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Avian influenza viruses (AIVs) pose an economic burden on the global poultry industry 

and a public health concern due to their zoonotic nature. These concerns have prompted the 

development of control measures against AIV. AIVs replicate in mucosal tissues of chickens, 

including the respiratory and gastrointestinal systems. The gastrointestinal tract (GIT) plays an 

essential task of immune homeostasis, balancing between protecting the host against invading 

pathogens and interacting with commensal microbes. Control measures may target the GIT 

because of its relevance as a site of virus replication and a part of the well-developed mucosal 

immune system of birds. Therefore, understanding immune responses to AIVs in the GIT may 

prove useful in designing prophylactic or therapeutic measures against AIVs. This thesis is an 

investigation of host responses in the chicken GIT to infection with AIVs subtype H9N2 and the 

role of probiotic lactobacilli in antiviral immunity and vaccine immunogenicity. 

The findings presented in this thesis confirmed the replication of AIVs H9N2 subtype in 

cecal tonsils (CTs) mononuclear cells and showed that probiotic lactobacilli could reduce AIV 

replication in these cells. Moreover, probiotic lactobacilli induced antiviral responses in chicken 

CTs cells, as demonstrated by an increase in the mRNA expression of proinflammatory 



cytokines and some interferon-stimulated genes. Next, probiotic lactobacilli were used as a co-

treatment with inactivated H9N2 vaccine adjuvanted with the Toll-like receptor-21 ligand, CpG 

oligodeoxynucleotides (CpG), to assess the combination on vaccine immunogenicity. 

Hemagglutination inhibition titers were higher in sera of vaccinated chickens that received both 

lactobacilli and CpG than chickens that received either lactobacilli or CpG. Probiotic treatment 

combined with the CpG adjuvant also enhanced interferon-gamma gene expression and 

significantly increased interferon-gamma protein secretion by splenocytes of vaccinated 

chickens. Finally, we assessed global expression changes in the ileum and CTs of H9N2-infected 

chickens using high-throughput RNA sequencing. The results revealed an increase in interferon-

inducible and interferon-stimulated gene expression, followed by continued expression of 

various heat shock proteins. 

Overall, the results of this thesis illustrated some of the antiviral immune responses in the 

chicken GIT and the role that probiotic lactobacilli may play in enhancing antiviral responses 

and vaccine-mediated immunogenicity. 
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CHAPTER 1 

Introduction 

Influenza is a contagious viral respiratory disease of humans caused by influenza A 

(IAV) and influenza B viruses (IBV) from the Orthomyxoviridae family, which also includes 

influenza C and D viruses. In addition to humans, influenza viruses circulate in poultry, pigs, 

horses and other mammals (Klenk et al., 2008). Influenza virus subtypes vary in their 

pathogenicity in humans, from causing mild illness localized within the upper respiratory tract 

and characterized by fever, sore throat, runny nose, cough, headache, muscle pain and fatigue to 

severe disease and, in some cases, lethal pneumonia. Other organs such as the heart, brain, and 

muscles can also be involved. In addition to variations in pathogenicity, viruses can vary in how 

easily they are disseminated, with the most virulent being both highly pathogenic and easily 

spread. Influenza viruses can spread throughout the world, producing significant mortality and 

morbidity each year.  

Outbreaks of avian influenza occur in poultry facilities, impacting global food security. 

Avian influenza viruses (AIV) of the H9 subtype, classified as low-pathogenic avian influenza 

viruses (LPAIV), are globally distributed in poultry operations. Infection with H9N2 LPAIV 

leads to economic losses associated with a reduced growth rate in broilers and egg production in 

breeders and layers (Jakhesara et al., 2014; Zhang et al., 2014). Moreover, the emergence of H9 

subtype viruses in poultry constitutes a zoonotic threat. H9N2 viruses have crossed the species 

barrier, as evident in reports of H9N2 infections in humans across Asia and Africa (CDC, 2020; 

ICDDR, Bangladesh, 2011; WHO, 2018; World Health Organization, 2015). Therefore, the 
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prevention of disease in animals is essential for livestock production and critical for human 

health, which is in line with the ‘One Health’ approach. 

How these viruses interact with the immune system of their host is an essential step in 

controlling them. LPAIVs replicate in several tissues, including the upper respiratory and 

gastrointestinal tracts (Pillai et al., 2010; Yitbarek et al., 2018a). Specifically, replication of 

LPAIV in the gastrointestinal tract induces robust innate immune responses initiated in gut-

associated lymphoid tissues (Bar-Shira et al., 2003). Gut-associated lymphoid tissues play a 

major role in the development and modulation of local and systemic immune responses through 

interaction with various antigens from food, gut microbiota and pathogens (Brisbin et al., 2010; 

Haghighi et al., 2008; Lammers et al., 2010; Tokuhara et al., 2019).  

There are vaccines available against H9 AIV, although these vaccines have low efficacy 

partly due to antigenic variants of the virus (Park et al., 2011). Therefore, various approaches 

have been applied to enhance the immunogenicity and efficacy of AIV vaccines. Toll-like 

receptors (TLRs), the best-characterized pattern recognition receptors (Brownlie & Allan, 2011; 

Kannaki et al., 2010), are present in mammalian and avian species and play a critical role in the 

recognition of microbial products by host cells. TLR ligands such as TLR21 ligand, CpG 

oligodeoxynucleotides, have been used in the development of prophylactics strategies against 

AIV infection in vitro, in ovo and in vivo (Alkie et al., 2015; Barjesteh et al., 2014, 2015a, 

2015b; Shojadoost et al., 2019; St. Paul et al., 2011, 2012b, 2013b; Taha-Abdelaziz et al., 2016) 

and as vaccine adjuvants (Astill et al., 2018b; Singh et al., 2015). 

Beyond the use of TLR ligands, lactic acid-producing bacteria can modulate immune 

responses of the host in ovo, in vivo and in vitro (Alizadeh et al., 2020; Brisbin et al., 2008, 2010, 
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2011, 2015; Shojadoost et al., 2019; Taha-Abdelaziz et al., 2019; Yitbarek et al., 2018b, 2019). 

Lactic acid-producing bacteria, particularly Lactobacillus species, can improve both growth 

performance and infection control. Probiotic bacteria have immunomodulatory activities that lie, 

partly, in their ability to stimulate cytokine production, leading to the regulation of innate and 

adaptive immune responses. Host responses can vary by both strain and species of probiotic 

bacteria (Brisbin et al., 2010; Corthésy et al., 2007; Taha-Abdelaziz et al., 2018).  

Within the gut-associated lymphoid tissues of chickens, cecal tonsils play a role in 

induction and regulation of host response to pathogens. Cecal tonsil cells are in close contact 

with commensal bacteria in the chicken gut, and their responses are modulated by probiotic 

lactobacilli as well as TLR ligands (Brisbin et al., 2010; Taha-Abdelaziz et al., 2016). Cecal 

tonsil cells may form the first line of defence against LPAIV, which are known to replicate in the 

chicken intestine. Importantly, particles of the H9 AIV subtypes have been found in cecal tonsil 

cell-derived homogenates (Kwon et al., 2008; Lee et al., 2011; Park et al., 2014). An objective of 

this thesis was to determine the infectivity of the H9N2 AIV in chicken cecal tonsil cells and to 

study the potential of probiotic lactobacilli to limit replication of LPAIV in avian cecal tonsil 

cells. AIV vaccines are mostly inactivated virus vaccines, which are not optimal when 

considering their immunogenicity and often require some kind of assistance to initiate prompt 

and effective immune responses. Therefore, for the second objective, we examined the impact of 

probiotic lactobacilli on the immunogenicity of an H9N2 AIV vaccine when combined with 

TLR21 ligand, CpG oligodeoxynucleotides, as vaccine adjuvant. Understanding immune 

responses to AIV in the gastrointestinal tract is critical to reduce economic loss in the poultry 

industry and guide the design of prophylactics or therapeutics against AIV. High-throughput 

mRNA sequencing (RNA-seq) can provide insights into the characterization and quantification 
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of transcription. This has led to our third objective, to advance our knowledge of the immune 

responses to AIV infection by studying genome-wide transcription of chicken gastrointestinal 

tract post-infection.   
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Literature review 

Influenza A viruses 

Genome organization and physical characteristics 

 Influenza A viruses (IAVs) are members of the Orthomyxoviridae family that contain 

eight single-stranded, negative-sense RNA segments encoding for viral proteins. Different viral 

proteins form the virus envelope, matrix layer and virus core. Viral envelope proteins are 

hemagglutinin (HA), neuraminidase (NA) and matrix protein 2 (M2, ion channel) on the outside 

of the membrane. Matrix protein (M1) forms the matrix layer under the membrane. The virus 

core contains viral ribonucleoproteins (vRNPs) segments comprising viral RNA segments 

wrapped around the nucleoprotein (NP) scaffold. Each vRNPs segment ends with the polymerase 

complex composed of basic polymerase protein 1 (PB1), basic polymerase protein 2 (PB2), and 

acidic polymerase protein (PA). Other viral proteins include non-structural protein 1 (NS1), non- 

structural protein 2 (NS2: also described as nuclear export protein, NEP) (Han et al., 2019; 

Nayak et al., 2013). HA (~300 units) and NA (~40 units) are main protein components of the 

viral envelope (Nayak et al., 2013). Therefore, IAVs are often classified based on the presence of 

envelope glycoproteins, HA and NA. To date, 18 different HA proteins and 11 different NA 

proteins have been identified among various animal reservoirs. Of the total of HA and NA 

proteins, 16 HA proteins and nine NA proteins have been identified in wild birds, as they are the 

natural reservoir for most IAVs. Two influenza virus subtypes, H17N10 and H18N11, are 

identified in bats (Tong et al., 2012, 2013; Wu et al., 2014). HA and NA proteins are found in 

various combinations in avian species (Russell et al., 2013). However, from all the theoretically 

possible combinations of HA and NA proteins, only 103 viable viral subtype combinations have 

been detected in asymptomatic wild waterfowl in North America (Barton et al., 2014). 
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Additionally, avian influenza viruses (AIVs) are further classified into highly pathogenic 

(HPAIV) and low pathogenic (LPAIV) based on their pathogenicity. Influenza infection with 

LPAIVs starts by cleavage of HA protein by trypsin-like enzymes, and their replication is limited 

to some anatomical areas, such as the respiratory and gastrointestinal tracts. Although LPAIVs 

are thought to replicate locally in mucosal tissues, the LPAIVs H5N2, H7N1, H7N7 and H9N2 

can replicate systemically (Post et al., 2013). Additionally, AIV is prone to genetic 

reassortments, increasing the chances for low pathogenic viruses to evolve into highly 

pathogenic viruses after introduction into domestic birds (Monne et al., 2014).  

Influenza virus tissue tropism and life cycle 

 The first step in influenza virus infection is binding the HA glycoprotein to its receptor 

on host target cells. These receptors are sialic acid (SA) glycoproteins linked to galactose (Gal), 

which are the key receptors for viral entry into susceptible hosts. HA binding affinity with SA 

defines host cell tropism and determines host range and transmission to new naïve hosts 

(Nicholls et al., 2007). In general, viruses of avian origin attach to cells with an α-2,3 linkage 

(SAα-2,3Gal) and viruses of human origin bind to cells with an α-2,6 linkage (SAα-2,6 Gal). The 

presence of SAα-2,3 Gal has been demonstrated in the human lower respiratory tract (Shinya et 

al., 2006). Consequently, humans are susceptible to infection with AIVs, including HPAIVs, 

leading to severe cases of pneumonia. 

 The next step after viral attachment is entry of viral particles into the target cell via 

receptor-mediated endocytosis. This step results in the internalization of the viral particles via the 

endosomal pathway. The low pH within endosomes facilitates viral envelope fusion with the 

endosomal membrane (Shi et al., 2014). The functional HA glycoprotein homotrimer defines this 

mechanism; the precursor HA0 is cleaved by host proteases into two subunits, HA1 and HA2. 
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HA1 plays a role in virus binding, and HA2 helps the viral envelope fuse with the endosomal 

membrane. Following viral and endosomal membrane fusion, the M2 ion channel imports 

hydrogen ions into the virion, causing the release of viral ribonucleoproteins (vRNPs) from 

matrix protein M1 into the cytosol. Subsequently, vRNP enters the nucleus for viral transcription 

and replication. Part of vRNP is the viral RNA-dependent RNA polymerase, comprised of PA, 

PB1 and PB2, converts negative-sense RNA to positive-sense RNA prior to viral RNA 

transcription and translation. With limited antiviral interference, productive infection enables the 

hijacking of host cell messenger RNA (mRNA) components, leading to viral mRNA production.  

Consequently, these mRNAs are exported from the nucleus through nuclear pores into 

the cytosol for translation, and viral proteins are synthesized. Following the association of M1 

protein with the synthesized vRNP, vRNP exits the nucleus. New virions are assembled at the 

host cell plasma membrane, where a complete infectious virion is released (Nayak et al., 2013). 

AIV host range and susceptibility 

The viral RNA polymerase and receptor specificity of HA are two essential determinants 

of influenza virus host range. Viral RNA polymerase mediates virus transcription and 

replication, and HA specificity in combination with NA defines host range as well as replication 

kinetics (Klenk et al., 2008). AIVs have been isolated from about 90 species of 12 avian orders, 

and waterfowl harbour the most considerable number of influenza viruses (Alexander, 2000). 

Susceptibility to influenza virus varies widely in avian species; AIV can infect wild birds, like 

ducks, with limited clinical signs and often presenting as subclinical, whereas chickens are 

highly susceptible to infection and are readily killed by HPAIV. Moreover, LPAIVs are 

suspected of having originated from wild birds and thus are not adequately adapted in chickens 

based on inadequate virus replication and low transmission compared to HPAIV (Perez et al., 
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2003).   

H9N2 LPAIV subtype 

The H9N2 virus subtype has significant economic consequences for the poultry industry. 

Infection does not often lead to mortality; however, the significant economic impact results from 

a decrease in egg production (Qi et al., 2016). The first report of H9N2 AIV isolation from 

turkeys was in 1966 in Wisconsin (Homme & Easterday, 1970). Since then, H9N2 viruses have 

spread globally with presence confirmed in Asia, Europe and Africa. H9N2 AIV is also endemic 

in poultry in East Asia and the Middle East (Fusaro et al., 2011). Furthermore, some reports 

described the isolation and characterization of H9N2 AIV strains with lethal characteristics in 

chickens (Jakhesara et al., 2014; Zhang et al., 2014). Moreover, since early 1998, H9N2 viruses 

have become a public health concern, following several human infection reports in Eastern Asia 

(Potdar et al., 2019; World Health Organization, 2019). Human infection with AIV is due to 

several factors such as viral reassortment, close contact between humans and bird species in live 

bird markets and lack of biosecurity measures to limit virus spread. Reports showed that H9N2 

viruses are the likely donors of six internal genes for HPAIV H5N1 viruses in Hong Kong (Gu et 

al., 2014; Guan et al., 1999; Kageyama et al., 2013; Peacock et al., 2019). Additionally, avian 

H9N2 and human H3N2 viruses are found to circulate in pigs, increasing the chance for a genetic 

shift that could result in a potential pandemic-causing virus (Peiris et al., 2001). Moreover, H9N2 

viruses have an increased tendency to infect humans due to their human virus-like receptor 

specificity (Matrosovich et al., 2001). Likewise, molecular analysis and phylogenetic studies of 

H9N2 viruses isolated from human infections between 1997 to 2009 revealed that the H9N2 AIV 

has continually adapted, making it a formidable virus capable of breaking the species barrier to 

humans and new animals hosts (Butt et al., 2010). To date, specific AIVs lineages comprising 
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various genotypes have been identified and classified based on geographic location to define 

their origin; therefore, they are named Eurasian and American lineages. The Eurasian lineage of 

H9N2 viruses includes three prototype strains based on antigenic and phylogenetic analysis of 

the HA protein. The three main strains of Eurasian H9N2 are A/Chicken/Beijing/1/94 (BJ94) or 

the A/Duck/Hong Kong/Y280/97 (Y280), A/Quail/Hong Kong/G1/97 (G1), and A/Duck/Hong 

Kong/Y439/97 (Y439) or A/Chicken/Korea/96323/96 (Huang et al., 2015; Shanmuganatham et 

al., 2013).   

The immune system of chickens   

1. Innate responses 

The innate immune system offers the first line of defence against pathogens such as 

influenza viruses. Moreover, it helps to induce and regulate adaptive immune responses. Innate 

responses are non-specific but rapid and can reduce or inhibit viral replication at sites of 

infection. Phagocytic cells (e.g. macrophages or dendritic cells (DCs)) act as antigen-presenting 

cells (APCs) and present peptide antigens to activate T lymphocytes (de Geus et al., 2012b). 

Pattern recognition receptors (PRRs) on antigen-presenting cells, which are germ-line-encoded 

receptors, mediate the recognition of evolutionarily conserved pathogen-associated molecular 

patterns (PAMPs). Although dendritic cells have a unique ability to initiate primary immune 

responses, a limited number of studies report on chicken dendritic cells. However, the generation 

and characterization of chicken dendritic cells derived from bone marrow have already been 

reported (Wu et al., 2010). Dendritic cells differentiate in the bone marrow from hematopoietic 

stem cells and develop in non-lymphoid tissues into immature dendritic cells, which can take up 

antigens. Immature dendritic cells do not contribute to activation of naïve T cells due to the lack 

of T cell activation signals such as CD40, CD54 and CD86 (Banchereau & Steinman, 1998). In 
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avian species, mature dendritic cells and macrophages are the primary cells for T cell activation, 

which requires specific primary major histocompatibility complex (MHC)-mediated signal, co-

stimulatory receptor binding and cytokine production. However, free avian respiratory 

macrophages are fewer in quantity than mammalian respiratory macrophages (de Geus et al., 

2012b; Mutua et al., 2016). Additionally, a study of chicken lung phagocytic cells suggested 

differences between macrophages and dendritic cell functions (de Geus et al., 2012a). 

Nevertheless, specific antigen presentation of these chicken phagocytes has yet to be 

investigated.  

Pattern recognition receptors (PRR) 

Several membrane-bound and cytoplasmic PRRs have been identified in chicken cells. 

Membrane-bound PRRs comprise Toll-like receptors (TLRs) and C-type lectin receptors (CLR). 

Cytoplasmic PRRs include nucleotide-binding oligomerization domain (NOD)-like receptor 

(NLR) and retinoic acid-inducible gene I (RIG-I)-like receptors (RLRs). Influenza viruses are 

recognized by three classes of PRRs: TLRs (TLR3, TLR7 and TLR8), NLRs and RLRs (Iwasaki 

& Peiris, 2013). NLRs are generally associated with recognizing bacterial PAMPs; thus, they are 

essential for host defence against bacteria. However, NLR family Pyrin domain containing 3 

(NLRP3) and NLR family caspase activation and recruitment domain (CARD) containing 5 

(NLRC5) have been identified to sense RNA viruses in human cells, including influenza virus 

(Franchi et al., 2009; Pothlichet et al., 2013; Ranjan et al., 2015). Although pathways by which 

NLRP3 senses cellular stress remain not fully explained, NLRP3 is activated by cellular stress 

induced by bacterial, viral and fungal infection as well as sterile inflammation caused by 

endogenous and environmental irritants (Swanson et al., 2019). NLRC5 is activated with the 

same range of pathogens that trigger NLRP3. NLRC5 associates itself with NLRP3, and both 

cooperatively activate the inflammasome (Davis et al., 2011). In chickens, a tissue-specific 
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expression pattern of NLRP3 has been described (Ye et al., 2015). NLRC5 has also been 

characterized in chickens with a role in positive regulation of interferon (IFN)-α and IFN-β gene 

expression (Lian et al., 2012). However, its mechanisms of antiviral immunity are still obscure 

(Wang et al., 2019). RIG-I has been found in ducks but not in chickens, which may explain why 

chickens are more susceptible to AIV infection (Barber et al., 2010). Nevertheless, chicken 

melanoma differentiation-associated protein 5 (chMDA5) is encoded by IFIH1 gene and 

preferentially sense short double-stranded RNA (Zheng & Satta, 2018). Chicken MDA5 is 

responsible for sensing AIV resulting in the expression of type I IFNs (Karpala et al., 2011). This 

MDA5 compensates for RIG-I immune functions and uses the same signaling pathway as RIG-I 

and involvement of laboratory of genetics and physiology 2 (LGP2), mitochondrial antiviral-

signaling (MAVS ) protein, and interferon regulatory factor (IRF)3/7 genes. PRRs recognition of 

PAMPs is a warning to the host of infection to initiate relevant innate immune responses. 

Avian Toll-like receptors (TLRs) 

TLRs are conserved molecules initially discovered in drosophila flies with a critical role 

in protecting from fungal infections. Mammalian and avian homologs were identified as major 

players in the immune system that play a role in activating inflammatory responses, antiviral 

responses and the adaptive immune system. Different cellular compartments contain TLRs which 

recognize various microbes via PAMPs. TLRs have a leucine-rich repeat (LRR) domain at the 

extracellular or intra-endosomal area and a cytoplasmic tail, known as the Toll-interleukin (IL)-1 

receptor (TIR) domain (Medzhitov, 2001; Vidya et al., 2018). The horseshoe-shaped structure of 

the LRR domain helps with ligand binding, and the intracellular TIR domain initiates 

downstream signaling. Following ligand binding, adaptor molecules are recruited to the TIR 

domain. Adaptor molecules include myeloid differentiation factor 88 (MyD88), TIR domain-

containing adaptor protein (TIRAP), TIR-domain-containing adapter-inducing interferon-β 
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(TRIF), and TRIF-related adaptor molecule (TRAM) (Vidya et al., 2018). This signaling leads to 

the activation of transcription factors, such as nuclear factor (NF)-B, activating protein (AP)-1, 

and IFN regulatory factor (IRF) 3 and 7, leading to the production of pro-inflammatory cytokines 

such as IL-1, chemokines and type I IFNs (St. Paul et al., 2013a). At least 10 TLR genes are 

characterized in chickens, including TLR1A, 1B, 2A, 2B, 3, 4, 5, 7, 15 and 21. Table1.1 gives 

detailed information about avian TLRs and their ligands and role in poultry immunity.  

The repertoire of chicken TLRs is slightly different from that in mammals; however, 

avian and mammalian TLRs can recognize a similar range of PAMPs (Brownlie & Allan, 2011). 

TLR1 in avian species is referred to as TLR1-like (TLR1L), which is considered as not a true 

ortholog of mammalian TLR1. Avian and mammalian TLR2s are true orthologs implying 

selective pressure during vertebrate evolution to preserve TLR2. Gene duplication of avian 

TLR1L and TLR2 resulted in TLR1La and TLR1Lb, and TLR2a and TLR2b, and they all are 

present in chickens. Although these avian TLRs have been duplicated, further investigation about 

their significance for avian immunity is required. Both TLR2 avian isotypes can dimerize with 

one of TLR1L isotypes to recognize a wide range of molecules, exhibiting binding preferences 

similar to those of mammalian dimers TLR2/TLR1, 6 or 10 (Brownlie & Allan, 2011). Avian 

and mammalian TLR3 proteins are orthologs. TLR3 resides in intracellular endosomes, where it 

binds double-stranded RNA (dsRNA). Following ligand binding, homo-dimerization occurs, 

followed by production of IFNs through TRIF-dependent pathways. TLR4 associates in a 

heterodimeric fashion with myeloid differentiation protein-2 (MD-2) on the cell surface and 

serves as the primary receptor for bacterial lipopolysaccharides (LPS). LPS is transferred by 

serum LPS binding protein (LBP) to CD14, an auxiliary molecule, increasing responses to LPS 

by concentrating and presenting it more effectively to the TLR4/MD-2 heterodimer. Chicken 
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TLR4 and MD-2 have 43 and 31% protein homology with human orthologs, respectively 

(Brownlie & Allan, 2011). Chicken CD14 is 34% homologous to human CD14 at the protein 

level (Wu et al., 2009), although its role in recognition/presentation of LPS and recognition of 

other PAMPs requires further studies. TLR5 in chickens is a functional ortholog of human TLR5 

with 50% homology at the amino acid level. Chicken TLR5 recognizes flagellin of Salmonella 

enterica serovar Typhimurium. TLR7 is expressed in various chicken cells such as B cells, T 

cells, thrombocytes and heterophils. TLR7 is activated by specific synthetic ligands, such as 

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

TLR7 is upregulated after infection with Salmonella, suggesting an essential role of TLR7 in 

protection against bacterial infection. Interaction of TLR7 with its ligands leads to the production 

of type I IFNs (Brownlie & Allan, 2011; St. Paul et al., 2013a). TLR15 is an avian TLR which 

does not exist in mammals or fish. Chicken TLR15 is expressed in lymphoid and non-lymphoid 

tissues but not in neonates and embryos. Chicken TLR21 is a functional substitute for TLR9 with 

some similarity in amino acid profile. Chicken TLR21 recognizes synthetic 

oligodeoxynucleotides (ODN) containing CpG dinucleotides (CpG ODN). ODNs can be 

classified into class A, B or C. TLR21 expression has been described in a wide range of tissues 

from embryos, newly hatched chicks and older birds. Activation of chicken TLR21 induces 

expression of several genes, including IL-1β, IFN-γ, IFN-α, IFN-β, and IL-8 (Brownlie & Allan, 

2011; St. Paul et al., 2013a). 

Most TLRs trigger signaling through the MyD88 adaptor molecule. The exception is 

TLR3, which activates signaling through the TRIF. However, TLR4 signaling can involve both 

MyD88/TIRAP and TRIF/TRAM pathways. MyD88/TIRAP signaling is mediated from the 

plasma membrane and leads to NF-B-regulated gene transcription, including IL-8 and IL-1. 
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The TRIF/TRAM pathway, which requires CD14 and is initiated in endosomes, results in IRF3-

independent transcription of cytokines such as IFN- (Brownlie & Allan, 2011). 

2. Adaptive immune responses 

The adaptive immune system provides further defence in the form of specific immune 

responses against invading pathogens. Recognition of foreign microorganisms is mediated 

through clonal expansion of antigen-specific B and T cells. The diversity of B and T cell 

receptors is derived from class switching recombination (CSR), and in the case of B cell 

receptors, further specificity occurs through somatic hypermutation (SHM). Adaptive immune 

responses can be initiated and guided by the innate immune system via signals induced by PRR 

stimulation (Iwasaki & Medzhitov, 2015). The innate immune system determines the origin of 

infection and influences subsequent adaptive immune responses. PRRs may induce signals 

during initial infection that affect the generation of effector cells, leading to the production of 

antibody- and cell-mediated immune responses.   

a. Antibody-mediated immune responses 

Antibody-mediated immune responses are essential against influenza virus infection. Of 

the five immunoglobulin classes, avian species have three isotypes of immunoglobulins (Ig): 

IgY, IgM and IgA. Antibody responses can target various influenza virus proteins such as 

hemagglutinin (HA), neuraminidase (NA), matrix (M) and nucleoprotein (NP). However, 

antibodies against HA are the only antibodies that can inhibit initial infection by attaching to the 

HA-protein head, which blocks virus receptor binding and entry into host cells (van den Berg et 

al., 2008). IgA antibodies have been found in the highest concentrations in serum, bile and 

intestinal fluids. Intestinal IgA is associated with the secretory component (SC), forming 

secretory IgA (sIgA) (Brandtzaeg, 2013). sIgA mediates the defence against enteric pathogens in 

the intestinal mucosal surface, respiratory mucosa and lacrimal fluid. There is limited 



 

 

15 
 

information available regarding IgA mucosal responses against AIV infections. However, 

immunization of chickens with vaccines composed of whole inactivated avian influenza virus 

adjuvanted with poly (D, L-lactide-co-glycolide) (PLGA) nanoparticles-encapsulated CpG 

generated higher mucosal IgA titers in lacrimal secretions than immunization with 

nonadjuvanted vaccine post-vaccination (Alkie et al., 2018; Singh et al., 2016a). Mucosal IgA 

antibody response was also characterized against the HA antigen of H7N9 (Song et al., 2017). 

Additionally, CD40 targeting in chickens established mucosal sIgA responses one week post-

immunization with a single administration of antigen (Chou et al., 2016).  

In mice, IgG antibody contributes the most to influenza virus neutralization (Benne et al., 

1997). In humans, transudation of serum-derived IgG antibodies into the respiratory tract was 

detected after administering live and inactivated influenza A vaccine (Wagner et al., 1987). IgG 

is the dominant antibody in protecting the lung (Renegar et al., 2004; Singh et al., 2016b). Both 

IgG and sIgA antibodies have an essential role in protection against influenza (Belshe et al., 

2000; Boyce et al., 1999; Clements & Murphy, 1986), and plasma IgG serves as the back-up for 

sIgA-mediated protection in the nasal compartment (Renegar et al., 2004). The equivalent of IgG 

in chickens is IgY, which is named for its high concentrations in chicken egg yolk. In lacrimal 

secretions of chickens post-vaccination, most IgY antibody levels were thought to be the result 

of local production as opposed to serum transudation (Singh et al., 2016a). IgM antibody 

responses are essential in providing early protection during influenza virus infection, although 

available data on IgM antibody response efficacy in chickens are limited. Nevertheless, a study 

of IgM antibody responses in humans suggested that they might predict virus clearance rates and 

influence following IgG antibody responses (Qiu et al., 2011). 

Antibody-dependent enhancement (ADE) of viral infection mediated via the Fc-receptor 
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(FcR) pathway has been documented for many human viruses and, most recently, influenza 

virus. Non-neutralized virus-antibody complexes are highly infectious and are a concern for 

vaccine development due to alternative receptor binding and cell entry mechanisms (Winarski et 

al., 2019). ADE has been demonstrated predominantly in FcR expressing cells such as 

macrophages and natural killer cells (Gotoff et al., 1994; Takada & Kawaoka, 2003). The avian 

IgY is the primary antibody that binds to FcRs. Thus, viruses may enter cells lacking the 

receptors used by the virus for entry, leading to productive viral replication. In fact, there have 

been reports of increased infection rates by H1N1 influenza virus in people who received a 

seasonal flu vaccine (Kobinger et al., 2010; Skowronski et al., 2010). Furthermore, subtype-

specific cross-reactive antibodies can enhance AIV infection. Specifically, immune sera from 

H1N1-infected mice augment the uptake of homologous virus (H1N1) and H2N2 virus, and 

antisera to the H2N2 virus increase the uptake of H1N1, H2N2, or H3N2. Similarly, antisera to 

the H3N2 virus augment the uptake of the homologous virus (H3N2) and H2N2 virus (Tamura et 

al., 1994). Vaccination against other poultry pathogens has also been shown to enhance H9N2 

viral infection in chickens (Arafat et al., 2018). 

b. Cell-mediated immune responses 

 T cell-mediated immune responses minimize the severity of influenza virus infection, 

although they cannot block initial infection. CD4+ T helper (Th) cells can be further divided into 

at least two subsets: Th1 and Th2 cells, based on the type of cytokines they produce. CD4+ T 

cells act as helper T cells for T-dependent B cell responses against viral pathogens. Primary 

infection with influenza virus induces a virus-specific IgM antibody response in the absence of 

CD4+ T cells, which is ineffective in clearing virus (Justewicz et al., 1995). Clearance of 

influenza virus infection is also ineffective in the absence of B cells, demonstrating T-dependent 

B cell activation (Topham & Doherty, 1998). Alternatively, reduced systemic CD4+ T cell 
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proliferation and reduced polarization of Th1 cells in the lungs are associated with B cell absence 

in influenza virus-infected mice. This absence results in decreased viral clearance, demonstrating 

that B cells also promote CD4+ T-cell activity (Kopf et al., 2002). CD4+ T lymphocytes also play 

a role in stimulating B lymphocytes to produce anti-HA and anti-NA antibodies and promoting 

the generation of CD8+ cytotoxic T lymphocytes (van den Berg et al., 2008). 

Although CD8+ T lymphocytes mechanisms require more investigation, they have a role 

in the clearance of viral infection. The ability of CD8+ T cells to protect against antigenically 

novel influenza viruses is based on their ability to recognize small, virus-derived peptides from 

HA, NA, M, NP, PA, PB1 or PB2 proteins. CD8+ cytotoxic T lymphocytes target these epitopes 

presented by major histocompatibility complex (MHC) class I glycoproteins on infected cells 

(Keskin et al., 2015; Poh et al., 2020), which could decrease the need for vaccine reformulation. 

Additionally, memory CD8+ T cells play a role in reducing disease severity and enabling 

recovery after reinfection. Furthermore, influenza virus-specific CD8+ T-cell memory is 

compromised in CD4+T cell-deficient mice (Belz et al., 2002). Given the kinetics of T cell recall 

responses, a vaccine based only on T cell responses will not prevent cellular infection. However, 

a robust T cell response is very likely to result in earlier clearance of the virus, which could 

produce less severe disease and/or reduced illness and hospitalization duration. CD8+ cytotoxic T 

lymphocytes and CD4+ T lymphocytes are activated by CD103+ migratory respiratory dendritic 

cells and CD11bhi respiratory dendritic cells; this activation is crucial for virus clearance from 

the infection site (Hufford et al., 2014). Dendritic cells in the respiratory system play several 

roles, such as antigen recognition, transportation and presentation. Various dendritic cell subsets 

have different susceptibility to infection with influenza virus. For example, murine CD103+ 

dendritic cells are susceptible to H1N1 influenza virus infection following virus invasion. Some 
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subsets of dendritic cells uptake and transfer viral antigens to resident dendritic cells, such as 

CD8+ dendritic cells, in the lymph nodes for cross-presentation to naïve T lymphocytes 

(Hufford et al., 2014). Although reports about function and phenotype of chicken dendritic cells 

are limited, bone-marrow-derived dendritic cells have been generated in chickens. Additionally, 

chicken dendritic cells are characterized by surface marker expression after administering 

antigen-coated beads that are fluorescently labelled (de Geus et al., 2012a; Wu et al., 2010). 

Host gene expression in response to avian viruses 

Virulence-associated factors enable some microbes to overcome physical barriers, such 

as the skin and mucosa, resulting in infection establishment. Following infection of host cells, 

innate immune system cells recognize invading pathogens by pathogen-associated components, 

such as nucleic acids, using pattern recognition receptors (PRRs) (Iwasaki & Medzhitov, 2015). 

After the PRRs bind to viral components, and the phagocytic cells take up pathogen, antigen-

presenting cells present viral peptides. This presentation leads to the initiation of an adaptive 

immune response through a signaling cascade that results in production of type I interferons, 

chemokines, pro-inflammatory cytokines and co-stimulatory molecules (Iwasaki & Peiris, 2013; 

Ranaware et al., 2016). 

