFITM)5, another ISG, in the 

CAM isolated from embryonated eggs stimulated with LPS or Pam3CSK4 was up-regulated at 3 

h post-treatment both with approximately 2 fold increases (P ≤ 0.05; Fig.4H ). Furthermore, 

IFITM5 expression was up-regulated in the CAM stimulated with LPS and R848 at 8 h post-

treatment with 3, 1.5 and 2 fold increases, respectively. The expression of IFITM5 by the CAM 

incubated with non-CpG was up-regulated at 8 and 18 h post-treatment with 1.4 and 1.7 fold 

increases, respectively (P ≤ 0.05; Fig.9H ). The expression of IFITM5 by the CAM incubated with 

LPS and R848 was significantly increased at 18 h of incubation compared to the untreated control 

group, both with approximately a 2-fold increase (P ≤ 0.05, Fig.9H).  

The expression of inducible nitric oxide synthase (iNOS) by the CAM isolated from embryos 

treated with LPS and Pam3CSK4 was significantly increased at 3 h post-treatment by 13 and 10 

fold, respectively (Fig.4I). Additionally, a significant increase in iNOS expression was also 

observed with the same treatment groups at 8 h post-treatment with 8 and 562 fold changes, 

respectively (Fig.9I).  

3.6. Discussion 

In the present study, we established an in ovo model to study the effects of TLR ligands on AIV 

replication in embryonated chicken eggs. Isaacs and Lindenmann in 1957 discovered that the CAM 

is able to produce interfering agents, which inhibit the replication of influenza virus (Isaacs & 

Lindenmann 1957). Later studies showed that the CAM expresses some cytokines, including IL-

1β, IL-8, IL-10 and IFN-γ in response to infection with pathogens, such as Candida albicans and 

Aspergillus fumigatus (Jacobsen et al. 2010; Jacobsen et al. 2011). However, there has been no 

information on the response of the CAM to TLR ligands. We examined whether TLR ligands 

administered at various doses and times pre- and post-infection could interfere with the replication 
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of a H4N6 AIV. Our results demonstrated that TLR2, 4, 7 and 21 are expressed by the CAM and 

TLR ligand treatment of embryonated eggs induced antiviral and pro-inflammatory cytokine gene 

expression, and reduced viral titer, suggesting that the CAM has the potential to recognize PAMPs. 

We discovered that the use of optimal dose of TLR ligands was an important factor in their 

ability to inhibit AIV replication in the embryonated eggs without causing high levels of mortality. 

This was demonstrated with the fact that administering low amounts of the TLR2/1, 7 and 21 

ligands did not reduce the influenza virus titre in embryonated eggs, while administration of high 

doses of these ligands caused high mortality in embryos. Therefore, an optimal dose of LPS, 

Pam3CSK4, R848 and CpG ODN was used for further studies. The lack of response from the low 

dose may be due to rapid degradation of some ligands, especially CpG ODN, in the allantoic fluid. 

Further studies are required to determine the toxicity and pharmacokinetics of these ligands to 

have a better understanding of these ligands metabolism in embryonated eggs.  

The timing of TLR ligand administration was also a critical factor highlighted in this study. 

Consistent with previous studies, treatment of embryonated eggs with LPS prior to infection with 

AIV, reduced AIV titre (Shinya et al. 2011; Shinya et al. 2012). The source of the LPS had a 

significant impact on the timing required to limit viral titers. Treatment of embryonated eggs with 

LPS from E.coli O26:B6 as early as 72 h prior to infection and as late as 24 h after infection was 

able to reduce AIV titre, while LPS from E.coli O111:O4 reduced virus titers more effectively at 

the time of infection or up to 36 h after infection. Distinct TLR-mediated signalling following 

stimulation of TLR4 with different sources of LPSs in mice and human has been previously 

reported (Zughaier et al. 2005). In addition, earlier study reported a divergence in the ability of 

different types of LPSs to induce antiviral responses in mice against influenza virus (Spackman 

2008). In fact, TLR4 is able to respond to distinct types of Lipid A, the lipid component of LPS, 
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affecting the magnitude of responses following TLR4 activation resulting in the production of 

different cytokines (Pulendran et al. 2001; Miller et al. 2005). As a result, there is a possibility that 

different sources of LPS may induce different cytokines and ISGs at different time points that 

reduce AIV replication in embryonated eggs. In contrast, the other TLR ligands, including 

Pam3CSK4, R848 and CpG ODN, only reduced virus titre when they were administered prior to 

infection. The transient responses generated by Pam3CSK4, R848 and CpG ODN may be due to 

the different profile of induced responses or could be related to differences in the bioavailability, 

half-life and clearance of the different TLR ligands. In fact, serum enzymes increase TLR ligand 

metabolism and decrease their half-life (Engel et al. 2011). For example, CpG ODN or single-

stranded RNA (ssRNA) can be rapidly degraded when exposed to serum and this may explain, to 

some extent, the duration of response after administration of these ligands. Furthermore, the 

administration of TLR ligands prior to infection may provide sufficient time to induce antiviral 

responses, including IFN and ISG and non-ISG proteins. In fact, we observed that treatment with 

the various ligands increased the expression of a number of genes associated with antiviral 

responses. Although not measured directly we know from other studies that these and other 

antiviral factors can block viruses in different stages of their replication cycle (Goubau et al. 2013). 

Conversely, the treatment of embryos with TLR ligands, such as LPS E.coli O26:B6, post-

infection could induce ISGs that interfere with translation, assembly and release of AIV (Goubau 

et al. 2013; Hinson et al. 2010).  

Following embryonic treatment with LPS, Pam3CSK4 and R848, the expression of IL-1β was 

increased in the CAM. The induction of pro-inflammatory cytokines in the CAM may recruit other 

cells, such as macrophages, to the site of virus replication. Recruited chicken macrophages in the 

CAM may be the source of iNOS in this membrane. It has been demonstrated that NO inhibits the 
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replication of some viruses, for example, human herpes simplex virus (HSV-1) in mouse 

embryonic fibroblasts, infectious laryngotracheitis virus in chicken macrophages, and AIV in the 

early stages of the virus life cycle (Haddadi et al. 2013; Mehta et al. 2012; Rimmelzwaan et al. 

1999). The TLR signalling network and subsequent innate responses rely on transcription factors, 

such as IRF. The results presented here demonstrated that expression of IRF1 and IRF7 was 

significantly up-regulated in the CAM following treatment of embryonated eggs with the various 

TLR ligands. Downstream IFNs and ISGs are then expressed to inhibit or restrict viral replication. 

It has been shown that TLR ligands induce the expression of type I IFNs in chickens (Peroval et 

al. 2013; St Paul et al. 2012b; St Paul et al. 2013c; Stewart et al. 2012). However, in the present 

study, TLR ligands did not cause a significant increase in type I IFNs but did induce the expression 

of some ISGs, such as OAS, IFITM5, and iNOS. There is a possibility that type I IFNs might be 

increased at later time points that we did not examine. Moreover, alternative activation 

mechanisms may exist for subsets of ISGs following TLR stimulation. In spite of the lack of type 

I IFN expression, the expression of IFN-γ was up-regulated by all of the TLR ligands. The direct 

antiviral activity of IFN-γ against AIV in chickens has not been characterized. However, IFN-γ 

has a wide range of activities, such as stimulation of macrophages and natural killer cells. In 

addition, IFN-γ induces NO production and up-regulates some ISGs such as 2'-5' OAS, dsRNA-

activated protein kinase and RNaseL (Huang et al. 1993; Sedger et al. 1999; Suarez & Schultz-

Cherry 2000). As a result, IFN-γ may inhibit the replication of AIV in embryonated eggs through 

the induction of NO production and up-regulation of ISGs that interfere with AIV replication. 

Examination of genes further downstream in the TLR pathway, demonstrated that Pam3CSK4, 

LPS and R848 induced the expression of IFITM5 and 2’-5' OAS in the CAM. The IFITM family 

inhibits the replication of influenza virus by disrupting the fusion of the viral and cellular 
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membranes (Diamond & Farzan 2013). Although, CpG ODN induces the expression of 2’-5' OAS 

in chicken spleen and lung (St Paul et al. 2012b), CpG ODN 1826 did not induce 2'-5' OAS in the 

CAM. This difference may be because of the type of cells present in the CAM. Overall the 

expression of the aforementioned genes indicates the potency of TLR ligands in the induction of 

antiviral responses against AIV in embryonated eggs.  

TLR ligands induce the expression of genes downstream in the TLR pathway via common 

adaptors and transcriptional factors (Kawai & Akira 2011). In spite of the similarities in the 

signalling pathways, differences in gene expression and reduction of viral titres were observed, 

most notably for LPS. Previously, it has been shown that LPS induces a wider range of genes 

compared to CpG ODN. In fact, LPS is able to induce more than 100 specific genes in mouse 

macrophages in addition to the genes that are commonly induced by CpG ODN and LPS (Gao et 

al. 2002). Similarly, with the 9 genes examined in this study, we observed that LPS increased the 

expression of more genes and to a greater extent than CpG ODN. In addition, there is a possibility 

that other genes that were not examined in this study may have longer lasting responses following 

LPS treatment. Regardless of the mechanisms, the ability of LPS E.coli O26:B6 to reduce viral 

titers for a longer duration of time is of importance and could have some practical implications. 

Further studies are required to characterize the stability and metabolism of TLR ligands in the 

allantoic fluid as this effect may be related to the conditions of allantoic fluid including pH, 

presence of some enzymes that affect the stability of TLR ligands. LPS may be more stable in this 

condition compared to other ligands or may induce different antiviral mechanisms. 

In conclusion, the findings of the present study suggest that TLR ligands when administered in 

ovo can interfere with the replication of AIV. The timing of administration of the TLR ligands 

strongly influenced the ability of the embryonated eggs to limit viral replication, such that only 
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LPS reduced viral titers when administered at the same time as AIV or post-viral infection. 

Furthermore, all TLR ligand treatments reduced viral titers although LPS did so to the largest 

extent. Overall, the results of this study confirmed the utility of the in ovo route for assessing the 

potency of TLR ligands as antiviral agents.  
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Table 4- Real-time RT-PCR primer sequences for chicken target genes 

Target 

gene 

Primer sequence Annealing 

Temp. (ºC) 

Reference 

-actin 
F: 5'-CAACACAGTGCTGTCTGGTGGTA-3' 

R: 5'-ATCGTACTCCTGCTTGCTGATCC-3' 
60 (St Paul et al. 2011) 

IFN-α 
F: 5'-ATCCTGCTGCTCACGCTCCTTCT-3' 

R: 5'-GGTGTTGCTGGTGTCCAGGATG-3' 
64 (St Paul et al. 2011) 

IL-1β 
F: 5'-GTGAGGCTCAACATTGCGCTGTA-3' 

R: 5'-TGTCCAGGCGGTAGAAGATGAAG-3' 
64 (St Paul et al. 2011) 

IFN-γ 
F: 5'-ACACTGACAAGTCAAAGCCGCACA-3' 

R: 5'-AGTCGTTCATCGGGAGCTTGGC-3' 
60 (Brisbin et al. 2010) 

IFN-β 
F: 5'-GCCTCCAGCTCCTTCAGAATACG-3' 

R: 5'-CTGGATCTGGTTGAGGAGGCTGT-3' 
64 

(Villanueva et al. 

2011) 

OAS 
F:5'-AGAACTGCAGAAGAACTTTGTC-3' 

R:5'-GCTTCAACATCTCCTTGTACC-3' 
60 

(Villanueva et al. 

2011) 

IRF1 
F: 5’-ATGAGGATGGAGGAGTCAGCAGA-3’ 

R: 5’-CTGGTAGATGTCGTTGGTGCTGT-3’ 
60 

(Barjesteh et al. 

2014) 

IRF7 
F: 5’-CTCCCCTCCTCCAAAAGCTG-3’ 

R: 5’-CTGGGAGCGAAGGAGGAATG-3’ 
60 

(Barjesteh et al. 

2014) 

IFITM5 
F: 5’-CTTCGGAGTGATGGCCACTT-3’ 

R: 5’-AAATTACAGCCCTCGCCGAA-3’ 
60 

(Barjesteh et al. 