Host gene expression in response to the infection with HPAIV can be different from gene 

expression in response to infection with LPAIV. H5N1 HPAIV infection in chickens induces 

excessive gene expression of type I and II interferons, chemokines and pro- and anti-

inflammatory cytokines in lung tissue (Ranaware et al., 2016). Additionally, several genes are 

upregulated in the lungs of HPAIV-infected chickens, such as IFN-stimulated genes including 

OAS (Oligoadenylate synthetase), MX1 (myxovirus resistance 1), RSAD2 (Radical S-Adenosyl 

Methionine Domain Containing 2), IFITM5 (interferon-induced transmembrane protein 5) and 
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IFIT5 (interferon-induced protein with tetratricopeptide repeats 5). Some PRRs are also 

upregulated (MDA5 (IFIH1), TLR3, and NLRC5). Thus, possibly the induction of excessive 

expression of innate immune genes in the lung tissues of chickens infected with HPAIV might 

cause their high mortality.  

By contrast, most of the upregulated genes in response to H5N1 HPAIV are not induced 

in the lungs of H9N2 LPAIV-infected chickens (Ranaware et al., 2016). Moreover, interleukin 

(IL)-4 in chicken macrophages and class II MHC in chicken macrophages and lung tissues are 

significantly downregulated following infection with H9N2 LPAIV (Xing et al., 2008). 

Additionally, H9N2 LPAIV-infection in chicken macrophages induces gene expression 

upregulation of chemokines and pro-inflammatory cytokines, such as IL-1β, IL-8 and IL-18 

(Xing et al., 2008). This infection induces a weak interferon response that is associated with 

downregulation of IFN-inducible genes in chicken macrophages (MDA5 and Mx) and lung 

tissue (Mx, IFIT5 and OAS) (Xing et al., 2008).  

In ducks, HPAIV infection induces changes in the expression of many immune-related 

genes and causes a continuous increase of immune pathways (i.e., RIG-I and MDA5) than 

LPAIV infection (Huang et al., 2019). Despite the expression of several IFN-stimulated genes 

and pro-inflammatory cytokines, influenza virus can still evade the host immune response. Both 

virus types, HPAIV and LPAIV, can affect alternative translation of immune-related genes that 

may subvert host immune response, while HPAIV induces alternative translation of more genes 

than LPAIV (Huang et al., 2019).  

Differential gene expression can be induced by infection with different subtypes of 

influenza A viruses. In human-origin epithelial cells, the most robust responses of type I and III 

interferons (IFN-β and IFN-) are caused by infection with H3N2 virus, while infection with 
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H1N1 causes weaker responses and infection with H5N1 and H7N9 causes even minor responses 

(Cao et al., 2017). Furthermore, different host species can induce different host gene expression 

responses of innate immunity to influenza infection. Fewer innate immune-related genes are 

differentially regulated in the lungs and ileum of H5N1- and H5N2-infected chickens and quails 

compare to human tracheobronchial epithelial cells (Cao et al., 2017). Within avian species, 

chickens and quails display different patterns of differentially expressed genes following the 

infection with the same influenza virus subtype. Moreover, the expression of interferon type I 

(IFN-α) and type II (IFN-γ) are significantly induced in human epithelial cells post-infection 

with H9N2 virus that is associated with increased expression of IFN-stimulated gene (ISG) 

(Sutejo et al., 2012). In contrast, there is no IFN and low ISG gene expression in H9N2-infected 

chicken fibroblasts. 

Among essential immune-response genes are TLR 8 and 9/21 (TLR8 and TLR9), IRF3 

(IRF3), and tumour necrosis factor-alpha (TNF). The latter two were thought to be missing in 

birds. However, using Illumina sequence datasets, an avian gene significantly homologous to 

mammalian TNF-α is detected and further characterized as a true ortholog due to its genomic 

structure and biological properties (Rohde et al., 2018). Furthermore, the putative IRF3 gene 

identified in chickens closely resembles the structure of mammalian IRF7 and might be 

responsible for introducing IFN-β expression after virus stimulation (Wang et al., 2017). Another 

family of mammalian proteins that counteracts influenza infection is interferon-induced 

transmembrane proteins (IFITM) (Smith et al., 2015). The gene cluster IFITM1, 2, and 3 are 

known to exhibit antiviral function. Specifically, human IFITM3 prevents influenza viral entry 

into the host cell (Amini-Bavil-Olyaee et al., 2013). Smith et al. (2015) investigated the presence 

of IFITM genes in ducks and chickens and the expression of innate immune-related genes after 
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infection with both LPAIV (H5N2) and HPAIV (H5N1). This group found that IFITM1, 

2 and 3 are strongly upregulated in response to HPAIV virus in ducks, while a low response is 

detected in chickens (Smith et al., 2015). 

Moreover, the overexpression of IFITM1 in vitro increases the resistance of avian cells to 

AIV infection, probably by blocking the membrane fusion, crucial to the entry and further 

replication of this virus. Both IFITM family and RIG-I exhibit essential roles in ducks immunity 

to high and low pathogenic strains of AIV compared to the chicken (Smith et al., 2015). 

Additionally, MX1, IL-8, IRF7, TNFRS19 are strong candidate genes involved in regulating the 

host response to AIV infection in broiler chickens lungs (Wang et al., 2012). Moreover, SOCS 

(suppressors of cytokine signaling) genes 1 and 3 are upregulated in the ileum and lung of 

H5N1-infected chickens (Meyer et al., 2017). Furthermore, a cluster of genes encoded by the 

mitochondrial genome of chicken lung epithelial cells is highly induced during H6N2-infection 

(Meyer et al., 2017). This cluster of genes is involved in the oxidative phosphorylation metabolic 

pathway, which consequently induces a high-fold increase of the Adenosine Triphosphate (ATP) 

concentration within the infected cells that can provide energy needs for virus replication. 

Furthermore, oxygen transport and gas transport are signaling pathways associated with 

disease resistance to AIV infection in chickens (Wang et al., 2014). These two pathways are 

significantly enriched more than 500-fold in Fayoumi chickens compared with Leghorn 

chickens. This pathway enrichment means that a high percentage of genes in oxygen transport 

and gas transport processes are highly expressed with AIV infection making Fayoumi birds more 

resistant to AIV than Leghorn birds (Wang et al., 2014). Thus, identifying and enhancing the 

expression of these AIV resistance-essential genes might be a valuable future solution in 

overcoming AIV epidemics and pandemics in poultry. 
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Technologies for detection of genes associated with host response to AIV 

Different technologies have been applied to identify genes associated with host response 

to AIV. High throughput sequencing (HTS) technologies have become indispensable in studies 

on genomics, epigenomics, and transcriptomics. HTS technologies can sequence several DNA 

molecules, allowing the sequencing of hundreds of millions of DNA molecules at a time. This 

advancement enables HTS technologies to create large data sets, producing a more 

comprehensive understanding of the genomic and transcriptomic signatures of different diseases 

and developmental stages. For example, high-density single nucleotide polymorphisms (SNP) 

genotyping is now used to advance the understanding of immune responses to AIV in chickens. 

SNPs may be employed for genome scan and detection of genes associated with traits. To this 

end, 39 SNPs associated with different immunological traits against the AIV are identified in 

Beijing-You chicken using RT-qPCR (Zhang et al., 2015). Another platform that uses 

nanomicroarray for screening is developed. In combination with multiplex HTS, this rapid (two-

three days) platform is capable of accurate, simultaneous identification of multiple subtypes in a 

single sample (Zhao et al., 2015). 

Within HTS technologies, whole-exome sequencing has been used to identify novel 

variants and mutations, while RNA sequencing (RNA-seq) has been used to analyze the 

transcriptome changes. RNA-seq is a technique that uses high-throughput sequenced data to 

characterize and profile the transcriptome at the whole genome level (Rao et al., 2019; Wang et 

al., 2011). The power of RNA-seq is that it combines the aspects of discovery and quantification 

in a single HTS assay. In comparison to microarray methods, RNA-seq offers detailed and 

specific data on the characterization, coordination and quantification of transcription. Although 

some “housekeeping” transcripts are common across cells, the transcriptomes differ among cells, 



 

 

23 
 

depending on their lineage, type and state of activation. Understanding the regulation of RNA 

molecules is essential for an improved understanding of many complex molecular pathways. 

In RNA-seq experiments, the standard workflow starts with wet laboratory experiments 

and ends with the final computational steps. In the laboratory, RNA is extracted from samples 

using various extraction methods. Following mRNA enrichment or ribosomal RNA depletion, 

RNA is converted to complementary DNA (Conesa et al., 2016). The quality of input RNA is 

very critical for the subsequent steps because of the ubiquitous RNAse enzymes that could cause 

fragmentation of the RNA samples. Next is the preparation of the sequencing library and 

sequencing the library. The sequencing read depth of 10–30 million reads per sample can be 

reached on a high-throughput platform, such as Illumina (Stark et al., 2019). The computational 

steps include aligning or assembling the sequencing reads to a reference genome or 

transcriptome, quantifying reads, filtering and normalizing between samples. Subsequently, 

statistical analysis is used to calculate the significant changes in individual transcripts' expression 

levels between sample groups (Ji & Sadreyev, 2018). 

RNA-seq differential expression analysis output is a list of significant differentially 

expressed (DE) genes. Various functional analyses can be done to obtain more significant 

biological insight on the DE genes. Freely available web- and R-based tools for functional 

analysis are useful for interpreting the DE gene lists. The functional analysis techniques can be 

categorized into three main types: over-representation analysis, functional class scoring and 

pathway topology (Khatri et al., 2012; Yon Rhee et al., 2008). 

Enhancing immunity to AIV 

Different components of the immune system work collectively to clear respiratory virus 

infections. Although vaccines are one of the key measures used against influenza viruses, one 
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common downfall of current vaccine formulations is that they are often designed to induce B cell 

responses and do not elicit or boost T cell responses. Novel vaccination strategies that elicit 

cross-reactive memory T cells are highly desirable to provide universal immunity against current 

and emerging influenza viruses. The ideal outcome is to overcome the shortfalls of antibody-

dependent enhancement (ADE) of viral infection through T cell activation.  

Avian influenza virus vaccines 

 Vaccines can protect against AIV, and programs for control of HPAIV in poultry have 

used vaccines in 15 countries between 2002 and 2010 (Swayne & Spackman, 2013). Systemic 

spread of HPAIV is why many studies assess host responses to vaccines, as these viruses are 

more exposed to circulating antibodies. However, LPAIV can also infect humans, making the 

production of vaccines against LPAIVs essential. In poultry, there are three types of AIV 

vaccines that are currently commercially available; inactivated vaccines, vaccines made through 

reverse genetics and vectored vaccines.  

Influenza vaccines 

The first developed and approved vaccine against AIV is a monovalent inactivated 

influenza vaccine (IIV). Inactivated vaccines are either homologous, meaning they have the same 

HA and NA proteins as field viruses, or heterologous, meaning the HA protein is the same, but 

NA is not. Downstream processes after inactivation can result in three kinds of inactivated virus 

vaccines: whole inactivated virus vaccine, split vaccines (chemically disrupted viruses), and 

subunit vaccines (split vaccine with nucleocapsid removed). The two latter groups are most 

widely used (Wong & Webby, 2013) and usually contain three or four types of antigens - 

trivalent and quadrivalent vaccines. Conventionally, embryonated chicken eggs are used to 

inoculate each type of virus individually. For the whole-virus vaccines, formalin or propiolactone 
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are used to inactivate virus harvested from allantoic fluid, which then go through purification 

step to separate non-viral proteins. In the case of a split-virus vaccine, detergent can be 

subsequently used to dissolve the viral envelope to expose viral proteins. In subunit vaccines, 

further purification steps are performed to enrich HA protein (Wong & Webby, 2013). Vaccines 

against AIV are usually inactivated whole-virus vaccines, which have been reported to be more 

immunogenic than other types of vaccines (Lin et al., 2006). 

Inactivated vaccines generate cross-protection against multiple field viruses in poultry 

(Swayne et al., 2000). Several HPAIV endemic countries such as Bangladesh, China, Egypt, 

Indonesia, and Vietnam have already included inactivated influenza vaccines in their control 

program. While inactivated influenza vaccines prevent a decrease in egg production, they fail to 

prevent the spread of the virus due to antigenic diversity (antigenic shift and drift) of avian 

influenza viruses (Boravleva & Gambaryan, 2018). Inactivated influenza vaccines have limited 

protective efficacy against antigenically drifted viruses and may result in continuous virus 

circulation in vaccinated chickens (Wei et al., 2016). Moreover, long-term administration of the 

same inactivated influenza vaccines may result in selection of new and different strains 

indicating the necessity for broadly protective vaccines to reduce antigenic drift (Jang et al., 

2018). An example of subunit vaccines is a chimeric bivalent virus-like particle vaccine 

composed of HA and matrix 1 (M1) proteins and a chimeric protein containing Newcastle 

disease virus fusion protein fused with HA protein protected chickens against lethal challenges 

of H5N1 HPAI and Newcastle disease (Noh et al., 2016). 

Live recombinant vector vaccines (RVV) are available for poultry influenza control to 

induce both cell- and antibody-mediated immune responses, thus enabling a broader range of 

protection than inactivated influenza vaccines (Jang et al., 2018). Live viral-vectored vaccines 
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can also be inexpensively administered to one-day-old chicks providing early protection and 

preventing risks of decreased efficiency of the vaccine. Most vectored vaccines only express the 

HA gene giving the potential of their use in DIVA (differentiation of infected from vaccinated 

animals) strategy, a valuable tool for the surveillance of the virus in countries that vaccinate 

poultry (Suarez & Pantin-Jackwood, 2017). However, repeated doses of viral-vectored vaccines 

may not be effective due to the established immunity to the viral vector after the initial dose and 

the difficulty of expressing two or more influenza virus proteins in the same vector (Jang et al., 

2018). 

Live attenuated influenza vaccines (LAIV) induce a broader range of immune responses 

than inactivated influenza vaccines and recombinant vector vaccines, including cell- and 

antibody-mediate responses, and even mucosal immunity (Wang et al., 2010). LAIVs mimic 

natural infections as they contain all proteins of influenza viruses. Moreover, they are long-

lasting, inexpensive, straightforward oral administration that can be applied through drinking 

water or spray (Jang et al., 2018). One of the promising candidates for LAIV poultry vaccines is 

pc4-LAIV, which expresses a C-terminally truncated nonstructural protein 1 (NS1 protein) (Jang 

et al., 2018). The pc4-LAIV is highly effective in poultry against both antigenically distant 

heterologous LPAIV H7N2 and LPAIV H5N2 (Ghorbani et al., 2019). Most importantly, pc4-

LAIV is attenuated and does not transmit from chicken to chicken (Jang et al., 2018). Despite the 

low replication efficiency in young birds, pc4-LAIV induces robust adaptive immune responses 

and protects against heterologous virus infection (Jang et al., 2018). However, the LAIV vaccine 

virus could reassort with wild-type strains and circulate in avian species and domestic poultry 

without causing clinical signs. These events may result in new virulent strains (Wu et al., 2015). 
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Hence, strict regulations and safety measures should be formulated to prevent the reversion of 

LAIV to wild-type viruses and reassortment. 

Commercially available vaccines for poultry  

Until recently, most licensed, commercially available vaccines have been inactivated 

whole vaccines derived from LPAIV or, less often, from HPAIV. However, new methods have 

been developed, such as reverse genetic procedures of genetically modified HA genes, 

recombinant fowl poxvirus vectors with an AIV H5 insert, and a recombinant Newcastle disease 

virus vector with an AIV H5 gene insert (Swayne, 2009). Furthermore, advances in molecular 

biology enabled the development of recombinant vectored vaccines currently used for poultry 

immunization. These two types of vaccines (inactivated influenza vaccines and recombinant 

vectored vaccines) are presently the only commercially available options for poultry 

immunization (Suarez & Pantin-Jackwood, 2017). 

Inactivated vaccines with adjuvants 

Despite several disadvantages of inactivated influenza vaccines, such as the requirement 

of individual vaccine administration, inactivated vaccines are still widely used because they are 

safe and relatively inexpensive, especially where labour costs are low. In 2017, over 95% of 

vaccines for poultry production were traditional inactivated adjuvanted products. Optimal 

formulations of inactivated vaccines require the appropriate antigen and adjuvants to induce a 

protective immune response (Lone et al., 2017). Among commercially available inactivated 

vaccines are adjuvanted H5 and H9. The addition of adjuvants can increase immunogenicity and 

protective efficacy of vaccines. The efficacy of bivalent (bivalent H5–H9) vaccine is higher than 

non-adjuvanted commercial vaccines (Wu et al., 2017). Adjuvants increase the efficiency of 

these vaccines by boosting the innate and adaptive immune responses (Wu et al., 2017).  
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Live recombinant viral vectored vaccines 

Since inactivated influenza vaccines often fail to prevent virus shedding in birds and have 

limited efficacy against variants emerging from antigenic drift (Wei et al., 2016), novel 

technologies seek to develop live recombinant viral vectors and live attenuated vaccines. Among 

licensed, commercially available recombinant vector vaccines are the fowlpox, the herpesvirus 

of turkeys (HVT), the Newcastle disease virus, and the alphavirus (RNA particle) platforms. In 

addition to their low cost, these vaccines also simultaneously provide immunization against two 

viral diseases (Boravleva & Gambaryan, 2018). Fowlpox-avian influenza (fowlpox-AI) vaccine, 

one of the earliest viral vectored vaccines described for use in poultry and one of the first 

recombinant vaccines licensed in the US, protects from both virulent fowlpox and AI virus 

(Taylor et al., 1988). Among two worldwide licensed vectors of the fowlpox vaccine, one 

expresses H5 gene from HPAI H5N8 strain, while the other expresses the HA and NA genes of 

HAPI H5N1 strain and heterologous H7 (Suarez & Pantin-Jackwood, 2017). The fowlpox-AI 

construct has the advantage of low transmissibility between chickens, which further supports the 

licensure process. However, day-old vaccination is recommended for best results since previous 

exposure to live fowlpox virus or vaccine may block or reduce subsequent immune response in 

poultry (Suarez & Pantin-Jackwood, 2017). Fowlpox recombinant vaccines are still widely used 

(Bertran et al., 2013); however, to maintain the practical commercial application of fowlpox, 

novel HA variants should be inserted into the vaccine construct. To support industrial production 

of fowlpox avian influenza vaccine, novel and effective vectors have been developed with H7 

and H9 gene inserts. These vectors are not licensed and commercialized due to the higher 

licensing cost of a live recombinant vectored vaccines than for an inactivated or non-replicating 

vaccine (Suarez & Pantin-Jackwood, 2017). Similarly, a new recombinant fowlpox virus vector 
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containing an updated H5 insert (rFPV-H5/2016) against H5N2, low pathogenicity avian 

influenza virus provides strong protection against current strains circulating in Mexico (Bertran 

et al., 2020). 

Another commercially available AIV vaccine is the Newcastle disease virus vectored 

avian influenza vaccines (NDV-AI). Since its first confirmed commercial use in 2001 (Nakaya et 

al., 2001), this vaccine is updated with several inserts apart from H1, and similar vaccines are 

developed against H5, H6, H7, and H9 (Faulkner et al., 2013; Ge et al., 2007, 2010; Liu et al., 

2015; Nagy et al., 2016; Nayak et al., 2009; Park et al., 2006; Römer-Oberdörfer et al., 2008; 

Sarfati-Mizrahi et al., 2010; Schröer et al., 2009; Veits et al., 2006). The NDV-AI vaccines have 

been licensed in China and Mexico for use in the field and provide protection for both LPAIV 

and HPAIV challenge in several different studies in specific pathogen-free chickens (Suarez & 

Pantin-Jackwood, 2017). NDV-AI vaccine can be administered through drinking water or 

aerosol applications since live viruses can replicate on the mucosal surface. However, 

vaccination of poultry against Newcastle disease virus results in maternal antibodies present in 

commercial chickens that are less than two-weeks-old of age, which could interfere with the 

protective efficacy of NDV-AI vaccine in the field (Kim & Samal, 2019). 

Apart from fowlpox AI and NDV-AI, herpesvirus of turkeys-avian influenza (HVT-AI) 

vaccine is commercially available and protects from HPAIV (Gao et al., 2011; Li et al., 2011; 

Rauw et al., 2011). One of the constructs is commercialized and licensed for use in the US. The 

licensed vaccine contains the modified H5 HA gene (Gardin et al., 2016). The HVT-AI vaccine 

has also been licensed according to the manufacturer in Egypt, Bangladesh, and Mexico. Another 

US-licensed vaccine for avian influenza is the RNA replicon system, which uses an alphavirus 

backbone to express the HA protein. In contrast to previously described recombinant vector 
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vaccines, viral replication is restricted because some of the required genes are missing. 

Therefore, the live vaccine can induce antibody- and cell-mediated immunity safely as an 

inactivated vaccine (Mogler & Kamrud, 2015; Vander Veen et al., 2012). 

Induction of antibody responses by influenza viruses and influenza vaccines 

Neutralizing antibodies against influenza viruses detect conformational epitopes on the 

globular domain of HA. Five non-overlapping sites (Sb, Sa, Ca1, Ca2 and Cb, or A-E sites) are 

major regions recognized by neutralizing antibodies (Padilla-Quirarte et al., 2019). The HA 

glycoprotein has conserved epitopes across multiple subtypes present in the stalk domain, and 

anti-stalk antibodies can neutralize a wide range of strains and subtypes of the influenza virus. 

Universal vaccines are under development based on the epitopes recognized by these antibodies 

(Krammer & Palese, 2013). They work by blocking the HA trimer and inhibiting the pH-

triggered conformational changes, which results in inhibition of viral and endosomal membrane 

fusion. Moreover, cleavage of HA0 into HA1 and HA2 subunits by proteases is hindered when 

these antibodies bind the stalk domain of HA. 

The NA glycoprotein is the second most abundant protein on the influenza virion surface. 

NA enzymatically cleaves sialic acid motifs allowing the virus to spread to nearby cells in the 

host. Although not able to neutralize viruses, anti-NA antibodies can prevent the virus release 

following its entry and replication in host cells (Krammer et al., 2018). Current data on the 

protective role is promising, and discussion has concentrated on the possible integration of NA in 

an anti-influenza vaccine. However, more information is needed to determine potential target 

epitopes, likely antigenic drift and protection relative to vaccination (Krammer et al., 2018). 

The third most abundant protein on influenza virion is matrix protein 2 (M2). The N-

terminal ectodomain of M2 (M2e) is well conserved and is not affected by immune selection 
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pressures faced by all influenza A viruses. Additionally, anti-M2e antibodies can generate 

heterosubtypic protective responses in mice, which also makes the M2e a suitable candidate for 

the development of a universal vaccine (Deng et al., 2015). Mouse anti-M2e monoclonal 

antibody (mAb 14C2) induces a reduction of plaques in influenza-infected MDCK cells in vitro 

(Zebedee & Lamb, 1988). Monoclonal antibody 14C2 also reduces lung viral titers in naïve mice 

after receiving a passive transfer of ascitic fluid and afterwards challenged with influenza virus 

(Treanor et al., 1990). Currently, M2e-based vaccines have passed several phases I and II clinical 

trials in humans (Padilla-Quirarte et al., 2019). For example, human anti-M2e IgG mAb (TCN-

032) reduces 35% of symptoms over the placebo group (Ramos et al., 2015). In chickens, two 

vaccines have been constructed using nanoparticle technology: monomeric (Mono-M2e) and 

tetrameric (Tetra-M2e) (Babapoor et al., 2012). Although they do not have neutralizing activity, 

these vaccines increase M2e-specific IgG responses in vaccinated chickens. Similarly, when 

chickens are vaccinated with recombinant AIV M2 protein or synthetic M2e peptide, significant 

antibody responses are induced, but antibodies do not bind to the M2 protein on the virus or 

virus-infected cells (Swinkels et al., 2013). Inactivated influenza vaccine supplemented with 

norovirus P particle-M2e chimeric vaccine (M2eP) protect against heterologous virus subtype in 

chickens (Elaish et al., 2017). However, M2e vaccine is less efficacious in reducing viral 

shedding than inactivated influenza vaccine when used alone. Therefore, M2e-based vaccines are 

unlikely to be developed as standalone vaccines, and further work is needed to determine the 

effectiveness of anti-M2 antibodies in poultry. 

Influenza infection induces antibody responses against internal and nonstructural 

proteins, such as M1, PB1-F2 and NP. Anti-NP has been evaluated as a vaccine candidate; a few 

studies in mice show weakly clearance of influenza infection by anti-NP (LaMere et al., 2011). 
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In chickens, a cross-reactive NP antigen expressed by a recombinant fowlpox virus and an 

antibody response-inducing NP expressed by retrovirus vector do not protect chickens against 

viral challenge (van den Berg et al., 2008). PA-X and PB1-F2 induce antibodies in humans and 

animal models, although their efficacy has not been determined (Khurana et al., 2016; 

Krejnusová et al., 2009). M1 induces cross-protective immunity in mice and could be studied as 

a candidate antigen for protective immunity in chickens (van den Berg et al., 2008). Table 1.2 

provides additional examples of neutralizing protective antibodies against influenza virus 

proteins. 

Toll-like receptor ligands applications in immunity 

 Toll-like receptor (TLR) ligands have been applied or researched in different areas to 

prevent or treat various conditions, such as cancer, autoimmunity, allergy, and asthma. TLR 

ligands have been exploited as prophylactic agents for host immunity enhancement against 

pathogens and as vaccine adjuvants for immune response induction (Alkie et al., 2019; St. Paul 

et al., 2013a; Vidya et al., 2018). Many TLR ligands are available commercially, including 

Pam3CSk4, Poly I:C, LPS, flagellin, loxoribine and class B CpG ODNs, which are ligands of 

TLR2, 3, 4, 5, 7 and 21, respectively. This thesis will focus on CpG ODN. CpG ODN 2007 

synthetic oligonucleotide enhances the immunogenicity of various vaccines and reduces AIV 

shedding in chickens when used as a vaccine adjuvant (Astill et al., 2018b; Mallick et al., 2012; 

Singh et al., 2015, 2016b; St. Paul et al., 2014b). When employed as antiviral agents, CpG ODNs 

also have significant effects as a prophylactic and therapeutic agent against AIV infection in 

vitro, in ovo and in vivo (Alkie et al., 2015; Barjesteh et al., 2014, 2015a, 2015b; St. Paul et al., 

2011, 2012a, 2012b, 2013b; Taha-Abdelaziz et al., 2016). Table 1.3 provides details on the 

application of TLR ligands in immunity. 
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Probiotic Bacteria 

Induction of immune responses against the antigen of interest can be challenging due to 

the phenomenon of immune regulation at mucosal surfaces. TLR ligands are often used as 

adjuvants to induce a protective innate and adaptive immune response. However, TLR ligands 

applications requiring formulation of an oral or injectable intervention may not be cost-effective 

for use in poultry. Thus, manipulating mucosal-associated lymphoid tissues (MALT), such as 

gut-associated lymphoid tissues (GALT) using probiotics, may be regarded as an approach for 

preventing disease and enhancing immune responses. The most utilized probiotic lactic acid 

bacteria in the meat and dairy industry are Lactobacillus, Lactococcus and Bifidobacterium. 

Although homeostasis mechanisms are incompletely understood, lactic acid bacteria can confer a 

health benefit onto the host (Di Gioia & Biavati, 2018), including improved immune responses 

(Khalesi et al., 2019; Shah, 2007). Evidence also suggests that dietary inclusion of lactic acid 

bacteria can help reduce enteric diseases in farm animals by various mechanisms, including 

exclusion mechanisms (Argyri et al., 2013; Avila et al., 2010; Axelsson & Ahrné, 2000). 

Lactobacillus 

Gut microbes play a vital role in the development and function of the innate and adaptive 

immune response (Rescigno, 2011). Among beneficial bacteria, Lactobacillus, a non-spore-

forming gram-positive anaerobe lactic acid bacteria, is found throughout the gut of both humans 

and farm animals (Balish, 1995). During the early phases of gut growth and development, 

gradual colonization by specifically well-adapted microbes results in natural occupancy of 

specific niches driven by nutrient abundance, digestion and absorption. The genus Lactobacillus 

contains over 180 species, a diverse spectrum of generally non-pathogenic bacteria. Species and 

strain-specific benefits have been recognized based on functional exclusion by inhibition of 
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pathogenic bacterial growth in the presence of antimicrobial substances (Balish, 1995). These 

basic principles have guided our knowledge of commensal microbes (Savage, 1977). Probiotic 

lactobacilli can eliminate unfavourable pathogens and enhance host health by several 

mechanisms, including production of inhibitory metabolites, such as organic acids, competition 

for nutrients, blocking of adhesion sites on epithelial surfaces and stimulation of immune system 

cells (Di Cerbo et al., 2016).  

Lactobacillus species promote immune responses by TLR ligand receptor-mediated local 

and systemic innate immune activation. Based on probiotic stimulation by TLR, these responses 

can be considered equivalent to purified TLR ligands (Chen et al., 1999). Different Lactobacillus 

species modulate the immune system in different ways. For example, L. casei and L. plantarum 

are predominantly able to elicit a pro-inflammatory (IL-6, IL-12 and TNF-α) response 

(Christensen et al., 2002). Administration of L. casei facilitates recruitment and activation of 

macrophages and dendritic cells in a TLR2 dependent manner (Maldonado Galdeano & 

Perdigón, 2006). Activation of innate immune system cells by L. casei can improve mouse 

survival rate and protect against influenza virus infection (Yasui et al., 2004). 

In contrast, L. fermentum elicits IL-10 production by bone marrow-derived dendritic cells 

(Christensen et al., 2002). However, after stimulation with L. reuteri, dendritic cell-mediated 

production of IL-6, IL-10 and IL-12 (p70) is significantly reduced. Mucosal responses can 

enhance inflammatory responses as demonstrated by L. acidophilus mediated synergistic 

stimulation of TLR2 and TLR9 to induce production of pro-inflammatory cytokines (IL-6, TNF-

α). TNF-α can also sensitize cells to L. plantarum 299v mediated reduction in IL-8 cytokine 

production even in the presence of TLR4 signaling (McCracken et al., 2002). These protective 
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effects can limit pathogen infection and license innate immune system cells in an antigen-

specific manner. 

In chickens, a formulation of several Lactobacillus species administered after gut 

microbiome depletion by antibiotics demonstrated an essential requirement of antigens from gut-

commensals to elicit an effective innate and adaptive immune response (Yitbarek et al., 2018b, 

2019). Gastrointestinal microbiota can influence the induction of immune responses that 

effectively elicit neutralizing antibodies against influenza virus. (Kourelis et al., 2010). 

Furthermore, in ovo inoculation of L. salivarius, L. reuteri, L. crispatus, and L. johnsonii altered 

T and B cell responsiveness to keyhole limpet hemocyanin (KLH) based on the expression of 

IFN-α, IFN-β, IL-8, IL-12 and IL-13 (Alizadeh et al., 2020). Oral administration of heat-killed L. 

Plantarum to mice enhanced protection against influenza virus infection using a type I interferon 

dependent mechanism (Maeda et al., 2009). Altogether, these studies demonstrate that gut 

commensal bacteria alter the activation of immune system cells, affecting the formation of 

immune responses. Therefore, the addition of favourable probiotic bacteria could result in health 

benefits to the host. 

Gut-lung axis 

Emerging experimental evidence highlights crucial cross-talk between the intestinal 

microbiota and the lungs, termed the ‘gut–lung axis.’ These observations highlight the 

importance of investigating the GIT to understand the biology of AIV and devise new ways to 

protect against these viruses. The gut-lung axis has long been debated and clearly outlined in 

cases of respiratory allergy and chronic obstructive pulmonary disease (COPD). IgA, often 

present in a dimeric form in the mucus of the respiratory and intestinal tracts, plays an essential 

role in regulating the microbiota composition (Underdown & Schiff, 1986). In mice, 
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administration of commensal bacteria promotes intestinal dendritic cells (DC) migration to 

specialized induction sites such as Peyer’s patches resulting in poly-specific secretory IgA (sIgA) 

production (Macpherson & Uhr, 2004). Luminal sampling and corresponding sIgA facilitates 

endocytosis of a select number of IgA-bound antigens into the gut-associated lymphoid tissues 

(Mantis et al., 2002). Active sensing of gut antigens or microbes either by dendritic cells (Blanas 

et al., 2000) or TLRs is required to maintain gut homeostasis (Rakoff-Nahoum et al., 2004). A 

positive feedback system enables sampling of proliferating microbial populations and their 

respective metabolites, resulting in mucosal colonization for these bacteria (Bunker et al., 2017). 

IgA poly specificity plays a role in retaining certain bacterial species while excluding mucosal 

invasion of opportunistic pathogens. This strategy does not lead to clonal expansion of specific 

IgA+ B cells. 

sIgA minimizes the contact between luminal microorganisms and the intestinal epithelial 

cell surface. This finding has been demonstrated in IgA deficient/knockout, germ-free and 

antibiotic ablation models (Abrams et al., 1963; Bauer et al., 1963; Harriman et al., 1999; 

Vaishnava et al., 2008), which suffer from reduced microbiota diversity and increased 

susceptibility to respiratory and gastrointestinal infections (Blutt et al., 2012; Silvey et al., 2001). 

This is likely because gut sIgA antibodies maintain a low affinity to commensal microbes. 

However, high avidity can be induced by lipopolysaccharides (LPS) or CpG 

oligodeoxynucleotides stimulated dendritic cells, the most common gut absorbed PAMPs. These 

PAMPs elicit responses for defence against respiratory diseases such as pneumonia (Chen et al., 

2011; Schuijt et al., 2016) and influenza A infection of humans (Ichinohe et al., 2011). The role 

of maintaining a homeostatic balance between tolerance and immunity is crucially played by 

intestinal epithelial cells (Salzman et al., 2003). Recognition of gut commensal bacteria by 
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intestinal epithelial cells expressing TLRs regulate intestinal health and provides resistance to 

intestinal injury (Rakoff-Nahoum et al., 2004). This local response can also shape immune 

responses at distal sites. 

Gastrointestinal microbial composition is strongly correlated with respiratory health 

(Abrahamsson et al., 2014; Bisgaard et al., 2011). The respiratory and gastrointestinal tracts have 

many similarities, including a common embryonic origin and similar inflammatory and immune 

components (Figure 1.1). Some studies have provided definitive evidence of this link in mice and 

chickens. Changing the presence of stimulatory bacterial components present in gastrointestinal 

tract can result in different immune responses to respiratory infections. For instance, depletion of 

the gut microbiome using specific antibiotics can increase susceptibility to respiratory influenza 

A infection in mice (Ichinohe et al., 2011). Dysbiosis in the chicken gut microbiome diversity 

and lack of constitutive microbial sensing can lead to impaired mucosal function and reduced 

capacity to produce adequate immune responses against influenza virus (Yitbarek et al., 2018a, 

2018b). Moreover, the consumption of L. acidophilus and L. rhamnosus can enhance antiviral 

responses and production of neutralizing antibodies in vaccination models (De Vrese et al., 

2005). A basic and well-designed demonstration of a gut-lung axis was performed by injection of 

TLR ligands in antibiotic-treated mice (Ichinohe et al., 2011). TLR 2, 3, 4 and 9 stimulation 

restored antiviral immune responses against influenza A infection. Furthermore, it has been 

demonstrated that the mechanism for lung resistance to infection is partly related to TLR4 

signaling (Ichinohe et al., 2011; Tsay et al., 2011). Therefore, it is clear that TLR signaling 

pathways are required for effective antiviral responses in the GIT and the respiratory system (Oh 

et al., 2014). 
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Commensal bacteria not only maintain gut health but are also associated with mucosal 

organ health. Therefore, the identification of bacterial species that can modulate the gut-lung axis 

is increasingly valuable. 16S rRNA and metagenomic analyses have identified a shared phylum, 

Firmicutes, between the lung (Morris et al., 2013) and the gut (Eckburg et al., 2005). Culturable 

Lactobacillus of the phyla Firmicutes is partly responsible for inducing immune responses 

against influenza A infection (Ichinohe et al., 2011). 