2014) 

iNos 
F: 5’-GGCAGCAGCGTCTCTATGACTTG-3’ 

R: 5’-GACTTTAGGCTGCCCAGGTTG-3’ 
64 

(Abdul-Careem et 

al. 2007) 

TLR2 
F: 5’-ATCCTGCTGGAGCCCATTCAGAG-3’ 

R: 5’-TTGCTCTTCATCAGGAGGCCACTC-3’ 
60 

(St Paul et al. 

2012c) 

TLR4 
F: 5’-TGCCATCCCAACCCAACCACAG-3’ 

R: 5’-ACACCCACTGAGCAGCACCAA-3’ 
60 

(St Paul et al. 

2012c) 
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TLR7 
F: 5’-TTCTGGCCACAGATGTGACC-3’ 

R: 5’-CCTTCAACTTGGCAGTGCAG-3’ 
64 

(St Paul et al. 

2012c) 

TLR21 
F: 5’-CCTGCGCAAGTGTCCGCTCA-3’ 

R: 5’-GCCCCAGGTCCAGGAAGCAG-3’ 
60 

(St Paul et al. 

2012c) 
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Table 5- Different doses of TLR ligands applied to embryonated chicken eggs 

TLR Ligand TLR 
High dose 

µg/egg 

Intermediate dose 

µg/egg 

Low dose 

µg/egg 

LPS TLR4 20 2* 0.2 

Pam3CSK4 TLR2/1 100 10* 1 

R848 TLR7 50 10* 1 

CPG ODN TLR21 20 2* 0.2 

* indicates optimum dose of each TLR ligand. 

 

 

Table 6- Percent of mortalities following TLR ligand treatment in embryonated eggs 

TLR Ligand High dose 

µg/egg 

Intermediate dose 

µg/egg 

Low dose 

µg/egg 

LPS  40% 10% 10% 

Pam3CSK4 30% 0% 0% 

R848 40% 10% 0% 

CPG ODN 20% 0% 0% 
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Eleven-day-old embryonated eggs were treated with PBS (100 µl/egg). Gene expression of TLR2, 4, 7 and 

21 was evaluated relative to the house-keeping gene β-actin at 3, 8 and 18 h after PBS injection into the 

embryonated eggs. There were six replicates at each time point. 

  

Figure 6- Relative expression of TLR genes in the CAM. 
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Embryonated eggs were treated with three doses of Pam3CSK4 (100, 10, 1 µg/egg), LPS from E. 

coli 026:B6 (20, 2, 0.2 µg/egg), R848 (50, 10, 1 µg/egg), class B CpG ODN 1826 (20, 2, 0.2 

µg/egg) and non-CpG ODN (20 µg/egg) for 24 h. Control group received PBS (100 µl/egg). The 

embryonated eggs were then infected with the A/Duck/Czech/56 (H4N6) low pathogenic avian 

influenza virus for 72 h. Virus titre is represented by the log2 haemagglutination (HA) unit. Each 

TLR ligand dose was compared to the PBS group using one-way ANOVA with significant 

differences (P ≤ 0.05) being indicated by *.  

Figure 7- Treatment of 10-day-old embryonated chicken eggs with different doses of 

TLR ligands. 
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The embryonated eggs were treated with 2 µg/ egg of LPS from E. coli 026:B6 (A), 10 µg/ egg of 

Pam3CSK4 (B), 2 µg/ egg of CpG ODN 1826 (C), and 10 µg/ egg of R848 (D) at various times. The time 

points included co-administration of TLR ligands with the A/Duck/Czech/56 (H4N6) low pathogenic avian 

influenza virus, as well as treatment 72, 47, 36, 24 and 12 h prior to infection, and 72, 47, 36, 24 and 12 

h post-infection. Virus titer in the allantoic fluid was determined via TCID50 assay. Each treatment group 

was compared to the PBS control group using one-way ANOVA followed by Tukey’s post hoc test. 

Significant differences (P ≤ 0.05) between a test group and the PBS group are indicated by *. There were 

10 biological replicates in each group. 

The embryonated eggs were treated with LPS from Escherichia coli 026:B6 (2 µg/egg), CpG ODN 1826 (2 

µg/egg), non-CpG ODN (20 µg/egg), Pam3CSK4 (10 µg/egg), R848 (10 µg/egg), and PBS. Gene expression 

Figure 8- Treatment of embryonated eggs with TLR ligands at different time points. 
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was assessed at 3, 6 and 18 h post-treatment using quantitative RT-PCR, relative to the housekeeping 

gene β-actin. Gene expression is presented as fold change relative to the PBS group. Error bars 

represent standard errors of the means. Fold changes and standard errors were calculated using REST 

(Relative Expression Software Tool) software version 2009 (Qiagen, Valencia, CA). Significant up-

regulation (P ≤ 0.05) is indicated by *. Significant down-regulation is indicated by §. There were six 

replicates in each group. 

Figure 9- Relative expression of various genes in the CAM. 
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4.1. Abstract 

Avian influenza viruses (AIV) are of concern to the poultry industry. Outbreaks of AIV highlight 

the urgent need for effective control measures. Prophylactic strategies should be explored that 

rapidly elicit immunity against the virus. Toll-like receptors (TLRs) are innate immune molecules 

that can induce anti-viral responses, therefore the application of TLR ligands as prophylactic 

agents in chickens is gaining more attention. We hypothesized that treatment of chickens with TLR 

ligands reduces the shedding of AIV from infected birds. In addition, the effects of TLR ligand 

dose and route of administration on the efficiency of TLR ligands to reduce AIV shedding were 

examined. Chickens were treated with TLR2/1, 4, 7 and 21 ligands using different doses and routes 

of administration, 18 hours before AIV infection. Moreover, the expression of several candidate 

genes, such as type I interferons, PKR, OAS, viperin and IFITM3 was quantified at 3, 8 and 18 

hours post-treatment with TLR ligands. The results revealed that route of administration and 

dosage affect the efficacy of TLR ligands to reduce virus shedding. Furthermore, varying effects 

were observed when different ligands were applied. Our results demonstrate that all TLR ligand 

treatments reduced AIV shedding, with the CpG-ODN 1826 being the most efficacious to reduce 

oral virus shedding, whereas LPS from E. coli 026:B6 resulted in the largest reduction in cloacal 

virus shedding. Moreover, TLR ligands induced the expression of genes involved in antiviral 

responses such as type I interferons and interferon-stimulated genes in chicken trachea and cecal 

tonsils. These results raise the possibility of treatment of chickens with TLR ligands as anti-viral 

agents. 
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 4.2. Introduction 

Avian influenza viruses (AIVs) are a concern for animal and human health. Several strategies 

are currently employed for control of AIV, including biosecurity measures and vaccination. Other 

approaches that rely on induction of host innate antiviral responses have also been evaluated 

experimentally (Karpala et al. 2011a). These approaches can complement current control strategies 

and provide quick responses especially in outbreak situations. In this regard, ligands of pattern 

recognition receptors (PRRs) may be employed for induction of innate responses. PRRs recognize 

pathogen-associated molecular patterns (PAMPs). Toll-like receptors (TLRs) are the best 

characterized members of the PRR family (Akira & Takeda 2004). Ten TLRs are present in 

chickens (St Paul et al. 2013a). The interaction of TLRs with PAMPs leads to activation of 

intracellular signalling pathways and expression of type I interferons (IFNs) and pro-inflammatory 

cytokines (Kawai & Akira 2011). Subsequently, the binding of IFNs to their receptors results in 

the transcription of interferon-stimulated genes (ISGs) (Diamond & Farzan 2013). ISGs encode 

proteins that have antiviral properties which can interfere with viruses at different stages of the 

virus replication cycle, such as blocking entry of virus into host cells, virus assembly inhibition, 

abolishing of translation processes, blocking of virus budding, and release of newly synthesized 

virus. The direct antiviral function of some of these proteins, such as RNA-activated protein kinase 

(PKR), IFN-induced transmembrane proteins (IFITM) and viperin against AIV, has been defined 

(Diamond & Farzan 2013; X. Wang et al. 2007; Boo & Yang 2010).  

The immunostimulatory properties of TLR ligands have been studied in mammalian species 

and chickens (St Paul et al. 2013a; Makkouk & Abdelnoor 2009). TLR ligands have been used in 

mammals as therapeutic or prophylactic agents against several infectious diseases (Horscroft et al. 

2012; Vollmer & Krieg 2009; Tuvim et al. 2012). TLR ligands have been employed in chickens 
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as adjuvants to increase vaccine efficacy (Lahiri et al. 2008; Keestra et al. 2013; St Paul et al. 

2014a; St Paul et al. 2014b). Previously, we have shown that TLR2/1, 3, 4, 5 and 21 ligands, as 

adjuvants in an AIV vaccine, can increase antibody- and cell-mediated immune responses, and 

significantly reduce shedding of AIV in vaccinated chickens (St Paul et al. 2014a; St Paul et al. 

2014b). Specifically, CpG is a more potent adjuvant in chickens to induce immune responses 

against AIV compared to other TLR ligands (St Paul et al. 2014a). The protective ability of TLR 

ligands is not limited to their application as adjuvants. TLR ligands can be employed as stand-

alone antibacterial or antiviral agents. For example, TLR2/1, 4 and 21 ligands significantly reduce 

replication of AIV in chicken macrophages (Barjesteh et al. 2014). TLR2/6 and 9 ligands protect 

mice against lethal influenza virus infection (Tuvim et al. 2012), and TLR2/1, 3, 4, 21 ligands 

protect against bacterial and viral infections (St Paul, Brisbin, et al. 2013). We have also 

demonstrated that intramuscular administration of TLR3, 4 and 21 ligands (polyI:C, 

lipopolysaccharide (LPS) from Escherichia coli (E. coli) 0111:B4 and class B CpG, respectively) 

significantly reduce cloacal and oral AIV shedding (St Paul et al. 2012b).  

Several factors, such as route of administration or dosage significantly affect the 

pharmacokinetics and efficacy of TLR ligands (Engel et al. 2011). In the present study, the effect 

of dose and route of TLR2/1, 4, 7 and 21 ligand administration on the potential to induce antiviral 

responses and subsequently to reduce AIV shedding in chickens was investigated. In addition, the 

efficacy of different ligands within a family, including different classes of CpG or different sources 

of LPS, was compared. 

4.3. Materials and methods 

4.3.1. Chickens 
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One-day-old specific pathogen-free (SPF) chickens were housed in the animal isolation facility 

of the Ontario Veterinary College, University of Guelph. The research was approved by the 

University of Guelph Animal Care Committee, and adhered to the guidelines of the Canadian 

Council for Animal Care. 

 4.3.2. Avian influenza virus 

A/Duck/Czech/56 (H4N6), a low pathogenic avian influenza virus (LPAIV), was used. The 

virus was propagated in 11-day-old embryonated chicken eggs by inoculation into the allantoic 

cavity (Szretter et al. 2006). Virus titre in allantoic fluid was determined at 72 hours post-

inoculation and expressed as 50% tissue culture infective dose (TCID50)/ml (WHO Manual on 

Animal Influenza Diagnosis and Surveillance, 2002). 

 4.3.3. TLR ligands  

Pam3CSK4 and R848 were purchased from Invivogen (San Diego, CA, USA). Class A CpG 

2216, class B CpG 2007, class B CpG 1826, class C CpG 2395, non-CpG ODN, LPS from E. coli 

O111:B4 and LPS from E. coli 026:B6 were purchased from Sigma–Aldrich (Oakville, ON, CA). 

These ligands were selected as they have previously been shown to stimulate chicken TLRs [3,17]. 

We did not select polyI:C, a ligand for TLR3, for the present study because it is less stable. Also, 

given the cost of this compound, we reasoned that it may not be directly applied to poultry industry 

in the near future.   

4.3.4. Experimental design 

In the first trial, to assess the effect of TLR ligands on shedding of H4N6 AIV, 360 fourteen-day-

old chickens were randomly divided into 36 groups (n = 10/group). Chickens received two 

different doses of the TLR2/1, 4, 7 and 21 ligands Pam3CSK4, LPS, R848 and CpG, respectively, 

while control groups received non-CpG or PBS (Table 7). On day 14 of age, ligands were 

administered either intramuscularly or intranasally. TLR ligand doses were selected based on 
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previous experiments in chickens (St Paul et al. 2013a; St Paul et al. 2012b). Eighteen hours post-

treatment, chickens were infected with 1 × 106 TCID50 H4N6 AIV oculo-nasally in 100 µl. 

Oropharyngeal and cloacal swabs were collected from each group at 4 and 7 days post-infection 

(dpi), respectively. Virus titres in the swabs were determined by TCID50 (WHO Manual on Animal 

Influenza Diagnosis and Surveillance, 2002). 

To determine the expression of genes involved in antiviral responses in trachea and cecal tonsils 

following TLR ligand administration, a second trial was conducted. In this study, 75 fourteen-day-

old chickens were randomly divided into five groups. Since lower doses of the ligands resulted in 

reduced virus shedding from treated chickens, we only used low doses of ligands in the gene 

expression study. Chickens were intranasally treated with CpG ODN 1826 (10 µg/chicken), 

Pam3CSK4 (20 µg/chicken) or LPS from E. coli 026:B6 (100 µg/chicken). The control groups 

were treated with non-CpG ODN (50 µg/chicken) or PBS (100 µl). Chickens were euthanized at 

3, 8 and 18 hours post-treatment (n = 5 at each time point). Trachea and cecal tonsil tissues were 

collected and preserved in RNAlater (Qiagen, Valencia, CA, USA) at -80°C for RNA extraction. 

4.3.5. RNA extraction, cDNA synthesis and real-time PCR 

These procedures were identical to those described previously (Barjesteh et al. 2014). Specific 

sequences of primers used for real-time PCR are listed in Table 8 (Brisbin et al. 2010; Abdul-

Careem et al. 2007; Barjesteh et al. 2013; Villanueva et al. 2011).  

4.4. Statistical analysis 

The difference in virus shedding between treatment groups was examined using a four-way 

ANOVA followed by Tukey’s post-hoc test for multiple comparisons. For gene expression data, 

fold changes compared to the PBS non-treatment control were calculated using the REST software 

version 2009 (Qiagen).  
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4.5. Results 

4.5.1. TLR ligands administered intranasally and intramuscularly significantly reduced the oral shedding 

of H4N6 AIV 

Intranasal treatment with 10 μg of CpG 1826 resulted in the largest reduction in oral virus 

shedding at 4 dpi with a mean virus titre of 1.65 log10 TCID50/ml compared to 4.95 log10 

TCID50/mL for the PBS control group (Table 9; P≤ 0.05).  

CpG ODNs, Pam3CSK4, and the TLR7 ligand R848 by intranasal or intramuscular routes 

significantly reduced oral AIV shedding at 4dpi compared to the PBS control group 

There was no effect of route of administration to reduce oral virus shedding at 4 dpi. There was 

no significant difference between low dose and high dose for LPS from E. coli 026:B6, CpG 2216, 

CpG 2007, CpG 2395 and Pam3CSK4, in terms of reducing oral virus shedding. However, 

treatment with low doses of LPS from E. coli 0111:B4, CpG 1826 or R848 significantly reduced 

virus shedding on 4 dpi compared to treatment with high doses of these ligands (P≤ 0.05).  

4.5.2. TLR ligands administered intranasally and intramuscularly significantly reduced cloacal shedding of 

H4N6 AIV 

Intranasal treatment with 100 μg of LPS from E. coli 026:B6 resulted in the largest reduction 

of cloacal virus shedding on 7 dpi with a mean virus titre of 3.68 log10 TCID50/ml compared to 

7.13 log10 TCID50/mL for the PBS group (Table 9, P ≤ 0.05). 

Intranasal treatment with a high dose (but not a low dose) of LPS from E. coli 0111:B4 

significantly reduced AIV shedding at 7 dpi compared to intramuscular treatment (P≤ 0.05). 

Intranasal treatment with a low dose of LPS from E. coli 026:B6 significantly reduced AIV 

shedding on 7 dpi compared to intramuscular treatment (P≤ 0.05).  
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CpG ODNs significantly reduced cloacal AIV shedding compared to the PBS control group.  

Intranasal treatment with low dose of class A CpG 2216 more efficiently reduced AIV shedding 

on 7 dpi compared to intramuscular treatment with the low dose of the same ligand (P≤ 0.05). 

Similarly, intranasal treatment with the high dose of class B CpG 2007 reduced AIV shedding on 

7 dpi more efficiently than the high dose by the intramuscular route (P≤ 0.05). High dose CpG 

2216, when administered intramuscularly, reduced AIV shedding more efficiently than low dose 

(P≤ 0.05). Dosage and route of administration did not have any effect on the efficacy of other 

classes of CpG ODNs at 7 dpi. 

Pam3CSK4, by either intranasal or intramuscular routes significantly reduced cloacal shedding 

of AIV. However, intranasal treatment with low dose Pam3CSK4 was significantly more effective 

in reducing cloacal AIV shedding on 7 dpi compared to high or low dose intramuscular treatment 

(P≤ 0.05).  

 The TLR7 ligand, R848, by either intranasal of intramuscular routes significantly reduced 

cloacal shedding of AIV compared to the PBS control group (Table 9). Although there was no 

significant effect of route of administration in groups treated with R848, intranasal treatment with 

high dose R848 was more efficient than low dose in reducing cloacal AIV shedding at 7 dpi 

(P≤0.05).   

4.5.3. TLR2/1, 4 and 21 ligands administered intranasally induce antiviral responses in trachea 

In chickens treated intranasally with low doses of LPS (E. coli 026:B6), Pam3CSK4 or CpG 

1826, the expression of IFN-α at 18 hours post- treatment was significantly increased by 10-, 21- 

and 21-fold, respectively, compared to the PBS group (Fig. 10A). Moreover, treatment with either 

LPS, Pam3CSK4 or CpG 1826 significantly up-regulated the expression of IFN-β at 18 hours by 

4-, 6-and 5-fold, respectively (Fig.10B).  
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TLR ligands significantly induced the expression of ISGs in the trachea. Pam3CSK4 treatment 

up-regulated the expression of PKR at 8 hours post-treatment with a 5-fold increase compared to 

the PBS control (Fig. 10C). CpG 1826 up-regulated IFITM3 at 8 and 18 hours post-treatment 

with 2- and 2.27-fold increases, respectively (Fig. 10D). Furthermore, Pam3CSK4 induced up-

regulation of viperin in chickens at 3 and 8 hours post-treatment with 4- and 2.3-fold increases, 

respectively (Fig. 10F). 

In chickens treated with LPS, Pam3CSK4, or CpG, the expression of MDA5 was significantly 

increased at 3 hours post-treatment by 2-, 3.3-, and 2.4-fold, respectively (Fig. 10G). Similarly, 

the expression of MDA5 in chickens treated with LPS or Pam3CSK4 was increased significantly 

at 8 hours post-treatment compared to untreated chickens, with 7- and 3.5-fold, respectively (Fig. 

10G).  

No significant changes were observed in the expression of OAS, TLR3 and TLR7 in chickens 

treated with TLR ligands. 

4.5.4. TLR2/1, 4 and 21 ligands administered intranasally induce antiviral responses in cecal tonsils 

LPS and Pam3CSK4 both induced approximately a 3-fold down-regulation in IFN-β expression 

in chickens at 3 hours post-treatment, while LPS up-regulated IFN-β at 8 hours post-treatment with 

a two-fold increase (Fig. 11B).  

TLR ligands induced the expression of ISGs in cecal tonsil tissue. CpG caused a 2-fold up-

regulation in PKR expression at 8 hours post-treatment. Pam3CSK4 and CpG caused 

approximately 2-fold up-regulation in PKR expression at 18 hours post-treatment (Fig. 11C). In 

chickens treated with either Pam3CSK4 or LPS, the expression of OAS at 8 hours post- treatment 

was significantly increased by 8- and 4-fold, respectively (Fig. 11E). LPS and Pam3CSK4 caused 
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approximately a 4-fold down-regulation in viperin expression at 3 hours post-treatment (Fig. 11F). 

In chickens treated with LPS, Pam3CSK4, CpG or non-CpG, the expression of viperin at 8 hours 

post-treatment was significantly increased by 3-, 4-, 3- and 3-fold, respectively compared to the 

non-treated chickens. Non-CpG down-regulated viperin expression at 18 hours post-treatment 

(Fig. 11F). 

In chickens treated with LPS, Pam3CSK4, CpG or non-CpG ODN, the expression of MDA5 at 8 

hours post-treatment was significantly increased by 3-, 4-, 3- and 2-fold, compared to the non-

treated chickens (Fig. 11G). Likewise, LPS and Pam3CSK4 caused a 3-fold up-regulation in 

MDA5 expression at 18 hours post-treatment (Fig. 11G). LPS and Pam3CSK4 also significantly 

increased expression of TLR3 at 8 hours post-treatment with approximately 3-fold increases 

compared to cecal tonsils isolated from non-treated chickens (Fig. 11H).  

4.6. Discussion 

Here, we examined the efficacy of various TLR ligands at different doses, administered by 

different routes to limit AIV shedding from infected chickens. In addition, the expression of 

various genes involved in antiviral responses was examined in order to gain insight into the 

mechanisms involved in reducing viral shedding. Consistent with a previous study (St Paul et al. 

2012b), we showed that treatment of chickens with TLR4 and 21 ligands prior to infection, reduced 

AIV shedding. Moreover, the antiviral activities of other TLR ligands, including Pam3CSK4 and 

R848 were studied and their antiviral activity against AIV were demonstrated.   

Three different classes of CpG ODNs (A, B and C) were studied. CpG with different motifs 

have distinct immunomodulatory effects (Barjesteh et al. 2014; Vollmer & Krieg 2009; Kang et 

al. 2012). In chickens, most studies have focused on class B CpG, such as 2007 and 1826 (St Paul 

et al. 2013a). Consistent with the stimulatory nature of class B CpG in chickens (Ciraci & Lamont 
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2011), we observed that class B CpG, 2007 and 1826 were more effective in reducing oral viral 

shedding than class A (2216) or class C (2395) CpG. Moreover, in agreement with previous studies 

(Gursel et al. 2002; Xie et al. 2003) our results exhibited different degrees of antiviral effects 

within class B CpG (2007 and 1826) with CpG 1826 having the most effect.  

Previous studies in chickens have shown that the effects of TLR ligands can vary with dosage. 

Peak responses of chicken thrombocytes have been reported with high doses of LPS and CpG (St 

Paul et al. 2012c), but a low dose of LPS induces higher nitric oxide production in chicken 

macrophages (Barjesteh et al. 2014). Moreover, the dose of TLR2/1 ligands can affect chicken 

splenocyte responses (St Paul et al. 2013c). Our results confirmed that TLR ligand dosage can 

affect the efficacy of ligands in reducing AIV shedding. The effect of dosage, however, was 

dependent on the type of ligand and route of administration. Intranasal treatment with a low dose 

of CpG 1826 was more effective than a high dose in reducing oral virus shedding but a dose effect 

was not noted when the ligand was administered intramuscularly. The effect of dose may be related 

to a dose-dependent utilization of adaptor molecules, such as TRIF and TRAF, in intracellular 

signalling pathways downstream of TLR activation. Another possibility is the regulation of 

immune responses through feedback loops. A study using a human epithelial cell line indicated 

that TLR ligands activate intracellular pathways downstream of TLRs in a dose-dependent manner 

(Thaikoottathil & Chu 2011). Furthermore, a study in mice has indicated that each dose of CpG 

utilizes specific adaptor molecules leading to varying responses induced by different doses of the 

ligand (Volpi et al. 2013). This dose-dependent profile of response to TLR ligands is not limited 

to CpG as mouse macrophages also respond to LPS in a dose-dependent manner. The mechanism 

has been described as a positive/negative feedback loop in which the expression of the NF-κB 

subunit RelA and the inhibitory molecule IκB is controlled by the transcription factor Ikaros 
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following stimulation with a specific dose of LPS (Sung et al. 2014). As a result, there is a 

possibility that local treatment with high doses of these ligands down-regulates innate responses 

while low doses of LPS, CpG and Pam3CSK4 trigger the desired immune responses against AIV.    

Here, we compared the efficacy of intranasal and intramuscular treatments with TLR ligands to 

reduce AIV shedding. Intranasal treatment with TLR ligands was more effective than 

intramuscular treatment. Intranasal treatment may locally stimulate respiratory epithelial cells to 

induce antiviral responses and subsequently limit AIV replication. Respiratory epithelial cells are 

known to form a barrier against pathogens and they are also able to induce antiviral responses 

through cytokine and interferon production as well as activation of other cells of the immune 

system (Vareille et al. 2011). Tamura et al. have reported activation of dendritic cells and 

macrophages, and the induction of mucosal immune responses in the respiratory system by 

intranasal administration of TLR ligands (Tamura & Kurata 2004).  