A few studies have been conducted to demonstrate T cell involvement within the 

proposed gut-lung axis. L. rhamnosus administered by gavage to newborn mice can facilitate 

regulatory T-cell modulation of systemic proinflammatory cytokine production leading to 

reduced airway injury and inflammation (Feleszko et al., 2007). Furthermore, enrichment 

strategies can be implemented to alter the cecal microbiota, and, in particular, increase the 

abundance of L. johnsonii and other Firmicutes-related lineages (Fujimura et al., 2014). 

Enrichment of intestinal microbiota with L. johnsonii has been shown to modulate lung 

inflammatory processes, including a significant reduction in IL-4, IL-5 and IL-13, as well as 

infiltrating innate immune cells. In chickens, in ovo inoculation of L. salivarius, L. reuteri, L. 

crispatus, and L. johnsonii resulted in a significant increase in serum IgM and IgY responses to 

KLH antigen (Alizadeh et al., 2020). Taken together, gut commensal microbes play a crucial role 

in activating immune system cells, enhancing innate and adaptive immune responses.  
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Table 1.1: Avian Toll-like receptors (TLRs) and their ligands and role in poultry immunity 

 

Table 1: Avian Toll-like receptors (TLRs) and their ligands and role in poultry immunity* 

TLR Gene origin Ligand Expression cite Expression in 

cell type 

Role in immunity Reference 

TLR1LA 

or TLR1 

type 1 or 

TLR16 

 

TLR1LB 

or TLR1 

type 2 

Unique in avian 

species (gene 

duplication)  

Bacterial cell wall 

components: LPs, 

PG 

Spleen, bursa, 

thymus, liver, 

blood, intestine, 

oviduct, testis. 

Heterophils, 

macrophages 

NF-kB activation, recognition 

of peptidoglycan, lipoprotein of 

mycobacteria and lipoproteins, 

lipopeptides, and 

peptidoglycans of G (+) bacteria 

combined with TLR2 subtypes 

(Higgs et al., 2006; 

Higuchi et al., 2008; 

Keestra et al., 2007; 

Roach et al., 2005; 

Temperley et al., 

2008) 

TLR2A or 

TLR2 type 

1 

Gene duplication 

of mammals’ 

orthologous TLR2 

Bacterial cell wall 

components: PG, 

LPs, and LTA 

Spleen, bursa, 

thymus, liver, 

blood, intestine, 

oviduct, testis. 

Heterophils, 

macrophages 

Heterodimer with chTLR1t2 or 

chTLR1t1, recognition of 

lipoproteins bacteria G+ G- 

fungi parasites viruses; cellular 

cytokines stimulation, IL-1β, 

IL-6, and IL-8 and IFN-α, IFN-

β; oxidative burst in heterophils  

(Fukui et al., 2001; 

Higgs et al., 2006; 

Keestra et al., 2007; 

Kogut et al., 2012; 

Roach et al., 2005; 

St. Paul et al., 2013a; 

Tian et al., 2016) 

TLR2B or 

TLR2 type 

2 

Gene duplication 

of mammals’ 

orthologous TLR2 

Bacterial cell wall 

components: PG, 

LPs and LPS (when 

combining TLR2 

with CD14 or MD-2) 

Spleen, bursa, 

thymus, liver, 

blood, intestine, 

oviduct, testis. 

Heterophils, 

macrophages 

Heterodimer with chTLR1t1 or 

chTLR1t2, recognition of 

lipoproteins bacteria G+ G- 

fungi parasites viruses; cellular 

cytokines stimulation, IL-1β, 

IL-6, and IL-8 and IFN-α, IFN-

β; oxidative burst in heterophils 

(Fukui et al., 2001; 

Higgs et al., 2006; 

Iqbal et al., 2005; 

Keestra et al., 2007; 

Sławińska et al., 

2013; Yilmaz et al., 

2005) 

TLR3 Vertebrate 

orthologous 

Double-stranded 

RNA 

Spleen, bursa, 

thymus, liver, 

blood, intestine, 

oviduct, testis. 

Heterophils, 

macrophages 

Induction of type I and II 

interferons through NF-kB and 

IRF3; increase IL-6, CXCLi2 

and IFN-β; dendritic cell 

maturation; antiviral immune 

responses 

(Higgs et al., 2006; 

Iqbal et al., 2005; 

Parvizi et al., 2012; 

Roach et al., 2005) 
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TLR4 Vertebrate 

orthologous 

Bacterial cell wall 

components: LPS 

 

Spleen, tonsil, 

bursa, thymus, 

liver, brain, kidney, 

muscle, lung, heart, 

intestine, oviduct 

and testis. 

Heterophils, 

monocytes, 

macrophages 

Recognition of lipoproteins 

bacteria G (+) and G (-); pro-

inflammatory cytokines and 

chemokine, IL-1β, IL-6, IL-12, 

IL-8 and IFN-α; monocyte 

proliferation via NF- kB  

(Higgs et al., 2006; 

Iqbal et al., 2005; 

Parvizi et al., 2012; 

Roach et al., 2005; 

Yang et al., 2010) 

TLR5 Vertebrate 

orthologous 

Flagellin of G(+) and 

G(-) bacteria 

Spleen, tonsil, 

bursa, thymus, 

blood, liver, lung, 

kidney, heart, 

intestine and testis. 

Heterophils, 

macrophages 

Sensor of oxidative stress; 

induction of the pro-

inflammatory cytokines, IL-1β, 

IL-6, and IL-8  

(Higgs et al., 2006; 

Iqbal et al., 2005; 

Keestra et al., 2007; 

Kogut et al., 2012; 

Sławińska et al., 

2013) 

TLR7 Vertebrate 

orthologous 

Small antiviral 

compounds, Poly 

I:C, R848, 

loxoribine; single-

stranded 

RNA 

Spleen, tonsil, 

bursa, thymus, 

bone marrow, 

blood, liver, lung, 

kidney, heart, 

intestine, oviduct 

and testis. 

Heterophils, 

macrophages 

Anti-tumour and/or antiviral 

response; increase production of 

IFN type I, IL-1β and IL-8  

(Higgs et al., 2006; 

Iqbal et al., 2005; 

Parvizi et al., 2012; 

Philbin et al., 2005; 

Roach et al., 2005) 

TLR15 Unique in avian 

species 

Non-secreted, heat-

stable substances and 

virulence-associated 

bacterial proteases 

Bursa, spleen, liver, 

intestine, and 

tongue 

Macrophages Upregulation of IL-1b; antiviral 

immune response 

(Higgs et al., 2006; 

Nerren et al., 2010; 

Parvizi et al., 2012; 

Temperley et al., 

2008; Zoete et al., 

2011) 

TLR21 Orthologue of the 

TLR 21 in fish and 

amphibians; a 

functional 

homolog of 

mammalian TLR9  

Unmethylated CpG 

DNA, synthetic 

ODN; bacterial 

genomic DNA 

Blood Heterophils Stimulation of IL-1b and IL-6; 

NF-kB activation in 

macrophage and NO 

stimulation; induction of pro-

inflammatory cytokines 

(Brownlie et al., 

2009; He & Kogut, 

2003; Roach et al., 

2005) 

*adapted from Kannaki et al. (Kannaki et al., 2010) 

TLR, Toll-like receptor; LPs, lipopeptides; PG, peptidoglycan; LTA, lipoteichoic acid; LPS, lipopolysaccharide, G(+), gram-positive; G(-), gram-negative; 

ODN, oligodeoxynucleotide; NF-kB, Nuclear factor-κB; IL-6, interleukin; IFN, interferon; CXCLi2, chemokine (C-X-C motif) ligand  
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Table 1.2: Neutralizing protective antibodies against influenza virus proteins 

 

 

Antibody Antigen Strain Ref. 

mouse mAb S139/1 Anti-HA head H1, H2 and H3 (Yoshida et 

al., 2009) 

human mAb CH65 Anti-HA head H1N1 (Whittle et 
al., 2011) 

human mAb C05 Anti-HA head H1, H2, and H3 (Ekiert et al., 
2012) 

human mAb F045-092 and 

F026-427 

Anti-HA head H1N1, H3N2 and H5N (Ohshima et 

al., 2011) 

human mAb D1-8 Anti-HA head H3N2 (Benjamin et 

al., 2014) 

Mouse mAb C179 Anti-HA stem H1 and H2 (Okuno et al., 

1993) 

Mouse mAb FI6 Anti-HA stem All HAs of group 1 and 
group 2 

(Corti et al., 
2011) 

Mouse mAb CR6261 Anti-HA stem Group 1 HAs (Ekiert et al., 
2009) 

Mouse mAb CR8020 Anti-HA stem Group 2 HAs  (Ekiert et al., 

2011) 

human mAb S9-1-10/5-1 Anti-HA stem HA group 1 and 2 (Yamayoshi 

et al., 2017) 

Chicken H5Fab2 HA0  (Pitaksajjakul 

et al., 2010) 

Chicken H5Fab9 HA1  (Pitaksajjakul 
et al., 2010) 

mAb scFv ID2, EC12, and JF7 HA head domain  (Lukosaityte 
et al., 2020) 

Mouse CG12, EC12, HA9, and 

JF7 

H9-A  H9N2 (Peacock et 

al., 2016) 

Mouse JF8, ID2, and IB3 H9-B  H9N2 (Peacock et 

al., 2016) 
mAb, monoclonal antibody; HA, hemagglutinin protein; CH65, C05, F045-092, F026-427, D1-8, C179, FI6, 

CR6261, CR8020, S9-1-10/5-1, H5Fab2, H5Fab9, ID2, EC12, JF7, CG12, HA9, JF8 and IB3 are designated 

names of the antibodies  
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Table 1.3: Toll-like receptor (TLR) ligands application in immunity 

TLR ligand Test 
antigen  

Results Reference 

Pam3CSK4 (TLR2) 

 

H4N6 Significantly enhanced antigen-specific IgY antibodies; greater IgM and IgA antibody levels; 

splenocytes proliferated in response to an in vitro stimulation; increased cytokine production 

especially IL-2; partially protected from an experimental AIV challenge and shed significantly less 

virus 

(St. Paul et al., 

2014b) 

H4N6 Induced nitric oxide production in macrophage; decreased HAU; increased IL-1β, IRF1, IRF7, IFN-β, 

IFN-γ, CD86 and CD80; decreased IRF2; reduced viral replication in chicken macrophages 

(Barjesteh et 

al., 2014) 

H4N6 Significantly induced the expression of type I IFNs, OAS, TLR3; induced MDA5 in trachea and cecal 

tonsils; reduced viral shedding 

(Barjesteh et 

al., 2015b) 

No antigen Increased nitric oxide production; induced significant mRNA of IL-1β, IL-12 and IL-10; no 

synergistic effect was observed with the combination 

(Kim et al., 

2018) 

Poly I:C (TLR3) 

H5N1 Increased expression of IL-12, IFN-γ, IL-6 and TLR3; Improved I titer, serum IgG and secretory 

(sIgA) when added to vaccine antigen; significant level of cellular proliferation 

(Liang et al., 

2013) 
H4N6 Enhanced level of IL-8 and IFN-α; Most efficaciously reduced virus shedding (St. Paul et al., 

2012a) 

H4N6 Induced nitric oxide production in macrophage; did not significantly alter the HAU; did not 

significantly reduce the virus titer in chicken macrophage 

(Barjesteh et 

al., 2014) 

Poly I:C (TLR3) + 

CpG (TLR21)  

H4N6 robust antibody- and cell-mediated immune responses resulting in 

high HI titer and splenocyte proliferation, respectively; upregulation of IL-2 expression; enhanced IgY 

(St. Paul et al., 

2014a) 

No antigen Synergistic effect of increasing nitric oxide production chicken PBMC and monocytes, mRNA levels 

of IFN-γ and IL-10 in chicken PBMC 

(He et al., 

2007, 2012) 
LPS (low dose) 
(TLR4) 

H4N6 Reduced the viral load following infection with an LPAI virus (St. Paul et al., 
2012a) 

LPS from E. coli 

0111:B4 or 026:B6 

(TLR4) 

H4N6 Induced nitric oxide production in macrophage; decreased HAU; increased IL-1β, IRF1 IRF7, IFN-β, 

IFN-γ, CD86 and CD80; decreased IRF2; reduced viral replication in chicken macrophages 

(Barjesteh et 

al., 2014) 

LPS E. coli 0111:B4 

and 026:B6 (TLR4) 

H4N6 Significantly induced the expression of type I IFNs, OAS, TLR3; induced MDA5 in trachea and cecal 

tonsils; reduced viral shedding 

(Barjesteh et 

al., 2015b) 
MPLA low or high 
(TLR 4) + CpG B  
(TLR21) 

No antigen Synergistic effect to enhance nitric oxide and increase mRNA of IL-1β and IL-12p40; no synergism 
for IL-10 

(Kim et al., 
2018) 

Flagellin (TLR5) H5N2 Significantly improved IgA titers (Chaung et al., 
2012) 

Flagellin (TLR5) H4N6 Significantly enhanced antigen-specific IgY antibodies and HI titer; splenocytes proliferated in 

response to an in vitro stimulation; enhanced cytokine production especially IL-12; partially protected 

chicken from AIV challenge; significantly less virus shedding 

(St. Paul et al., 

2014b) 

Flagellin (fliC) 
(TLR5) 

H7N9 enhanced mucosal and systemic immune responses; reduction in viral loads of throat and cloaca (Song et al., 
2017) 
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Flagellin (TLR5) + 
CpG ODN 2007 
(TLR21) 

H9N2 No evidence found for any additive, synergistic, or inhibitory effects of combining these ligands when 
considering antibody-mediated immune responses 

(Astill et al., 
2018b) 

Flagellin (TLR5) + 

LPS (TLR4) 

No antigen Synergistically upregulated production of nitric oxide, pro-inflammatory cytokine IL-6 and Th1 

cytokine IL-12 in chicken PBMC while antagonistically down-regulated Th2 cytokine IL-4 expression 

in chicken PBMCs 

(Gupta et al., 

2013) 

Loxoribine (TLR7) H1N1 

(PR8) 
inhibited virus replication in vitro and in ovo; induction of interferons-α, -β, and - and interferon-

stimulated genes PKR and Mx 

(Stewart et al., 

2012) 
Resiquimod (TLR7) H4N6 increased nitric oxide and IL-1β production in avian macrophages; induced antiviral response against 

AIV 
(Abdul-Cader 
et al., 2018) 

CpG ODN (TLR21) 

H5N1 High mRNA expressions of IL-6, IL-12, IFN-γ, and TLR21; AIV-specific secretory IgA antibody 

lavage fluid and AIV-specific IgG in serum; increased survival rate after live H5N1 challenge 

(Fu et al., 

2013) 

H5N1 When administered alone induced lower HI and serum IgG titers but higher concentrations of IFN-γ 

and IL-10; when combined with H5N1 vaccine induced higher HI, IgG titers and IFN-γ concentration 

but lowered IL-10 concentration 

(Wang et al., 

2009) 

H5N2 CpG with 64 copies induced high expression of IFN-γ, TLR3 and TLR7 in chicken splenocytes in 

vitro; when adjuvanted with H5N2 vaccine induced high HI titers, PBMC proliferation and mRNA 

expressions of IFN-α, IFN-γ, TLR3, TLR7 and TLR21 in splenocytes as well as survival rate (100%) 

after challenge with live H5N1 

(Hung et al., 

2011) 

H5N2 Significantly increased number of IgA and IgG secreting cells  (Xiaowen et 
al., 2009) 

H4N6 Significant reduction in virus shedding; Enhanced level of IFN-γ expression (St. Paul et al., 
2012a) 

H4N6 Best single-ligand adjuvant compared to poly I:C or LPS; significantly enhanced antibody-mediated 
immune responses; 

(St. Paul et al., 
2014a) 

H4N6 

virosome 

higher HI antibody titers and higher serum IgA and IgG; induced antigen-specific splenocytes 

proliferation and IFN-γ expression 

(Mallick et al., 

2011) 

H4N6 

virosome 

Induced high HI, neutralizing serum antibodies, serum IgG and mucosal IgA responses and significant 

increase in the expression of IFN type I and II genes; significantly reduced virus shedding 

(Mallick et al., 

2012) 

H9N2 Higher systemic IgY and local (mucosal) IgY antibodies and HI antibody titres; significantly reduced 

virus shedding; lower doses more efficient 

(Singh et al., 

2015, 2016b) 
H9N2 Superior to flagellin at inducing serum and lachrymal antibodies against the H9N2 virus vaccine (Astill et al., 

2018b) 

CpG ODNs 1826 
(TLR21) 

H4N6 The low dose upregulated the expression of type I IFNs, IFITM3 and MDA5 in the trachea and PKR, 

Viperin, MDA5 and TLR3 in cecal tonsils; reduced viral shedding 

(Barjesteh et 

al., 2015b) 
H4N6 Induced nitric oxide production in macrophage; decreased HAU; increased IL-1β, IRF1, IRF7, IFN-α, 

-β, -γ and CD86 and decreased IRF2 and OAS; reduced viral replication in chicken macrophages 

(Barjesteh et 

al., 2014) 
AIV, avian influenza virus; CD86, cluster of differentiation; CpG ODN, CpG oligodeoxynucleotides; HAU, hemagglutinin unit; HI, hemagglutinin inhibition; 
IFITM3, interferon-induced transmembrane protein 3; IFN, interferon; IL-2, interleukin; IRF, interferon regulatory factor; LPS, lipopolysaccharide; MDA5, 
melanoma differentiation-associated protein; MPLA, monophosphoryl lipid A; mRNA, messenger RNA; Mx, myxovirus resistance proteins; OAS, 
oligoadenylate synthetase; Pam3CSK4, synthetic triacylated lipopeptide; PBMC, peripheral blood mononuclear cell; PKR, protein kinase RNA-activated; 
Poly I:C, polyinosinic-polycytidylic acid; Th1, T helper  
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Figure 1.1: Similarities between respiratory and gastrointestinal tracts 
This figure is a contribution from Dr. Nitish Boodhoo for a collaborative publication under preparation  
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Statement of rationale and hypotheses 

Previous studies have demonstrated the immune enhancing effects of probiotic 

lactobacilli and TLR ligands in chickens. However, more research is required to increase our 

knowledge of the role of probiotic lactobacilli and TLR ligands in inducing antiviral responses in 

lymphoid tissue cells and enhancing immunogenicity of vaccines in chickens.  

To understand the immune responses in the gastrointestinal tract of chickens infected 

with H9N2 AIV and the role of probiotic lactobacilli in antiviral immunity and vaccine 

immunogenicity, we hypothesized that: 1- Stimulation of CT cells with probiotic lactobacilli can 

modulate gene expression and potentiate antiviral responses against H9N2 AIV infection. 2- 

Probiotics enhance the immunogenicity of H9N2 AIV vaccine when combined with TLR ligands 

as adjuvants. 3- H9N2 AIV infection results in differential gene expression in the chicken 

gastrointestinal tract. 

Experimental approach 

Objective 1 

Determine the infectivity of the H9N2 AIV in chicken CT cells and examine the potential 

of probiotic lactobacilli to induce effective antiviral and inflammatory responses and limit viral 

replication in these cells in vitro. 

Research plan 

• Infect CT mononuclear cells with H9N2 AIV at a MOI of one for 0, 6, 12, 18, 24 and 30 

hpi and determine virus titer in cell culture supernatants at each time point 

• Stimulate CT mononuclear cells with 5 µg/mL of CpG, 107 or 108 CFU of probiotic 

lactobacilli cocktail alone or in different combinations and infect the cells after 24 hr of 

stimulation, and then collect supernatants for virus titration 
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• Stimulate CT mononuclear cells with 5 µg/mL of CpG, 107 or 108 CFU of probiotic 

lactobacilli cocktail alone or in different combinations 

o Harvest mononuclear cells at 3, 6 and 24 hr post-stimulation and lyse in TRIzol® 

for RNA isolation and analyze gene expression 

o Collect supernatants of stimulated CT mononuclear cells at 3, 6 and 24 hr post-

stimulation and quantify nitric oxide production 

Objective 2 

Characterize the immune responses in chickens treated with probiotic lactobacilli and 

vaccinated with a BPL-inactivated H9N2 whole virus (WIV) vaccine adjuvanted with CpG ODN 

2007 

Research plan 

• Treat chickens with probiotic Lactobacillus spp biweekly from day 1 to 35 of age and 

vaccinate at days 14 and 28 of age intramuscularly with WIV either alone or adjuvanted 

with AddaVaxTM (positive control) or CpG 

• Collect serum weekly following primary vaccination to compare systemic antibody-

mediated immune responses by HI and ELISA assays 

• Perform virus neutralization assays using serum samples from day 7 post-secondary 

vaccination 

• Determine serum IgY antibody avidity indices through resistance to 8 M urea using sera 

from day 7 post-secondary vaccination 

• Examine cell-mediated immune responses after secondary vaccination 

o Collect whole spleen 5 days post-secondary vaccination 

o Stimulate splenocytes with inactivated virus at a concentration of 1 μg/mL 
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o Analyze mRNA expression of IFN-γ in splenocytes at 12 and 24 hours post-

stimulation 

o Quantify IFN-γ production in the cell culture supernatants at 48 and 72 hours 

post-stimulation  

Objective 3 

Illustrate global biological processes in the ileum and cecal tonsils at early time points 

after chickens were infected with low pathogenic avian influenza virus H9N2 through 

transcriptome analysis 

Research plan 

• Infect chickens with H9N2 AIV. Use saline to treat control chickens 

• Isolate total RNA from ileum and cecal tonsils of non-infected and infected layers at 12-, 

24- and 72-hours post-infection 

• Use isolated RNA for high-throughput mRNA sequencing 

• Use Trimmomatic-STAR-RSEM-DESeq2 pipeline to analyze the sequenced RNA-seq 

data and calculate differentially expressed genes 

•  Run functional annotation analysis of differentially expressed genes using 

overrepresentation analysis on PANTHER (http://www.pantherdb.org/) and analyze the 

overrepresentation of Gene Ontology terms and Reactome pathways in all gene lists   

http://www.pantherdb.org/
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Abstract 

 Low pathogenic avian influenza virus (LPAIV) H9N2 poses significant threat to animal 

and human health. The growing interest in beneficial effects of probiotic bacteria on host 

immune system has led to research efforts studying their interaction with cells of host immune 

system. However, the role of lactobacilli in inducing antiviral responses in lymphoid tissue cells 

requires further investigation. The objective of the present study was to examine the antiviral and 

immunostimulatory effects of lactobacilli bacteria on chicken cecal tonsils (CT) cells against 

H9N2 LPAIV. CT mononuclear cells were stimulated with probiotic Lactobacillus spp mixture 

either alone or in combination with a Toll-like receptor (TLR)21 ligand, CpG 

oligodeoxynucleotides (CpG). Pre-treatment of CT cells with probiotic lactobacilli, alone or in 

combination with CpG, significantly reduced H9N2 LPAIV replication. Furthermore, lactobacilli 

alone elicited cytokine expression, including IL-2, IFN-γ, IL-1β, IL-6, and IL-12, and IL-10, 

while when combined with CpG, a significantly higher expression of (interferon-stimulated gene 

(viperin)), IL-12, IL-6, CXCLi2, and IL-1β was observed. However, none of these treatments 

induced significant changes in nitric oxide production by CT cells. In conclusion, probiotic 

lactobacilli demonstrated a modulatory effect on CT cells, and this correlated with enhanced 

antiviral immunity and reduced H9N2 LPAIV viral replication. 

 

 

Keywords: Probiotics, lactobacilli, immunity, chicken, cecal tonsil, CpG ODN, avian influenza 

virus, H9N2  
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Introduction  

Influenza A virus (IAV) is an enveloped virus with a segmented, single-stranded, 

negative-sense RNA genome in the family Orthomyxoviridae. Infection of chickens with avian 

influenza virus (AIV) is characterized by the presence and replication of infectious virus 

particles in the upper respiratory and gastrointestinal tracts (Pillai et al., 2010; Yitbarek et al., 

2018a). Avian influenza viruses of the H9 subtype, which are classified as low-pathogenic avian 

influenza viruses (LPAIV), cause mild disease and low mortality in poultry compared to highly 

pathogenic avian influenza viruses (HPAIV). The emergence of H9 subtype viruses in poultry 

constitutes a public health risk because of their potential of crossing the species barrier and 

infecting humans, as evident in recent reports of H9N2 infections in humans across Asia and 

Africa (ICDDR, Bangladesh, 2011; Ma et al., 2018; World Health Organization, 2015). These 

reported infections in humans show potential for H9 viruses to adapt to humans and could, 

therefore, trigger a pandemic. Aside from human and animal health concerns, H9N2 viruses are 

associated with reduced growth rates in broilers and egg production in breeders and layers 

(Jakhesara et al., 2014; Zhang et al., 2014), signifying the importance of these viruses. Thus, on-

farm control of AIV via vaccination or feed additives will not only mitigate the economic burden 

on poultry production, but it will also reduce the public health risk caused by this virus. 

There are vaccines available against H9 AIV; however, these vaccines are not very 

effective, partly because of antigenic variants of the virus (Park et al., 2011). Low pathogenic 

avian influenza viruses are able to replicate in the gastrointestinal tract. Therefore, it is essential 

to understand how these viruses interact with their host’s gut-associated immune system (Peralta 

et al., 2016). Several studies have demonstrated the presence of infectious H9 AIV subtypes in 

cecal tonsil (CT) cell-derived homogenates (Kwon et al., 2008; Lee et al., 2011; Park et al., 
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2014). Additionally, the hemagglutinin (HA) and matrix (M) genes of H9N2 LPAIV have been 

detected in CT using quantitative real-time PCR (qRT-PCR), while the presence of viral nuclear 

protein (NP) of H7 LPAIV in CT was confirmed using immunohistochemistry (Daviet et al., 

2009; Guan et al., 2015; Spackman et al., 2010). However, systemic viral dissemination is not 

restricted to H9N2, as H5N1 HPAIV has also been detected in CT cell lysate. Moreover, an 

H5N6 AIV, originating from wild birds, has been demonstrated to replicate in chicken CT cells, 

and an H7N3 HPAIV was associated with high histology and immunohistochemistry scores in 

chicken CT samples (Gao et al., 2017; Kapczynski et al., 2013). These AIV subtypes have the 

potential to cause a systemic infection similar to HPAIV. Therefore, it is conceivable that 

induction of innate responses in CT could limit viral replication, thereby reducing viral shedding 

and transmission. 

Interaction of gut-associated lymphoid tissues (GALT) with various foodborne antigens, 

gut microbiota, and pathogens plays a major role in the development and modulation of local and 

systemic immune responses (Brisbin et al., 2010; Lammers et al., 2010; Tokuhara et al., 2019). 

Conserved pattern recognition receptors (PRR) mediate the innate responses mounted by CT 

(Taha-Abdelaziz et al., 2016). The best characterized PRRs are the Toll-like receptors (TLRs), 

which are transmembrane-bound as well as intracellular receptors expressed by various 

leukocytes of mammals and birds. TLRs can selectively recognize pathogen-associated 

molecular patterns (St. Paul et al., 2013a). CpG oligodeoxynucleotides (ODN) 2007, a TLR21 

ligand, has shown potential as a prophylactic and therapeutic agent against AIV infection in 

vitro, in ovo, and in vivo (Alkie et al., 2015; Barjesteh et al., 2014, 2015a, 2015b; St. Paul et al., 

2011; Taha-Abdelaziz et al., 2016), as well as an adjuvant (Astill et al., 2018b; Singh et al., 

2015).  
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Beyond the use of TLR ligands, treatment with lactic acid-producing bacteria (LAB) has 

been shown to modulate the host response in ovo, in vivo, and in vitro (Alizadeh et al., 2020; 

Brisbin et al., 2010, 2011, 2015; Shojadoost et al., 2019; Taha-Abdelaziz et al., 2019; Yitbarek et 

al., 2018b, 2019). In fact, substantial research efforts have focused on unravelling the beneficial 

role of LAB, particularly Lactobacillus species in growth performance and infection control. The 

immunomodulatory activities of probiotic bacteria lie, in part, in their ability to induce cytokine 

production, which in turn leads to regulation of innate and adaptive immune responses. Recent 

evidence indicates that species and strains of bacteria used as probiotics have differential effects 

on host responses (Brisbin et al., 2010; Corthésy et al., 2007). Probiotic LAB used in chickens 

have been shown to induce intestinal mucosal immunity (Yurong et al., 2005), in addition to a 

systemic immune response characterized by an increase in total serum antibody titers and a 

significant alteration in expression of various immune system genes associated with splenic B 

and T cells (Alizadeh et al., 2017; Brisbin et al., 2010, 2011, 2015; Haghighi et al., 2006; 

Shojadoost et al., 2019), which can lead to protection of chickens against AIV (Yang et al., 

2017). Despite our current understanding of CT cell responses, immune responses induced in CT 

cells to AIV infection require a deeper understanding. 

Previous studies have demonstrated that CT cells are capable of mounting a robust 

immune response, following exposure to probiotic lactobacilli and TLR ligands such as CpG 

ODN (Brisbin et al., 2010; Taha-Abdelaziz et al., 2016). However, there is a lack of knowledge 

on the role of these mounted responses in conferring protection against viral infections, 

specifically AIV. Therefore, the objective of the current study is to determine the infectivity of 

the H9N2 AIV in chicken cecal tonsil cells and to examine the potential of probiotic lactobacilli 
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to induce effective antiviral and inflammatory responses and limit viral replication in these cells 

in vitro.  

Materials and Methods 

Experimental animals 

Twenty-four one-day-old specific pathogen-free (SPF) White Leghorn layers were 

purchased from the Canadian Food Inspection Agency (Ottawa, Canada). Birds were grouped, 

housed, and provided with ad libitum food and water in the isolation facility of the Ontario 

Veterinary College at the University of Guelph, Canada. All experimental procedures were 

approved by the University of Guelph Animal Care Committee and conducted according to 

specifications of the Canadian Council on Animal Care under Animal Utilization Protocol 

number 4203, and all experiments were carried out in 2019-2020. 

Preparation of cecal tonsil mononuclear cells 

Whole CTs were aseptically collected from three-week-old layers and stored on ice in 

phosphate-buffered saline (PBS) supplemented with penicillin (10 U/mL) and streptomycin (10 

µg/mL). CT tissue samples were cut open, washed three times with supplemented PBS and then 

cut into fine slices. Tissue samples were subsequently digested with collagenase 1 (Sigma-

Aldrich, Oakville, ON, CA); 80 U/mL at 37 °C for 20 min) in supplemented PBS. Whole tissue 

digest was applied onto 40-μm cell strainers (BD Biosciences, CA), and crushed using the flat 

end of a 10-mL syringe plunger. The CT cell suspension was prepared by layering (2:1) onto 

histopaque 1077 (Sigma-Aldrich, Oakville, ON, CA) density-gradient and centrifuged at 400 × g 

for 20 min to allow the separation of mononuclear cells. Mononuclear cells were subsequently 

aspirated from the interface and washed at 400 × g for 5 min in RPMI 1640 (Gibco®, Life 

Technologies, Burlington, ON, CA) with penicillin (10 U/mL), and streptomycin (10 μg/mL). 
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Mononuclear cells were suspended in complete RPMI cell culture medium; RPMI 1640 medium 

containing 0.2% bovine serum albumin, 25 mM HEPES (Gibco®, Life Technologies, Burlington, 

ON, CA), penicillin (10 U/mL), and streptomycin (10 μg/mL). Cell number and viability were 

assessed using a hemocytometer and trypan blue exclusion method. Mononuclear cells were 

suspended in complete RPMI cell culture medium at a density of 1 × 107 cells/mL. CT 

mononuclear cells from eight chickens were prepared for each subsequent experiment, including 

infection with AIV, evaluation of antiviral activity, and quantification of gene expression and 

nitric oxide production. 

Probiotic Lactobacillus species, media, and growth conditions  

In this study, a cocktail of three avian Lactobacillus species was used, including L. 

salivairus, L. johnsonii, and L. reuteri (Brisbin et al., 2010, 2011; Taha-Abdelaziz et al., 2019). 

Bacteria were grown separately and anaerobically in De Man, Rogosa and Sharpe (MRS) broth 

(Becton Dickinson, Mississauga, ON, CA) at 37°C without shaking for 24 hr and sub-cultured 

twice. Bacteria were harvested by centrifugation (3,000 × g for 10 min) at the beginning of the 

stationary growth phase (six hr post-inoculation). The pelleted bacteria were then washed three 

times in PBS and suspended in PBS. Heat-inactivation of lactobacilli was performed in a water 

bath at 100°C for 30 min. Inactivation was confirmed by the absence of colony formation on 

MRS agar plates. 

TLR ligands 

A synthetic class B CpG ODN 2007 was used as a TLR21 ligand [5’-

TCGTCGTTGTCGTTTTGTCGTT-3’] (InvivoGen, Vista Sorrento Pkwy San Diego, CA, USA) 

with a phosphorothioate backbone (CpG). The CpG was reconstituted in endotoxin-free water 

and diluted to a working concentration of 5 µg/mL using RPMI 1640 medium-based. This 
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concentration was previously shown to be an optimal concentration (Taha-Abdelaziz et al., 

2016). 

Virus strain 

An LPAIV, A/TK/IT/13VIR1864-45/2013 (H9N2), was used in this study. The virus was 

propagated in 10-day-old embryonated chicken eggs for 72 hr at 37°C. Embryos were monitored 

every 24 hr, and dead embryos were discarded. After incubation, eggs were refrigerated at 4°C 

overnight. Then allantoic fluid was collected and centrifuged at 400 × g for five min and then 

stored at -80°C until further use. Viral titers were determined based on 50% tissue culture 

infectious dose (TCID50) by using Madin-Darby canine kidney (MDCK) cells.  