One crucial element of TLR ligand treatment against AIV is the induction of antiviral responses 

which are able to limit viral shedding. Therefore, we investigated the mechanisms of action of 

ligands in the trachea and the intestine. Our results were consistent with previous reports of 

induction of type I IFN and ISG expression following TLR ligand stimulation (Ramakrishnan et 

al. 2015; Annamalai et al. 2015; Barjesteh et al. 2014; St Paul et al. 2012b). IFNs and ISGs play 

a role in interfering with AIV replication (Hsu et al. 2012; Yan & Chen 2012). Our results also 

showed that these ligands induced different profiles of ISGs in trachea and cecal tonsils. CpG 1826 

significantly up-regulated the expression of type I IFNs, IFITM3 and MDA5 in the trachea as well 

as PKR, Viperin, MDA5 and TLR3 in cecal tonsils whereas LPS and Pam3CSK4 significantly 

induced the expression of type I IFNs, OAS, TLR3 as well as MDA5 in trachea and cecal tonsils. 

IFITM3 was only up-regulated significantly in trachea following CpG treatment. This may explain 
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the observation that CpG 1826 resulted in the largest reduction in oral virus shedding. Chicken 

IFITM3 inhibits the replication of AIV in host cells by preventing viral uncoating (Smith et al. 

2013; Goubau et al. 2013). Viperin was up-regulated in both trachea and cecal tonsils following 

Pam3CSK4 treatment. PKR, viperin and OAS are important ISGs in chickens and mammalian 

species that inhibit virus replication (Qu et al. 2013; X. Wang et al. 2007). The anti-influenza 

property of viperin may be related to disruption of plasma membranes of infected cells preventing 

viral budding (X. Wang et al. 2007; Fitzgerald 2011). LPS up-regulated IFN-α and IFN-β 

significantly in the trachea and IFN- in cecal tonsils. We did not observe significant up-regulation 

of ISGs in the respiratory tract following LPS treatment, consistent with a previous study (St Paul 

et al. 2012b). This may explain why LPS was more efficacious to reduce cloacal compared to oral 

shedding.  

Overall, our results demonstrated that TLR ligands reduced AIV shedding in chickens. Route 

of administration and dose of ligands were determining factors. Also, the difference in the potency 

of TLR ligands was correlated with different profiles of innate responses following TLR ligand 

administration in different tissues. Future studies should characterize antiviral properties of ISGs 

at the protein level and explore pharmacokinetics and bioactivity of TLR ligands administered by 

different routes.  
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Table 7- TLR ligands and their corresponding doses 

TLR ligand TLR High dose 

(µg/chicken) 

Low dose 

(µg/chicken) 

Pam3CSK4 TLR2/1 100 20 

LPS (E. coli 0111:B4) TLR4 500 100  

LPS (E. coli 026:B6) TLR4 500 100 

R848 TLR7 100 20 

CpG ODN 2216  TLR21 50 10 

CpG ODN 2007  TLR21 50 10 

CpG ODN 1826  TLR21 50 10 

CpG ODN 2395  TLR21 50 10 

Non-CpG ODN 50 

 

These doses were selected based on previous studies and manufacturer’s protocols (St Paul et 

al. 2012b; Barjesteh et al. 2013; Annamalai et al. 2015). 
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Table 8- Real-time RT-PCR primer sequences for chicken target genes 

Gene 

Name 

Primer sequence Annealing 

Temp. 

(ºC) 

Reference 

β-actin F: 5'-CAACACAGTGCTGTCTGGTGGTA-3' 

R: 5'-ATCGTACTCCTGCTTGCTGATCC-3' 

60 (St Paul et al. 

2011) 

IFN-α F: 5'-ATCCTGCTGCTCACGCTCCTTCT-3' 

R: 5'-GGTGTTGCTGGTGTCCAGGATG-3' 

64 (St Paul et al. 

2011) 

IFN-β F: 5'-GCCTCCAGCTCCTTCAGAATACG-3' 

R: 5'-CTGGATCTGGTTGAGGAGGCTGT-3' 

64 (Villanueva et al 

2011) 

PKR F: 5'-TGGTACAGGCGTTGGTAAGAG-3' 

R: 5'-GAGCACATCCGCAGGTAGAG-3' 

60 (Barjesteh, et al 

2015b) 

IFITM3 F: 5'-CACACCAGCATCAACATGCC-3' 

R: 5'-CCTACGAAGTCCTTGGCGAT-3' 

60 (Barjesteh, et al 

2015b) 

OAS F:5'-AGAACTGCAGAAGAACTTTGTC-3' 

R:5'-GCTTCAACATCTCCTTGTACC-3' 

60 (Villanueva et al 

2011) 

Viperin F: 5'-GGAGGCGGGAATGGAGAAAA-3' 

R: 5'-CAGCTGGCCTACAAATTCGC-3' 

60 (Barjesteh, et al 

2015b) 

MDA5 F: 5'-GCAAAACCAGCACTGAATGGG-3' 

R: 5'-CGTAAATGCTGTTCCACTAACGG-3' 

60 (Barjesteh, et al 

2015b) 

TLR3 F: 5'-TCAGTACATTTGTAACACCCCGCC-3' 

R: 5'-GGCGTCATAATCAAACACTCC-3' 

64 (St Paul et al 2011) 

TLR7 F: 5'-TTCTGGCCACAGATGTGACC-3' 

R: 5'-CCTTCAACTTGGCAGTGCAG-3' 

64 (St Paul et al 2011) 
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Table 9- H4N6 AIV virus titres in oropharyngeal and cloacal swabs on 4 and 7 dpi 

 Virus titres (TCID50/ml) ± SD  in  

oropharyngeal swabs on 4dpi 

(virus positive chickens/ total) 

Virus titres (TCID50/ml) ± SD  in  

cloacal swabs on 7dpi 

(virus positive chickens/ total) 

 IN IM IN IM 

 Dose Dose Dose Dose 

Treatment Low High Low High Low High Low High 

LPS O111:B4 3.32±0.30a 

(10/10) 

3.93±0.24 a 

(10/10) 

2.85±0.58 a 

(9/10) 

3.745±0.22 a 

(9/9) 

3.99±0.23 a 

(10/10) 

4.42±0.30 a 

(9/9) 

4.37±0.31 a 

(9/9) 

5.56±0.28 a 

(9/9) 

LPS O26:B6 3.15±0.21 a  

(10/10) 

3.54±0.34 a 

(10/10) 

3.58±0.27 a 

(10/10) 

3.60±0.39 a 

(10/10) 

3.68±0.21 a 

(9/9) 

4.30±0.21 a 

(9/9) 

4.73±0.23 a 

(9/9) 

4.93±0.34 a 

(9/9) 

CpG 2216 3.08±0.21 a 

(9/9) 

2.77±0.68 a 

(8/9) 

3.15±0.24 a 

(10/10) 

3.08±0.25 a 

(10/10) 

4.67±0.40 a 

(10/10) 

4.26±0.26 a 

(10/10) 

5.32±0.26 a 

(10/10) 

4.65±0.22 a 

(10/10) 

CpG 2007 2.83±0.61 a 

(9/9) 

3.26±0.83 a 

(8/9) 

2.93±0.24 a 

(10/10) 

3.00±0.24 a 

(10/10) 

4.84±0.21 a 

(10/10) 

4.26±0.32 a 

(10/10) 

5.14±0.42 a 

(9/9) 

5.02±0.26 a 

(9/9) 

CpG 1826 1.65±0.58 a, b 

(9/9) 

3.01±0.33 a 

(9/9) 

2.68±0.22 a 

(10/10) 

2.80±0.33 a 

(10/10) 

4.17±0.33 a 

(9/9) 

4.01±0.24 a 

(10/10) 

4.10±0.31 a 

(10/10) 

4.08±0.44 a 

(10/10) 

CpG 2395 4.15±0.22 a 4.02±0.24 a 3.99±0.23 a 3.80±0.21 a 4.80±0.32 a 4.61±0.29 a 4.88±0.23 a 5.15±0.34 a 
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(9/9) (9/9) (9/9) (9/9) (10/10) (9/9) (10/10) (10/10) 

Pam3CSK4 2.61±0.23 a 

(9/9) 

2.77±0.22 a 

(9/9) 

2.80±0.25 a 

(9/9) 

3.30±0.19 a 

(9/9) 

4.25±0.22 a 

(10/10) 

4.62±0.23 a 

(10/10) 

4.46±0.33 a 

(10/10) 

4.56±0.24 a 

(10/10) 

R848 2.99±0.26 a 

(10/10) 

3.24±0.22 a 

(10/10) 

2.78±0.23 a 

(10/10) 

3.58±0.22 a 

(10/10) 

4.80±0.21 a 

(10/10) 

4.38±0.34 a 

(10/10) 

4.60±0.21 a 

(10/10) 

4.70±0.23 a 

(10/10) 

Non-CpG 4.42±0.34 

(9/9) 

4.27±0.30 

(10/10) 

6.3±0.13 a 

(9/9) 

5.7±0.05 a 

(9/9) 

PBS 4.95±0.17 

(10/10) 

7.13±0.24 

(10/10) 
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Chickens were treated with LPS (100 µg or 500 µg), CpG ODN (10 µg or 50 µg), non-CpG ODN 

(50 µg), Pam3CSK4 (20 µg or 100 µg) and R848 (20 µg or 100 µg) intranasally or intramuscularly 

18 hours prior to infection. Positive control group received PBS.  Virus titre was quantified via 

TCID50 assay in MDCK cells.  

IN: Intranasal treatment with different TLR ligands 18 hours prior to infection 

IM: Intramuscular treatment with different TLR ligands 18 hours prior to infection 

Significant differences (P ≤ 0.05) between treatment groups and PBS control group are indicated 

by “a”.  

The largest reduction in oral virus shedding at 4 dpi is indicated by b. 
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Cytokine gene expression in chicken trachea following intranasal administration of Pam3CSK4 (20 

µg/chicken), LPS from E. coli O26:B6 (100 µg/chicken), CpG ODN 1826 (10 µg/chicken), and non-CpG 

ODN (50 µg/µl) at 3, 8 and 18 hours post-treatment. Gene expression relative to the housekeeping gene 

β-actin was assessed using quantitative RT-PCR. Data are presented as log10 fold change and scales may 

vary for different genes. Fold changes in gene expression relative to the PBS control group were 

calculated using REST software version 2009 (Qiagen). Error bars represent standard errors of the 

means. Significant (P ≤ 0.05) up-regulation is indicated by *, and significant down regulation is indicated 

by §. 

Figure 10- Cytokine gene expression in chicken trachea 
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Cytokine gene expression in chicken cecal tonsils following intranasal administration of Pam3CSK4 (20 

µg/chicken), LPS from E. coli 026:B6 (100 µg/chicken), CpG ODN 1826 (10 µg/chicken), and non-CpG 

ODN (50 µg/µl) at 3, 8 and 18 hours post-treatment. Gene expression relative to the housekeeping gene 

β-actin was assessed using quantitative RT-PCR. Data are presented as log10 fold change and scales may 

vary for different genes.  Fold changes in gene expression relative to the PBS control group were 

calculated using REST software version 2009 (Qiagen). Error bars represent standard errors of the 

means. Significant (P ≤ 0.05) up-regulation is indicated by *, and significant down regulation is indicated 

by §. 

Chapter 5 

Figure 11- Cytokine gene expression in chicken cecal tonsils. 
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5.1. Abstract 

 The chicken upper respiratory tract is the portal of entry for respiratory pathogens, such as 

avian influenza virus (AIV). The presence of microorganisms is sensed by pathogen recognition 

receptors (such as Toll-like receptors (TLRs)) of the innate immune defenses. Innate responses 

are essential for subsequent induction of potent adaptive immune responses, but little 

information is available about innate antiviral responses of the chicken trachea. We hypothesized 

that TLR ligands induce innate antiviral responses in the chicken trachea. Tracheal organ 

cultures (TOC) were used to investigate localized innate responses to TLR ligands. Expression of 

candidate genes, which play a role in antiviral responses, was quantified. To confirm the antiviral 

responses of stimulated TOC, chicken macrophages were treated with supernatants from 

stimulated TOC, prior to infection with AIV. The results demonstrated that TLR ligands induced 

the expression of pro-inflammatory cytokines, type I interferons and interferon stimulated genes 

in the chicken trachea. In conclusion, TLR ligands induce functional antiviral responses in the 

chicken trachea, which may act against some pathogens, such as AIV. 

Keywords: Chicken trachea; TLR ligands; innate antiviral responses 
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5.2. Introduction 

Avian influenza virus (AIV), which belongs to the family of Orthomyxoviridae, is an 

enveloped virus with a negative sense, single-stranded and segmented RNA (Samji 2009). With 

recent outbreaks of highly pathogenic avian influenza (HPAI) and low pathogenic avian 

influenza (LPAI) viruses, there is a need for better understanding of host responses, especially in 

the respiratory system to AIVs in order to develop and improve prophylactic procedures for 

control of AIV. Following infection of the respiratory tract with AIV, the host must produce 

appropriate immune responses in a short period of time to limit viral replication and eliminate 

the virus.  

Host immune responses in the respiratory system, including innate and adaptive immune 

responses, are elicited by pathogens. Innate responses provide the first line of defense against 

influenza virus at mucosal surfaces aiming to block the entry of the virus and viral replication. 

However, when the virus passes the preliminary barriers, the airway epithelial cells are the 

primary target for the virus. Pathogenicity of AIV in chickens is initiated by the same 

phenomenon as mentioned above, by infecting the tracheal cells by influenza virus (Reemers et 

al. 2009; Zaffuto et al. 2008). In chickens, despite the absence of essential lymphoid tissues or 

mucosa-associated lymphoid tissues in the trachea, the trachea is able to mount immune 

responses against different pathogens (Gaunson et al. 2006; Matthijs et al. 2009; Gaunson et al. 

2000; Fulton et al. 1993). Chemoattractants produced by the trachea recruit other cells of the 

immune system, such as macrophages and lymphocytes, toward the trachea to limit spread of the 

virus (Gaunson et al. 2000; Gaunson et al. 2006; Matthijs et al. 2009; Toth 2000). Airway 

epithelial cells are of prime importance in host responses against AIV. AIV replicates in 
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epithelial cells, and these infected epithelial cells then transport viral antigens to antigen 

presenting cells (de Geus et al. 2012a; Klika et al. 1996).  

The attachment and entryance of influenza virus into the host cells depend on the expression 

of sialic acids (SAs) and terminal sugar residues, such as galactose (Gal), N-acetylglucosamine 

(GlcNAc) or N-acetylgalactosamine (GalNAc) by epithelial cells (Buschiazzo & Alzari 2008). 

Chicken tracheal epithelium contains three types of cells (ciliated cells, goblet cells and basal 

cells) which express both SAα2–6Gal and SAα2–3Gal linkages (Shen et al. 2010). However, 

distribution and expression of these receptors vary among different types of chicken tracheal 

cells (Shen et al. 2010; Pillai & Lee 2010). AIV replicates in all types of cell of the tracheal 

epithelium, however, ciliated cells are more sensitive to AIV compared to goblet and basal cells 

(Shen et al. 2010; Zaffuto et al. 2008).  

Once the virus infects the host, host cells detect the presence of viral components by means of 

germline encoded pattern recognition receptors (PRRs). There are some differences between 

mammalian species and chickens in the way they sense presence of the virus via PRRs. In 

vertebrate species, three types of PRRs engage to recognize influenza virus: Toll-like receptors 

(TLRs), nucleotide oligomerization domain (NOD)-like receptors (NLRs) and retinoic acid-

inducible gene-1 (RIG-1)-like receptors (RLRs) (Le Goffic et al. 2006; Yoneyama et al. 2004; 

Allen et al. 2009). In mammals, TLR3 plays a key role in recognition of double-stranded RNA 

(dsRNA) once the virus replicates in host cells (Guillot et al. 2005; Le Goffic et al. 2006). While 

the NLR and the RLR families recognize the presence of the virus in the cytosol of infected cells, 

TLR7 senses the presence of viral RNA in the endosome of host cells, such as plasmacytoid 

dendritic cells (pDCs) (Iwasaki & Pillai 2014). Like mammalian species, several PRRs including 

TLRs and RLRs have been recognized in chickens. In chickens, the expression of TLRs in 
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trachea is up-regulated following AIV infection (Reemers et al. 2010). Despite the lack of RIG-1 

in chickens to sense AIV infection, AIV is sensed intracellularly by chicken melanoma 

differentiation-associated protein 5 (chMDA5), which results in the expression of type I 

interferons (IFNs). ChMDA5 and downstream mediators of cell signaling, such as mitochondrial 

adaptor molecule CARDIF and chicken interferon regulatory factor 7 (chIRF7) are necessary to 

induce antiviral responses (Liniger et al. 2012b; Kim & Zhou 2015).  

The activation of PRRs and intracellular signaling pathways result in the production of type I 

IFNs and pro-inflammatory responses. Type I IFNs trigger an orchestra of antiviral responses 

against influenza viruses including the expression of IFN-stimulated genes (ISGs) to limit the 

viral replication and induce adaptive immune responses (Takaoka & Yanai 2006). In chickens, 

type I IFNs including chIFN-α and chIFN-β induce the expression of ISGs, such as protein 

kinase R (PKR) and the 2′–5′ oligoadenylate synthetases (2′,5′-OAS) (Qu et al. 2013). 

Downstream ISGs, such as IFN-induced transmembrane protein (IFITM) and viperin interfere 

with the viral replication cycle at different stages (Fitzgerald 2011; Huang et al. 2011; Smith et 

al. 2013).  

TLR ligands have been successfully used in chickens as adjuvants or stand-alone antiviral 

reagents (St Paul et al. 2014a; St Paul et al. 2014; Barjesteh et al. 2015a; Barjesteh et al. 2015b; 

Barjesteh et al. 2014). These studies have demonstrated that TLR ligands induce the expression 

of TLRs and antiviral responses and the production of cytokines and chemokines. TLR2/1, 4, 

and 21 ligands have been employed in vitro to treat chicken macrophages prior to AIV infection 

and resulting in the reduction of AIV replication in chicken macrophages (Barjesteh et al. 2014). 

The same panel of TLR ligands and the ligand for TLR7 have also been administered in vivo in 

chickens to induce antiviral responses and resulting in the reduction of AIV shedding in infected 
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chickens. These TLR ligands reduced oral and cloacal viral shedding in infected chickens. 

TLR21 ligand CpG ODN 1826 is the most efficacious TLR ligand to reduce oral viral shedding, 

while TLR4 ligand lipopolysaccharide (LPS) from Escherichia coli (E.coli) 026:B6 causes the 

highest reduction in cloacal viral shedding (Barjesteh et al. 2015b). However, there is little 

information about induced antiviral responses in the chicken respiratory system following 

treatment with TLR ligands and the underlying mechanisms which are involved in the induction 

of antiviral responses. The purpose of this study was to determine first whether the chicken 

trachea responds to TLR ligands, and second whether these responses induced by TLR ligands 

are capable to limit AIV replication. In this study, we profiled antiviral responses in the chicken 

trachea following stimulation of tracheal organ culture (TOC) with TLR ligands. We also 

confirmed that soluble factors, secreted by chicken tracheal cells stimulated with TLR ligands, 

had antiviral activity against AIV. 

5.3. Materials and methods  

5.3.1. Tracheal organ culture (TOC) 

TOC was performed as previously described with some modifications (Reemers et al. 2009). 

Briefly, tracheas were aseptically collected from 20-day-old specific-pathogen-free (SPF) chicken 

embryos. Tracheas were washed twice with warm Hanks’ balanced salt solution (HBSS, 

ManufacturerGibco, Burlington, Ontario, CanadaCity, State, Country) to remove excess mucus. 

The connective tissues surrounding the trachea were removed by careful dissection. Tracheas were 

dissected manually into 1 mm rings using a microtome blade. Five tracheal rings from one embryo 

were transferred into 24-well culture plates containing Medium 199 (Sigma-Aldrich, Oakville, 

ON, Canada) supplemented with 25 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid 



106 

 

(HEPES) buffer (ManufactureGibcor, Burlington, Ontario, CanadaCity, State, Country), 200 

U/mL penicillin, 80 µg/mL streptomycin, and 50 µg/mL gentamicin. Rings were incubated at  

37 °C on a low speed rotator for two hours and then the medium was replaced. During the 

experiments, the ciliary activity of the tracheal rings was monitored. 

5.3.2. Avian influenza virus (AIV) 

A/Duck/Czech/56 (H4N6), a low pathogenic avian influenza virus (LPAIV), was used in this 

study. The virus was propagated in 11-day embryonated chicken eggs. Virus propagation and 

titration were carried out as previously described (Szretter et al. 2006). 

5.3.3. Stimulation of TOC with TLR Ligands 

For stimulation of tracheal rings with TLR ligands, tracheal rings were cultured in 24-well 

plates containing five rings per well. Tracheal rings were stimulated with two concentrations of 

the following TLR ligands: 1.0 and 10 µg/mL Pam3CSK4 (Invivogen, San Diego, CA, USA), 1.0 

and  

10 µg/mL synthetic class B CpG ODN 1826 (5′-TCCATGACGTTCCTGACGTT-3′) (Sigma-

Aldrich) and 1.0 and 10 µg/mL LPS derived from E.coli O26:B6 (Sigma-Aldrich). The control 

groups received 10 µg/mL synthetic non-CpG ODN (5′-TGCTGCTTGTGCTTTTGTGCTT-3′) 

(Sigma-Aldrich) or medium in a final volume of 500 μL. After two hours of stimulation with TLR 

ligands, tracheal rings were washed twice with complete medium, and then incubated at 37 °C in 

fresh medium. At 3, 8 and 18 h post-stimulation, tracheal rings were collected for RNA extraction. 

There were six biological replicates (6 individual embryos) for each treatment group. 

In a subsequent experiment, to evaluate antiviral activities produced by chicken tracheas, 

tracheal rings were stimulated with optimum (based on results from a previous experiment) 
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concentrations of TLR ligands. After two hours of stimulation with TLR ligands, tracheal rings 

were washed twice with complete medium, and then incubated at 37 °C in fresh medium. Tracheal 

supernatants were collected after 24 and 48 h of stimulation with TLR ligands and bioactive 

antiviral activity was assessed by treating cells of a chicken macrophage line (MQ-NCSU cells) 

with culture supernatants before infecting them with AIV.  

5.3.4. cDNA synthesis and real-time PCR  

Total RNA was extracted from five tracheal rings using Trizol reagent (Life Technologies, 

Burlington, ON, Canada), according to the manufacturer’s recommendations. There were 6 

biological replicates in each group and each replicate contained five rings of trachea from the same 

individual embryo. DNA-Free™ kit (Ambion, Austin, TX, USA) was used to remove 

contaminating DNA from RNA samples before cDNA synthesis. One microgram of RNA was 

used for cDNA synthesis. Superscript II First Strand Synthesis kit (Life Technologies, Burlington, 

Ontario, Canada) and Oligo(dT)20 primers were used for cDNA synthesis according to the 

manufacturer’s protocols. Quantitative real-time PCR was performed on diluted cDNA (1:10 in 

DEPC treated water) using a SYBR green dye in a LightCycler 480 II (Roche Diagnostics, Laval, 

QC, Canada) as previously described. Specific sequences of primers were described previously 

(Barjesteh et al. 2015a; Barjesteh et al. 2015b, Barjesteh et al. 2014).   

5.3.5. Stimulation of chicken macrophages with tracheal supernatants 

A chicken macrophage cell line (MQ-NCSU), was kindly provided by Dr. Juan Carlos 

Rodriguez (University of Prince Edward Island, Charlottetown, PE, Canada). The cells were 

seeded into 48-well cell culture plates at a viable cell density (determined by trypan blue exclusion) 

of 5 × 105 cells/well in Dulbecco's Modified Eagle's medium (DMEM) (Gibco, Burlington, 

Ontario, Canada Manufacturer, City, State, Country) containing 10% fetal bovine serum (FBS), 
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200 U/mL penicillin, and 80 µg/mL streptomycin for two hours. Cells were then treated for 48 h 

with supernatants from cultured tracheal rings. Macrophage culture supernatants were collected to 

quantify nitric oxide (NO) production by Griess assay (Promega, Madison, WI, USA) according 

to the manufacturer’s instructions. 