Infection of CT cells with H9N2 AIV 

CT mononuclear cells (n=8 biological replicates) (106 cells/well in 100 µL of RPMI 

medium) were infected with H9N2 AIV at a multiplicity of infection (MOI) of one for one hr at 

41°C and 5% CO2. In a pilot experiment, various MOI were tested (0.01, 0.1 and 1) to determine 

the optimal MOI for H9N2 AIV replication in CT mononuclear cells. Plates were then 

centrifuged, and the supernatant was discarded. The mononuclear cells were washed with media 

and centrifuged again to remove virus residue. Subsequently, mononuclear cells were suspended 

in fresh complete RPMI 1640 medium containing added 2 µg/mL of L-1-tosylamido-2-

phenylethyl chloromethyl ketone (TPCK)-treated trypsin (Sigma-Aldrich; Cat. No. T1426). One 

well was left uninfected for each time point and each biological replicate. Mononuclear cells 

were incubated at 41°C in a humidified 5% CO2 environment for 0, 6, 12, 18, 24 and 30 hr post-

infection (hpi). Cell culture supernatants at each time point were collected and stored at -80°C 

for virus titration. 
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Stimulation of CT cells with a cocktail of probiotic lactobacilli and/or CpG ODN 2007 

For each of the samples (n=8 biological replicates), 100 µL of the mononuclear cell 

suspension (106 cells/well) were seeded into a 96-well round-bottom plate. CT mononuclear cells 

were stimulated with 5 µg/mL of CpG, 107 colony-forming units (CFU) of probiotic lactobacilli 

cocktail (PROB), or 108 CFU of PROB alone or a combination of 5 µg/mL of CpG and 107 or 

108 CFU of PROB. Treatment with PBS was used as a negative control for each time point. The 

CT mononuclear cells were subsequently incubated at 41°C in a humidified 5% CO2 

environment. At 3, 6 and 24 hr post-stimulation (hps) mononuclear cells were harvested and 

lysed in TRIzol® for RNA isolation (Invitrogen, Carlsbad, CA, USA). Because of the small 

number of cells isolated from cecal tonsils of individual birds and low RNA yield, RNA samples 

were pooled, resulting in a total of four biological replicates per treatment group at each time 

point, which were subsequently used for qRT-PCR analysis (Table 2.1). Supernatants of 

stimulated CT mononuclear cells were collected at 3, 6 and 24 hps for quantification of NO 

using the Griess assay, according to the manufacturer’s protocol (Promega, USA). 

Evaluation of antiviral activity of CT mononuclear cells stimulated with lactobacilli and/or 

CpG ODN 2007 

 CT mononuclear cells from eight chickens (106 cells/ well in 100 µL of RPMI medium) 

were stimulated as described above. Following 24 hr of stimulation, supernatants were discarded, 

and mononuclear cells were infected at a MOI of one with H9N2 AIV for one hr at 41°C and 5% 

CO2). Mononuclear cells were then washed and resuspended in complete RPMI 1640 medium 

containing with the addition of 2 µg/mL of TPCK-treated trypsin. Mononuclear cells were 

subsequently incubated at 41°C in a humidified 5% CO2 environment, and the supernatants were 

collected 6 hpi and stored at -80°C for later virus titration. 
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RNA extraction and complementary single-stranded DNA (cDNA) synthesis 

Total RNA was extracted from the CT mononuclear cells using TRIzol® according to the 

manufacturer’s protocol with the addition of 10 µg of glycogen (Thermo Scientific, Life 

Technologies, Burlington, ON, CA) as a carrier to increase recovery of RNA. Total RNA was 

treated with a DNA-free™ Kit for DNA removal (Ambion, Carlsbad, CA, USA) and quantified 

using a NanoDrop spectrophotometer (Thermo Scientific, Wilmington, DE, USA). Subsequently, 

500 ng of purified RNA was reverse transcribed to cDNA using a Superscript® II First Strand 

Synthesis kit (Invitrogen) and oligo-dT primers, according to the manufacturer’s recommended 

protocol. The resulting cDNA was diluted 1:10 in diethyl pyrocarbonate (DEPC)-treated water. 

Quantitative real-time PCR 

A qRT-PCR using SYBR Green (Roche) was performed on diluted (1:10) cDNA using 

the LightCycler 480 II (Roche Diagnostics GmbH, Mannheim, Germany) as previously 

described with some modifications (Brisbin et al., 2010). Briefly, the amplification conditions 

consisted of pre-incubation for 10 min at 94°C, followed by 45 cycles of 95°C for 10 sec, 55–

64°C annealing as described in Table 2.1 for each of the primers for 5 sec and elongation and 

signal acquisition (single mode) at 72°C for 10 sec. Subsequent melting curve analysis was 

performed by heating to 95°C for 10 sec, cooling to 65°C for 1 min, and heating to 97°C. 

Primers were synthesized by Sigma Aldrich. Specific sequences of primers are listed in Table 

2.1. 

Statistical analyses 

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

software on the LightCycler® 480 II (Roche Diagnostics GmbH). Data represent the mean of 

four biological replicates ± standard error of the mean. Data analysis of multiple treatments for 
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virus replication in CT cells (between time points) and gene expression (between different 

treatments within a time point) was performed with one-way analysis of variance using SAS® 

(SAS Institute, Inc., Cary, NC, USA). Results for multiple comparisons using Duncan’s Multiple 

Range Test were considered significant at p < 0.05. The Kruskal-Wallis test was used when data 

were not normally distributed (quantification of antiviral response, between different treatments). 

Means were considered significantly different when p < 0.05. 

Results 

Low pathogenic H9N2 AIV replicates in chicken CT mononuclear cells   

Infectious virus in cell culture supernatants was quantified using the TCID50 assay for the 

analysis of viral infection and replication. No virus replication was observed in the non-infected 

negative control cells, while H9N2 LPAIV-infected cells had viral replication levels across time 

points post-infection. A dose-dependent increase of H9N2 LPAIV titer was observed in the 

supernatants of cells infected with different MOI (0.01, 0.1 and 1), and the MOI of one had the 

highest infection rate in CT mononuclear cells. We therefore chose to use the MOI of one for all 

subsequent infections in CT mononuclear cells. The results also demonstrate a moderate but 

significant increase in the virus titer at 6 hpi (1.09 × 107 TCID50/mL) compared to the time of 

infection at 0 hpi (5.47 × 106 TCID50/mL). Virus titer was then significantly decreased at 12, 18, 

24 and 30 hpi compared to 6 hpi (Figure 2.1). 

Stimulation of chicken CT mononuclear cells with probiotic lactobacilli alone or in 

combination with CpG ODN limits H9N2 LPAIV replication  

 To evaluate of antiviral activity of lactobacilli in CT cells, cells were stimulated ex vivo 

with different treatments, including CpG, lactobacilli in two concentrations, combinations of 

CpG with two different concentrations of lactobacilli or PBS. After 24 hr of stimulation, cells 
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were washed and infected with AIV for 6 hr. As depicted in Figure 2.2, mononuclear cells 

treated with CpG, 107 CFU of lactobacilli or CpG with107 CFU of lactobacilli had the most 

significant reduction of virus titers compared to the PBS-treated negative control group (p < 

0.05). No differences were observed in the virus titers between the 108 PROB and CpG+108 

PROB groups. The viral titers in the CpG+108  PROB group was not significantly different from 

the PBS group.  

Stimulation of chicken CT mononuclear cells with probiotic lactobacilli alone or in 

combination with CpG ODN did not induce NO production by CT cells  

To investigate the mechanism by which probiotic lactobacilli affect CT cells, we 

stimulated CT cells with different concentrations of lactobacilli alone or in combination with 

CpG ODN. We then measured NO in supernatants of CT cells. NO is formed by an initial 

stimulation of expression of inducible NO synthase. NO is a well-known endogenously produced 

molecule that can have both stimulatory and suppressive effects on the immune system (Bogdan, 

2015; Schairer et al., 2012). Our result demonstrates that stimulation of CT mononuclear cells 

with lactobacilli, alone or in combination with CpG ODN, did not affect NO production when 

compared to PBS-treated cells at all time points (Figure 2.3). 

Stimulation of chicken CT mononuclear cells with probiotic lactobacilli induces cytokine, 

chemokine and antiviral gene expression 

At 3 hps, treatment of mononuclear cells with CpG+107 PROB or CpG+108 PROB 

induced significantly higher expression of interleukin (IL)-6 and CXCLi2 compared to PBS-

treated cells (Figure 2.4A and B). Expression of IL-12p40 and IFN-γ genes were higher in 

groups treated with CpG, 108 PROB or CpG in combination with either concentration of 

lactobacilli compared to the PBS-treated cells (Figure 2.4E and F). Treatment with CpG in 
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combination with either concentration of lactobacilli induced significantly higher expression of 

IL-10 compared to all other groups (Figure 2.4G), while treatment with CpG in combination with 

107 PROB induced the highest gene expression of viperin (Figure 2.4J). We did not observe 

significant differences in gene expression of IL-1β, IL-2, transforming growth factor-beta (TGF-

β) or melanoma differentiation-associated protein 5 (MDA5) among all treatments at 3 hps 

(Figures 2.4C, D, H and I, respectively). 

At 6 hps, cells treated with CpG or CpG in combination with either concentration of 

lactobacilli had significant gene expression of IL-6, CXCLi2, IL-1β and IL-12p40 compared to 

other treatments (Figures 2.4A, B, C and E, respectively). Treatment with CpG in combination 

with either concentration of lactobacilli induced higher gene expression of IL-2 and viperin 

compared to PBS treatment (Figures 2.4D and J). No significant differences were observed in 

IFN-γ, IL-10, TGF-β and MDA5 among all treatments at this time point (Figures 2.4F, G, H and 

I, respectively). 

At 24 hps, treatment of mononuclear cells with 107 PROB downregulated gene 

expression of CXCLi2 and IL-2; in contrast, treatment with CpG+108 PROB showed increased 

expression of IL-2 compared to both CpG and PBS treatments (Figures 2.4B and D, 

respectively). Treatment with CpG+107 PROB induced significantly higher gene expression of 

IL-12p40, while treatment with CpG+108 PROB induced significantly higher IL-10 compared to 

all other treatments (Figure 2.4E and G). IL-1β gene expression was higher in cells treated with 

CpG+108 PROB compared to CpG- and PBS-treated cells (Figure 2.4C). Treatment with CpG in 

combination with either concentration of lactobacilli induced higher expression of viperin 

compared to 107 PROB treatment (Figure 2.4J). No significant differences were observed in gene 
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expression of IL-6, IFN-γ, TGF-β and MDA5 among all treatments at this time point (Figures 

2.4A, F, H and I, respectively). 

Discussion 

There is accumulating evidence pointing to the association between GALT, the gut 

microbiome and response to viruses. In a recent series of experiments, H9N2 AIV infection in 

chickens was shown to disrupt the composition of intestinal microbiota, which made the host 

susceptible to higher viral replication and consequently to higher virus shedding (Yitbarek et al., 

2018c, 2018a, 2018b). Cecal tonsils are a major lymphoid tissue of avian GALT. CTs appear in 

chicken embryos as early as ten embryonic incubation days (EID), and lymphocytes can be 

detected by 18 EID (Oláh et al., 2014). The unique multicellular composition of cecal tonsils that 

includes a specialized lymphoepithelium, a heterogeneous population of B and T cells and 

mononuclear phagocytes, makes it a potential target for induction of both innate and adaptive 

immune responses against H9N2 AIV infections of the chicken gut (Oláh et al., 2014). 

In chickens, Leuconostoc mesenteroides YML003 showed antiviral activity against H9N2 

LPAIV in vitro and in vivo (Seo et al., 2012). Similarly, Lactobacillus plantarum has an 

immunomodulating effect against the H9N2 virus (Chon et al., 2008). Additionally, a study by 

our group has demonstrated the impact of depletion of gut microbiota by antibiotics and 

reconstitution of the microbiome by fecal transplantation on immunity to H9N2 virus (Yitbarek 

et al., 2018b, 2019). Altogether, these studies underscore the importance of the relationship 

between commensal microbes of the gut, the host immune system and, ultimately, immunity 

against invading pathogens. 

In the present study, we found that CTs provided a replication niche for H9N2 LPAIV, as 

demonstrated by replication of this virus in CT mononuclear cells in vitro. These findings 
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triggered us to investigate whether pre-treatment with probiotic lactobacilli could elicit innate 

and antiviral responses in CT that can effectively inhibit AIV replication in these cells. Hence, in 

this study, we used a cocktail of three avian Lactobacillus species, including Lactobacillus 

salivairus, L. johnsonii, and L. reuteri, for their immunomodulatory effects on various lymphoid 

organs and immune system cells, including CT mononuclear cells (Brisbin et al., 2010; Taha-

Abdelaziz et al., 2019). CpG has shown a significant impact on expression of immune-related 

genes in vitro (Taha-Abdelaziz et al., 2016); thus, we also sought to investigate whether a 

combination of lactobacilli and CpG would have additive or synergistic antiviral and 

immunostimulatory effects. The results of this study revealed that regardless of the 

concentration, treatment of CT cells with probiotic lactobacilli cocktail alone or in combination 

with CpG ODN reduced AIV replication. This result could be attributed to the 

immunostimulatory capability of probiotic lactobacilli that induced CT cells to mount an 

effective immune response against AIV. 

Therefore, we further investigated the mechanisms by which these probiotics induced 

antiviral responses in CT cells post-stimulation with probiotic lactobacilli. Given the important 

role of NO in host defense against invading pathogens, including viruses, bacteria, and protozoa 

(Bogdan, 2015; Pavanelli et al., 2010; Schairer et al., 2012; Xing & Schat, 2000), we assessed 

the effects of the lactobacilli cocktail on NO production by CT mononuclear cells. Indeed, there 

is still controversy over the antiviral activity of NO against AIV infections. Some studies have 

demonstrated the potential for NO to inhibit influenza virus replication, while others showed that 

NO contributes to the pathogenic outcome of influenza virus infections (Akaike & Maeda, 2000; 

Perrone et al., 2013; Regev-Shoshani et al., 2013; Rimmelzwaan et al., 1999). In this study, 

neither CpG ODN nor probiotics or their combination were able to elicit NO production in CT 
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mononuclear cells. Nonetheless, these results must be interpreted with caution as the inability of 

these cells to produce NO could be due to the small number of macrophages in the single-cell 

suspension of CT or the counteracting effects of the different Lactobacillus spp. in the mixture. 

The findings of a recent study support this assumption; L. salivarius and L. johnsonii enhanced 

the production of NO in chicken macrophages, whereas L. reuteri significantly reduced it (Taha-

Abdelaziz et al., 2019). 

We also evaluated expression of genes associated with T helper type 1 (Th1) responses 

(IL-2 and IFN-γ) because of their critical role in host defense against intracellular microbial 

agents and viruses. Activated Th1 cells are the primary source for IL-2, an inflammatory 

cytokine, which drives differentiation of naïve T cells into effector T cells (Höfer et al., 2012). 

IFN-γ is a potent activator of macrophages with strong antiviral properties (Guo et al., 2019; 

Trinchieri, 1995). It has been shown that IFN-γ inhibits viral replication through different 

mechanisms such as induction of indoleamine 2,3-dioxygenase and nitric oxide synthase 

(Karupiah et al., 1993; Takikawa et al., 1990). The results of the present study demonstrated that 

regardless of the concentration and time point, the combination of CpG and lactobacilli enhanced 

IL-2 and IFN-γ expression. In agreement with our results, Yitbarek et al. showed that 

administration of the same species of probiotic lactobacilli to chickens with depleted intestinal 

microbiota restored the IFN-γ transcription level in the spleen (Yitbarek et al., 2019). 

Given the important role of pro-inflammatory cytokines and chemokines in the initiation 

of the inflammatory response that helps control virus proliferation (Brisbin et al., 2010), we 

measured the expression of IL-12p40, IL-6, CXCLi2, and IL-1β in CT cells following exposure 

to probiotic lactobacilli alone or in combination with CpG ODN. The results revealed that 

lactobacilli treatment alone was able to induce higher IL-1β and IL-12 expression, while when 
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combined with CpG ODN, significantly enhanced IL-12, IL-6, CXCLi2, and IL-1β expression, 

as compared to negative controls. It is still unclear, however, whether this is due to additive 

effects or a dominant effect mediated by CpG ODN as a significant expression of these cytokines 

was observed in cells treated with CpG ODN alone. Nonetheless, lactobacilli alone demonstrated 

the ability to elicit expression of IL-12, IL-6, and IL-1β. It is, therefore, conceivable that oral 

administration of a cocktail of probiotic lactobacilli could result in modulation of immune 

responses in the GALT, ultimately leading to a reduction in viral replication and protection of the 

host against infection (Yang et al., 2017). 

An immunoregulatory cytokine, IL-10, plays a vital role in maintaining immune 

homeostasis by shutting down the synthesis of pro-inflammatory cytokines toward the end of the 

inflammatory process (Akdis & Blaser, 2001; Opal & DePalo, 2000). It also plays an essential 

role in B-cell survival and differentiation (Rojas et al., 2017). The results here showed that 

probiotic lactobacilli alone or in combination with CpG induced higher expression of IL-10 in 

CT cells, which is indicative of their immunoregulatory properties (Uyemura et al., 1996). 

As part of cellular antiviral mechanisms, the expression of MDA5 and viperin was 

investigated. With the absence of RIG-I in chickens, chicken MDA5, rather than TLRs, plays a 

crucial role in the recognition of RNA ligands, including the genome of influenza virus (Karpala 

et al., 2011; Lee et al., 2020). At the same time, chicken MDA5 is not involved in bacterial RNA 

recognition (Eberle et al., 2009). Here, MDA5 expression was not affected by any of the 

treatments. This absence of effect could result from the lack of recognition of RNA from intact, 

inactivated lactobacilli used in this study. Additionally, it has been reported that aberrant 

activation of MAD5-MAVS signaling causes autoimmune disorders (Funabiki et al., 2014). 
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Therefore, the unchanged expression of MDA5 by lactobacilli treatments here may further 

support the observation of their immunoregulatory role in maintaining immune homeostasis. 

Viperin is an interferon-stimulated gene that reduces virus replication and shedding and 

prevents the release of influenza virus particles from infected cells (Helbig & Beard, 2014; 

Mattijssen & Pruijn, 2012). Treatment of CT cells with combinations of CpG and lactobacilli 

resulted in a higher expression of viperin. In contrast, treatment with either CpG or lactobacilli 

alone did not result in different induction of viperin gene expression. The observed role of 

lactobacilli in inducing the expression of viperin indicates a potential antiviral property of 

lactobacilli bacteria. 

Overall, probiotic lactobacilli clearly showed antiviral and immunostimulatory capacities 

as demonstrated in the current study by their ability in eliciting antiviral responses (interferon-

stimulated gene (viperin)) and robust cytokine expression in CT cells, including Th1 type 

cytokines (IL-2, IL-12, IFN-γ), pro-inflammatory cytokines (IL-1β and IL-6), and an 

immunoregulatory cytokine (IL-10). Importantly, the concurrent induction of pro- and anti-

inflammatory cytokines in lactobacilli-treated cells suggests a role for lactobacilli in the 

maintenance of homeostasis of the immune system. 

Conclusions 

In conclusion, the present study demonstrated that lactobacilli bacteria, either alone or in 

combination with CpG ODN have the potential to induce and regulate specific immune-related 

genes in chicken immune system cells as demonstrated by a significant induction of IL-2, IFN-γ, 

IL-1β, IL-6, and IL-12, and IL-10 transcripts. Furthermore, pre-treatment of cecal tonsil cells 

with lactobacilli resulted in a significant reduction of H9N2 AIV replication. Considering the 

immunomodulatory capabilities of probiotic lactobacilli together with the ability of cecal tonsils 
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to mount an antiviral response, the findings of this study suggest the use of probiotic lactobacilli 

to promote gastrointestinal immunity against H9N2 AIV of chickens. Further investigations of 

different mechanisms by which these bacteria induce antiviral immunity in CT cells are 

warranted.  
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Table 2.1: Primer sequences used for real-time quantitative PCR 

Gene 
Primer sequence (5’-3’) 

(F=forward; R=reverse) 

Annealing  

Temperature 

(°C) 

GenBank 

Accession  

Number 

IFN-γ 
F: TGGCGGCGGGAGGAAAAGTG 

60 NM_001030558 
R: CACCGTGCTCCAGCTCAGGC 

IL-1β 
F: GTGAGGCTCAACATTGCGCTGTA 

64 Y15006 
R: TGTCCAGGCGGTAGAAGATGAAG 

IL-10 
F: AGCAGATCAAGGAGACGTTC 

55 AJ621614 
R: ATCAGCAGGTACTCCTCGAT 

IL-12p40 
F: CCAAGACCTGGAGCACACCGAAG 

60 AY262752.1 
R: CGATCCCTGGCCTGCACAGAGA 

IL-2 
F: GCAGGGCACGTTCAGGTGGG 

58 NM_204153.1 
R: GCCACACAGCCTGGCTCCCT 

IL-6 
F: CTGAAGAACTGGACAGAGAG 

60 NM_204628.1 
R: CACCAGCTTCTGTAAGATGC 

CXCLi2 
F: CTGAAGGTGCAGAAGCAGAG 

64 AJ009800 
R: CCAGCTCTGCCTTGTAGGTT 

MDA5 
F: GCAAAACCAGCACTGAATGGG 

60 GU570144.1 
R: CGTAAATGCTGTTCCACTAACGG 

TGF-β 
F: CGGCCGACGATGAGTGGCTC 

60 M31160.1 
R: CGGGGCCCATCTCACAGGGA 

Viperin 
F: GGAGGCGGGAATGGAGAAAA 

60 KY856894.1 
R: CAGCTGGCCTACAAATTCGC 

β -Actin 
F: CAACACAGTGCTGTCTGGTGGTA 

60 X00182 
R: ATCGTACTCCTGCTTGCTGATCC 
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Figure 2.1: Replication kinetics of low pathogenic H9N2 AIV in chicken cecal tonsils (CT) 

mononuclear cells.  

CT mononuclear cells from specific-pathogen-free chickens (n=8 biological replicates) were 

infected with low pathogenic avian influenza virus H9N2 at an MOI of one. After one hr, CT 

mononuclear cells were washed and cultured in complete RPMI 1640 medium supplemented 

with 2 µg/mL of TPCK-trypsin for 30 hours at 41°C at 5% CO2. PBS was used as negative 

control. Cell supernatants were collected at zero, six, 12, 18, 24 and 30 hr post-infection, and 

viral titers were determined using MDCK cells. Virus titers are represented as 50% tissue culture 

infectious dose (TCID50/mL). Error bars represent standard errors of the mean, and different 

letters denote significant differences between time points (p < 0.05).  
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Figure 2.2: Evaluation of antiviral activity of CT mononuclear cells after stimulation with a 

probiotic lactobacilli cocktail and/or CpG ODN 2007.  

CT mononuclear cells from chickens (n=8 biological replicates) were stimulated with a probiotic 

lactobacilli cocktail (L. salivairus, L. johnsonii and L. reuteri) and/or CpG ODN 2007. 

Following stimulation for 24 hr, cell culture supernatants were removed, and cells were 

subsequently infected with H9N2 AIV at a MOI of one for one hr. CT mononuclear cells were 

then washed and suspended in complete RPMI-1640 medium supplemented with 2 µg/mL of 

TPCK-trypsin. Cells were incubated at 41°C and 5% CO2 for 6 hpi. Cell culture supernatants 

were collected for virus titration on MDCK cells. Virus was tittered using the 50% tissue culture 

infectious dose assay and represented as the log10 TCID50/mL. Standard errors of the means are 

shown. Bars with different letters were significantly different from each other (p < 0.05). 

Treatment groups were: 5 µg/mL CpG ODN 2007 (CpG), 107 CFUs of lactobacilli (107 PROB), 

108 CFUs of lactobacilli (108 PROB), CpG+107 PROB, CpG+108 PROB and phosphate-buffered 

saline (PBS).  
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Figure 2.3: Nitric oxide (NO) production by CT mononuclear cells post-stimulation with 

lactobacilli and/or CpG.  

CT mononuclear cells from chickens (n=8 biological replicates) were stimulated with a probiotic 

lactobacilli cocktail (L. salivairus, L. johnsonii and L. reuteri) and/or CpG ODN 2007 for 3, 6 

and 24 hr. PBS or RPMI 1640 were used as vehicle controls. At each time point, supernatants 

were collected and used in a Griess assay for quantification of NO production by CT 

mononuclear cells. Error bars represent standard errors of the means. Treatment groups were: 5 

µg/mL CpG ODN 2007 (CpG), 107 CFUs of lactobacilli (107 PROB), 108 CFUs of lactobacilli 

(108 PROB), CpG+107 PROB, CpG+108 PROB and phosphate-buffered saline (PBS).  
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Figure 2.4: Relative expression of cytokine and chemokine and antiviral genes in chicken CT 

mononuclear cells after stimulation with lactobacilli and/or CpG.  

CT mononuclear cells from chickens (n=8/treatment group) were stimulated with a probiotic 

lactobacilli cocktail (Lactobacillus salivairus, L. johnsonii and L. reuteri) and/or CpG ODN 

2007 for 3, 6 and 24 hr. PBS or RPMI 1640 were used as vehicle controls. At each time point, 

CT mononuclear cells were collected in TRIzol® for RNA extraction. Because of low RNA 

yield, RNA samples were pooled after RNA extraction. There were four biological 

replicates/treatment group/time point. After cDNA synthesis and qRT-PCR, the expression levels 

of target genes, as well as the housekeeping gene (β-actin), were determined. The expression 

levels are shown as relative to β-actin. Error bars indicate standard error of the mean of four 

biological replicates. Different letters indicate a significant difference between different 

treatments within a time point (p < 0.05). Treatment groups were: 5 µg/mL CpG ODN 2007 

(CpG), 107 CFUs of lactobacilli (107 PROB), 108 CFUs of lactobacilli (108 PROB), CpG+107 

PROB, CpG+108 PROB and phosphate-buffered saline (PBS).  
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Abstract 

Avian influenza viruses (AIV) infect a wide range of hosts, including humans and many 

avian species. Efforts have been made to control this pathogen in chickens using vaccination 

programs, but that has been met with varying degrees of success. Therefore, identification of 

more efficacious vaccination strategies is warranted. This study was undertaken to investigate 

the potential effects of probiotics on the immunogenicity of a beta-propiolactone (BPL)-whole 

inactivated virus (WIV) vaccine of H9N2 subtype adjuvanted with the Toll-like receptor (TLR)-

21 ligand, CpG oligodeoxynucleotides 2007 (CpG). Eighty-four one-day-old White Leghorn 

layers were allocated into six groups. Two out of six groups received a mixture of probiotic 

Lactobacillus spp. (PROB) biweekly from day 1 to 35 of age. Chickens were intramuscularly 

vaccinated with WIV either alone or adjuvanted with AddaVaxTM (WIV+Add) or CpG 

(WIV+CpG), and one group received saline (PBS). Primary and secondary vaccinations occurred 

at days 14 and 28 of age, respectively. The results revealed that the group which received 

probiotics and was vaccinated with CpG-adjuvanted WIV H9N2 vaccine had higher 

hemagglutination inhibition titers than the other treatment groups at day 14 and 21 post-primary 

vaccination. Probiotics did not induce higher IgM or IgY titers in chickens receiving the WIV 

vaccine only. Concerning their effect on cell-mediated immune responses, probiotics enhanced 

interferon-gamma (IFN-γ) gene expression and significantly increased secretion of IFN-γ protein 

by splenocytes in chickens vaccinated with CpG-adjuvanted WIV H9N2. Together, these 

findings suggest the use of probiotics to enhance the immunogenicity of CpG-adjuvanted WIV 

H9N2 vaccines. Additional studies are required to better understand the specific interactions 

between probiotics and the gut microbiota and different types of cells of the gastrointestinal tract 
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to decipher the underlying mechanisms of how probiotics modulate immune responses to 

vaccines.  

 

Keywords: CpG ODN 2007; H9N2 avian influenza virus; Toll-like receptor-21; chickens; 

inactivated virus vaccine; probiotic lactobacilli.  
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Introduction 

Avian influenza virus (AIV) H9N2 is a subtype of the influenza A virus species and 

belongs to the family Orthomyxoviridae. It is the most widespread AIV subtype in poultry 

worldwide (Nagy et al., 2017). Development of new vaccines and enhancement of vaccine-

induced immunity against H9N2 AIV may play an important role in controlling AIV infection in 

chickens. Although mild clinical signs are observed during infection with H9N2 AIV in 

chickens, a deterioration of eggshell quality and a gradual decrease in egg production are, 

indeed, among the most common signs of infection (Qi et al., 2016). Coinfections with other 

respiratory pathogens can aggravate the clinical signs and economic losses caused by this virus 

(Hassan et al., 2017). Additionally, recent evidence indicates that H9N2 AIV could have a key 

role in a future influenza pandemic due to the fact that it provides internal genes to other AIV, 

including a novel H7N9 virus (Kageyama et al., 2013). Vaccination against H9N2 AIV has been 

used as a method for controlling infections in birds, and vaccination programs have been adopted 

in endemically affected countries (Gu et al., 2017; Peacock et al., 2019). However, H9N2 viruses 

are somewhat neglected because vaccines efficacy is not assessed regularly against antigenically 

drifted viruses resulting in H9N2 to continue causing disease in vaccinated poultry while it is 

better to control H9N2 viruses to prevent emergence of new zoonotic viruses (Peacock et al., 

2019). Therefore, due to limitations of existing vaccines, other complementary strategies should 

also be envisaged.  

Various natural or synthetic adjuvants have been used to enhance the immunogenicity of 

inactivated virus vaccines. Toll-like receptor (TLR) ligands, which are a group of structurally 

conserved molecules present in or on microbes and known as pathogen-associated molecular 

patterns (PAMPs), have shown potential to serve as vaccine adjuvants in a variety of species, 
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including chickens (St. Paul et al., 2013a). TLRs are a class of pattern recognition receptors 

(PRRs) expressed by various leukocytes and are located on the cell surface or in the membranes 

of endosomes. Ligation of TLRs leads to intracellular signaling cascades resulting in increased 

expression and production of cytokines and co-stimulatory molecules essential for initiating 

innate responses and subsequent adaptive immune responses (Vidya et al., 2018).  

TLR ligands were used successfully as vaccine adjuvants resulting in enhanced 

immunogenicity of vaccines and a subsequent reduction of virus shedding in chickens (Mallick 

et al., 2012; Singh et al., 2015, 2016b; St. Paul et al., 2014a, 2014b). Recent studies have 

demonstrated that CpG oligodeoxynucleotides (ODN) 2007 synthetic oligonucleotide, which is 

recognized by TLR21 in chickens, can be used as an adjuvant and showed the ability to enhance 

the efficacy of various vaccines in chickens (Astill et al., 2018b; Singh et al., 2015, 2016b). 

Additionally, AddaVaxTM, a squalene-based oil in water emulsion adjuvant, has a formulation 

similar to MF59®.  MF59® has been licensed in Europe as an adjuvant in flu vaccines. These 

adjuvants can elicit both cellular and humoral immune responses (Calabro et al., 2013; Ott et al., 

1995).   

Probiotics have emerged as a useful tool to enhance immune responses. Oral 

administration of probiotics in chickens has been shown to increase the elicitation of antibody 

responses (Alizadeh et al., 2017; Brisbin et al., 2011; Haghighi et al., 2005, 2006). In addition, 

administration of probiotic lactobacilli has modulatory effects enhancing the expression of 

immunological genes in vivo and in vitro. In a study in which gut microbiota was disrupted, 

immunity to infection of chickens with AIV was negatively impacted, resulting in higher viral 

shedding (Yitbarek et al., 2018a). Moreover, administration of probiotic lactobacilli to antibiotic-

treated chickens restored type I interferon (IFN) and interleukin (IL)-22 mRNA levels in the 
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gastrointestinal and respiratory tracts compared to those observed in untreated chickens 

(Yitbarek et al., 2018b). Using the same gut microbiota-depletion model with antibiotics, oral 

administration of probiotic lactobacilli enhanced antibody-mediated responses to a H9N2 AIV 

inactivated vaccine in chickens (Yitbarek et al., 2019).  

Studying the possible effects of probiotics on the immunogenicity of a H9N2 AIV 

vaccine when combined with TLR ligands as adjuvants may provide a platform for the 

development of more effective immunization strategies. In view of this, the present study was 

undertaken to characterize the immune responses in chickens treated with probiotic lactobacilli 

and vaccinated with a BPL-inactivated H9N2 whole virus (WIV) vaccine adjuvanted with CpG 

ODN 2007. 

Materials and Methods 

Chickens 

A total of 84, one-day-old specific pathogen-free (SPF) White Leghorn layers were 

purchased from the Canadian Food Inspection Agency (CFIA) (Ottawa, Canada) and were 

housed in the isolation facility at the Ontario Veterinary College at the University of Guelph. All 

experimental procedures were approved by the University of Guelph Animal Care Committee 

and conducted according to specifications of the Canadian Council on Animal Care.  

Experimental design 

Chickens were divided into six groups: group 1 was a negative control group receiving 

phosphate-buffered saline (PBS) only; group 2 received inactivated H9N2 whole virus (WIV) 

vaccine alone; group 3 received vaccine adjuvanted with AddaVaxTM as a positive control 

adjuvant (WIV+Adda); group 4 was treated with probiotics (PROB) and then received the 

vaccine (PROB+WIV); group 5 received vaccine with CpG as an adjuvant (WIV+CpG); group 6 
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was treated with probiotics and received the vaccine with CpG as an adjuvant 

(PROB+WIV+CpG). Chickens treated with probiotics received 108 colony-forming units 

(CFU)/mL lactobacilli cocktail by oral gavage to the crop using a 1 mL syringe on day (D) 1 

post-hatch (ph) and treatment was repeated twice a week until D35 ph. Vaccinated chickens 

received 15 μg/dose of the whole inactivated AIV adjuvanted with AddaVax (half total volume 

of vaccine dose) or CpG (2 µg/dose) intramuscularly at D14 ph and D28 ph. Cell-mediated 

immune responses in five chickens per group were measured at D5 post-secondary vaccination 

(psv). Sera were collected from nine chickens per group weekly, starting from D7 post-primary 

vaccination (ppv) (Figure 3.1). 

Preparation of probiotic bacteria 

Lactobacilli strains were used in this study (Lactobacillus salivarius, L. johnsonii, L. 

reuteri, L. crispatus, and L. gasseri) were isolated from intestinal contents of broilers by Brisbin 

and colleague (Brisbin et al., 2011). Lactobacilli cultures were prepared and administered to 

chickens as previously described (Yitbarek et al., 2018b). Briefly, different lactobacilli cultures 

were prepared separately from one another anaerobically in De Man, Rogosa and Sharpe 

medium overnight at 37°C and subcultured twice before harvesting and washing with PBS. 

Optical density (OD) of each culture was measured and 108 colony-forming units (CFU)/mL of 

each culture were mixed in equal proportions up to a total of 1 mL per bird. 

Virus propagation and vaccine preparation 

The virus used in this study was A/TK/IT/13VIR1864-45/2013 (H9N2) and it was kindly 

provided by the Istituto Zooprofilattico Sperimentale delle Venezie (IZSVe), Italy. Briefly, the 

virus was inoculated into 10-day-old SPF embryonated-chicken eggs followed by incubation for 

72 hrs at 37°C. Embryos were monitored every 24 hrs and dead embryos were discarded until 72 
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hrs of incubation. Eggs were then refrigerated at 4°C overnight followed by collection of 

allantoic fluid, which was then centrifuged at 400 x g for 5 min at 4°C and stored at -80°C until 

further use. The propagated virus titer was determined with the 50% tissue culture infectious 

dose (TCID50) method. 