To determine the antiviral activities of tracheal ring supernatants, chicken macrophages were 

treated with supernatants for 6 h prior to AIV infection. Cells were infected with H4N6 AIV as 

described previously (Barjesteh et al. 2014). Briefly, MQ-NCSU cells were seeded at 5 × 105 

cells/mL into 24-well cell culture plates in (DMEM) supplemented with 10% heat-inactivated 

FBS, 200 U/mL penicillin, and 80 µg/mL streptomycin and 50 µg/mL gentamicin for two hours 

incubation at 40 °C. Cells were then treated with tracheal ring supernatants for 6 h. Cells were 

infected with H4N6 AIV at a multiplicity of infection (MOI) of 1.0; residual virus was removed 

two hours post-infection by washing twice with warm medium. The virus titer in macrophage 

supernatants was measured using a 50% Tissue culture Infective Dose (TCID50) assay at 12 h post-

infection.  

5.4. Statistical analysis  

Statistical analysis of log transformed virus titers was performed by one-way ANOVA (SAS 

version 9.3) followed by Tukey’s post hoc test for multiple comparisons to examine the effects of 

TLR ligands. p values < 0.05 were considered to be statistically significant. For gene expression, 

fold changes and standard errors were calculated using REST (Relative Expression Software Tool) 

software version 2009 (Qiagen, Toronto, ON, Canada). The REST software compared control 

(medium or non CpG ODN) and treatment groups using pair-wise fixed reallocation randomization 

based on the PCR efficiencies and the mean crossing point deviations between the control and 
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treatment groups. Statistical analysis of Nitric oxide production was performed by two-tailed 

Student’s t-test. 

5.5. Results 

5.5.1. TLR ligands induce the expression of innate response genes in chicken tracheal organ cultures 

The expression of interleukin 1 beta (IL-1β) was significantly increased in the TOCs treated 

with Pam3CSK4, LPS and CpG ODN compared to untreated rings at all time points (Fig. 12A, 

Table 10). Treatment of TOCs with low dose or high dose of Pam3CSK4 or LPS significantly up-

regulated the expression of inducible nitric oxide synthase (iNOS) at 3, 8, and 18 h post-treatment. 

However, the expression of iNOS by TOCs that received low dose and high dose of CpG ODN 

was significantly increased only at 18 h post-treatment (Fig. 12B, Table 10).  

Low dose and high dose of Pam3CSK4 or LPS significantly up-regulated interferon regulatory 

factor (IRF)7 at 3, 8 and 18 h post-treatment. Low dose and high dose of CPG ODN significantly 

up-regulated IRF7 at 18 h post-treatment. In addition, the low dose of CpG ODN significantly up-

regulated the expression of IRF7 at 8 h post-treatment (Fig. 12C, Table 10). Treatment of TOCs 

with Pam3CSK4, LPS and CpG ODN significantly induced the expression of IFN-α at 18 h post-

treatment compared to untreated TOCs at 18 h post-treatment (Fig. 12D, Table 10). The expression 

of IFN-β by TOCs incubated with low or high doses of LPS or CpG ODN was significantly up-

regulated at 18 h post-treatment. However, high dose of LPS significantly down-regulated the 

expression of IFN-β in TOCs at 8 h post-treatment (Fig. 12E, Table 10). Low or high dose of 

Pam3CSK4 significantly induced the expression of OAS by TOCs at 3 h post-treatment whereas 

low dose or high dose of LPS significantly up-regulated the expression of OAS at 3 and 8 h post-

treatment. The expression of OAS by TOCs that received low dose of CpG ODN was significantly 

increased at 8 and 18 h post-treatment (Fig. 12F, Table 10). In TOCs treated with low dose of 
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Pam3CSK4 or CpG ODN, the expression of IFITM5 was significantly increased at 8 h post-

treatment. The expression of IFITM5 by TOCs that received low dose of CpG ODN was 

significantly increased at 18 h post-treatment (Fig. 12G, Table 10). Treatment of TOCs with low 

dose or high dose of Pam3CSK4 caused significant up-regulation of PKR at 3 h post-treatment, 

while the expression of this gene was up-regulated at 8 h post-treatment in the group treated with 

low dose of CpG ODN or LPS. In addition, the high dose of LPS significantly induced the up-

regulation of PKR at 3 h post-treatment (Fig. 12H, Table 10).  

Low dose or high dose of LPS caused significant up-regulation of viperin at 3 h post-treatment. 

In addition, the expression of viperin by TOCs that received low dose of Pam3CSK4 was 

significantly increased at 3 h post-treatment. Low dose of LPS significantly induced the up-

regulation of viperin at 8 h post-treatment. However, high dose of Pam3CSK4 down-regulated the 

expression of viperin at 8 h post-treatment (Fig. 12I, Table 10).  

High and low dose of CpG ODN significantly induced the expression of TLR2 at 8 h post- 

treatment. High dose of LPS significantly induced the expression of TLR2 at 18 h post-treatment, 

however, the high dose of LPS significantly down-regulated the expression of TLR2, at 3 h post-

treatment (Fig. 13A, Table 10). High dose of LPS significantly induced the up-regulation of TLR3 

at 8 h post-treatment. Low dose of Pam3CSK4 and CpG ODN significantly induced the expression 

of TLR3 at 18 h post-treatment (Fig. 13B, Table 10). The expression of TLR4 by TOCs treated 

with either Pam3CSK4 or LPS was significantly down-regulated, however, its expression was 

significantly increased by high dose of CpG ODN at 18 h post-treatment (Fig. 13C, Table 10). The 

expression of TLR21 by TOCs treated with low dose or high dose of Pam3CSK4 was significantly 

down-regulated at 8 h post-treatment, while low dose of CpG ODN significantly induced the 

expression of TLR21 at 8 h post-treatment. In addition, high dose of LPS and low dose of CpG 
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ODN significantly induced the expression of TLR21 at 18 h post-treatment. However, the 

expression of TLR21 by TOCs treated with high dose of CpG ODN was significantly down-

regulated at 18 h post-treatment (Fig. 13D, Table 10). TLR ligands did not significantly affect the 

expression of TLR7 (data not shown). 

5.5.2. Supernatants from chicken tracheas treated with TLR ligands activate chicken   macrophages 

To determine whether culture supernatants of treated tracheal rings were able to activate 

chicken macrophages, MQ-NCSU cells were treated for 48 h with culture supernatants from 

treated tracheal rings. Culture supernatants of tracheal rings collected 24 h post-treatment with 

LPS (SupTOC-LPS-24h), SupTOC-PamCSK4-24 and SupTOC-CpG-24h significantly induced 

nitrite production by MQ-NCSU cells. In addition, SupTOC-PamCSK4-48 significantly induced 

nitrite production by chicken macrophages compared to untreated chicken macrophages, however, 

SupTOC-LPS-48h, and SupTOC-CpG-48h did not induce nitrite production by these cells (Fig. 

14). 

5.5.3. Antiviral compounds produced by stimulated TOCs are able to limit AIV replication in chicken 

macrophages  

Culture supernatants from TOCs treated with TLR ligands significantly decreased viral 

replication in chicken macrophages, confirming antiviral activity against AIV (Fig. 15). Treating 

chicken macrophages with SupTOC-LPS-48h significantly reduced virus titers by 8.5-fold in their 

supernatants compared to the infected, untreated macrophages. In contrast, treatment of chicken 

macrophages with SupTOC-LPS-24h did not significantly reduce virus titer in macrophage 

supernatants (Fig. 15). 

Macrophages treated with SupTOC-Pam3CSK4-24h significantly reduced virus titers by 131-

fold in their supernatants compared to the infected, untreated macrophages. However, treatment 
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of chicken macrophages with SupTOC-Pam3CSK4-48h did not significantly reduce virus titers in 

macrophage supernatants compared to untreated, infected macrophages (Fig. 15).  

Treating chicken macrophages with SupTOC-CpG-24h significantly reduced virus titers by 6.5-

fold in their supernatants compared to the infected, untreated macrophages while the treatment of 

chicken macrophages with SupTOC-CpG-48h significantly reduced virus titers by 100 fold in their 

supernatants compared to the infected, untreated macrophages. Moreover, treatment of chicken 

macrophages with SupTOC-CpG-48h significantly reduced virus replication in chicken 

macrophages compared to treatment of chicken macrophages with SupTOC-CpG-24h (Fig. 15). 

5.6. Discussion 

Tracheal organ culture has been used for culturing viruses, such as avian infectious bronchitis 

virus (Coox et al. 1976) as well as examining virus pathogenesis (Abd El Rahman et al. 2009; 

Winter et al. 2008). This method has the advantage of allowing to determine local innate responses 

within the trachea. TOC allows interaction to occur among cell types, which cannot be modeled 

using cell lines or isolated primary cells. The TOC described here enabled us to determine innate 

antiviral responses of chicken tracheas treated with TLR ligands.  

This study extended the findings of a previous study in which chickens were intranasally treated 

with TLR ligands and demonstrated significant up-regulation of candidate genes involved in 

antiviral responses in the trachea (Barjesteh et al. 2015b). The current study made it possible to 

determine innate responses induced by TLR ligands in the trachea once the trachea was locally 

stimulated with TLR ligands. All TLR ligands examined in this study induced the expression of 

IL-1β in TOC. The induced IL-1β in TOCs following TLR ligand treatment could be a trigger for 

NO production in macrophages, as it has been shown that IL-1β can initiate NO synthesis (Lima-

Junior et al. 2013). Furthermore, IL-1β induces the proliferation of T and B cells and recruit 
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lymphocytes to the trachea. It is possible that this cytokine recruits and activates macrophages and 

heterophils in the respiratory tract to inhibit the spread of infection in the host. Therefore, induction 

of IL-1β in the trachea may play a role in antiviral responses against AIV through its chemotactic 

effect. In addition, we confirmed functional activity of supernatants of TOC treated with TLR 

ligands. To this end, we treated macrophages with supernatants from TOCs treated with TLR 

ligands. We showed that supernatants from TOC treated with TLR2/1, 4 and 21 ligands activated 

chicken macrophages as indicated by NO production in macrophages. NO production is a reliable 

method to determine macrophage activation (Mosser 2003). The same scenario may apply to in 

vivo conditions whereby macrophages play important roles in host defense against infection of the 

trachea by viral pathogens (Qureshi et al. 2000).  

Antiviral responses are necessary to suppress viral replication and virus spread within the host. 

TLR ligands including LPS, Pam3CSK4 and CpG ODN induce antiviral responses in chickens 

against AIV which leads to reduction of viral shedding in infected chickens (Barjesteh et al. 

2015b). In the current study, the induction of antiviral responses following TLR ligand treatment 

was demonstrated by induced expression of IRF7 and ISGs in TOCs and the reduction of AIV 

replication in chicken macrophages treated with TOC supernatants. Engagement of TLRs with 

their ligands results in triggering several intracellular pathways leading to the expression of 

cytokines and other antiviral mechanisms. This process is mediated by transcription factors, such 

as IRF7 (Chen & Jiang 2013). In agreement with previous studies (Barjesteh et al. 2014; Barjesteh 

et al. 2015a), all three TLR ligands tested in this study induced the expression of IRF7, an 

important transcription factor in TLR signaling pathways and downstream responses (Uematsu & 

Akira 2007). In the present study, all three TLR ligands induced the expression of type I IFNs in 

TOCs. The critical role of type I IFNs in innate responses against influenza virus has been well 
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documented in mammalian species and chickens. In humans, it has been demonstrated that the 

lack of IFN-β induction results in impaired responses against influenza virus (Hsu et al. 2011; Hsu 

et al. 2012). In addition, the importance of type I IFNs in the induction of ISGs, which play a 

critical role in antiviral responses against influenza virus, has been well established (Iwasaki & 

Pillai 2014; Qu et al. 2013; Fitzgerald 2011; Holzinger et al. 2007; Sheikh et al. 2014; Boo & 

Yang 2010). However, we observed that TLR ligands induced the early expression of OAS, viperin 

and PKR in TOCs even prior to the induction of type I IFNs. Significant up-regulation of OAS, 

viperin and PKR prior to the expression of type I IFNs in TOCs may support IFN-independent 

activation of these ISGs, an observation that has been previously reported in humans and mice 

(Grandvaux et al. 2002; Diamond & Farzan 2013). Moreover, we determined the expression of 

IFITM5 in TOCs following CpG ODN and Pam3CSK4 treatment. Members of the IFITM family, 

which are also classified as ISGs, have primary antiviral functions in host cells. IFITM proteins 

prevent the fusion of influenza virus to cell membrane and therefore inhibit the entry of influenza 

virus into host cells (Brass et al. 2009; Huang et al. 2011; Smith et al. 2013).  