Inactivation of the vaccine preparation was performed using betapropiolactone (BPL) as 

described previously (Astill et al., 2018b). Briefly, one part of 0.5 M disodium phosphate was 

added to 38 parts of virus-containing allantoic fluid followed by drop-wise addition of one part 

2% BPL solution with continued stirring and incubation for 30 min on ice. The solution was then 

placed in a 37C water bath for 2 hrs with 15 min mixing intervals. The pH of the mixture was 

adjusted to 7.3-7.4 using 7% sodium bicarbonate solution and stored at 4C until confirmation of 

inactivation using both embryonated eggs and Madin-Darby canine kidney (MDCK) cells. Total 

protein concentration was determined for the inactivated virus using a Pierce bicinchoninic acid 

(BCA) protein assay kit (Thermo Scientific, Rockford, IL) following the manufacturer’s 

recommendations. Chickens were vaccinated intramuscularly with 15 μg of the whole 

inactivated virus. 

TLR ligands 

The synthetic class B CpG ODN 2007 [5’-TCGTCGTTGTCGTTTTGTCGTT-3’] (a 

TLR21 agonist, Sigma) with a phosphorothioate backbone was used in this study at 2 μg per 

bird. This ligand was chosen for its ability to stimulate cytokine expression in chicken 

mononuclear cells and to enhance the immunogenicity of a H9N2 AIV vaccine in chickens 

(Astill et al., 2018b; St. Paul et al., 2011, 2013b). 
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Serology 

1. Hemagglutination inhibition assay (HI) 

A two-fold serial dilution was performed with 50 μL serum samples followed by 30 min 

of incubation with 50 μL (8 hemagglutinin units) of H9N2 virus at room temperature in 96-well 

V-bottom plates (Corning Inc., Corning, New York, USA). Chicken red blood cells (RBCs) at a 

concentration of 0.5% were then added and plates were further incubated for 30 min. 

Hemagglutination inhibition (HI) titres were determined as the reciprocal of the highest sample 

dilution resulting in complete HI of the chicken RBCs. 

2. Virus neutralization assay 

Virus neutralization (VN) assays were performed using serum samples from D7 post-

secondary vaccination, as described previously (Singh et al., 2015; Yitbarek et al., 2019), with 

some modifications according to the microneutralization assay protocol of the World Health 

Organization (World Health Organization, 2013). Briefly, sera were first treated with receptor 

destroying enzyme (RDE) at a ratio of 3:1 of RDE to serum for 12-18 hrs at 37°C. The RDE was 

then inactivated at 56°C for 30 min. Two-fold serial dilutions of sera (starting dilution, 1:10) 

were made in 96-well flat-bottom plates using Dulbecco’s modified Eagle’s medium containing 

50 μg/mL of gentamicin, 100 U/mL of penicillin, 100 μg/mL of streptomycin, 0.2% bovine 

serum albumin, 25 mM HEPES and 2 μg/mL of L-1-tosylamido-2-phenylethyl chloromethyl 

ketone (TPCK)-treated trypsin. Serially diluted sera were then incubated with an equal volume 

(50 μL) of diluted virus containing 50 TCID50 of H9N2 virus for 1 hr at 37 C, 5% CO2. One 

hundred μL of 70-95% confluent MDCK cells at 2.5 x 105 cells/mL were added to all wells. 

Plates were then cultured for 72 hrs at 37 C, 5% CO2. Each plate included the following 

controls: serum from unvaccinated chickens as a negative control, positive control with the 
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H9N2 virus and a cell-only control. The reciprocal of the highest serum dilution to inhibit 

cytopathic effect was used to calculate the VN titer and expressed as log2. 

3. Measurement of anti-H9N2 IgY and IgM by enzyme-linked immunosorbent assays 

(ELISAs) 

Virus-specific IgY and IgM titers in serum were determined by indirect ELISAs 

following methods described previously with minor modifications (Yitbarek et al., 2019). 

Briefly, 96-well ELISA plates (Nunc MaxiSorp™, Thermo Fisher Scientific Inc., Mississauga, 

Ontario, Canada) were coated overnight at 4°C with whole heat-inactivated H9N2 AIV using an 

optimally determined concentration of 800 ng/100 μL of carbonate-bicarbonate buffer, pH 9.6. 

After washing the plates three times with 300 μL of PBS containing 0.05% Tween 20 (PBS-T), 

100 μL of blocking solution (PBS-T containing 0.25% fish gelatin (Sigma-Aldrich)) were added 

and the plates were incubated for 1 hr at room temperature. After removing the blocking 

solution, 100 μL of chicken serum (diluted in PBS containing 1.5% Tween-20 and 0.29 M NaCl) 

were added to the wells and the plates were incubated for 1 hr at room temperature. After 

washing three times, 100 μL of horseradish peroxidase-conjugated goat anti-chicken IgY or IgM 

(1:5,000) were added into each well followed by incubation of the plates for 1 hr at room 

temperature. Subsequently, plates were washed three times and horseradish peroxidase substrate 

(ABTS peroxidase substrate system, Kirkegaard and Perry Laboratories Gaithersburg, Maryland, 

USA) was added and plates were incubated in the dark at room temperature for 20 min. Colour 

development was stopped with 1% Sodium dodecyl sulphate and absorbance at 405 nm was 

determined using a plate reader (Bio-Tek Instruments, Winooski, Vermont USA). Relative 

antibody titers were calculated in relation to a serially diluted high titer serum sample that was 

used on every plate using methods described previously (Astill et al., 2018b; Sacks et al., 1988). 
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4. Antibody avidity 

Serum IgY antibody avidity indices were determined through resistance to 8 M urea as 

described previously (Kulkarni et al., 2014; Singh et al., 2016b). Urea dislodges protein-protein 

bonds in low-affinity antibodies while high-affinity antibodies remain bound to the antigen-

coated plates. The antibodies with epitope binding sites of greater affinity show a higher avidity 

index. To measure IgY antibody avidity indices, the ELISA conditions described above were 

used with modifications: 1) two-fold serial dilutions were used, 2) prior to addition of 100 L of 

goat anti-chicken IgY (Fc-specific) antibody conjugated to horse-radish peroxidase, the plates 

were washed with 100 L/well of either PBS-Tween or 8 M urea in PBS-Tween and incubated at 

room temperature for five minutes, followed by washing as described above. The avidity index 

was calculated as the average OD405 of urea-treated wells divided by the average OD405 of PBS-

Tween-treated wells x 100. Sera with index values of >50% were designated as being of high 

avidity, those with index values of 30 to 50% were designated as having intermediate avidity, 

and those with index values of <30% were designated as being of low avidity (Singh et al., 

2016b). 

Cell-mediated immune responses 

At five days post-secondary vaccination, splenic mononuclear cells were prepared from 

unpooled five chickens per treatment as described previously (Brisbin et al., 2011) and were 

seeded in 48-well flat-bottom plates at a density of 5 x 106 cells/well in 500 L of RPMI-1640 

(Invitrogen, Burlington, ON) supplemented with 10% fetal bovine serum, 200 U/mL of 

penicillin, 80 μg/mL of streptomycin and 50 μg/mL of gentamicin and cells were then incubated 

at 41°C and 5% CO2. Mononuclear cells were then stimulated with 1 μg/mL of BPL-inactivated 

H9N2 AIV. At 12 and 24 hrs post-stimulation, cells were collected for extraction of RNA. At 48 
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and 72 hrs post-stimulation, supernatants were collected for the assessment of IFN-γ protein 

levels using a chicken IFN-γ sandwich ELISA kit as per the manufacturer’s recommendations 

(InvitrogenTM). 

RNA extraction, cDNA synthesis, qRT-PCR and IFN-γ gene expression analysis 

Extraction of RNA and cDNA synthesis were performed as previously described (St. 

Paul et al., 2012c). Quantitative real-time PCR using SYBR Green was performed on diluted 

cDNA using a LightCycler 480 II (Roche Diagnostics GmbH, Mannheim, GER) as previously 

described (St. Paul et al., 2012c). Each reaction started with a pre-incubation at 95°C for 10 min, 

followed by 45 cycles of denaturation (95°C for 10 sec), annealing (60°C for 5 sec) and 

extension (72°C for 10 sec). Subsequent melting curve analysis was performed by heating to 

95°C for 10 sec, cooling to 65°C for 1 min, and heating to 97°C. Primers were synthesized by 

Sigma Aldrich (Table 3.1). The expression of the IFN-γ gene was calculated relative to the 

housekeeping gene β-actin using software on the LightCycler® 480 II (Roche Diagnostics 

GmbH) as described previously (Astill et al., 2018a). Data represent the mean of five biological 

replicates (chickens)  standard error. 

Statistical analyses 

Analysis of multiple treatments for all data (including HI titers, VN, IgY and IgM titers 

in serum, antibody avidity, relative expression of IFN-γ mRNAs and concentration of IFN-γ 

protein) were performed with one-way analysis of variance using SAS® software (SAS Institute, 

Inc., Cary, NC). Means were considered significantly different when P < 0.05. Results for 

multiple comparisons using Duncan’s Multiple Range Test were considered significant at P < 

0.05. 
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Results 

Hemagglutination inhibition and virus neutralization antibody titers 

The negative control group (PBS) showed no detectable agglutination inhibition at any 

time points. At D7 ppv, there were no significant differences in HI titers among all groups. At 

D14 ppv, the PROB+WIV+CpG group showed a significantly higher HI titer compared to WIV 

only and PROB+WIV groups (P < 0.05). Treatment with PROB+WIV+CpG showed 

significantly higher HI titer than all other groups (P < 0.05) at D21 ppv (Figure 3.2). 

Virus neutralization assay measured at D7 psv (D21 ppv) showed higher neutralizing 

antibody titers in sera of chickens vaccinated with the CpG-adjuvanted WIV vaccine, regardless 

of whether or not they were pre-treated with probiotic lactobacilli, but the difference was not 

statistically significant when compared with other groups (Figure 3.3).  

H9N2 virus-specific IgM and IgY responses and IgY antibody avidity 

At all time points, all treatment groups had significantly higher IgM titers than the 

negative control group that received only PBS. At D7 ppv, significantly higher IgM titers were 

observed in WIV+Adda and WIV+CpG groups than in the other groups except for the 

PROB+WIV+CpG (P < 0.05). No significant differences were observed when comparing these 

two groups with the PROB+WIV+CpG group. The PROB+WIV+CpG group had significantly 

higher IgM titers than the PROB+WIV group but not statistically different from the WIV only 

group. The WIV group had higher, but non-significant, IgM titers compared to the PROB+WIV 

group. At D14 ppv, the WIV+Adda group showed a significantly higher IgM titer compare to the 

WIV and PROB+WIV groups. At D21 ppv, WIV+CpG and PROB+WIV+CpG groups showed 

significantly higher IgM titers among all groups (Figur 3.4A). 
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Significantly higher IgY titers were observed in all groups than the PBS group at all time 

points (P < 0.05). At D7 ppv, no significant differences were observed among other groups. At 

D14 ppv, WIV+Adda, WIV+CpG, and PROB+WIV+CpG groups were significantly different 

from WIV and PROB+WIV groups, which did not significantly differ from each other. At D21 

ppv, WIV+CpG and PROB+WIV+CpG groups showed significantly higher IgY titers compare 

to all other groups. WIV+Adda, WIV and PROB+WIV groups were not different from each 

other at D21 ppv (Figure 3.4B). 

At D7 psv (D21 ppv), high avidity IgY antibodies (>50%) were generated by chickens in 

all study groups except for the PBS group. The serum IgY antibody avidity index for the 

PROB+WIV group was 68.1%. Although this avidity index was not statistically different from 

other groups, it was the highest antibody avidity index. The lowest IgY antibody avidity index 

was observed in the PROB+WIV+CpG group (55.5%), while moderate IgY antibody avidity was 

observed in the other groups: WIV+Adda (59.6%), WIV+CpG groups (59.8%) and WIV 

(62.4%) (Figure 3.5). 

Cell-mediated immune responses 

Chickens were euthanized 5 days psv, and spleens were harvested to analyze cell-

mediated immune responses. Splenocytes were stimulated with the vaccine antigen (whole 

inactivated H9N2 AIV). Analysis of IFN-γ expression showed upregulation of IFN-γ mRNAs in 

the PROB+WIV+CpG group at 12 and 24 hrs post-stimulation, but expression was not 

significantly different among the groups at either time point (Figure 3.6A). Analysis of IFN-γ 

protein production using ELISAs reflected the initial observations on IFN-γ gene expression, but 

the difference was statistically different. Splenic mononuclear cells from the PROB+WIV+CpG 
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group produced significantly higher concentrations of the IFN-γ protein at 48 and 72 hrs post-

stimulation compared to all other groups (Figure 3.6B). 

Discussion 

The subtype H9N2 AIV is the most prevalent low pathogenic AIV in poultry. Aside from 

its economic impact on the poultry industry, H9N2 AIV poses a threat to public health. It has 

shown the capability to cross barriers to infect humans and donate its internal genes to emerging 

zoonotic influenza viruses (Alexander et al., 2009; Gu et al., 2014; Peacock et al., 2019). 

Vaccination can be an effective method to control influenza in chickens. However, it is also 

important to consider more strategies for the enhancement of vaccine efficacy. Indeed, various 

adjuvants have been investigated to enhance AIV vaccines. It has recently been shown that TLR 

ligands can serve as AIV vaccine adjuvants with demonstrated ability to augment vaccine 

immunogenicity (Astill et al., 2018b; Singh et al., 2015). Furthermore, the utilization of probiotic 

bacteria has been demonstrated to enhance immunogenicity of influenza vaccines (Vitetta et al., 

2017; Yitbarek et al., 2019). Probiotic bacteria influence immune responses directly by their 

close interaction with intestinal epithelial cells and leukocytes such as dendritic cells (DCs), and 

indirectly by modulation of intestinal commensal microbiota and by driving the production of 

metabolites such as short-chain fatty acids (Vitetta et al., 2017). To this end, the present study 

was undertaken to assess the combined effect of the CpG ODN 2007 and probiotic lactobacilli 

on the immunogenicity of a BPL-inactivated H9N2 AIV vaccine.  

In general, irrespective of the time point, the results of the present study revealed that 

administration of a probiotic cocktail enhanced immunogenicity of intramuscularly administered 

BPL-inactivated H9N2 AIV, adjuvanted with CpG ODN. This was marked by increased serum 

HI antibody titers and IFN-γ production by chicken splenocytes. Recent studies have shown that 
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co-administration of CpG ODN with an inactivated H9N2 AIV vaccine to chickens induces 

higher HI antibody responses when compared to administration of positive-control adjuvants 

with the vaccine (Astill et al., 2018b; Singh et al., 2016b). Another study compared the potential 

of various TLR ligands to serve as adjuvants for AIV vaccines, and the results demonstrated that 

CpG induces higher levels of HI titers than the other TLR ligands, poly I:C and 

lipopolysaccharide (LPS) (St. Paul et al., 2014a).  

In an attempt to use probiotics as a vaccine adjuvant in humans, Davidson and colleagues 

demonstrated that administration of 1010 CFU of L. rhamnosus GG twice daily to healthy human 

adults as an adjuvant to an influenza vaccine induces a significantly higher HI titer at day 28 

post-vaccination compared to participants received placebo and vaccine (Davidson et al., 2011). 

Similar observations are made by Yitbarek and colleagues (2019) when probiotic lactobacilli 

were administrated bi-weekly to H9N2 AIV-vaccinated, microbiota-depleted chickens, 

indicating the immunomodulatory potential of the probiotic bacteria (Yitbarek et al., 2019). 

Consistent with these observations, the present study demonstrated that administering probiotic 

lactobacilli to chickens vaccinated with CpG-adjuvanted AIV induced a significantly higher HI 

titer than all other treatments. A previous study described a positive correlation between the gene 

expression of TLR5, which recognizes bacterial flagellin, and the magnitude of the HI response 

leading to the suggestion of links between innate responses and antibody-mediated responses to 

influenza vaccination (Nakaya et al., 2011). Moreover, stimulation of chicken macrophages with 

probiotic lactobacilli strains has shown significant antiviral and immunostimulatory effects in 

vitro (Shojadoost et al., 2019).  

Together, these studies suggest the possible role of lactobacilli when combined with CpG 

to stimulate innate responses and ultimately enhance adaptive immune responses. We speculate 



 

 

89 
 

that the administration of the probiotic cocktail and CpG  in the present study may have a role in 

modulating innate responses through activation of TLR signaling pathways, which results in 

increased production of chemokines and inflammatory cytokines followed by the recruitment of 

immune system cells such as DCs and T cells, resulting in B cell activation and antibody 

production.  

Although IgM and IgY antibodies and HI titers were increased in the group that received 

a combination of probiotics and CpG with the vaccine, this was not associated with an increase 

in antibody avidity or virus-neutralizing antibody titers in this group compared to other group. 

However, there was indeed evidence for significant induction of virus-neutralizing antibodies in 

all groups. It should be noted that although HI antibodies have neutralizing capacity, they only 

target the hemagglutinin (HA) antigen, whereas virus-neutralizing antibodies may target other 

antigens of AIV, such as the neuraminidase (NA) antigen. Therefore, the lack of correlation 

between HI and virus-neutralizing antibodies titers in the combined treatment group may be 

related to the fact that although these types of antibodies have similar functions, they target 

different antigens. 

In addition to the notable increase in HI titers, treatment with probiotics also enhanced 

cell-mediated immune responses in CpG-AIV-vaccinated chickens, as demonstrated by the 

increased expression of IFN-γ production in splenocytes isolated from immunized chickens and 

restimulated ex vivo with the vaccine antigen compared to all other groups. IFN-γ is a cytokine 

with a major role in innate and adaptive immunity and functions as the primary activator of 

macrophages and plays a crucial role in host defence against viral infections (Ferreira et al., 

2019). IFN-γ is also a stimulator of natural killer cells. In healthy mice, oral administration of a 

probiotic lactobacilli strain enhances the production and secretion of cytokines, including tumour 
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necrosis factor-α, IFN-γ and IL-10, resulting in improved immune responses against Salmonella 

(Castillo et al., 2011). In chickens, oral treatment with probiotics significantly increases gene 

expression and secretion of IFN-γ proteins by splenic mononuclear cells in response to 

Newcastle disease virus (NDV) vaccine (Brisbin et al., 2011). Probiotic-mediated activation of 

cell-mediated immune responses may suggest one potential mechanism by which protection 

conferred by vaccines could be improved.  

In conclusion, the results of the present study revealed that probiotic lactobacilli could 

enhance both cell- and antibody-mediated responses when administered with a CpG ODN-

adjuvanted vaccine. However, further investigations are needed to determine the mechanisms by 

which lactobacilli and CpG interact to enhance immune responses induced by the AIV vaccines 

and to investigate whether different treatment modalities and combinations with other TLR 

ligands may result in higher magnitude and/or better-quality immune responses. 
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Table 3.1: Primer sequences used in quantitative real-time polymerase chain reaction 

 
 

 
  

Gene  Primer Sequences  Reference  

β-Actin  F 5’ – CAACACAGTGCTGTCTGGTGGTA - 3’  
R 5’ – ATCGTACTCCTGCTTGCTGATCC - 3’  

(Brisbin et al., 2008)  

IFN-γ  F 5’ – ACACTGACAAGTCAAAGCCGCACA - 3’  
R 5’ – AGTCGTTCATCGGGAGCTTGGC - 3’  

(Brisbin et al., 2010)  

IFN-γ, interferon-gamma. 
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Figure 3.1: Experimental outline and groups. 

Chickens (n=14/group) were administered a cocktail of probiotics twice weekly for 35 days and 

vaccinated when 14 (1°, primary) and 28 (2°, secondary) days old. Serum samples (n=9) were 

collected on days 7, 14 and 21 post-primary vaccination for serology assays. Spleens (n=5) were 

collected to assess cell-mediated immune responses at day 5 postsecondary vaccination. PBS, 

phosphate-buffered saline; WIV, 15 µg whole inactivated H9N2 virus/vaccine dose; Adda, half 

the vaccine dose of AddaVaxTM; PROB, 108 colony forming units/mL of probiotic lactobacilli; 

CpG, 2 µg/vaccine dose of CpG oligodeoxynucleotides 2007. 
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Figure 3.2: Hemagglutination inhibition (HI) antibody titers. 

Average serum HI antibody titers in chickens from various treatments (n=9/group) are shown at 

days 7, 14 and 21 post-primary vaccination. Error bars represent standard errors of the means. 

Data were analyzed in SAS® software using Duncan’s Multiple Range Test. Bars with different 

letters at a time point differ significantly from each other (P < 0.05). PBS, phosphate-buffered 

saline; WIV whole inactivated virus vaccine (15 μg); Adda, AddaVaxTM. PROB, probiotics (108 

CFU/mL); CpG, CpG ODN 2007 (2 μg); n.d., not detected. 
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Figure 3.3: Virus-neutralizing antibody titers. 

Virus neutralizing antibody responses are shown in chickens (n=9/group) on day 7 post-

secondary vaccination. Error bars represent standard errors of the means. PBS, phosphate-

buffered saline; WIV whole inactivated virus vaccine (15 μg); Adda, AddaVaxTM. PROB, 

probiotics (108 CFU/mL); CpG, CpG ODN 2007 (2 μg); n.d., not detected. 
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A. 

 
B. 

 

Figure 3.4: Serum IgM (A) and IgY (B) antibody titers against H9N2 avian influenza virus. 

Mean serum antibody titers of all treatments (n=9/group) are shown at Day 7, 14 and 21 post-

primary vaccination. Error bars represent standard errors of the means. Data were analyzed in 

SAS® software using Duncan’s Multiple Range Test. Bars with different letters at a time points 

differ significantly from each other (P < 0.05). PBS, phosphate-buffered saline; WIV whole 

inactivated virus vaccine (15 μg); Adda, AddaVaxTM. PROB, probiotics (108 CFU/mL); CpG, 

CpG ODN 2007 (2 μg).  
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Figure 3.5: Serum IgY antibody avidity indices. 

Serum IgY antibody avidity indices of sera from chickens (n=9) at day 7 post-secondary 

vaccination were determined through resistance to 8 M urea. Error bars represent standard errors 

of the means. The avidity index was calculated as the average OD405 of urea-treated wells 

divided by the average OD405 of PBS-Tween-treated wells x 100. An avidity index of >50% 

represents antibodies of high avidity; values between 30% and 50% represent those of 

intermediate avidity, and values of <30% represent low avidity antibodies. PBS, phosphate-

buffered saline; WIV whole inactivated virus vaccine (15 μg); Adda, AddaVaxTM. PROB, 

probiotics (108 CFU/mL); CpG, CpG ODN 2007 (2 μg); n.d., not detected.  
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A. 

 
B. 

 
Figure 3.6: IFN- production by splenocytes.  

Two groups of chickens were administered with probiotic lactobacilli cocktail by oral gavage 

twice weekly for 35 days. All chickens, except for PBS group, were intramuscularly vaccinated 

with whole inactivated virus H9N2 vaccine with different formulations of adjuvants for both 

vaccinations. Primary and secondary vaccinations were administered at days 14 and 28 post-

hatch, respectively. Splenocytes from immunized chickens (n=5) were restimulated ex vivo with 

whole inactivated influenza virus subtype H9N2 five days post-secondary vaccination.  A) IFN- 

mRNA expression of splenocytes relative to ß-actin was calculated using quantitative real-time 

PCR at 12 hrs and 24 hrs post-stimulation. B) Concentration of IFN- in the supernatant of 
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splenocytes was measured using by ELISA at 48 and 72 hrs post-stimulation. Error bars 

represent standard errors of the means. Data were analyzed in SAS® software using Duncan’s 

Multiple Range Test. Bars with different letters at a time points differ significantly from each 

other (P < 0.05). PBS, phosphate-buffered saline; WIV whole inactivated virus vaccine (15 μg); 

Adda, AddaVaxTM. PROB, probiotics (108 CFU/mL); CpG, CpG ODN 2007 (2 μg). 
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Abstract 

Influenza viruses cause severe respiratory infections in humans and birds, triggering 

global health concerns and economic burden. Influenza infection is a dynamic process involving 

complex biological host responses. The objective of this study was to illustrate global biological 

processes in ileum and cecal tonsils at early time points after chickens were infected with low 

pathogenic avian influenza virus (LPAIV) H9N2 through transcriptome analysis. Total RNA 

isolated from ileum and cecal tonsils of non-infected and infected layers at 12-, 24- and 72-hours 

post-infection (hpi) was used for mRNA sequencing analyses to characterize differentially 

expressed genes and overrepresented pathways. Statistical analysis highlighted transcriptomic 

signatures significantly occurring 24 and 72 hpi, but not earlier at 12 hpi. Interferon (IFN)-

inducible and IFN-stimulated gene (ISG) expression was increased, followed by continued 

expression of various heat-shock proteins (HSP), including HSP60, HSP70, HSP90 and HSP110. 

Some upregulated genes involved in innate antiviral responses included DDX60, MX1, RSAD2 

and CMPK2. The ISG15 antiviral mechanism pathway was highly enriched in ileum and cecal 

tonsils at 24 hpi. Overall, most affected pathways were related to interferon production and the 

heat-shock response. Research on these candidate genes and pathways is warranted to decipher 

underlying mechanisms of immunity against LPAIV in chickens. 

 

Keywords: Influenza A virus, innate immune response, cytokines, chemokines, chicken, Gallus 

gallus  
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 Introduction 

Avian influenza viruses (AIVs) pose major public health threats and significant economic 

losses to the poultry industry (Jakhesara et al., 2014; Qi et al., 2016). AIVs possess an error-

prone RNA polymerase making them susceptible to reassortment, which occasionally results in 

the emergence of zoonotic viruses (Horman et al., 2018; Li et al., 2014). Low pathogenic (LP) 

AIVs of subtype H9N2 are widespread pathogens of poultry. They are listed by the World Health 

Organization as a zoonotic influenza virus and ranked by Centers for Disease Control and 

Prevention (CDC) with potential pandemic viruses (CDC, 2020; WHO, 2018). A novel influenza 

A (H7N9) virus is likely to have acquired six viral segments from circulating avian H9N2 

viruses (Kageyama et al., 2013). 

The subtype of the virus is a critical factor in understanding the host’s ability to regulate 

the immune responses against AIV (Cao et al., 2017; Josset et al., 2014; Samy et al., 2016; 

Suzuki et al., 2009). LPAIVs principally replicate in the avian respiratory and gastrointestinal 

tract (GIT), causing mild signs of illness (Payne, 2017). Replication of LPAIVs in the GIT 

disrupts the gut microbiota and dysregulates type I interferons (IFN) (Li et al., 2018; Yitbarek et 

al., 2018c, 2018a). The GIT plays a critical role in immune homeostasis, balancing the protection 

of the host against invading pathogens and interacting with commensal microbiota (Ahluwalia et 

al., 2017; Montalban-Arques et al., 2018; Nochi et al., 2018). The well-developed gut-associated 

lymphoid tissues in the GIT are the first line of defence against invading pathogens and consist 

of various lymphoid cells found in Peyer’s patches, cecal tonsils and epithelial lining and lamina 

propria of the GIT (Bar-Shira et al., 2003). Peyer’s patches are located at the anti-mesenterial 

side of the chicken jejunum, and one Peyer’s patch is consistently found in the ileum at the 

proximal ileocecal transition (Casteleyn et al., 2010). Peyer’s patches epithelium has specialized 
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cells called M cells that overlay follicles of defined T and B cell areas. Cecal tonsils are located 

at the cecum–rectum junction and have a structure similar to Peyer’s patches (Casteleyn et al., 

2010; Kitagawa et al., 1998). Antigen recognition through M cells or by direct antigen sampling 

by macrophages and dendritic cells induce intestinal immune responses (Aliberti, 2016; 

Flannigan et al., 2015). 

Pattern-recognition receptors (PRRs) are the host's innate immune sensors, and at least 

three distinct classes of PRRs recognize influenza virus infection (Suresh & Mosser, 2013; Vidya 

et al., 2018). This recognition leads to secretion of cytokines, chemokines and antimicrobial 

peptides by cells, including dendritic cells and macrophages. Additional immune responses occur 

at immunological induction sites, including activation of IFN-stimulated genes (ISG) (Chen et 

al., 2018; Koutsakos et al., 2019). Remarkably, viral mechanisms antagonizing Toll-like 

receptor-mediated signaling by influenza viruses have not been described (Schmolke & García‐

Sastre, 2010). However, the influenza virus non-structural 1 (NS1) protein limits type I IFN 

responses. Deletions in influenza virus NS1 provoke augmented caspase‐1 activity post-infection 

of macrophages resulting in enhanced secretion of interleukin (IL)‐1β and IL-18, which indicates 

an antagonizing function of NS1 (Schmolke & García‐Sastre, 2010). Viral NS1 also targets 

melanoma differentiation-associated protein 5 (MDA5) and directly interferes with the function 

of different ISGs (Liniger et al., 2012; Schmolke & García‐Sastre, 2010). 

RNA sequencing (RNA-seq) is a technique that uses high-throughput sequenced data to 

characterize and profile the genome-wide transcriptome (Rao et al., 2019; Wang et al., 2011). 

Although some “housekeeping” transcripts are common across cells, transcriptomes differ 

among cells depending on their lineage, type, and activation states. Transcriptomic studies have 

been conducted to uncover the molecular mechanisms involved in the induction of immune 
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responses in the respiratory tract (An et al., 2019; Kuchipudi et al., 2014; Meyer et al., 2017; 

Wang et al., 2012, 2014), in the ileum (Cao et al., 2017; Smith et al., 2015), dendritic cells (Liu 

et al., 2020) and chicken embryonic fibroblasts (Kim et al., 2020). The increasing appreciation of 

the complexity of GIT immune responses has increased research efforts to decipher the 

mechanisms behind their induction and regulation. However, there is still a paucity of 

information about underlying mechanisms of chicken immunity against pathogens, including 

AIV in the GIT.  

Strategies targeting upregulated genes could provide a platform for developing drugs, 

including antivirals (Bai et al., 2013; Ferrero et al., 2017; Verbist et al., 2015). In the present 

study, we used high-throughput mRNA sequencing to study genome-wide transcription in tissues 

of the chicken GIT at different time points post-infection with LPAIV H9N2. Our findings could 

facilitate the development of effective measures to enhance immunity against AIV in poultry. 

Materials and Methods  

Experimental design 

This study included two main factors: treatment (challenged versus nonchallenged) and 

time (three time points post-infection), resulting in six groups. Each group contained six 

biological replicates. A total of 36 one-day-old specific pathogen-free White Leghorn layers 

were purchased from the Canadian Food Inspection Agency (Ottawa, Canada) and housed in the 

isolation facility at the Ontario Veterinary College at the University of Guelph. All experimental 

procedures were approved by the University of Guelph Animal Care Committee and conducted 

according to specifications of the Canadian Council on Animal Care. 

Twenty-one days after hatching, 18 chickens in the challenged group were inoculated via 

oculo-nasal and oral routes with 250 L of 3.1 x 107 TCID50/mL of LPAIV H9N2. Eighteen 
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chickens in the nonchallenged group were inoculated via the same route with 200 L of 

phosphate-buffered saline. The ileal samples at proximal ileocecal transition and the cecal tonsils 

were collected from six chickens per time point at 12, 24, and 72 hours post-infection (hpi) per 

treatment. The collected samples were transferred into tubes containing 1 mL of RNAlater 

solution (Invitrogen, Burlington, ON, CAN) for RNA stabilization and storage for later 

processing. The above time points were chosen that coincides with induction of innate responses 

to the virus. 

Virus strain and virus propagation 

A/TK/IT/13VIR1864-45/2013 (H9N2) from the Istituto Zooprofilattico Sperimentale 

delle Venezie (IZSVe), Italy, was used in this study. The virus was propagated in 10-day-old 

embryonated specific pathogen-free chicken eggs. After 72 hrs of incubation at 37°C, eggs were 

refrigerated at 4°C overnight. Allantoic fluid was collected and purified by centrifuging at 400 x 

g for 5 min at 4°C and then stored at -80°C until further use. The propagated virus titer was 

determined with 50% tissue culture infectious dose (TCID50) on Madin-Darby canine kidney 

(MDCK) cells. 

Extraction, library preparation and RNA sequencing 

Total RNA was extracted using the RNeasy Mini kit (Qiagen, Toronto, ON, CAN) 

according to the manufacturer’s instructions. Library construction, quality control testing and 

sequencing were performed by Novogene (Sacramento, USA). Briefly, quantification and quality 

control testing were performed on 1% agarose gels, the NanoPhotometer® spectrophotometer 

(IMPLEN, CA, USA) and the RNA Nano 6000 Assay Kit in a Bioanalyzer 2100 system (Agilent 

Technologies, CA, USA). A total amount of 1 μg of RNA per sample was used for library 

preparation using a NEBNext® Ultra™ RNA Library Prep Kit for Illumina® (New England 
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Biolabs, USA). Library quality was assessed on the Agilent Bioanalyzer 2100 system. The 

clustering of the index-coded samples was performed on a cBot Cluster Generation System using 

a PE Cluster Kit cBot-HS (Illumina). cDNA libraries were sequenced on an Illumina HiSeq-4000 

platform, and 150 base pair paired-end reads were generated.  

RNA-seq data analysis 

RNA-seq analysis was performed on the Trimmomatic-STAR-RSEM-DESeq2 pipeline 

previously established (Emam et al., 2020). Raw reads were processed for quality control. Clean 

data were obtained based on Phred score (a quality measure to assess the accuracy of a 

sequencing) by trimming adapters and nucleotides with a Phred score of less than 30 at the 

beginning and end of the reads and discarding nucleotides with a Phred score of less than 20 in 

the window of five nucleotides using Trimmomatic (Bolger et al., 2014). The minimum length of 

surviving reads was set at 36 nucleotides. All downstream analyses were based on clean data 

with high quality. 

Reads were mapped to a Gallus gallus reference genome (GRCg6a, release 98) using 

Spliced Transcripts Alignment to a Reference (STAR) (version 2.7.0a) (Dobin et al., 2013). The 

number of reads per gene was quantified by RNA-Seq by Expectation-Maximization (RSEM) 

(Li & Dewey, 2011). RSEM output files were used in DESeq2 (version 1.24.0) to calculate 

differentially expressed (DE) genes by comparing challenge group versus control group for each 

tissue per time point (Love et al., 2014). Genes with an absolute fold-change (FC) of more than a 

1.5 (|FC| > 1.5; |log2FC|> 0.584) and with a significant p-value when False Discovery Rate 

(FDR) was controlled at 5% were considered DE. 
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Functional annotation analysis of DE genes 

Overrepresentation analysis was performed on PANTHER (version 15) 

(http://www.pantherdb.org/) using the PANTHER Overrepresentation Test (Released 20200728) 

on DE genes of each tissue at each time point. Gene ontology (GO) database DOI: 

10.5281/zenodo.3954044 Released 2020-07-16 (http://www.geneontology.org) was used to 

analyze the overrepresentation of GO terms in all gene lists. Reactome pathways (from 

Reactome database version 65, Released 2019-12-22) was used to analyze the overrepresentation 

of pathways among genes in all gene lists (https://reactome.org/). Both tests were performed 

using Fisher's exact test with FDR correction. 

Results 

RNA-seq data analysis 

The average number of reads that passed the quality control was 23.7 and 25.5 million 

reads per sample for the cecal tonsils and the ileum, respectively. The average percentage of 

reads uniquely mapped to the chicken reference genome was 89.7% and 91.7% of the reads for 

the cecal tonsils and the ileum, respectively. 

Global profiles of DE genes in chickens infected with low pathogenic AIV subtype H9N2  

Transcriptomic changes were detectible in cecal tonsils and peaked at 24 hpi  

Comparing the gene expression in cecal tonsil tissues between infected and non-infected 

groups, the highest number of DE genes was 24 hpi and reduced to near baseline at 72 hpi (Table 

4.1; Figure 4.1A). The significant changes were also illustrated for DE genes with volcano plots 

(Figure 4.2). 

At 12 hpi (Figure 4.1A), there were no DE genes between AIV-infected and non-infected 

chickens' cecal tonsil tissues (FDR < 5%). However, using FC-based significance (FC < 1.5), we 

http://www.pantherdb.org/
http://www.geneontology.org/
https://reactome.org/
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found a downregulated gene (FGF19), which is involved in mitogen-activated protein kinase 

(MAPK)1/MAPK3 signaling and cytokine signaling in immune system pathways. 

Changes in DE genes began in cecal tonsils at 24 hpi (Figure 4.1A). Ninety-five genes 

had a significant fold-change in expression (84 upregulated, 11 downregulated) (Table 4.1). The 

fold-change of gene expression between infected and non-infected groups ranged from 7.27 to -

3.41. The gene with the highest upregulation was a novel gene called T-complex protein 1 

subunit gamma-like. This gene is an orthologue of turkey’s CCT3 (Chaperonin Containing T-

complex protein 1 subunit 3) gene and encodes for a chaperonin member containing TCP1 

complex. T-complex protein 1 (TCP1) is a chaperonin class of protein involved in intracellular 

assembly and folding of various proteins. Specifically, this protein's gamma subunit plays a 

crucial role in folding and assembling cytoskeleton proteins, exploited by viruses during early 

viral infection. TCP1 is also a cytosolic HSP60 family protein. Another gene with significant 

upregulation was the early endosome antigen 1-like, a novel long non-coding RNA (lncRNA). 

We also found upregulation of HSPs (HSP90AA1, HSPH1, HSPA8) and some genes involved in 

innate immune and antiviral responses, including IFN-inducible genes and ISGs (DDX60, IFI6, 

RSAD2, IFIT5, MX1, OASL, CMPK2, RNF213, ERAP1, IFIH1, STAT1, DHX58, IFITM5 and 

C1S (complement C1s)). The MX1 gene prevents the import of nuclear material into viral 

nucleocapsids, which is known to have a disruptive effect on IAV by disrupting lipid rafts of the 

virus. CMPK2 is involved in the differentiation of monocytes and is involved in metabolism. The 

ERAP1 gene is involved in class I major histocompatibility complex (MHC)-mediated antigen 

processing and presentation. The DNAJA1 gene is an important paralog of DNAJA4, and 

response to heat and protein folding are some of its related annotations (GO:0009408, 

GO:0006457). C1S was an upregulated gene in the present study and is involved in the innate 



 

 

108 
 

immune system and regulation of complement cascade pathways. A novel chicken gene 

characterized as an orthologue to human USP18, was upregulated. This novel chicken gene is 

involved in interferon signaling, antiviral mechanisms by IFN-stimulated genes and ISG15. 

Another novel chicken gene, described as guanylate binding protein 1, was also upregulated and 

among its GO term was cellular response to interferon-gamma. Downregulated genes in cecal 

tonsils at 24 hpi included a novel gene (an orthologue of human SAA gene). This gene is 

expressed in granulocytes and involved in the biological process of acute-phase responses 

(GO:0006953, acute inflammatory response to infection) and the innate immune system pathway 

(R-GGA-168249).  

At 72 hpi, only HSPA5 had a significant upregulated expression (FDR < 5%) (Figure 

4.1A; Table 4.1). The FDR threshold was set to 10% to examine genes under a relaxed level of 

significance. Five HSPs were significantly different at this level. Additionally, one of these 

upregulated genes was CIDEC (with the greatest FC > 1.5). CIDEC (cell death-inducing DFFA 

(DNA fragmentation factor-alpha)-like effector c) is involved in regulating the apoptotic process. 

The DOP1B gene was among the results for both FC > 1.5 and FDR < 10% and is known to 

increase during responses to infections. 

Transcriptomic changes were detected in the ileal tissue at 12 hpi, and peaked at 24 hpi  

Differential gene expression in ileal tissue samples of infected chickens was detected as 

early as 12 hpi, and further increased at 24 hpi and then decreased 72 hpi (Figure 4.1B; Table 

4.1). This changing dynamic and the number of significant changes were somewhat different 

from the cecal tonsil samples; the number of DE genes at 72 hpi was maintained above the ileum 

baseline. The differences in DE genes and changing dynamics for each time point post-infection 
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were further illustrated in volcano plots, which give a more detailed display of the magnitude of 

changes in contrast to the measure of statistical significance (Figure 4.2). 

In the ileum at 12 hpi, only three genes were significantly upregulated (FC >1.5). 

RNF213 is related to class I MHC-mediated antigen processing and presentation pathways and 

adaptive immune system pathways. TRANK1 is a protein-coding gene, and its GO annotations 

for molecular functions include protein binding and ATP (Adenosine Triphosphate) binding. 

RNF213 and TRANK1 have orthologues in humans. NCKAP5 is involved in the formation and 

modification of the microtubules. 

At 24 hpi, the number of gene expression changes in the ileum increased substantially 

(Figure 4.1B). Ninety genes had significant fold-changes (76 genes upregulated, and 14 genes 

downregulated) (FDR < 5% and FC > 1.5; Table 4.1). The fold-change of gene expression 

between infected and non-infected groups ranged from 2.38 to -1.41. The gene with the greatest 

significant upregulation was the early endosome antigen 1-like, a novel lncRNA. The significant 

upregulation of RNF213 and TRANK1 continued from 12- to 24-hpi time point. There was also 

augmented expression of antiviral factors, including innate immune responses, IFN-inducible 

genes and ISGs (IFIT5, IFI6, IFIH1 (MDA5), IFITM5, IFI27L2, STAT1, MX1, DHX58, DDX60, 

and OASL). The RSAD2 gene was also one of the top upregulated genes. GO terms for RSAD2 

were related to (1) defence responses to viruses, (2) CD4+ αβT cell activation and differentiation, 

(3) negative regulation of protein secretion and viral genome replication and (4) positive 

regulation of TLR 7/9 signaling pathways and T-helper 2 cell cytokine production. The ZBTB32 

gene was also among the significantly upregulated genes; its GO terms were related to negative 

regulation of transcription by RNA polymerase II. The ZBTB32 orthologue in humans is 

ZBTB16, which is involved in the adaptive immune system and class I MHC-mediated antigen 
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processing and presentation pathways. Heat-shock protein genes were also among the top results 

of upregulated genes, including HSPH1, HSPA2, HSP90AA1, HSPB9, HSPA4L and HSPA8. The 

C1R gene was also upregulated. It is involved in complement activation and the classical 

antibody-mediated complement activation pathway. TLR3 was upregulated in this study. This 

gene encodes TLR 3, which recognizes double-stranded RNA and plays a vital role in pathogen 

recognition and activation of innate immunity. 

Among the significantly downregulated genes in the ileum at 24 hpi were GNLY, CD3D, 

CST7, PTPN7, WAS and XCL1. GNLY, CD3D and CST7 are involved in the innate immune 

system. The PTPN7 annotation was cytokine signaling in the immune system, and WAS is 

involved in the Fc-gamma receptor-dependent phagocytosis pathway. XCL1 is involved in 

chemokine-mediated signaling pathways, G protein-coupled receptor signaling pathway, and 

cellular responses to IFN-gamma, IL-1 and tumour necrosis factor.  

Of the 37 DE genes in the ileum of infected chickens at 72 hpi, 25 genes had significant 

fold-changes (Table 4.1). HSPs were in the top results (HSPH1 (HSP110), HSP90AA1 (HSP90), 

HSPA4L, HSPA5 and HSPA8 (HSP70)). Additionally, PDK4, CHAC1, DNAJA4 and DNAJA1 

were upregulated. In mice with severe influenza, inhibition of PDK4 using a therapeutic agent 

results in prevention of multiorgan failure (Yamane et al., 2014). CHAC1 gene annotations 

included the intrinsic apoptotic signaling pathway in response to endoplasmic reticulum stress, 

which usually results from the accumulation of unfolded or misfolded proteins in the lumen of 

the endoplasmic reticulum lumen (GO:0070059), and negative regulation of the Notch signaling 

pathway (GO:0045746). Like cecal tonsils results, DNAJA4 and its paralog DNAJA1 gene were 

also upregulated in the ileum at 72 hpi. The DNAJA4 gene has related annotations, including 

unfolded protein binding and HSP binding (GO:0051082, GO:0031072). TGIF1 gene was 
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upregulated and involved in signaling by the transforming growth factor (TGF)-β receptor 

complex pathway.  

The genes that were most downregulated in the ileum at 72 hpi included P2RY4, which is 

involved in the G protein-coupled receptor signaling pathway. ELF3 was also downregulated, 

and one of its gene ontogeny biological processes terms was inflammatory response to infection 

(GO:0006954). ELF1 is a protein encoded by the ELF1 gene, which is a paralog of ELF3 gene 

and regulates broad antiviral responses distinct from the type I IFN response (Seifert et al., 

2019). 

Functional annotation analysis 

Functional analysis of Reactome pathways of DE genes 

Functional annotation analysis of Reactome pathways using the PANTHER 

overrepresentation test among significantly upregulated genes resulted in three statistically 

significant (FDR < 5%, Fisher's exact test) Reactome pathways in the cecal tonsils and the ileum 

at 24 hpi. In both tissues, the highest enriched pathway was the ISG15 antiviral mechanism 

(Table 4.2). 

Functional analysis of gene ontology of DE genes 

Functional annotation analysis of GO using the PANTHER overrepresentation test 

among upregulated genes gave results in cecal tonsils at 24 hpi and the ileum at 24 and 72 hpi. In 

the cecal tonsils at 24 hpi, the significantly upregulated genes were classified into 27 biological 

processes and 27 molecular functions with FDR of < 5% (Supplementary Tables 7 and 8) 

according to the GO project, respectively. The top 10 results of enriched biological processes are 

shown in Figure 4.3A. The main GO categories of biological processes for the upregulated genes 

were protein ADP (Adenosine Diphosphate)-ribosylation, positive regulation of PRR signaling 
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pathways, positive regulation of cytokine production (e.g. positive regulation of type I IFN 

production) and regulation of viral life cycle (e.g. negative regulation). The top 10 results of 

enriched molecular functions are shown in Figure 4.3B. The GO terms of the molecular 

functions for the upregulated genes included protein folding chaperone, single-stranded RNA 

binding and HSP binding. 

In the ileum at 24 hpi, the upregulated genes were classified into 30, 21 and one 

functional groups (FDR < 5%) of biological processes, molecular functions and cellular 

components, respectively (Supplementary Tables 9, 10 and 11). The top 10 results of enriched 

biological processes are shown in Figure 4.3A. The main GO categories of the biological 

processes were regulation of PRR signaling pathways, positive regulation of cytokine production 

(e.g. IFN-β), negative regulation of viral process (e.g. negative regulation of viral genome 

replication) and response to stress (e.g. defense response to virus). The top 10 results of enriched 

molecular functions are shown in Figure 4.3B. The GO terms of the molecular functions 

included protein folding chaperone, double- and single-stranded RNA binding, chaperone 

binding and unfolded protein binding. Figure 4.3C shows the cellular component (cytosol) as the 

only enriched GO term relevant to the ileum at 24 hpi. 

In the ileum at 72 hpi, the DE upregulated genes were classified into 19 biological 

processes, 19 molecular functions and one cellular component at FDR < 5% (Supplementary 

Tables 12, 13 and 14) according to the GO project, respectively. The top 10 results of enriched 

biological processes are shown in Figure 4.3A. The main biological processes were negative 

regulation of inclusion body assembly, negative regulation of transcription from RNA 

polymerase II promoter in response to stress and protein refolding. Figure 4.3B presents the top 

10 enriched molecular functions, including C3HC4-type RING (Really Interesting New Gene) 
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finger domain binding, protein folding chaperone, misfolded protein binding, chaperone binding 

and HSP binding. The cellular component (cytosol) was the only enriched GO term in the ileum 

at 72 hpi (Figure 4.3C). 

Discussion 

Defence against AIV is critical for the host where innate responses orchestrate immune 

responses to this infection. Yet, there is no full understanding of the mechanisms underlying this 

response in the GIT. The present study was designed to evaluate the global gene expression 

changes in the GIT of chickens after infection with H9N2 AIV. The induced expression patterns 

of different genes in the ileum and cecal tonsils of AIV-infected chickens were revealed with 

some important observations. 

The Rnf213 gene was identified as highly expressed among a cluster of ISGs with known 

antiviral activity in a mouse model (Sjaastad et al., 2018). The model revealed that the 

heterogeneity of influenza replication from cell to cell is not derived by cell type. Also, the cells 

with no or low viral replication have high induction of the Rnf213 gene (Sjaastad et al., 2018). 

Additionally, a low abundance of virus transcripts is associated with the host innate response 

(response to type I IFN) gene cluster, including the RNF213 gene, which is significantly highly 

expressed in response to influenza infection (Wang et al., 2020). Further, a transcriptomic 

analysis has revealed new genes and networks in response to H5N1 infection in ducks; among 

them, the RNF213 gene is expressed differentially in the brain post-infection (Huang et al., 

2019). In the present study, RNF213 was the highest upregulated gene in the ileum at 12 hpi. 

We also reported that a novel gene called early endosome antigen 1-like and identified as 

a lncRNA, had significant upregulation in cecal tonsils and the ileum at 24 hpi. Although little is 

known about lncRNAs, a lncRNA is upregulated due to viral delivery and is required to induce 
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antiviral effects by promoting an increase in IFN production (Huang et al., 2020). Furthermore, 

an evolutionarily conserved role for lncRNAs has been suggested, as conserved sequences are 

found to define virus-specific effector and memory CD8+ T cells (Hudson et al., 2019). Early 

endosome antigen 1 (EEA1), a protein-coding gene, is involved in vesicular trafficking and is 

affected by bacterial infections (Fratti et al., 2001; Malik et al., 2003). Intracellular pathogens 

target molecular factors, including EEA1, and inhibit its recruitment, triggering phagosomal 

maturation arrest (Fratti et al., 2001, 2003). Influenza A viruses benefit from EEA1 to infect 

human cells; following internalization of virus particles in dendritic cells, the influenza virus 

traffic through EEA1+ early endosomes to gain access to the cytoplasm (Baharom et al., 2017). 

Chicken EEA1 is a coding orthologue of human EEA1. It is hypothesized that lncRNA is 

involved in competing for endogenous RNA (ceRNA), which could regulate a protein-coding 

gene by sponging up microRNA (Song et al., 2014). The infected cells may increase early 

endosome antigen 1-like expression to limit viral entry to cells in the current study.  

DExD/H-box helicases, such as DDX3, have been involved as sensors in innate antiviral 

immunity (Fullam & Schröder, 2013; Lai et al., 2016; Perčulija & Ouyang, 2019; Taschuk & 

Cherry, 2020). DDX60 is involved in RIG-I-dependent and independent antiviral responses 

(Oshiumi et al., 2015). Several DEAD/DEAH-box RNA helicases are hijacked by RNA viruses 

in infected cells to facilitate their replication (Diot et al., 2016; Lorgeoux et al., 2012; Ma et al., 

2008; Xu et al., 2010, 2011). Chicken DDX60 and DHX58 have orthologues in humans. In the 

present study, two IFN-inducible cytoplasmic helicases were upregulated in chicken GIT post-

infection: DDX60 (DExD/H-box helicase 60) and DHX58 (DExH-box helicase 58, also known 

as LGP2 (laboratory of genetics and physiology 2)). Our observations supported the role of 

DExD/H-box helicases in innate antiviral immunity and their manipulation by viruses. DDX60 
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upregulation started at 12 hpi in the ileum but not in cecal tonsils, which then reached significant 

upregulation at 24 hpi in both tissues, and then subsided at 72 hpi. This gene expression may 

imply a broader function of chicken DExD/H-box helicases and provide a deeper understanding 

of immune mechanisms and pathogenesis of AIV in chicken GIT.  

Heat shock proteins shared across Archea, bacteria and eukaryotes, are associated with 

cellular injury. Expression of HSPs is elevated to protect cells under stress and involved in 

protein folding, the immune system and antiviral response. However, viruses lack HSPs and 

depend on host HSPs for their protein folding (Marques et al., 2019). Therefore, viruses can 

hijack HSPs, including hsp40, hsp70 and hsp90, to increase viral replication (Bolhassani & Agi, 

2019). Exogenous administration of HSPs can enhance immune responses in cancer and 

infectious diseases by activation of protective T cell responses (Binder, 2014; Wieten et al., 

2010). HSPs can also interact with various viral proteins; for example, HSPA8 can interact with 

influenza virus protein M1. This interaction inhibits the nuclear export of matrix protein 1 and 

nucleoprotein and subsequently inhibits viral assembly (Watanabe et al., 2006). In the present 

study, we found that HSPs were upregulated significantly at 24 and 72 hpi in the ileum and cecal 

tonsils of AIV-infected chickens. Targeting HSPs could provide a platform for prophylactic or 

therapeutic strategies to manipulate immune responses against AIV in poultry. 

Viruses also exploit cytoskeleton proteins during early viral replication (Döhner & 

Sodeik, 2005; Walsh & Naghavi, 2019). TCP1 is a chaperonin and a cytosolic HSP60 family 

protein (Archibald et al., 2000). The gamma subunit of TCP1 plays a vital role in the folding and 

assembling cytoskeleton proteins (Frydman et al., 1992; Grantham et al., 2002). Chicken TCP1 

has a human orthologue—section of the gene that codes for the gamma-like subunit. T-complex 

protein 1 subunit gamma-like, a novel gene in the chicken genome, is a paralogue of chicken 
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TCP1. In the present study, we found upregulation of TCP1 subunit gamma-like in cecal tonsils 

at 24 hpi. This upregulation may signal this gene's employment by H9N2 AIV in the current 

study for its purposes in protein folding and assembly. 

The results of the functional analyses of the DE genes were related to the immune 

responses to influenza infection. GO terms and Reactome pathways results were almost 

exclusively associated with response to viral infection. In the cecal tonsils and the ileum at 24 

hpi, one of the highest enriched pathways was the ISG15 antiviral mechanism. IFN-induced 

ISG15 targets the NS1A protein of the influenza virus, causing a loss of function of the NS1A 

protein and the inhibition of influenza A virus replication in virus-infected cells (Zhao et al., 

2010). Additionally, ISG15 plays various roles in the defence against viral infections and the 

activation of immune system cells such as lymphocytes, monocytes, and natural killer cells (dos 

Santos & Mansur, 2017). Interestingly, the NS1A protein of IAV is responsible for inhibiting 

host immune responses by limiting production of IFNs and, therefore, antiviral effects of IFN-

induced proteins (Hale et al., 2008). 

In conclusion, our study illustrated the differential responses of innate immunity to AIV 

infection in chicken ileum and CTs. Our study highlighted some of the DE genes that are known 

to be exploited by the influenza virus to support viral replication. One important finding was the 

enriched antiviral pathway of ISG15. ISG15 plays a critical role in innate responses, and future 

research studying this mechanism might provide a platform for strategies against AIV in poultry. 
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Table 4. 1: Significant gene expression changes following influenza infection  

Cecal tonsils (white), ileum (gray). FC, fold change; ↑, upregulated; ↓, downregulated. 

 Tissue 12 hours post-infection 24 hours post-infection 72 hours post-infection 

Number of DE 

genes 

FC > 1.5 

Cecal 

tonsils 
0 95, 84↑; 11↓ 1, 1↑ 

Ileum 

3, 3↑ 

 

 

90, 76↑; 14↓ 25, 18↑; 7↓ 

Highest 

upregulated 

gene: 

 

 

Description 

Cecal 

tonsils 
- 

ENSGALG00000039205 

Novel gene 

 

T-complex protein 1 

subunit gamma-like 

ENSGALG00000001000 

/HSPA5 

Ileum 

ENSGALG00000039269 

/ RNF213 

 

 

ring finger protein 213 

 

ENSGALG00000052514 

Novel gene 

 

 

early endosome antigen 1-

like 

ENSGALG00000049807 

Novel gene 

Highest 

downregulated 

gene: 

 

Description 

 

Cecal 

tonsils 
- 

ENSGALG00000029747 / 

ST3GAL4 
- 

Ileum - 

ENSGALG00000026229 / 

PIGY 

 

phosphatidylinositol 

glycan anchor 

biosynthesis class Y 

ENSGALG00000004346 / 

P2RY4 

 

pyrimidinergic receptor 

P2Y4 
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Table 4. 2: Functional annotation analysis of Reactome pathways using PANTHER 

Overrepresentation analysis was performed on PANTHER. The analysis was performed on upregulated genes of significant gene 

changes in each tissue at each time point by filtering genes with a fold change of +/- 1.5 and significant p-value of False Discovery 

Rate (FDR) controlled at 5%. IFN, interferon; ISG, IFN-stimulated genes. 

Reactome 

pathways 

Number of 

genes in 

reference 

list 

Number 

of genes 

in target 

list 

Expected 
Over/under 

representation (+/-) 

Fold 

enrichment 
Raw P-value FDR 

Cecal tonsils at 24 hours post-infection 

ISG15 antiviral 

mechanism (R-

GGA-1169408) 

25 6 0.11 + 55.39 3.57E-09 5.58E-06 

Antiviral 

mechanism by 

IFN-stimulated 

genes (R-GGA-

1169410) 

27 6 0.12 + 51.28 5.34E-09 4.17E-06 

Interferon 

Signaling (R-

GGA-913531) 

49 6 0.21 + 28.26 1.30E-07 6.75E-05 

Ileum at 24 hours post-infection 

ISG15 antiviral 

mechanism (R-

GGA-1169408) 

25 5 0.1 + 51.51 9.88E-08 1.54E-04 

Antiviral 

mechanism by 

IFN-stimulated 

genes (R-GGA-

1169410) 

27 5 0.1 + 47.69 1.39E-07 1.08E-04 

Interferon 

Signaling (R-

GGA-913531) 

49 5 0.19 + 26.28 2.04E-06 1.06E-03 
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A.  

 
 

B. 

 
 

Figure 4. 1: The number of significantly differentially expressed genes in the cecal tonsils and 

the ileum 

Significantly differentially expressed genes in the cecal tonsils (panel A) and the ileum (panel B) 

following influenza virus infection (significant p-value of False Discovery Rate (FDR) 

controlled at 5%) over time. Blue bars indicate the number of upregulated genes, and the red bars 

indicate the number of downregulated genes.  
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Figure 4. 2: Volcano plots showing changes in gene expression. 

Volcano plots showing changes in the expression of individual genes over time (12, 24, and 72 

hours post-infection) in the cecal tonsils and the ileum. The number of genes decreased linearly 

as the fold change increased. Genes with p-values of False Discovery Rate at < 5% and fold 

change of >1.5 or < -1.5 are depicted in red.  
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Figure 4.3: Dot plots of functional annotation analysis of gene ontology (GO) using PANTHER  

Overrepresentation Test was performed on PANTHER among upregulated genes. Analysis was 

performed on gene list of each tissue at each time point by filtering for genes with a fold change 

of +/- 1.5 and False Discovery Rate (FDR) of < 5%. The top 10 GO terms of each tissue at each 

time point are plotted. The size of the dots represents the number of genes in the significant 

differentially expressed genes list associated with the GO term, and the colour of the dots 

represents the FDR values. Panel A: Biological Process. Panel B: Molecular function. Panel C: 

Cellular Components. 
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CHAPTER 5 

General discussion  

Global poultry production has been significantly compromised by outbreaks of avian 

influenza virus (AIV). Avian influenza viruses are categorized as either highly pathogenic (HP) 

AIV or low pathogenic (LP) AIV based on their ability to cause clinical signs and mortality in 

poultry. Although significant efforts in prevention and control of avian influenza have focused on 

biosecurity measures, recent outbreaks of novel HPAIV have demonstrated the insufficiency of 

these programs (Jang et al., 2018). Thus far, vaccination is considered an effective approach to 

protecting poultry from AIV (Hoang et al., 2020). Some LPAIVs that are adapted to infect birds 

can also replicate in mammalian tissues. For example, H9N2 LPAIV replicates in cats, dogs, 

ferrets and humans (Lin et al., 2000; Wan et al., 2008; Zhang et al., 2013). Moreover, reassorted 

influenza virus isolates, such as H5N1, H5N2, H5N6, H7N7, H7N9 and H10N8, carry some or 

all the internal genes of H9N2 AIV (Alexander et al., 2009; Gu et al., 2014; Kageyama et al., 

2013; Peacock et al., 2019; Zhang et al., 2016). H9N2 LPAIV has become endemic in poultry in 

many Asian and Middle Eastern countries (Fusaro et al., 2011).  

HPAIVs typically cause severe systemic infections, while LPAIVs are principally 

localized in the upper respiratory and gastrointestinal tracts (GIT) (Payne, 2017). The GIT is 

exposed to various antigens from food, microbiota and pathogens. This constant exposure of the 

GIT to antigens requires an intricate balance between induction of effector responses and 

regulation of immune response in the intestine (Ahluwalia et al., 2017; Montalban-Arques et al., 

2018; Nochi et al., 2018; Smith et al., 2014). The gut-associated lymphoid tissue (GALT) is an 

essential part of the host's mucosal immune system (Peralta et al., 2016). Therefore, 
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understanding the interaction of viruses with their host's GALT is crucial for controlling and 

preventing infection. 

This thesis aimed to study immune responses in the GALT of chickens at different levels 

and examine vaccination effects. To measure host responses, we employed quantitative assays, 

including (1) a haemagglutination inhibition assay for anti-HA antibody, (2) ELISAs for 

interferon (IFN)-γ in cell culture supernatants and IgY antibody avidity and total H9N2 virus-

specific antibody titers in serum, and (3) the Griess Reagent System for nitric oxide in cell 

culture supernatants. A fifty-percent tissue culture infectious dose assay was also used to 

quantify viral particles in cell cultures supernatants in vitro and virus-neutralizing antibodies in 

serum. We also used quantitative real time-PCR and high-throughput mRNA sequencing for 

quantification of gene expression.  

In the first study of this thesis, we confirmed AIV replication in chicken cecal tonsil (CT) 

mononuclear cells. Moreover, we demonstrated that the treatment of chicken CT mononuclear 

cells with probiotic lactobacilli alone or in combination with CpG ODN 2007 reduced AIV 

replication. This reduction can be ascribed to the ability of probiotic lactobacilli to induce 

immunostimulatory effects simultaneously with the capability of CT cells to mount an effective 

immune response against AIV. To assess the mechanisms by which AIV replication was reduced, 

we measured nitric oxide production and gene expression post-stimulation of CT mononuclear 

cells with various combinations of probiotic lactobacilli with CpG ODN 2007. Nitric oxide 

production in CT mononuclear cells was not affected by CpG ODN nor probiotic lactobacilli or 

their combination. This observation may be related to the small number of macrophages in the 

single-cell suspension of CT (Taha-Abdelaziz et al., 2019). Indeed, there is still controversy over 

the antiviral activity of nitric oxide against influenza viruses and whether it can be inhibitory or 
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pathogenic (Akaike et al., 1996; Akaike & Maeda, 2000; Perrone et al., 2013; Regev-Shoshani et 

al., 2013; Rimmelzwaan et al., 1999). 

On the other hand, the combination of CpG and probiotic lactobacilli induced interleukin 

(IL)-2 and IFN-γ expression. In agreement with our results, administration of the same species of 

probiotic lactobacilli to intestinal microbiota-depleted chickens restored IFN-γ transcript level in 

the spleen (Yitbarek et al., 2019). When combined with CpG ODN, probiotic lactobacilli 

induced significantly higher levels of IL-12, IL-6, CXCLi2, and IL-1β than with the bacteria 

alone. A significant expression of these cytokines was also observed in cells treated with CpG 

ODN alone, making it unclear whether this is due to additive effects or a dominant effect 

mediated by CpG ODN. Nonetheless, lactobacilli alone can induce IL-12, IL-6, and IL-1β 

expression. Probiotic lactobacilli alone or in combination with CpG induced higher expression of 

IL-10 in CT cells, which is indicative of their immunoregulatory properties (Karpala et al., 2011; 

Liniger et al., 2012). Here, MDA5 expression was not affected by any of the treatments. Chicken 

MDA5, rather than TLRs, plays a crucial role in recognition of RNA ligands, including influenza 

virus, but it is not involved in bacterial RNA recognition (Eberle et al., 2009; Lee et al., 2020). 

Treatment of CT cells with combinations of CpG and lactobacilli resulted in a higher expression 

of viperin than treatment with either CpG or lactobacilli alone, which resulted in no induction of 

viperin gene expression. We observed similar effects from CpG and lactobacilli in inducing the 

expression of viperin, indicating a potential antiviral property of lactobacilli bacteria. Overall, 

probiotic lactobacilli showed antiviral and immunostimulatory capacities, as demonstrated by 

their ability in eliciting antiviral responses and robust cytokine expression in CT cells, including 

a Th1 type cytokine (IL-2, IL-12, IFN-γ), pro-inflammatory cytokines (IL-1β, IL-6), and an 

immunoregulatory cytokine (IL-10). Notably, the concurrent induction of pro- and anti-
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inflammatory cytokines in lactobacilli-treated cells suggests a role for lactobacilli in maintaining 

the immune system homeostasis. 

Next, we wanted to assess the role of probiotic lactobacilli in the immunogenicity of an 

H9N2 AIV vaccine in chickens. We hypothesized that the use of probiotic lactobacilli might 

provide a platform for the development of more effective immunization strategies in poultry. We 

treated chickens with probiotic lactobacilli and then intramuscularly vaccinated them with a 

BPL-inactivated H9N2 whole virus (WIV) vaccine adjuvanted with CpG ODN 2007. The 

administration of a probiotic cocktail combined with CpG-adjuvanted vaccine induced a 

significantly higher hemagglutination inhibition titer than all other treatments. This increase 

could suggest an additive effect of probiotics. In an attempt to use probiotics as a vaccine 

adjuvant in humans, 1010 CFU of L. rhamnosus GG was administrated twice daily to healthy 

adults as an influenza-vaccine adjuvant (Davidson et al., 2011). This probiotic bacteria 

administration induced significantly higher hemagglutination inhibition titers at day 28 post-

vaccination than those who received a placebo and vaccine (Davidson et al., 2011). Similar 

observations were made in microbiota-depleted chickens given probiotic lactobacilli and 

vaccinated with H9N2 vaccine (Yitbarek et al., 2019). In our study, probiotics did not induce 

higher IgM or IgY antibody titers in chickens receiving the whole inactivated virus vaccine only. 

Concerning the cell-mediated immune responses, administration of lactobacilli cocktail, in this 

study, significantly increased IFN-γ production by chicken splenocytes. Oral administration of a 

probiotic Lactobacillus strain to healthy mice enhances the production and secretion of 

cytokines, including IFN-γ and improved immune responses against Salmonella (Castillo et al., 

2011). In chickens, oral treatment with probiotics results in significantly increased gene 
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expression and secretion of IFN-γ proteins in splenic mononuclear cells in response to Newcastle 

disease virus (Brisbin et al., 2011). 

In the third study of this thesis, we sought to investigate the expression of immune system 

genes in the intestinal tissue of chickens after infection with H9N2 AIV. The impetus for this 

research was the finding in the first study where we investigated the response of CT mononuclear 

cells to infection with AIV and stimulation with probiotic lactobacilli in vitro. RNA sequencing 

(RNA-seq) is a technique that uses high-throughput sequenced data to characterize and profile 

the genome-wide transcriptome (Rao et al., 2019; Wang et al., 2011). We used RNA-seq to study 

the transcriptome of chicken CTs and ileum at acute time points post-infection with LPAIV 

H9N2. Differential expression patterns were observed in the ileum and cecal tonsils of AIV-

infected chickens. Although statistical analysis did not show significant gene expression changes 

at 12 hours post-infection, the analysis highlighted transcriptomic signatures occurring 24 and 72 

hours post-infection. Expression of IFN-inducible genes and IFN-stimulated genes (ISGs) was 

increased. We also found continuous upregulated expression of various heat shock proteins 

(HSP), including HSP60, HSP70, HSP90 and HSP110 at 24 and 72 hours post-infection in the 

ileum and cecal tonsils of AIV-infected chickens.  

Additionally, in the third study of this work, we reported the significant upregulation in 

the expression of some genes involved in the innate immune response and antiviral response, 

including DDX60, MX1, RSAD2, CMPK2 and RNF213. RNF213 gene is involved in Class I 

major histocompatibility complex-mediated antigen processing and presentation pathways and 

innate immune responses. Strategies targeting these upregulated genes could provide a platform 

for developing drugs, including antivirals (Bai et al., 2013; Ferrero et al., 2017; Verbist et al., 

2015). 
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During the functional analysis of the differentially expressed genes, we observed that the 

results were related to immune responses to viral infections. Indeed, the results from GO analysis 

were almost exclusively associated with responses to viral infection. The functional analysis 

results could have been expected, with most related to infection or stress responses. The results 

from and Reactome pathways analysis in the cecal tonsils and the ileum at 24 hours post-

infection showed that ISG15 antiviral mechanism pathway was enriched to the highest levels. 

Interferon-induced ISG15 targets the NS1A (nonstructural) protein of IAV, causing a loss of 

function of the NS1A protein and the inhibition of IAV replication in virus-infected cells (Zhao 

et al., 2010). Intriguingly, the NS1A protein of influenza viruses is known to inhibit host immune 

responses by limiting the production of IFNs and antiviral effects of IFN-induced proteins (Hale 

et al., 2008). 

While the first study demonstrated AIV replication in mononuclear cells of cecal tonsils 

and the probiotic lactobacilli role in reducing viral replication, the second study revealed the 

utility of microbiome manipulation for enhancing immune responses generated by vaccines. 

Finally, the final study revealed gene expression changes post-infection with AIV at tissue-

specific level transcriptome in the cecal tonsils and the ileum.  