In addition to the induction of intracellular signaling pathways by TLR ligands, they induce the 

expression of TLRs in host cells to enhance the ability of the host to recognize the virus (Sha et al. 

2004; Kawai & Akira 2010; Guillot et al. 2005). In the current study, CpG ODN and Pam3CSK4 

induced the expression of TLR3 in TOCs. TLR3 recognizes the presence of viral RNA in infected 

cells. The function of TLR3 and its importance in the induction of antiviral responses against 

influenza virus in mammals and chickens have been previously emphasized (Guillot et al. 2005; 

Karpala et al. 2008).  

In the present study, antiviral activity of TOCs treated with TLR ligands was investigated. 

Subsequent to treatment of chicken macrophages with supernatants of TOCs treated with TLR 
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ligands, AIV replication was significantly reduced in macrophages. This antiviral activity 

suggested that supernatants from TOCs may contain IFNs and ISGs or other active antiviral 

components. Importantly, our findings underlined the differences among TLR ligands for 

induction of ISGs in TOCs, which may correlate with their ability to reduce viral replication. For 

example, the inability of LPS to induce significant expression of IFITM5 and TLR3 in TOCs may 

explain the limited reduction of AIV replication in chicken macrophages following treatment with 

SupTOC-LPS compared to supernatants from TOCs treated with Pam3CSK4 or CpG. 

The results presented here also highlighted the influence of incubation time following TLR 

ligand treatment on the ability of TOC supernatants to limit AIV replication in chicken 

macrophages. SupTOC-Pam3CSK4-24h, SupTOC-LPS-48h and SupTOC-CpG-48h significantly 

reduced AIV replication in chicken macrophages. The difference in the effects of incubation time 

between TOCs treated with different TLR ligands might be correlated with the nature and quantity 

of the antiviral compounds produced by TOCs during the incubation. This interpretation is 

supported by a previous study which showed that LPS and Pam3CSK4 induced varying profiles 

of genes involved in the regulation of type I IFNs (Blankley et al. 2014). The activation and 

regulation of type I IFN signaling pathway could affect trachea responses which was reflected in 

TOC supernatants with different incubation time. Along with regulatory mechanisms of type I IFN 

signaling pathways, the kinetics and the amount of IFN produced by host cells depend on the type 

and the complexity of TLR ligands (Kim et al. 2015). The delineated differences of TOC capability 

to induce antiviral responses is of importance and further studies are required to detect and quantify 

components in TOC supernatants. 

In the present study, untreated TOCs showed basal expression of type I IFNs and ISGs, and 

antiviral activities against AIV. Tracheal cells, especially epithelial cells, are able to induce innate 
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responses, however, the responses mounted by trachea in vivo may not be sufficient to overcome 

a viral infection.  

In conclusion, we have demonstrated that chicken tracheal organ cultures are able to mount 

antiviral responses after stimulation with different TLR ligands. This was confirmed by examining 

gene expression in tracheal organ cultures. Supernatants harvested from organ cultures treated with 

TLR ligands had the capacity to activate macrophages and limit AIV replication in these cells. 

Future studies are required to evaluate the relative importance of the molecules, especially the 

ISGs, which we have measured in the present study. 
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Table 10 - Cytokine gene expression of chicken TOC stimulated with TLR ligands 

Genes  LPS Low  LPS High  Pam Low  Pam High  CpG ODN LOW  CpG ODN High 

 3 h 8 h 18 h  3 h 8 h 18 h  3 h 8 h 18 h  3 h 8 h 18 h  3 h 8 h 18 h  3 h 8 h 18 h 

IL-1B  107↑ 26↑ 8.7↑  73↑ 17↑ 10↑  32↑ 12↑ 11↑  48↑ 12↑ 8.7↑  7.3↑ 77↑ 16 ↑  33↑ 97↑ 15↑ 

iNOS  3.9↑ 7.5↑ 5.5↑  4.1↑ 7.9↑ 5.4↑  2.6↑ 2.2↑ 5.7↑  3.8↑ 2.3↑ 5.3↑    2.4↑    3↑ 

IRF7  3.5↑ 3.9↑ 3.2↑  3.5↑ 4.5↑ 3.3↑  2.5↑ 1.7↑ 2.6↑  2.6↑ 2↑ 2.9↑   2.6↑ 3.4↑    1.6↑ 

IFN-α    4 ↑    5.7↑   1.9↑ 2.5↑    3.0↑    5.8↑    5.4↑ 

IFN-β    2.7↑   1.7↓ 2.3↑        1.8↑    2.5↑    2.8↑ 

OAS  8.7↑ 16↑   12↑ 7.3↑   5.7↑    5.2↑     6.3↑ 13.4↑     

IFITM5          1.5↑         1.9↑ 2↑     

PKR  1.6↑ 1.8↑   1.4↑ 1.8↑   1.4↑ 1.7↓   1.5↑     1.9↑      

viperin  2.5↑ 2.5↑   2.7↑    1.7↑     2↓          

TLR2      1.7↓  2.4↑           2.6↑    2.9↑  

TLR3       1.8↑     2.0↑        3.6↑     

TLR4   2.5↓ 2↓   3.3↓ 1.7↓   2.0↓    2.5↓         1.3↑ 

TLR21        1.5↑   2↓    2.5↓    3.5↑ 1.6↑    3.3↓ 

Gene expression is presented as fold change relative to either non CpG ODN group or medium groups. Significant up-regulation (p 

≤ 0.05) is indicated by ↑. Significant down-regulation (p ≤ 0.05) is indicated ↓. LPS: lipopolysaccharide; Pam: Pam3CSK4; IL-1β: 

interleukin 1 beta; iNOS: inducible nitric oxide synthase; IRF7: interferon (IFN) regulatory factor 7; OAS: oligoadenylate synthetase; 

IFITM5: IFN induced transmembrane protein 5; PKR: protein kinase R; TLR: Toll-like receptor.
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TOCs were treated with two different concentrations of LPS from E. coli O26:B6 (1.0 µg/mL and 10 

µg/mL), Pam3CSK4 (1.0 µg/mL and 10 µg/mL), CpG ODN 1826 (1.0 µg/mL and 10 µg/mL). Control 

groups received either non CpG ODN (10 µg/mL) or medium. Gene expression was assessed at 3, 8 and 

18 h post-treatment using quantitative real-time (RT)-PCR, relative to the housekeeping gene β-actin. 

Gene expression is presented as fold change relative to the medium group in LPS and Pam3CSK4 (low 

and high doses) groups. Gene expression is presented as fold change relative to the non CpG ODN group 

in CpG (low and high doses) groups. Error bars represent standard errors of the means. Fold changes and 

standard errors were calculated using REST software. Significant up-regulation (p ≤ 0.05) is indicated by 

*. Significant down-regulation is indicated by ζ. There were six biological replicates in each group. 

Figure 12- Relative expression of candidate genes in the chicken trachea. 
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TOCs were 

treated with two concentrations of LPS from E. coli O26:B6 (1.0 µg/mL and 10 µg/mL), Pam3CSK4 (1.0 

µg/mL and 10 µg/mL), CpG ODN 1826 (1.0 µg/mL and 10 µg/mL). Control groups received either non 

CpG ODN (10 µg/mL) or medium. Gene expression was assessed at 3, 8 and 18 h post-treatment using 

quantitative RT-PCR, relative to the housekeeping gene β-actin. Gene expression is presented as fold 

change relative to the medium group in LPS and Pam3CSK4 (low and high doses) groups. Gene 

expression is presented as fold change relative to the non CpG ODN group in CpG (low and high doses) 

groups. Error bars represent standard errors of the means. Fold changes and standard errors were 

calculated using REST software. Significant up-regulation (p ≤ 0.05) is indicated by *. Significant down-

regulation is indicated by ζ. There were six biological replicates in each group. 

Figure 13- Relative expression of Toll-like receptor (TLR)2, 3, 4 and 21 in the trachea. 
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Chicken macrophages were stimulated with supernatants from TOCs (that were previously stimulated 

with TLR ligands). Nitrite oxide in MQ-NCSU supernatants was measured after 48 h of stimulation, via 

the Griess assay. Nitric oxide production in each group was compared to the cells without stimulation 

using a two-tailed Student’s t-test. Significant differences (p ≤ 0.05) between a test group and the group 

without receiving supernatant from TOC are indicated by *. SupTOC-24: culture supernatants from TOCs 

collected 24 h post-treatment with TLR ligands or medium. SupTOC-48: culture supernatants from TOCs 

collected 48 h post-treatment with TLR ligands or medium. 

  

Figure 14- Nitrite oxide production in chicken macrophage cells.  
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There were five groups. Three of them were treated with supernatants from TOCs treated with LPS from 

E. coli O26:B6, Pam3CSK4 and CpG ODN 1826 and one was treated with supernatant from TOCs that 

received only medium (untreated trachea), and the last group did not receive supernatant from TOCs. 

Cells were infected 6 h later with H4N6 avian influenza virus (MOI of 1.0). Virus titer (12 h after 

infection) was quantified by means of a TCID50 assay. 

a–c columns with no common letter are significantly different (p ≤ 0.05). SupTOC-24h: culture 

supernatants from TOCs collected 24 h post-treatment with TLR ligands or medium. SupTOC-48h: 

culture supernatants from TOCs collected 48 h post-treatment with TLR ligands or medium. 

Chapter 6  

Figure 15- Supernatants from TOCs stimulated with TLR ligands reduced influenza 

virus replication in chicken macrophage cells. 
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6.1. General discussion 

The emergence of avian influenza viruses in poultry and the incidence of influenza virus 

outbreaks are significant threats to the poultry industry and public health. Extensive research has 

been conducted in the last several decades to improve surveillance methods, biosecurity and 

vaccines for control of these viruses in poultry. Biosecurity measures and vaccination are the 

cornerstones of control strategies, however, vaccines require several days to elicit protective 

immunity against AIV. In the case of outbreaks, this may become an important window of 

opportunity for AIV to infect other susceptible flocks. As a result, modulation of host innate 

responses in a short period of time could be an effective approach to reduce the spread of the virus. 

TLR ligands have been successfully employed in mice and chickens as stand-alone agents against 

AIV to reduce its replication (Shinya et al. 2011; Shinya et al. 2012; St Paul et al. 2012b; Wong 

et al. 2009). However, their modes of action against avian influenza virus have not been well 

described in chickens. In the present study, we explored the application of TLR ligands as a 

strategy to induce antiviral responses against influenza virus infection aiming to reduce viral 

shedding and ultimately the spread of the virus. To this end, in vitro, in ovo and in vivo models 

were employed to profile anti-avian influenza virus characteristics of TLR ligands, and to 

determine underlying mechanisms of antiviral activities of ligands. 

 In the first objective of this study, we initially confirmed AIV replication in chicken 

macrophages. Moreover, we confirmed that treatment of chicken macrophages with CpG ODNs 

class B and C, and LPS from E. coli, and Pam3CSK4 reduced AIV replication in chicken 

macrophages. TLR3 and 7 ligands, polyI:C and R848, respectively, and class A CpG ODN 2216 

did not activate chicken macrophages nor did they reduce AIV replication in these cells. However, 

previous studies demonstrated antiviral activities of R848 and polyI:C in chickens (Stewart et al. 
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2012; St Paul et al. 2012b). These results suggest that stimulation of macrophages is not the only 

way in which TLR treatment limits AIV replication in vivo. The lack of response observed in 

macrophages corresponds to the previous reports which demonstrated that poly(I:C) is a weak NO 

inducer in chicken monocytes (He et al. 2007). In addition, R848 demonstrated antiviral activity 

against AIV in ovo indicating that TLR ligands exhibit varying levels of antiviral activities in 

different host cells. The difference we observed in responses generated in the in vitro versus the in 

ovo models may be related to the limited and variable expression of TLRs in chicken cells (Kogut 

et al. 2005; He et al. 2006). Variations in levels of TLR expression and activation of downstream 

signalling cascades can cause divergent and sometimes contrasting responses in cells (Ciraci & 

Lamont 2011; Gursel et al. 2002). 