In this thesis, we provide significant advancement of our knowledge of the immune 

responses of the chicken gut with essential insights into the characterization and quantification of 

these responses to AIV infection and probiotic lactobacilli administration. We evaluated antiviral 

responses of gut-associated lymphoid tissues based on viral replication in vitro and its reduction 

by probiotic lactobacilli administration, changes in gene expression post-infection in vivo, and 

enhancement of vaccine immunogenicity by probiotic lactobacilli administration. Our findings 

could lead to the adoption of alternative approaches for developing and/or enhancing methods 



 

 

131 
 

for controlling AIV in poultry. Adoption of these methods could significantly reduce economic 

losses in the global poultry trade and reduce the potential worldwide risk of AIV transmission to 

humans. Another benefit resulting from this work is the possible targeting of specific groups of 

genes to develop prophylactic or therapeutic measures against AIV infection. 

The discoveries presented in this thesis come with some caveats. Although we 

determined the antibody- and cell-mediated immune responses in the splenocytes of vaccinated 

chickens, we did not assess memory responses to vaccination. Memory T cells can effectively 

complement functional antibody-mediated immune responses. Future studies are needed to 

evaluate the memory T cell responses.  

 Conclusions from the studies presented here add to our knowledge of immune responses 

in the gut-associated lymphoid tissues. Some of the mechanisms induced by probiotic lactobacilli 

in the current thesis can provide an insight into the development of probiotic supplements to 

boost immunogenicity of vaccines and immune response to AIV in chickens. Therefore, future 

research on this subject should attempt to identify and develop a single or combination of 

probiotics effective at modulating immune responses of chickens to AIV infection. An in vitro 

model could identify potentially promising lactobacilli species and evaluate their antiviral 

activities as a single probiotic or in multiple permutations of different combinations of 

lactobacilli species. 

Even though the current study attempted to determine the immunomodulatory effects of 

probiotic lactobacilli on the gut-associated lymphoid tissues and immune responses to AIV 

vaccine, future studies should also determine how lactobacilli impact infections of the upper 

respiratory tract. Along the same lines, while the current project looked at differential gene 

expression in the gut-associated lymphoid tissues, future studies should explore these gene 
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expression changes in other mucosal compartments. Pathogens come into contact with mucosal 

tissues, including bronchus-associated lymphoid tissue in the respiratory tract, nasal-associated 

lymphoid tissues and head-associated lymphoid tissues comprised of the Harderian gland and 

conjunctiva-associated lymphoid tissue (Nochi et al., 2018). Application of high-throughput 

sequencing to understand the modulation of immune-related gene expression in these mucosal 

tissues can lead to the development of novel and useful methods against AIV in poultry. Indeed, 

such studies can also offer insights for broader public health development because the well-

developed mucosal immune system of birds can resemble the systems found in mammals (Nochi 

et al., 2018). 

Overall, the findings from this thesis deliver an understanding of the innate and adaptive 

immune responses in the lymphoid tissues of the gastrointestinal tract through the gene 

expression changes. Furthermore, this thesis provides insights into the role of the probiotic 

lactobacilli in modulating the immune responses to AIV infection in chicken cells and AIV 

vaccination in chickens. Future research should examine the immune enhancing activities of 

other lactobacilli species with different combinations of inactivated AIV vaccines and adjuvants 

in chickens. Additionally, high-throughput sequencing should be further employed to understand 

antiviral response in the respiratory tract better.  



 

 

133 
 

References 

Abdul-Cader, M. S., De Silva Senapathi, U., Nagy, E., Sharif, S., & Abdul-Careem, M. F. 

(2018). Antiviral response elicited against avian influenza virus infection following 

activation of toll-like receptor (TLR)7 signaling pathway is attributable to interleukin 

(IL)-1β production. BMC Research Notes, 11(1), 859. https://doi.org/10.1186/s13104-

018-3975-4 

Abrahamsson, T. R., Jakobsson, H. E., Andersson, A. F., Björkstén, B., Engstrand, L., & 

Jenmalm, M. C. (2014). Low gut microbiota diversity in early infancy precedes asthma at 

school age. Clinical and Experimental Allergy. https://doi.org/10.1111/cea.12253 

Abrams, G. D., Bauer, H., & Sprinz, H. (1963). Influence of the normal flora on mucosal 

morphology and cellular renewal in the ileum. A comparison of germ-free and 

conventional mice. Laboratory Investigation; a Journal of Technical Methods and 

Pathology, 12, 355–364. 

Ahluwalia, B., Magnusson, M. K., & Öhman, L. (2017). Mucosal immune system of the 

gastrointestinal tract: Maintaining balance between the good and the bad. Scandinavian 

Journal of Gastroenterology, 52(11), 1185–1193. 

https://doi.org/10.1080/00365521.2017.1349173 

Akaike, T., & Maeda, H. (2000). Nitric oxide and virus infection. Immunology, 101(3), 300–308. 

https://doi.org/10.1046/j.1365-2567.2000.00142.x 

Akaike, T., Noguchi, Y., Ijiri, S., Setoguchi, K., Suga, M., Zheng, Y. M., Dietzschold, B., & 

Maeda, H. (1996). Pathogenesis of influenza virus-induced pneumonia: Involvement of 

both nitric oxide and oxygen radicals. Proceedings of the National Academy of Sciences, 

93(6), 2448–2453. https://doi.org/10.1073/pnas.93.6.2448 

Akdis, C. A., & Blaser, K. (2001). Mechanisms of interleukin-10-mediated immune suppression. 

Immunology, 103(2), 131–136. https://doi.org/10.1046/j.1365-2567.2001.01235.x 

Alexander, D. J. (2000). A review of avian influenza in different bird species. Veterinary 

Microbiology, 74(1–2), 3–13. https://doi.org/10.1016/S0378-1135(00)00160-7 

Alexander, P. E., De, P., & Rave, S. (2009). Is H9N2 avian influenza virus a pandemic potential? 

The Canadian Journal of Infectious Diseases & Medical Microbiology, 20(2), e35–e36. 



 

 

134 
 

Aliberti, J. (2016, February 29). Immunity and Tolerance Induced by Intestinal Mucosal 

Dendritic Cells [Review Article]. Mediators of Inflammation; Hindawi. 

https://doi.org/10.1155/2016/3104727 

Alizadeh, M., Munyaka, P., Yitbarek, A., Echeverry, H., & Rodriguez-Lecompte, J. C. (2017). 

Maternal antibody decay and antibody-mediated immune responses in chicken pullets fed 

prebiotics and synbiotics. Poultry Science, 96(1), 58–64. 

https://doi.org/10.3382/ps/pew244 

Alizadeh, M., Shojadoost, B., Astill, J., Taha-Abdelaziz, K., Karimi, S. H., Bavananthasivam, J., 

Kulkarni, R. R., & Sharif, S. (2020). Effects of in ovo Inoculation of Multi-Strain 

Lactobacilli on Cytokine Gene Expression and Antibody-Mediated Immune Responses in 

Chickens. Frontiers in Veterinary Science, 7, 105. 

https://doi.org/10.3389/fvets.2020.00105 

Alkie, T. N., St. Paul, M., Barjesteh, N., Brisbin, J., & Sharif, S. (2015). Expression profiles of 

antiviral response genes in chicken bursal cells stimulated with Toll-like receptor ligands. 

Veterinary Immunology and Immunopathology, 163(3–4), 157–163. 

https://doi.org/10.1016/j.vetimm.2014.12.005 

Alkie, T. N., Yitbarek, A., Hodgins, D. C., Kulkarni, R. R., Taha-Abdelaziz, K., & Sharif, S. 

(2019). Development of innate immunity in chicken embryos and newly hatched chicks: 

A disease control perspective. Avian Pathology, 48(4), 288–310. 

https://doi.org/10.1080/03079457.2019.1607966 

Alkie, T. N., Yitbarek, A., Taha-Abdelaziz, K., Astill, J., & Sharif, S. (2018). Characterization of 

immunogenicity of avian influenza antigens encapsulated in PLGA nanoparticles 

following mucosal and subcutaneous delivery in chickens. PLoS ONE, 13(11). 

https://doi.org/10.1371/journal.pone.0206324 

Amini-Bavil-Olyaee, S., Choi, Y. J., Lee, J. H., Shi, M., Huang, I.-C., Farzan, M., & Jung, J. U. 

(2013). The Antiviral Effector IFITM3 Disrupts Intracellular Cholesterol Homeostasis to 

Block Viral Entry. Cell Host & Microbe, 13(4), 452–464. 

https://doi.org/10.1016/j.chom.2013.03.006 

An, J., Li, J., Wang, Y., Wang, J., Li, Q., Zhou, H., Hu, X., Zhao, Y., & Li, N. (2019). A 

Homeostasis Hypothesis of Avian Influenza Resistance in Chickens. Genes, 10(7), 543. 

https://doi.org/10.3390/genes10070543 



 

 

135 
 

Arafat, N., Eladl, A. H., Marghani, B. H., Saif, M. A., & El-shafei, R. A. (2018). Enhanced 

infection of avian influenza virus H9N2 with infectious laryngeotracheitis vaccination in 

chickens. Veterinary Microbiology, 219, 8–16. 

https://doi.org/10.1016/j.vetmic.2018.04.009 

Archibald, J. M., Logsdon Jr., J. M., & Doolittle, W. F. (2000). Origin and Evolution of 

Eukaryotic Chaperonins: Phylogenetic Evidence for Ancient Duplications in CCT Genes. 

Molecular Biology and Evolution, 17(10), 1456–1466. 

https://doi.org/10.1093/oxfordjournals.molbev.a026246 

Argyri, A. A., Zoumpopoulou, G., Karatzas, K.-A. G., Tsakalidou, E., Nychas, G.-J. E., 

Panagou, E. Z., & Tassou, C. C. (2013). Selection of potential probiotic lactic acid 

bacteria from fermented olives by in vitro tests. Food Microbiology, 33(2), 282–291. 

https://doi.org/10.1016/j.fm.2012.10.005 

Astill, J., Alkie, T., Yitbarek, A., Taha-Abdelaziz, K., Bavananthasivam, J., Nagy, É., Petrik, J. 

J., & Sharif, S. (2018a). Induction of immune response in chickens primed in ovo with an 

inactivated H9N2 avian influenza virus vaccine. BMC Research Notes, 11(1), 428. 

https://doi.org/10.1186/s13104-018-3537-9 

Astill, J., Alkie, T., Yitbarek, A., Taha-Abdelaziz, K., Shojadoost, B., Petrik, J. J., Nagy, É., & 

Sharif, S. (2018b). A Comparison of Toll-Like Receptor 5 and 21 Ligands as Adjuvants 

for a Formaldehyde Inactivated H9N2 Avian Influenza Virus Vaccine in Chickens. Viral 

Immunology, 31(9), 605–612. https://doi.org/10.1089/vim.2018.0072 

Avila, J., Avila, M., Tovar, B., Brizuela, M., Perazzo, Y., & Hernandez, H. (2010). Probiotic 

capacity of strains of the genus Lactobacillus extracted from the intestinal tract of farm 

animals. Revista Científica de La Facultad de Ciencias Veterinarias, 20(2), 161-. Gale 

Academic OneFile. 

Axelsson, L., & Ahrné, S. (2000). Lactic Acid Bacteria. In F. G. Priest & M. Goodfellow (Eds.), 

Applied Microbial Systematics (pp. 367–388). Springer Netherlands. 

https://doi.org/10.1007/978-94-011-4020-1_13 

Babapoor, S., Neef, T., Mittelholzer, C., Girshick, T., Garmendia, A., Shang, H., Khan, M. I., & 

Burkhard, P. (2012, January 12). A Novel Vaccine Using Nanoparticle Platform to 

Present Immunogenic M2e against Avian Influenza Infection [Research Article]. 

Influenza Research and Treatment; Hindawi. https://doi.org/10.1155/2011/126794 



 

 

136 
 

Baharom, F., Thomas, O. S., Lepzien, R., Mellman, I., Chalouni, C., & Smed-Sörensen, A. 

(2017). Visualization of early influenza A virus trafficking in human dendritic cells using 

STED microscopy. PLOS ONE, 12(6), e0177920. 

https://doi.org/10.1371/journal.pone.0177920 

Bai, J. P. F., Alekseyenko, A. V., Statnikov, A., Wang, I.-M., & Wong, P. H. (2013). Strategic 

Applications of Gene Expression: From Drug Discovery/Development to Bedside. The 

AAPS Journal, 15(2), 427–437. https://doi.org/10.1208/s12248-012-9447-1 

Balish, E. (1995). Normal microflora: An introduction to microbes inhabiting the human body. 

Trends in Microbiology. https://doi.org/10.1016/s0966-842x(00)88950-7 

Banchereau, J., & Steinman, R. M. (1998). Dendritic cells and the control of immunity. Nature; 

London, 392(6673), 245–252. http://dx.doi.org.subzero.lib.uoguelph.ca/10.1038/32588 

Barber, M. R. W., Aldridge, J. R., Webster, R. G., & Magor, K. E. (2010). Association of RIG-I 

with innate immunity of ducks to influenza. Proceedings of the National Academy of 

Sciences, 107(13), 5913–5918. https://doi.org/10.1073/pnas.1001755107 

Barjesteh, N., Behboudi, S., Brisbin, J. T., Villanueva, A. I., Nagy, É., & Sharif, S. (2014). TLR 

Ligands Induce Antiviral Responses in Chicken Macrophages. PLOS ONE, 9(8), 

e105713. https://doi.org/10.1371/journal.pone.0105713 

Barjesteh, N., Brisbin, J. T., Behboudi, S., Nagy, É., & Sharif, S. (2015a). Induction of Antiviral 

Responses Against Avian Influenza Virus in Embryonated Chicken Eggs with Toll-Like 

Receptor Ligands. Viral Immunology, 28(4), 192–200. 

https://doi.org/10.1089/vim.2014.0145 

Barjesteh, N., Shojadoost, B., Brisbin, J. T., Emam, M., Hodgins, D. C., Nagy, É., & Sharif, S. 

(2015b). Reduction of avian influenza virus shedding by administration of Toll-like 

receptor ligands to chickens. Vaccine, 33(38), 4843–4849. 

https://doi.org/10.1016/j.vaccine.2015.07.070 

Bar-Shira, E., Sklan, D., & Friedman, A. (2003). Establishment of immune competence in the 

avian GALT during the immediate post-hatch period. Developmental & Comparative 

Immunology, 27(2), 147–157. https://doi.org/10.1016/S0145-305X(02)00076-9 

Barton, H. D., Rohani, P., Stallknecht, D. E., Brown, J., & Drake, J. M. (2014). Subtype diversity 

and reassortment potential for co-circulating avian influenza viruses at a diversity hot 



 

 

137 
 

spot. Journal of Animal Ecology, 83(3), 566–575. https://doi.org/10.1111/1365-

2656.12167 

Bauer, H., Horowitz, R. E., Levenson, S. M., & Popper, H. (1963). The Response of the 

Lymphatic Tissue to the Microbial Flora. Studies on Germfree Mice. The American 

Journal of Pathology, 42(4), 471–483. 

Belshe, R. B., Gruber, W. C., Mendelman, P. M., Mehta, H. B., Mahmood, K., Reisinger, K., 

Treanor, J., Zangwill, K., Hayden, F. G., Bernstein, D. I., Kotloff, K., King, J., Piedra, P. 

A., Block, S. L., Yan, L., & Wolff, M. (2000). Correlates of Immune Protection Induced 

by Live, Attenuated, Cold-Adapted, Trivalent, Intranasal Influenza Virus Vaccine. The 

Journal of Infectious Diseases, 181(3), 1133–1137. https://doi.org/10.1086/315323 

Belz, G. T., Wodarz, D., Diaz, G., Nowak, M. A., & Doherty, P. C. (2002). Compromised 

Influenza Virus-Specific CD8ϩ-T-Cell Memory in CD4ϩ-T-Cell-Deficient Mice. J. 

VIROL., 76, 6. 

Benjamin, E., Wang, W., McAuliffe, J. M., Palmer-Hill, F. J., Kallewaard, N. L., Chen, Z., 

Suzich, J. A., Blair, W. S., Jin, H., & Zhu, Q. (2014). A Broadly Neutralizing Human 

Monoclonal Antibody Directed against a Novel Conserved Epitope on the Influenza 

Virus H3 Hemagglutinin Globular Head. Journal of Virology, 88(12), 6743–6750. 

https://doi.org/10.1128/JVI.03562-13 

Benne, C. A., Harmsen, M., van der Graaff, W., Verheul, A. F. M., Snippe, H., & Kraaijeveld, C. 

A. (1997). Influenza virus neutralizing antibodies and IgG isotype profiles after 

immunization of mice with influenza A subunit vaccine using various adjuvants. Vaccine, 

15(9), 1039–1044. https://doi.org/10.1016/S0264-410X(96)00287-3 

Bertran, K., Criado, M. F., Lee, D.-H., Killmaster, L., Sá e Silva, M., Lucio, E., Widener, J., 

Pritchard, N., Atkins, E., Mebatsion, T., & Swayne, D. E. (2020). Protection of White 

Leghorn chickens by recombinant fowlpox vector vaccine with an updated H5 insert 

against Mexican H5N2 avian influenza viruses. Vaccine, 38(6), 1526–1534. 

https://doi.org/10.1016/j.vaccine.2019.11.072 

Bertran, K., Sá e Silva, M., Pantin-Jackwood, M. J., & Swayne, D. E. (2013). Protection against 

H7N3 high pathogenicity avian influenza in chickens immunized with a recombinant 

fowlpox and an inactivated avian influenza vaccines. Vaccine; Kidlington, 31(35), 3572–

3576. http://dx.doi.org.subzero.lib.uoguelph.ca/10.1016/j.vaccine.2013.05.039 



 

 

138 
 

Binder, R. J. (2014). Functions of Heat Shock Proteins in Pathways of the Innate and Adaptive 

Immune System. The Journal of Immunology, 193(12), 5765–5771. 

https://doi.org/10.4049/jimmunol.1401417 

Bisgaard, H., Li, N., Bonnelykke, K., Chawes, B. L. K., Skov, T., Paludan-Müller, G., Stokholm, 

J., Smith, B., & Krogfelt, K. A. (2011). Reduced diversity of the intestinal microbiota 

during infancy is associated with increased risk of allergic disease at school age. Journal 

of Allergy and Clinical Immunology. https://doi.org/10.1016/j.jaci.2011.04.060 

Blanas, E., Davey, G. M., Carbone, F. R., & Heath, W. R. (2000).  A Bone Marrow-Derived 

APC in the Gut-Associated Lymphoid Tissue Captures Oral Antigens and Presents Them 

to Both CD4 + and CD8 + T Cells . The Journal of Immunology. 

https://doi.org/10.4049/jimmunol.164.6.2890 

Blutt, S. E., Miller, A. D., Salmon, S. L., Metzger, D. W., & Conner, M. E. (2012). IgA is 

important for clearance and critical for protection from rotavirus infection. Mucosal 

Immunology. https://doi.org/10.1038/mi.2012.51 

Bogdan, C. (2015). Nitric oxide synthase in innate and adaptive immunity: An update. Trends in 

Immunology, 36(3), 161–178. https://doi.org/10.1016/j.it.2015.01.003 

Bolger, A. M., Lohse, M., & Usadel, B. (2014). Trimmomatic: A flexible trimmer for Illumina 

sequence data. Bioinformatics, 30(15), 2114–2120. 

https://doi.org/10.1093/bioinformatics/btu170 

Bolhassani, A., & Agi, E. (2019). Heat shock proteins in infection. Clinica Chimica Acta, 498, 

90–100. https://doi.org/10.1016/j.cca.2019.08.015 

Boravleva, E., & Gambaryan, A. (2018). Live poultry vaccines against highly pathogenic avian 

influenza viruses. Microbiology Independent Research Journal, 5(1). https://www.mir-

journal.org/issues/5/2/ 

Boyce, T. G., Gruber, W. C., Coleman-Dockery, S. D., Sannella, E. C., Reed, G. W., Wolff, M., 

& Wright, P. F. (1999). Mucosal immune response to trivalent live attenuated intranasal 

influenza vaccine in children. Vaccine, 18(1), 82–88. https://doi.org/10.1016/S0264-

410X(99)00183-8 

Brandtzaeg, P. (2013). Secretory IgA: Designed for Anti-Microbial Defense. Frontiers in 

Immunology, 4. https://doi.org/10.3389/fimmu.2013.00222 



 

 

139 
 

Brisbin, J. T., Davidge, L., Roshdieh, A., & Sharif, S. (2015). Characterization of the effects of 

three Lactobacillus species on the function of chicken macrophages. Research in 

Veterinary Science, 100, 39–44. https://doi.org/10.1016/j.rvsc.2015.03.003 

Brisbin, J. T., Gong, J., Orouji, S., Esufali, J., Mallick, A. I., Parvizi, P., Shewen, P. E., & Sharif, 

S. (2011). Oral Treatment of Chickens with Lactobacilli Influences Elicitation of Immune 

Responses. Clinical and Vaccine Immunology, 18(9), 1447–1455. 

https://doi.org/10.1128/CVI.05100-11 

Brisbin, J. T., Gong, J., Parvizi, P., & Sharif, S. (2010). Effects of Lactobacilli on Cytokine 

Expression by Chicken Spleen and Cecal Tonsil Cells. Clinical and Vaccine 

Immunology, 17(9), 1337–1343. https://doi.org/10.1128/CVI.00143-10 

Brisbin, J. T., Zhou, H., Gong, J., Sabour, P., Akbari, M. R., Haghighi, H. R., Yu, H., Clarke, A., 

Sarson, A. J., & Sharif, S. (2008). Gene expression profiling of chicken lymphoid cells 

after treatment with Lactobacillus acidophilus cellular components. Developmental & 

Comparative Immunology, 32(5), 563–574. https://doi.org/10.1016/j.dci.2007.09.003 

Brownlie, R., & Allan, B. (2011). Avian toll-like receptors. Cell and Tissue Research, 343(1), 

121–130. https://doi.org/10.1007/s00441-010-1026-0 

Brownlie, R., Zhu, J., Allan, B., Mutwiri, G. K., Babiuk, L. A., Potter, A., & Griebel, P. (2009). 

Chicken TLR21 acts as a functional homologue to mammalian TLR9 in the recognition 

of CpG oligodeoxynucleotides. Molecular Immunology, 46(15), 3163–3170. 

https://doi.org/10.1016/j.molimm.2009.06.002 

Bunker, J. J., Erickson, S. A., Flynn, T. M., Henry, C., Koval, J. C., Meisel, M., Jabri, B., 

Antonopoulos, D. A., Wilson, P. C., & Bendelac, A. (2017). Natural polyreactive IgA 

antibodies coat the intestinal microbiota. Science, 358(6361). 

https://doi.org/10.1126/science.aan6619 

Butt, A. M., Siddique, S., Idrees, M., & Tong, Y. (2010). Avian influenza A (H9N2): 

Computational molecular analysis and phylogenetic characterization of viral surface 

proteins isolated between 1997 and 2009 from the human population. Virology Journal, 

7(1), 319. https://doi.org/10.1186/1743-422X-7-319 

Calabro, S., Tritto, E., Pezzotti, A., Taccone, M., Muzzi, A., Bertholet, S., De Gregorio, E., 

O’Hagan, D. T., Baudner, B., & Seubert, A. (2013). The adjuvant effect of MF59 is due 

to the oil-in-water emulsion formulation, none of the individual components induce a 



 

 

140 
 

comparable adjuvant effect. Vaccine, 31(33), 3363–3369. 

https://doi.org/10.1016/j.vaccine.2013.05.007 

Cao, Y., Huang, Y., Xu, K., Liu, Y., Li, X., Xu, Y., Zhong, W., & Hao, P. (2017). Differential 

responses of innate immunity triggered by different subtypes of influenza a viruses in 

human and avian hosts. BMC Medical Genomics, 10(S4), 70. 

https://doi.org/10.1186/s12920-017-0304-z 

Casteleyn, C., Doom, M., Lambrechts, E., Van den Broeck, W., Simoens, P., & Cornillie, P. 

(2010). Locations of gut-associated lymphoid tissue in the 3-month-old chicken: A 

review. Avian Pathology, 39(3), 143–150. https://doi.org/10.1080/03079451003786105 

Castillo, N. A., Perdigón, G., & de Moreno de LeBlanc, A. (2011). Oral administration of a 

probiotic Lactobacillus modulates cytokine production and TLR expression improving 

the immune response against Salmonella enterica serovar Typhimurium infection in 

mice. BMC Microbiology, 11(1), 177. https://doi.org/10.1186/1471-2180-11-177 

CDC. (2020, May 13). Summary of Influenza Risk Assessment Tool (IRAT) Results | Pandemic 

Influenza (Flu) | CDC. The Centers for Disease Control and Prevention. 

https://www.cdc.gov/flu/pandemic-resources/monitoring/irat-virus-summaries.htm 

Chaung, H.-C., Cheng, L.-T., Hung, L.-H., Tsai, P.-C., Skountzou, I., Wang, B., Compans, R. 

W., & Lien, Y.-Y. (2012). Salmonella flagellin enhances mucosal immunity of avian 

influenza vaccine in chickens. Veterinary Microbiology, 157(1), 69–77. 

https://doi.org/10.1016/j.vetmic.2011.12.014 

Chen, L. W., Chen, P. H., & Hsu, C. M. (2011). Commensal microflora contribute to host 

defense against escherichia coli pneumonia through toll-like receptors. Shock. 

https://doi.org/10.1097/SHK.0b013e3182184ee7 

Chen, T., Isomäki, P., Rimpiläinen, M., & Toivanen, P. (1999). Human cytokine responses 

induced by Gram-positive cell walls of normal intestinal microbiota. Clinical and 

Experimental Immunology. https://doi.org/10.1046/j.1365-2249.1999.01047.x 

Chen, X., Liu, S., Goraya, M. U., Maarouf, M., Huang, S., & Chen, J.-L. (2018). Host Immune 

Response to Influenza A Virus Infection. Frontiers in Immunology, 9. 

https://doi.org/10.3389/fimmu.2018.00320 

Chon, H., Choi, B., Jeong, G., & Mo, I. (2008). Evaluation system for an experimental study of 

low-pathogenic avian influenza virus (H9N2) infection in specific pathogen free chickens 



 

 

141 
 

using lactic acid bacteria, Lactobacillus plantarum KFCC11389P. Avian Pathology, 

37(6), 593–597. https://doi.org/10.1080/03079450802439056 

Chou, W.-K., Chen, C.-H., Vuong, C. N., Abi-Ghanem, D., Waghela, S. D., Mwangi, W., 

Bielke, L. R., Hargis, B. M., & Berghman, L. R. (2016). Significant mucosal sIgA 

production after a single oral or parenteral administration using in vivo CD40 targeting in 

the chicken. Research in Veterinary Science, 108, 112–115. 

https://doi.org/10.1016/j.rvsc.2016.08.013 

Christensen, H. R., Frøkiær, H., & Pestka, J. J. (2002). Lactobacilli Differentially Modulate 

Expression of Cytokines and Maturation Surface Markers in Murine Dendritic Cells. The 

Journal of Immunology. https://doi.org/10.4049/jimmunol.168.1.171 

Clements, M. L., & Murphy, B. R. (1986). Development and persistence of local and systemic 

antibody responses in adults given live attenuated or inactivated influenza A virus 

vaccine. Journal of Clinical Microbiology, 23(1), 66–72. 

https://doi.org/10.1128/JCM.23.1.66-72.1986 

Conesa, A., Madrigal, P., Tarazona, S., Gomez-Cabrero, D., Cervera, A., McPherson, A., 

Szcześniak, M. W., Gaffney, D. J., Elo, L. L., Zhang, X., & Mortazavi, A. (2016). A 

survey of best practices for RNA-seq data analysis. Genome Biology, 17(1), 13. 

https://doi.org/10.1186/s13059-016-0881-8 

Corthésy, B., Gaskins, H. R., & Mercenier, A. (2007). Cross-Talk between Probiotic Bacteria 

and the Host Immune System. The Journal of Nutrition, 137(3), 781S-790S. 

https://doi.org/10.1093/jn/137.3.781S 

Corti, D., Voss, J., Gamblin, S. J., Codoni, G., Macagno, A., Jarrossay, D., Vachieri, S. G., 

Pinna, D., Minola, A., Vanzetta, F., Silacci, C., Fernandez-Rodriguez, B. M., Agatic, G., 

Bianchi, S., Giacchetto-Sasselli, I., Calder, L., Sallusto, F., Collins, P., Haire, L. F., … 

Lanzavecchia, A. (2011). A Neutralizing Antibody Selected from Plasma Cells That 

Binds to Group 1 and Group 2 Influenza A Hemagglutinins. Science, 333(6044), 850–

856. https://doi.org/10.1126/science.1205669 

Davidson, L. E., Fiorino, A.-M., Snydman, D. R., & Hibberd, P. L. (2011). Lactobacillus GG as 

an immune adjuvant for live-attenuated influenza vaccine in healthy adults: A 

randomized double-blind placebo-controlled trial. European Journal of Clinical 

Nutrition, 65(4), 501–507. https://doi.org/10.1038/ejcn.2010.289 



 

 

142 
 

Daviet, S., Van Borm, S., Habyarimana, A., Ahanda, M.-L. E., Morin, V., Oudin, A., Van Den 

Berg, T., & Zoorob, R. (2009). Induction of Mx and PKR Failed to Protect Chickens 

from H5N1 Infection. Viral Immunology, 22(6), 467–472. 

https://doi.org/10.1089/vim.2009.0053 

Davis, B. K., Roberts, R. A., Huang, M. T., Willingham, S. B., Conti, B. J., Brickey, W. J., 

Barker, B. R., Kwan, M., Taxman, D. J., Accavitti-Loper, M.-A., Duncan, J. A., & Ting, 

J. P.-Y. (2011). Cutting Edge: NLRC5-Dependent Activation of the Inflammasome. The 

Journal of Immunology, 186(3), 1333–1337. https://doi.org/10.4049/jimmunol.1003111 

de Geus, E. D., Jansen, C. A., & Vervelde, L. (2012a). Uptake of Particulate Antigens in a 

Nonmammalian Lung: Phenotypic and Functional Characterization of Avian Respiratory 

Phagocytes Using Bacterial or Viral Antigens. The Journal of Immunology, 188(9), 

4516–4526. https://doi.org/10.4049/jimmunol.1200092 

de Geus, E. D., Rebel, J. M. J., & Vervelde, L. (2012b). Induction of respiratory immune 

responses in the chicken; implications for development of mucosal avian influenza virus 

vaccines. Veterinary Quarterly, 32(2), 75–86. 

https://doi.org/10.1080/01652176.2012.711956 

De Vrese, M., Rautenberg, P., Laue, C., Koopmans, M., Herremans, T., & Schrezenmeir, J. 

(2005). Probiotic bacteria stimulate virus-specific neutralizing antibodies following a 

booster polio vaccination. European Journal of Nutrition. 

https://doi.org/10.1007/s00394-004-0541-8 

Deng, L., Cho, K. J., Fiers, W., & Saelens, X. (2015). M2e-Based Universal Influenza A 

Vaccines. Vaccines, 3(1), 105–136. https://doi.org/10.3390/vaccines3010105 

Di Cerbo, A., Palmieri, B., Aponte, M., Morales-Medina, J. C., & Iannitti, T. (2016). 

Mechanisms and therapeutic effectiveness of lactobacilli. Journal of Clinical Pathology, 

69(3), 187–203. https://doi.org/10.1136/jclinpath-2015-202976 

Di Gioia, D., & Biavati, B. (2018). Probiotics and Prebiotics in Animal Health and Food Safety: 

Conclusive Remarks and Future Perspectives. In D. Di Gioia & B. Biavati (Eds.), 

Probiotics and Prebiotics in Animal Health and Food Safety (pp. 269–273). Springer 

International Publishing. https://doi.org/10.1007/978-3-319-71950-4_11 

Diot, C., Fournier, G., Dos Santos, M., Magnus, J., Komarova, A., van der Werf, S., Munier, S., 

& Naffakh, N. (2016). Influenza A Virus Polymerase Recruits the RNA Helicase DDX19 



 

 

143 
 

to Promote the Nuclear Export of Viral mRNAs. Scientific Reports, 6(1), 33763. 

https://doi.org/10.1038/srep33763 

Dobin, A., Davis, C. A., Schlesinger, F., Drenkow, J., Zaleski, C., Jha, S., Batut, P., Chaisson, 

M., & Gingeras, T. R. (2013). STAR: Ultrafast universal RNA-seq aligner. 

Bioinformatics, 29(1), 15–21. https://doi.org/10.1093/bioinformatics/bts635 

Döhner, K., & Sodeik, B. (2005). The Role of the Cytoskeleton During Viral Infection. In M. 

Marsh (Ed.), Membrane Trafficking in Viral Replication (pp. 67–108). Springer. 

https://doi.org/10.1007/3-540-26764-6_3 

dos Santos, P. F., & Mansur, D. S. (2017). Beyond ISGlylation: Functions of Free Intracellular 

and Extracellular ISG15. Journal of Interferon & Cytokine Research, 37(6), 246–253. 

https://doi.org/10.1089/jir.2016.0103 

Eberle, F., Sirin, M., Binder, M., & Dalpke, A. H. (2009). Bacterial RNA is recognized by 

different sets of immunoreceptors. European Journal of Immunology, 39(9), 2537–2547. 

https://doi.org/10.1002/eji.200838978 

Eckburg, P. B., Bik, E. M., Bernstein, C. N., Purdom, E., Dethlefsen, L., Sargent, M., Gill, S. R., 

Nelson, K. E., & Relman, D. A. (2005). Diversity of the Human Intestinal Microbial 

Flora. Science, 308(5728), 1635–1638. JSTOR. 

Ekiert, D. C., Bhabha, G., Elsliger, M.-A., Friesen, R. H. E., Jongeneelen, M., Throsby, M., 

Goudsmit, J., & Wilson, I. A. (2009). Antibody Recognition of a Highly Conserved 

Influenza Virus Epitope. Science, 324(5924), 246–251. 

https://doi.org/10.1126/science.1171491 

Ekiert, D. C., Friesen, R. H. E., Bhabha, G., Kwaks, T., Jongeneelen, M., Yu, W., Ophorst, C., 

Cox, F., Korse, H. J. W. M., Brandenburg, B., Vogels, R., Brakenhoff, J. P. J., Kompier, 

R., Koldijk, M. H., Cornelissen, L. A. H. M., Poon, L. L. M., Peiris, M., Koudstaal, W., 

Wilson, I. A., & Goudsmit, J. (2011). A Highly Conserved Neutralizing Epitope on 

Group 2 Influenza A Viruses. Science (New York, N.Y.), 333(6044), 843–850. 

https://doi.org/10.1126/science.1204839 

Ekiert, D. C., Kashyap, A. K., Steel, J., Rubrum, A., Bhabha, G., Khayat, R., Lee, J. H., Dillon, 

M. A., O’Neil, R. E., Faynboym, A. M., Horowitz, M., Horowitz, L., Ward, A. B., 

Palese, P., Webby, R., Lerner, R. A., Bhatt, R. R., & Wilson, I. A. (2012). Neutralization 



 

 

144 
 

of influenza A viruses by insertion of a single antibody loop into the receptor binding 

site. Nature, 489(7417), 526–532. https://doi.org/10.1038/nature11414 

Elaish, M., Ngunjiri, J. M., Ali, A., Xia, M., Ibrahim, M., Jang, H., Hiremath, J., Dhakal, S., 

Helmy, Y. A., Jiang, X., Renukaradhya, G. J., & Lee, C.-W. (2017). Supplementation of 

inactivated influenza vaccine with norovirus P particle-M2e chimeric vaccine enhances 

protection against heterologous virus challenge in chickens. PLOS ONE, 12(2), 

e0171174. https://doi.org/10.1371/journal.pone.0171174 

Emam, M., Cánovas, A., Islas-Trejo, A. D., Fonseca, P. A. S., Medrano, J. F., & Mallard, B. 