Results of the first two objectives of this study demonstrated that TLR ligands were able to 

induce antiviral responses in chicken cells, as demonstrated by an increase in the expression of IL-

1β, IRF genes, IRF1 and IRF7, type I and II IFNs, and some candidate ISGs, such as IFITM5 and 

2’-5’ OAS. TLR2/1, 4 and 7 ligands induced the expression of 2’-5’ OAS, however, CpG ODN 

1826 did not induce the expression of 2'-5' OAS in either model. This difference in the induction 

of ISGs may be correlated with the potency of TLR ligands to induce antiviral responses against 

AIV. However, a wide range of ISGs are responsible for establishing the antiviral state in host 

cells. Therefore, the lack of OAS expression following CpG ODN treatment could be compensated 

by the expression of other ISGs. Overall the expression of candidate genes in this study indicates 

the potency of TLR ligands in the induction of antiviral responses against AIV.  

In both in vitro and in ovo experiments, the influence of dose of administration and timing on 

the activity of TLR ligands was highlighted. In agreement with previous studies, our results 

demonstrated that the effects of TLR ligands can vary with the dose of these TLR ligands (Shinya 
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et al. 2011; St Paul et al. 2012b; St Paul et al. 2012c). In the research presented in this thesis, we 

discovered that the use of optimal dose of TLR ligands was an important factor in their ability to 

inhibit AIV replication in both models. High doses of some TLR ligands, such as LPS, caused high 

mortality in the in ovo model. Further studies are required to determine the toxicity and 

pharmacokinetics of these ligands to have a better understanding of their metabolism in chickens. 

Our study demonstrated that the effect of dosage of TLR ligands, however, was dependent on the 

type of the ligand. The effect of dose could be related to a dose-dependent utilization of adaptor 

molecules, such as TRIF and TRAF, in intracellular signalling pathways downstream of TLR 

activation. Another possibility is the regulation of immune responses through signalling feedback 

loops including positive/negative feedback loop in the activation of NF-κB subunits (Sung et al. 

2014). Therefore, determining an optimum dose of each TLR ligand is a critical step to establish 

antiviral responses and avoiding any side effects including cell death or exhaustion in immune 

responses.  

The timing of TLR ligand administration was another factor in the application of TLR ligands 

considered in this thesis. Results of the first two objectives clearly showed that timing of TLR 

ligand administration affects the outcome. In most cases, the administration of TLR ligands prior 

to AIV infection significantly reduced AIV virus titre in host cells. The administration of TLR 

ligands prior to infection may provide sufficient time to induce antiviral responses, including IFNs 

and ISG and non-ISG proteins. In fact, we observed that treatment with various ligands increased 

the expression of some candidate genes associated with antiviral responses. Although not 

measured directly, we know from other studies that these and other antiviral factors can block 

viruses in different stages of their replication cycle (Goubau et al. 2013). We confirmed that there 

is a limited window of time to induce antiviral responses against AIV using TLR ligands prior to 
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infection. As demonstrated in the first two objectives, TLR ligands should not be administered 

more than 36 and 6 hrs prior to the time of infection in in ovo and in vitro models, respectively. 

For example, in the in ovo model, Pam3CSK4, R848 and CpG ODN, only reduced virus titres 

when they were administered 12-36 hrs prior to infection, while, treatment of embryonated eggs 

with these ligands as early as 72 h prior to infection was not able to reduce AIV titre. Induced 

antiviral responses in early time points may be transient which may not result in a protective status 

in host cells at the time of infection. In addition, negative feedback loops could be activated at a 

certain time point after TLR activation. In addition, the timing for TLR ligand administration could 

vary in the case of different TLR ligands. For example, in the in ovo model, LPS reduced virus 

titres when it was administered 72-12 hrs prior to infection or 24 hr post-infection, while other 

ligands only reduced virus titres when they were administered prior to the infection. In the present 

studies, the actual status of antiviral responses at the protein level was not determined at the time 

of infection. Future studies are required to explore antiviral responses at the protein level.  

There is a possibility that diverse TLR ligands may induce different cytokines and ISGs at 

different time points that reduce AIV replication in host cells. Moreover, this variation in required 

timing could be related to differences in the bioavailability, half-life and clearance of different 

TLR ligands in the host. In fact, serum enzymes increase TLR ligand metabolism and decrease 

their half-life (Engel et al. 2011). For example, CpG ODN or single-stranded RNA (ssRNA) can 

be rapidly degraded when exposed to serum and this may explain, to some extent, the duration of 

response after administration of these ligands.  

In mammalian and avian species, progress has been made in developing new TLR ligands as 

adjuvants. Recently, application of TLR ligands as stand-alone antiviral agents has gained more 

attention.  In the third objective of the thesis, we tested whether TLR ligands can be used as stand-
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alone antiviral agents against AIV in chickens. To this end, a panel of different TLR ligands was 

prophylactically administered in chickens. Because previous studies (Mifsud et al. 2014; St Paul 

et al. 2012b; St Paul et al. 2011) showed that some factors, such as TLR ligand dosage or route of 

administration significantly affect the pharmacokinetics and efficacy of TLR ligands, different 

routes of administration (for example intranasal versus intramuscular) were examined. Our results 

showed that intranasal treatment of chickens with TLR ligands was significantly more efficacious 

than intramuscular treatment in terms of reducing virus shedding. However, the intranasal 

treatment is not the ideal route of administration in the field because of logistical reasons. Future 

studies are required to explore possible delivery of these ligands in a short period of time with 

minimum personnel cost. Adding TLR ligands to poultry feed or drinking water might be more 

feasible routes of administration. Moreover, future research directions should focus on delivery 

systems for the administration of TLR ligands in chickens.  As we expected, in agreement with 

previous studies (St Paul et al. 2012b; St Paul et al. 2011) and the two first objectives, the dosage 

of TLR ligands was an influential determining factor, in combination with route of administration, 

in the efficacy of TLR ligands. The outcome of TLR ligand application could effectively be 

dependent on the dose and route of administration. In the first two objectives, our results 

emphasized the effect of timing on the potency of TLR ligands to reduce AIV replication. 

However, in the third objective, just one time point was conducted on the basis of previous 

experiments. In the fourth chapter, TLR ligands were administered 18 hours prior to infection as 

we expected the expression of type I IFNs, pro-inflammatory cytokines and ISGs in less than 24 

hours in treated hosts. Exploring the effect of timing could be a potential research area helping the 

establishment of the procedure to employ TLR ligands in the case of AIV outbreaks. Our studies 

could not determine the duration of induced responses in the treated chickens. In addition, the 
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present study did not determine alternative approaches to increase the duration of induced 

immunity against AIV by these ligands. One possible approach is the application of nanoparticle-

encapsulated form of TLR ligands instead of free-form ligands, aiming to induce prolonged 

responses in chickens.  

 In the third objective, results suggested that all of the TLR ligands, including TLR2/1, 4, 7 and 

21 ligands, induced a significant reduction in virus shedding. However, class B CpG ODN 1826 

caused the largest reduction in oral virus shedding, while LPS from E. coli O26:B6 was more 

efficacious to reduce cloacal virus shedding. The efficacy of TLR ligands to reduce AIV 

replication and shedding could be correlated with the profile of induced ISGs in treated chickens. 

For example, our results demonstrated that class B CpG ODN 1826 significantly induced IFITM3 

in the trachea, while LPS significantly induced OAS and viperin in cecal tonsils of treated 

chickens.  

 In agreement with results of the first two objectives and previous studies in chickens (Brownlie 

et al. 2009; Ciraci & Lamont 2011), we observed that class B CpG ODNs, more specifically CpG 

ODN 1826, were more effective in reducing AIV replication in chickens than class A (2216) or 

class C (2395) CpG ODNS. The difference in the ability of different CpG to reduce AIV shedding 

may be related to different levels of TLR expression in host cells and the activation of downstream 

signalling cascades. In addition, chicken cells, such as macrophages, cannot respond well to all 

CpG ODNs. For example, in the first objective, results showed that class A CpG ODN could not 

activate macrophages.  

  In the in vivo experiment, innate responses in the trachea and cecal tonsils, and changes in the 

expression of type I IFNs, ISGs and TLRs were determined. Subsequently, we investigated the 



128 

 

local innate responses to TLR ligands in the chicken trachea and functional antiviral responses by 

employing tracheal organ culture. As expected, the chicken trachea mounted antiviral responses 

against AIV. Tracheal organ cultures extended the findings of the in vivo experiment in which 

chickens were intranasally treated with TLR ligands and demonstrated significant up-regulation 

of candidate genes involved in antiviral responses in the trachea. In addition, results of the fourth 

objective revealed possible mechanisms correlated with reduction of AIV shedding in the treated 

chickens.  The induced pro-inflammatory cytokines in TOC following TLR ligand treatment could 

be a trigger for NO production in macrophages, as it has been shown that IL-1β can initiate NO 

synthesis (Lima-Junior et al. 2013). IL-1β also induces the proliferation of T and B cells and 

recruits lymphocytes to the trachea. It is possible that pro-inflammatory cytokines produced by the 

trachea recruit and activate macrophages and heterophils in the respiratory tract to inhibit the 

spread of viruses in the host. Results of the first objective demonstrated that macrophages can 

respond to TLR ligands and become activated. Therefore, resident macrophages in the respiratory 

system or macrophages recruited into the respiratory system by pro-inflammatory cytokines, may 

respond to TLR ligands and play a role in antiviral responses against AIV. TLR ligands induced 

the expression of type I IFNs and ISGs in the chicken trachea confirming the potency of these 

ligands in the induction of antiviral responses in different chicken cells. In the fourth objective 

chapter, the results demonstrated that even tracheal cells stimulated with TLR ligands can 

influence other cells, such as macrophages and limit the replication of AIV inside them. Also these 

ligands affect cells indirectly by inducing type I IFN or ISG production in one subset of host cells 

and then produced components will affect another host cells.  

The current study demonstrated the application of these TLR ligands, as stand-alone antiviral 

agents, to induce host innate responses in a short period of time, overcoming some limitations in 
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vaccination procedure against AIV. The application of TLR ligands in chickens which was 

presented in this research offers promising new possibilities for control of viral infections in 

chickens. In the present work, on the basis of reduction of AIV cloacal and oropharyngeal shedding 

from infected chickens, reduction of viral replication in chicken cells, and the expression of some 

candidate genes in the host, antiviral activities of a wide range of TLR ligands in chickens were 

evaluated. Promising results demonstrated here will be a significant component for development 

of alternative approaches to enhance host responses against AIV for control of the virus. These 

approaches can significantly decrease economic losses in poultry industry and potential risk of the 

transmission of AIV to human by limiting the shedding and spread of AIV. In addition to the main 

objective of this research which was to demonstrate the antiviral activities of TLR ligands against 

AIVs and underlying mechanisms, we developed an in ovo model in which the antiviral activities 

of TLR ligands against other viral pathogens can be assessed. 

In the research presented here, the effect of other factors, such as route of administration and 

doses of TLR ligands on the efficacy of TLR ligands was evaluated, which may provide a platform 

for future studies considering these factor for the application of TLR ligands to induce host 

responses against other pathogens. The correlation between induced antiviral responses by TLR 

ligands and expression of some candidate genes, such as interferon-stimulated genes in different 

cells and tissues was evaluated. However, the direct role of these candidate genes against avian 

influenza virus was not studied. Future studies are required to evaluate the specific role of each 

TLRs and genes involved in the induction of anti-influenza virus responses in different cells.  

Collectively, the current study highlighted antiviral activities of TLR ligands against low 

pathogenic avian influenza virus in chickens. However, there remain unanswered questions about 

underlying mechanisms. In the research presented here, we determined the outcome of TLR 
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activation by evaluating the expression of some candidate genes downstream of TLR activation. 

Despite that, the present research did not determine the cross-talk between different signaling 

pathways and how different TLR ligands activate various intracellular signalling pathways. Also, 

we did not examine the regulatory mechanisms that control innate responses downstream of TLRs.  

These regulatory mechanisms are an indispensable component of the process of innate responses, 

as these responses must return to a homeostatic state to avoid uncontrolled inflammatory 

responses. Future studies are required to determine the role of regulatory checkpoints in the 

induction of antiviral responses induced by TLR ligands. Understanding these regulatory 

mechanisms and cross-talk between different signalling pathways may assist in developing 

delivery systems to ensure prolonged and controlled responses. To dissect out mechanisms of 

action of TLR ligands and the associated signalling pathways, using interfering RNA, gene 

knockdown or gene overexpression models and determining antiviral responses at the protein level 

will be warranted. 
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