(2020). Transcriptomic Profiles of Monocyte-Derived Macrophages in Response to 

Escherichia coli is Associated with the Host Genetics. Scientific Reports, 10(1), 271. 

https://doi.org/10.1038/s41598-019-57089-0 

Faulkner, O. B., Estevez, C., Yu, Q., & Suarez, D. L. (2013). Passive antibody transfer in 

chickens to model maternal antibody after avian influenza vaccination. Veterinary 

Immunology and Immunopathology, 152(3–4), 341–347. 

https://doi.org/10.1016/j.vetimm.2013.01.006 

Feleszko, W., Jaworska, J., Rha, R. D., Steinhausen, S., Avagyan, A., Jaudszus, A., Ahrens, B., 

Groneberg, D. A., Wahn, U., & Hamelmann, E. (2007). Probiotic-induced suppression of 

allergic sensitization and airway inflammation is associated with an increase of T 

regulatory-dependent mechanisms in a murine model of asthma. Clinical and 

Experimental Allergy. https://doi.org/10.1111/j.1365-2222.2006.02629.x 

Ferreira, V. L., H.L. Borba, H., de F. Bonetti, A., P. Leonart, L., & Pontarolo, R. (2019). 

Cytokines and Interferons: Types and Functions. In W. Ali Khan (Ed.), Autoantibodies 

and Cytokines (pp. 65–87). IntechOpen. https://doi.org/10.5772/intechopen.74550 

Ferrero, E., Dunham, I., & Sanseau, P. (2017). In silico prediction of novel therapeutic targets 

using gene–disease association data. Journal of Translational Medicine, 15(1), 182. 

https://doi.org/10.1186/s12967-017-1285-6 

Flannigan, K. L., Geem, D., Harusato, A., & Denning, T. L. (2015). Intestinal Antigen-

Presenting Cells. The American Journal of Pathology, 185(7), 1809–1819. 

https://doi.org/10.1016/j.ajpath.2015.02.024 



 

 

145 
 

Franchi, L., Warner, N., Viani, K., & Nuñez, G. (2009). Function of Nod-like Receptors in 

Microbial Recognition and Host Defense. Immunological Reviews, 227(1), 106–128. 

https://doi.org/10.1111/j.1600-065X.2008.00734.x 

Fratti, R. A., Backer, J. M., Gruenberg, J., Corvera, S., & Deretic, V. (2001). Role of 

phosphatidylinositol 3-kinase and Rab5 effectors in phagosomal biogenesis and 

mycobacterial phagosome maturation arrest. Journal of Cell Biology, 154(3), 631–644. 

https://doi.org/10.1083/jcb.200106049 

Frydman, J., Nimmesgern, E., Erdjument-Bromage, H., Wall, J. S., Tempst, P., & Hartl, F. U. 

(1992). Function in protein folding of TRiC, a cytosolic ring complex containing TCP-1 

and structurally related subunits. The EMBO Journal, 11(13), 4767–4778. 

https://doi.org/10.1002/j.1460-2075.1992.tb05582.x 

Fu, J., Liang, J., Kang, H., Lin, J., Yu, Q., & Yang, Q. (2013). Effects of different CpG 

oligodeoxynucleotides with inactivated avian H5N1 influenza virus on mucosal 

immunity of chickens1. Poultry Science, 92(11), 2866–2875. 

https://doi.org/10.3382/ps.2013-03205 

Fujimura, K. E., Demoor, T., Rauch, M., Faruqi, A. A., Jang, S., Johnson, C. C., Boushey, H. A., 

Zoratti, E., Ownby, D., Lukacs, N. W., & Lynch, S. V. (2014). House dust exposure 

mediates gut microbiome Lactobacillus enrichment and airway immune defense against 

allergens and virus infection. Proceedings of the National Academy of Sciences of the 

United States of America. https://doi.org/10.1073/pnas.1310750111 

Fukui, A., Inoue, N., Matsumoto, M., Nomura, M., Yamada, K., Matsuda, Y., Toyoshima, K., & 

Seya, T. (2001). Molecular Cloning and Functional Characterization of Chicken Toll-like 

Receptors A SINGLE CHICKEN TOLL COVERS MULTIPLE MOLECULAR 

PATTERNS. Journal of Biological Chemistry, 276(50), 47143–47149. 

https://doi.org/10.1074/jbc.M103902200 

Fullam, A., & Schröder, M. (2013). DExD/H-box RNA helicases as mediators of anti-viral 

innate immunity and essential host factors for viral replication. Biochimica et Biophysica 

Acta (BBA) - Gene Regulatory Mechanisms, 1829(8), 854–865. 

https://doi.org/10.1016/j.bbagrm.2013.03.012 

Funabiki, M., Kato, H., Miyachi, Y., Toki, H., Motegi, H., Inoue, M., Minowa, O., Yoshida, A., 

Deguchi, K., Sato, H., Ito, S., Shiroishi, T., Takeyasu, K., Noda, T., & Fujita, T. (2014). 



 

 

146 
 

Autoimmune Disorders Associated with Gain of Function of the Intracellular Sensor 

MDA5. Immunity, 40(2), 199–212. https://doi.org/10.1016/j.immuni.2013.12.014 

Fusaro, A., Monne, I., Salviato, A., Valastro, V., Schivo, A., Amarin, N. M., Gonzalez, C., 

Ismail, M. M., Al-Ankari, A.-R., Al-Blowi, M. H., Khan, O. A., Ali, A. S. M., Hedayati, 

A., Garcia, J. G., Ziay, G. M., Shoushtari, A., Qahtani, K. N. A., Capua, I., Holmes, E. 

C., & Cattoli, G. (2011). Phylogeography and Evolutionary History of Reassortant H9N2 

Viruses with Potential Human Health Implications. Journal of Virology, 85(16), 8413–

8421. https://doi.org/10.1128/JVI.00219-11 

Gao, H., Cui, H., Cui, X., Shi, X., Zhao, Y., Zhao, X., Quan, Y., Yan, S., Zeng, W., & Wang, Y. 

(2011). Expression of HA of HPAI H5N1 Virus at US2 Gene Insertion Site of Turkey 

Herpesvirus Induced Better Protection than That at US10 Gene Insertion Site. PLoS 

ONE, 6(7), e22549. https://doi.org/10.1371/journal.pone.0022549 

Gao, S., Kang, Y., Yuan, R., Ma, H., Xiang, B., Wang, Z., Dai, X., Wang, F., Xiao, J., Liao, M., 

& Ren, T. (2017). Immune Responses of Chickens Infected with Wild Bird-Origin H5N6 

Avian Influenza Virus. Frontiers in Microbiology, 8, 1081. 

https://doi.org/10.3389/fmicb.2017.01081 

Gardin, Y., Palya, V., Dorsey, K. M., El-Attrache, J., Bonfante, F., de Wit, S., Kapczynski, D., 

Kilany, W. H., Rauw, F., Steensels, M., & Soejoedono, R. D. (2016). Experimental and 

Field Results Regarding Immunity Induced by a Recombinant Turkey Herpesvirus H5 

Vector Vaccine Against H5N1 and Other H5 Highly Pathogenic Avian Influenza Virus 

Challenges. Avian Diseases, 60(1), 232–237. JSTOR. https://doi.org/10.2307/26431681 

Ge, J., Deng, G., Wen, Z., Tian, G., Wang, Y., Shi, J., Wang, X., Li, Y., Hu, S., Jiang, Y., Yang, 

C., Yu, K., Bu, Z., & Chen, H. (2007). Newcastle Disease Virus-Based Live Attenuated 

Vaccine Completely Protects Chickens and Mice from Lethal Challenge of Homologous 

and Heterologous H5N1 Avian Influenza Viruses. Journal of Virology, 81(1), 150–158. 

https://doi.org/10.1128/JVI.01514-06 

Ge, J., Tian, G., Zeng, X., Jiang, Y., Chen, H., & Bu, Z. (2010). Generation and Evaluation of a 

Newcastle Disease Virus–Based H9 Avian Influenza Live Vaccine. Avian Diseases, 

54(1), 294–296. JSTOR. 

Ghorbani, A., Ngunjiri, J. M., Xia, M., Elaish, M., Jang, H., Mahesh, K. C., Abundo, M. C., 

Jiang, X., & Lee, C.-W. (2019). Heterosubtypic protection against avian influenza virus 



 

 

147 
 

by live attenuated and chimeric norovirus P-particle-M2e vaccines in chickens. Vaccine, 

37(10), 1356–1364. https://doi.org/10.1016/j.vaccine.2019.01.037 

Gotoff, R., Tamura, M., Janus, J., Thompson, J., Wright, P., & Ennis, F. A. (1994). Primary 

Influenza a Virus Infection Induces Cross-Reactive Antibodies That Enhance Uptake of 

Virus into Fc Receptor-Bearing Cells. The Journal of Infectious Diseases, 169(1), 200–

203. JSTOR. 

Grantham, J., Ruddock, L. W., Roobol, A., & Carden, M. J. (2002). Eukaryotic chaperonin 

containing T-complex polypeptide 1 interacts with filamentous actin and reduces the 

initial rate of actin polymerization in vitro. Cell Stress & Chaperones, 7(3), 235–242. 

Gu, M., Chen, H., Li, Q., Huang, J., Zhao, M., Gu, X., Jiang, K., Wang, X., Peng, D., & Liu, X. 

(2014). Enzootic genotype S of H9N2 avian influenza viruses donates internal genes to 

emerging zoonotic influenza viruses in China. Veterinary Microbiology, 174(3), 309–

315. https://doi.org/10.1016/j.vetmic.2014.09.029 

Gu, M., Xu, L., Wang, X., & Liu, X. (2017). Current situation of H9N2 subtype avian influenza 

in China. Veterinary Research, 48(1), 49. https://doi.org/10.1186/s13567-017-0453-2 

Guan, J., Fu, Q., & Sharif, S. (2015). Replication of an H9N2 Avian Influenza Virus and 

Cytokine Gene Expression in Chickens Exposed by Aerosol or Intranasal Routes. Avian 

Diseases, 59(2), 263–268. https://doi.org/10.1637/10972-110714-Reg 

Guan, Y., Shortridge, K. F., Krauss, S., & Webster, R. G. (1999). Molecular characterization of 

H9N2 influenza viruses: Were they the donors of the “internal” genes of H5N1 viruses in 

Hong Kong? Proceedings of the National Academy of Sciences, 96(16), 9363–9367. 

https://doi.org/10.1073/pnas.96.16.9363 

Guo, Y., Cao, W., & Zhu, Y. (2019). Immunoregulatory Functions of the IL-12 Family of 

Cytokines in Antiviral Systems. Viruses, 11(9). https://doi.org/10.3390/v11090772 

Gupta, S. K., Deb, R., Gaikwad, S., Saravanan, R., Mohan, C. M., & Dey, S. (2013). 

Recombinant flagellin and its cross-talk with lipopolysaccharide – Effect on pooled 

chicken peripheral blood mononuclear cells. Research in Veterinary Science, 95(3), 930–

935. https://doi.org/10.1016/j.rvsc.2013.07.015 

Haghighi, H. R., Abdul-Careem, M. F., Dara, R. A., Chambers, J. R., & Sharif, S. (2008). 

Cytokine gene expression in chicken cecal tonsils following treatment with probiotics 



 

 

148 
 

and Salmonella infection. Veterinary Microbiology, 126(1), 225–233. 

https://doi.org/10.1016/j.vetmic.2007.06.026 

Haghighi, H. R., Gong, J., Gyles, C. L., Hayes, M. A., Sanei, B., Parvizi, P., Gisavi, H., 

Chambers, J. R., & Sharif, S. (2005). Modulation of Antibody-Mediated Immune 

Response by Probiotics in Chickens. Clinical Diagnostic Laboratory Immunology, 

12(12), 1387–1392. https://doi.org/10.1128/CDLI.12.12.1387-1392.2005 

Haghighi, H. R., Gong, J., Gyles, C. L., Hayes, M. A., Zhou, H., Sanei, B., Chambers, J. R., & 

Sharif, S. (2006). Probiotics Stimulate Production of Natural Antibodies in Chickens. 

Clinical and Vaccine Immunology, 13(9), 975–980. https://doi.org/10.1128/CVI.00161-

06 

Hale, B. G., Randall, R. E., Ortín, J., & Jackson, D. (2008). The multifunctional NS1 protein of 

influenza A viruses. Journal of General Virology, 89(10), 2359–2376. 

https://doi.org/10.1099/vir.0.2008/004606-0 

Han, C. W., Jeong, M. S., & Jang, S. B. (2019). Structure and Function of the Influenza A Virus 

Non-Structural Protein 1. Journal of Microbiology and Biotechnology, 29(8), 1184–1192. 

https://doi.org/10.4014/jmb.1903.03053 

Harriman, G. R., Bogue, M., Rogers, P., Finegold, M., Pacheco, S., Bradley, A., Zhang, Y., & 

Mbawuike, I. N. (1999). Targeted Deletion of the IgA Constant Region in Mice Leads to 

IgA Deficiency with Alterations in Expression of Other Ig Isotypes. The Journal of 

Immunology, 162(5), 2521–2529. 

Hassan, K. E., Ali, A., Shany, S. A. S., & El-Kady, M. F. (2017). Experimental co-infection of 

infectious bronchitis and low pathogenic avian influenza H9N2 viruses in commercial 

broiler chickens. Research in Veterinary Science, 115, 356–362. 

https://doi.org/10.1016/j.rvsc.2017.06.024 

He, H., Genovese, K. J., Nisbet, D. J., & Kogut, M. H. (2007). Synergy of CpG 

oligodeoxynucleotide and double-stranded RNA (poly I:C) on nitric oxide induction in 

chicken peripheral blood monocytes. Molecular Immunology, 44(12), 3234–3242. 

https://doi.org/10.1016/j.molimm.2007.01.034 

He, H., Genovese, K. J., Swaggerty, C. L., MacKinnon, K. M., & Kogut, M. H. (2012). Co-

stimulation with TLR3 and TLR21 ligands synergistically up-regulates Th1-cytokine 



 

 

149 
 

IFN-γ and regulatory cytokine IL-10 expression in chicken monocytes. Developmental & 

Comparative Immunology, 36(4), 756–760. https://doi.org/10.1016/j.dci.2011.11.006 

He, H., & Kogut, M. H. (2003). CpG-ODN-induced nitric oxide production is mediated through 

clathrin-dependent endocytosis, endosomal maturation, and activation of PKC, MEK1/2 

and p38 MAPK, and NF-κB pathways in avian macrophage cells (HD11). Cellular 

Signalling, 15(10), 911–917. https://doi.org/10.1016/S0898-6568(03)00100-1 

Helbig, K. J., & Beard, M. R. (2014). The Role of Viperin in the Innate Antiviral Response. 

Journal of Molecular Biology, 426(6), 1210–1219. 

https://doi.org/10.1016/j.jmb.2013.10.019 

Higgs, R., Cormican, P., Cahalane, S., Allan, B., Lloyd, A. T., Meade, K., James, T., Lynn, D. J., 

Babiuk, L. A., & O’Farrelly, C. (2006). Induction of a Novel Chicken Toll-Like Receptor 

following Salmonella enterica Serovar Typhimurium Infection. Infection and Immunity, 

74(3), 1692–1698. https://doi.org/10.1128/IAI.74.3.1692-1698.2006 

Higuchi, K., Harada, N., & Mori, T. (2008). Interferon-γ responses after isoniazid chemotherapy 

for latent tuberculosis. Respirology, 13(3), 468–472. https://doi.org/10.1111/j.1440-

1843.2008.01244.x 

Hoang, H. T. T., Nguyen, C. H., Nguyen, N. T. T., Pham, A. D., Nguyen, H. T. T., Le, T. H., 

Tran, H. X., Chu, H. H., & Nguyen, N. T. (2020). Immunization with the H5N1 

Recombinant Vaccine Candidate Induces High Protection in Chickens against 

Vietnamese Highly Pathogenic Avian Influenza Virus Strains. Vaccines, 8(2). 

https://doi.org/10.3390/vaccines8020159 

Höfer, T., Krichevsky, O., & Altan-Bonnet, G. (2012). Competition for IL-2 between Regulatory 

and Effector T Cells to Chisel Immune Responses. Frontiers in Immunology, 3, 268. 

https://doi.org/10.3389/fimmu.2012.00268 

Homme, P. J., & Easterday, B. C. (1970). Avian Influenza Virus Infections. I. Characteristics of 

Influenza A/Turkey/Wisconsin/1966 Virus. Avian Diseases, 14(1), 66–74. JSTOR. 

https://doi.org/10.2307/1588557 

Horman, W. S. J., Nguyen, T. H. O., Kedzierska, K., Bean, A. G. D., & Layton, D. S. (2018). 

The Drivers of Pathology in Zoonotic Avian Influenza: The Interplay Between Host and 

Pathogen. Frontiers in Immunology, 9. https://doi.org/10.3389/fimmu.2018.01812 



 

 

150 
 

Huang, X., Xu, Y., Lin, Q., Guo, W., Zhao, D., Wang, C., Wang, L., Zhou, H., Jiang, Y., Cui, 

W., Qiao, X., Li, Y., Ma, G., & Tang, L. (2020). Determination of antiviral action of long 

non-coding RNA loc107051710 during infectious bursal disease virus infection due to 

enhancement of interferon production. Virulence, 11(1), 68–79. 

https://doi.org/10.1080/21505594.2019.1707957 

Huang, Y., Feng, H., Huang, L., Yi, K., Rong, E., Chen, X., Li, J., Wang, Z., Zhu, P., Liu, X., 

Wang, X., Hu, J., Liu, X., Chen, H., Wang, J., & Li, N. (2019). Transcriptomic analyses 

reveal new genes and networks response to H5N1 influenza viruses in duck (Anas 

platyrhynchos). Journal of Integrative Agriculture, 18(7), 1460–1472. 

https://doi.org/10.1016/S2095-3119(19)62646-8 

Huang, Y., Zhang, H., Li, X., Hu, S., Cai, L., Sun, Q., Li, W., Deng, Z., Xiang, X., Zhang, H., 

Li, F., & Gao, L. (2015). Detection and Genetic Characteristics of H9N2 Avian Influenza 

Viruses from Live Poultry Markets in Hunan Province, China. PLOS ONE, 10(11), 

e0142584. https://doi.org/10.1371/journal.pone.0142584 

Hudson, W. H., Prokhnevska, N., Gensheimer, J., Akondy, R., McGuire, D. J., Ahmed, R., & 

Kissick, H. T. (2019). Expression of novel long noncoding RNAs defines virus-specific 

effector and memory CD8 + T cells. Nature Communications, 10(1), 196. 

https://doi.org/10.1038/s41467-018-07956-7 

Hufford, M. M., Kim, T. S., Sun, J., & Braciale, T. J. (2014). The Effector T Cell Response to 

Influenza Infection. In Influenza Pathogenesis and Control—Volume II (pp. 423–455). 

Springer, Cham. https://doi.org/10.1007/82_2014_397 

Hung, L.-H., Tsai, P.-C., Wang, C.-H., Li, S.-L., Huang, C.-C., Lien, Y.-Y., & Chaung, H.-C. 

(2011). Immunoadjuvant efficacy of plasmids with multiple copies of a CpG motif 

coadministrated with avian influenza vaccine in chickens. Vaccine, 29(29), 4668–4675. 

https://doi.org/10.1016/j.vaccine.2011.04.104 

ICDDR, Bangladesh, I. C. for D. D. R., Bangladesh/Government of The People’s Republic of 

Bangladesh. (2011). Outbreak of mild respiratory disease caused by H5N1 and H9N2 

infections among young children in Dhaka, Bangladesh, 2011. HSB (Health Science 

Bulletin); ICDDR,B. https://www-cabdirect-

org.subzero.lib.uoguelph.ca/cabdirect/FullTextPDF/2011/20113290802.pdf 



 

 

151 
 

Ichinohe, T., Pang, I. K., Kumamoto, Y., Peaper, D. R., Ho, J. H., Murray, T. S., & Iwasaki, A. 

(2011). Microbiota regulates immune defense against respiratory tract influenza A virus 

infection. Proceedings of the National Academy of Sciences, 108(13), 5354–5359. 

https://doi.org/10.1073/pnas.1019378108 

Iqbal, M., Philbin, V. J., & Smith, A. L. (2005). Expression patterns of chicken Toll-like receptor 

mRNA in tissues, immune cell subsets and cell lines. Veterinary Immunology and 

Immunopathology, 104(1), 117–127. https://doi.org/10.1016/j.vetimm.2004.11.003 

Iwasaki, A., & Medzhitov, R. (2015). Control of adaptive immunity by the innate immune 

system. Nature Immunology, 16(4), 343–353. https://doi.org/10.1038/ni.3123 

Iwasaki, A., & Peiris, M. (2013). Innate i mmunity. In Textbook of Influenza (second). John 

Wiley & Sons, Ltd. 

Jakhesara, S. J., Bhatt, V. D., Patel, N. V., Prajapati, K. S., & Joshi, C. G. (2014). Isolation and 

characterization of H9N2 influenza virus isolates from poultry respiratory disease 

outbreak. SpringerPlus, 3(1), 196. https://doi.org/10.1186/2193-1801-3-196 

Jang, H., Elaish, M., Kc, M., Abundo, M. C., Ghorbani, A., Ngunjiri, J. M., & Lee, C.-W. 

(2018). Efficacy and synergy of live-attenuated and inactivated influenza vaccines in 

young chickens. PLOS ONE, 13(4), e0195285. 

https://doi.org/10.1371/journal.pone.0195285 

Ji, F., & Sadreyev, R. I. (2018). RNA-seq: Basic Bioinformatics Analysis. Current Protocols in 

Molecular Biology, 124(1), e68. https://doi.org/10.1002/cpmb.68 

Josset, L., Zeng, H., Kelly, S. M., Tumpey, T. M., & Katze, M. G. (2014). Transcriptomic 

Characterization of the Novel Avian-Origin Influenza A (H7N9) Virus: Specific Host 

Response and Responses Intermediate between Avian (H5N1 and H7N7) and Human 

(H3N2) Viruses and Implications for Treatment Options. MBio, 5(1). 

https://doi.org/10.1128/mBio.01102-13 

Justewicz, D. M., Doherty, P. C., & Webster, R. G. (1995). The B-cell response in lymphoid 

tissue of mice immunized with various antigenic forms of the influenza virus 

hemagglutinin. Journal of Virology, 69(9), 5414–5421. 

Kageyama, T., Fujisaki, S., Takashita, E., Xu, H., Yamada, S., Uchida, Y., Neumann, G., Saito, 

T., Kawaoka, Y., & Tashiro, M. (2013). Genetic analysis of novel avian A(H7N9) 



 

 

152 
 

influenza viruses isolated from patients in China, February to April 2013. 2013, 18(15), 

16. 

Kannaki, T. R., Reddy, M. R., Shanmugam, M., Verma, P. C., & Sharma, R. P. (2010). Chicken 

toll-like receptors and their role in immunity. World’s Poultry Science Journal, 66(4), 

727–738. https://doi.org/10.1017/S0043933910000693 

Kapczynski, D. R., Pantin-Jackwood, M., Guzman, S. G., Ricardez, Y., Spackman, E., Bertran, 

K., Suarez, D. L., & Swayne, D. E. (2013). Characterization of the 2012 Highly 

Pathogenic Avian Influenza H7N3 Virus Isolated from Poultry in an Outbreak in Mexico: 

Pathobiology and Vaccine Protection. Journal of Virology, 87(16), 9086–9096. 

https://doi.org/10.1128/JVI.00666-13 

Karpala, A. J., Stewart, C., McKay, J., Lowenthal, J. W., & Bean, A. G. D. (2011). 

Characterization of Chicken Mda5 Activity: Regulation of IFN-β in the Absence of RIG-I 

Functionality. The Journal of Immunology, 186(9), 5397–5405. 

https://doi.org/10.4049/jimmunol.1003712 

Karupiah, G., Xie, Q. W., Buller, R. M., Nathan, C., Duarte, C., & MacMicking, J. D. (1993). 

Inhibition of viral replication by interferon-gamma-induced nitric oxide synthase. 

Science, 261(5127), 1445–1448. https://doi.org/10.1126/science.7690156 

Keestra, A. M., Zoete, M. R. de, Aubel, R. A. M. H. van, & Putten, J. P. M. van. (2007). The 

Central Leucine-Rich Repeat Region of Chicken TLR16 Dictates Unique Ligand 

Specificity and Species-Specific Interaction with TLR2. The Journal of Immunology, 

178(11), 7110–7119. https://doi.org/10.4049/jimmunol.178.11.7110 

Keskin, D. B., Reinhold, B. B., Zhang, G. L., Ivanov, A. R., Karger, B. L., & Reinherz, E. L. 

(2015). Physical detection of influenza A epitopes identifies a stealth subset on human 

lung epithelium evading natural CD8 immunity. Proceedings of the National Academy of 

Sciences, 112(7), 2151–2156. https://doi.org/10.1073/pnas.1423482112 

Khalesi, S., Bellissimo, N., Vandelanotte, C., Williams, S., Stanley, D., & Irwin, C. (2019). A 

review of probiotic supplementation in healthy adults: Helpful or hype? European 

Journal of Clinical Nutrition, 73(1), 24–37. https://doi.org/10.1038/s41430-018-0135-9 

Khatri, P., Sirota, M., & Butte, A. J. (2012). Ten Years of Pathway Analysis: Current 

Approaches and Outstanding Challenges. PLOS Computational Biology, 8(2), e1002375. 

https://doi.org/10.1371/journal.pcbi.1002375 



 

 

153 
 

Khurana, S., Chung, K. Y., Coyle, E. M., Meijer, A., & Golding, H. (2016). Antigenic 

Fingerprinting of Antibody Response in Humans following Exposure to Highly 

Pathogenic H7N7 Avian Influenza Virus: Evidence for Anti-PA-X Antibodies. Journal of 

Virology, 90(20), 9383–9393. https://doi.org/10.1128/JVI.01408-16 

Kim, S., Kaiser, P., Borowska, D., & Vervelde, L. (2018). Synergistic effect of co-stimulation of 

membrane and endosomal TLRs on chicken innate immune responses. Veterinary 

Immunology and Immunopathology, 199, 15–21. 

https://doi.org/10.1016/j.vetimm.2018.03.005 

Kim, S.-H., & Samal, S. K. (2019). Innovation in Newcastle Disease Virus Vectored Avian 

Influenza Vaccines. Viruses, 11(3). https://doi.org/10.3390/v11030300 

Kim, T. H., Kern, C., & Zhou, H. (2020). Knockout of IRF7 Highlights its Modulator Function 

of Host Response Against Avian Influenza Virus and the Involvement of MAPK and 

TOR Signaling Pathways in Chicken. Genes, 11(4), 385. 

https://doi.org/10.3390/genes11040385 

Kitagawa, H., Hiratsuka, Y., Imagawa, T., & Uehara, M. (1998). Distribution of lymphoid tissue 

in the caecal mucosa of chickens. Journal of Anatomy, 192(Pt 2), 293–298. 

https://doi.org/10.1046/j.1469-7580.1998.19220293.x 

Klenk, H.-D., Matrosovich, M., & Stech, J. (2008). Avian Influenza: Molecular Mechanisms of 

Pathogenesis and Host Range. In Animal Viruses: Molecular Biology (p. xii + 532). 

Caister Academic Press. 

Kobinger, G. P., Meunier, I., Patel, A., Pillet, S., Gren, J., Stebner, S., Leung, A., Neufeld, J. L., 

Kobasa, D., & von Messling, V. (2010). Assessment of the Efficacy of Commercially 

Available and Candidate Vaccines against a Pandemic H1N1 2009 Virus. The Journal of 

Infectious Diseases, 201(7), 1000–1006. https://doi.org/10.1086/651171 

Kogut, M., Chiang, H.-I., Swaggerty, C., & Zhou, H. (2012). Gene Expression Analysis of Toll-

Like Receptor Pathways in Heterophils from Genetic Chicken Lines that Differ in Their 

Susceptibility to Salmonella enteritidis. Frontiers in Genetics, 3. 

https://doi.org/10.3389/fgene.2012.00121 

Kopf, M., Brombacher, F., & Bachmann, M. F. (2002). Role of IgM antibodies versus B cells in 

influenza virus-specific immunity. European Journal of Immunology, 32(8), 2229–2236. 

https://doi.org/10.1002/1521-4141(200208)32:8<2229::AID-IMMU2229>3.0.CO;2-T 



 

 

154 
 

Kourelis, A., Zinonos, I., Kakagianni, M., Christidou, A., Christoglou, N., Yiannaki, E., Testa, 

T., Kotzamanidis, C., Litopoulou-Tzanetaki, E., Tzanetakis, N., & Yiangou, M. (2010). 

Validation of the dorsal air pouch model to predict and examine immunostimulatory 

responses in the gut. Journal of Applied Microbiology. https://doi.org/10.1111/j.1365-

2672.2009.04421.x 

Koutsakos, M., Kedzierska, K., & Subbarao, K. (2019). Immune Responses to Avian Influenza 

Viruses. The Journal of Immunology, 202(2), 382–391. 

https://doi.org/10.4049/jimmunol.1801070 

Krammer, F., Fouchier, R. A. M., Eichelberger, M. C., Webby, R. J., Shaw-Saliba, K., Wan, H., 

Wilson, P. C., Compans, R. W., Skountzou, I., & Monto, A. S. (2018). NAction! How 

Can Neuraminidase-Based Immunity Contribute to Better Influenza Virus Vaccines? 

MBio, 9(2). https://doi.org/10.1128/mBio.02332-17 

Krammer, F., & Palese, P. (2013). Influenza virus hemagglutinin stalk-based antibodies and 

vaccines. Current Opinion in Virology, 3(5), 521–530. 

https://doi.org/10.1016/j.coviro.2013.07.007 

Krejnusová, I., Gocníková, H., Bystrická, M., Blaškovičová, H., Poláková, K., Yewdell, J., 

Bennink, J., & Russ, G. (2009). Antibodies to PB1-F2 protein are induced in response to 

influenza A virus infection. Archives of Virology, 154(10), 1599–1604. 

https://doi.org/10.1007/s00705-009-0479-5 

Kuchipudi, S. V., Tellabati, M., Sebastian, S., Londt, B. Z., Jansen, C., Vervelde, L., Brookes, S. 

M., Brown, I. H., Dunham, S. P., & Chang, K.-C. (2014). Highly pathogenic avian 

influenza virus infection in chickens but not ducks is associated with elevated host 

immune and pro-inflammatory responses. Veterinary Research, 45(1), 118. 

https://doi.org/10.1186/s13567-014-0118-3 

Kulkarni, R. R., Rasheed, M. A. U., Bhaumik, S. K., Ranjan, P., Cao, W., Davis, C., Marisetti, 

K., Thomas, S., Gangappa, S., Sambhara, S., & Murali-Krishna, K. (2014). Activation of 

the RIG-I Pathway during Influenza Vaccination Enhances the Germinal Center 

Reaction, Promotes T Follicular Helper Cell Induction, and Provides a Dose-Sparing 

Effect and Protective Immunity. Journal of Virology, 88(24), 13990–14001. 

https://doi.org/10.1128/JVI.02273-14 



 

 

155 
 

Kwon, J.-S., Lee, H.-J., Lee, D.-H., Lee, Y.-J., Mo, I.-P., Nahm, S.-S., Kim, M.-J., Lee, J.-B., 

Park, S.-Y., Choi, I.-S., & Song, C.-S. (2008). Immune responses and pathogenesis in 

immunocompromised chickens in response to infection with the H9N2 low pathogenic 

avian influenza virus. Virus Research, 133(2), 187–194. 

https://doi.org/10.1016/j.virusres.2007.12.019 

Lai, M.-C., Sun, H. S., Wang, S.-W., & Tarn, W.-Y. (2016). DDX3 functions in antiviral innate 

immunity through translational control of PACT. The FEBS Journal, 283(1), 88–101. 

https://doi.org/10.1111/febs.13553 

LaMere, M. W., Lam, H.-T., Moquin, A., Haynes, L., Lund, F. E., Randall, T. D., & Kaminski, 

D. A. (2011). Contributions of Antinucleoprotein IgG to Heterosubtypic Immunity 

against Influenza Virus. The Journal of Immunology, 186(7), 4331–4339. 

https://doi.org/10.4049/jimmunol.1003057 

Lammers, A., Wieland, W. H., Kruijt, L., Jansma, A., Straetemans, T., Schots, A., den Hartog, 

G., & Parmentier, H. K. (2010). Successive immunoglobulin and cytokine expression in 

the small intestine of juvenile chicken. Developmental & Comparative Immunology, 

34(12), 1254–1262. https://doi.org/10.1016/j.dci.2010.07.001 

Lee, D.-H., Park, J.-K., Lee, Y.-N., Song, J.-M., Kang, S.-M., Lee, J.-B., Park, S.-Y., Choi, I.-S., 

& Song, C.-S. (2011). H9N2 avian influenza virus-like particle vaccine provides 

protective immunity and a strategy for the differentiation of infected from vaccinated 

animals. Vaccine, 29(23), 4003–4007. https://doi.org/10.1016/j.vaccine.2011.03.067 

Lee, S. B., Park, Y. H., Chungu, K., Woo, S. J., Han, S. T., Choi, H. J., Rengaraj, D., & Han, J. 

Y. (2020). Targeted Knockout of MDA5 and TLR3 in the DF-1 Chicken Fibroblast Cell 

Line Impairs Innate Immune Response Against RNA Ligands. Frontiers in Immunology, 

11. https://doi.org/10.3389/fimmu.2020.00678 

Li, B., & Dewey, C. N. (2011). RSEM: Accurate transcript quantification from RNA-Seq data 

with or without a reference genome. BMC Bioinformatics, 12(1), 323. 

https://doi.org/10.1186/1471-2105-12-323 

Li, H., Liu, X., Chen, F., Zuo, K., Wu, C., Yan, Y., Chen, W., Lin, W., & Xie, Q. (2018). Avian 

Influenza Virus Subtype H9N2 Affects Intestinal Microbiota, Barrier Structure Injury, 

and Inflammatory Intestinal Disease in the Chicken Ileum. Viruses, 10(5). 

https://doi.org/10.3390/v10050270 



 

 

156 
 

Li, X., Shi, J., Guo, J., Deng, G., Zhang, Q., Wang, J., He, X., Wang, K., Chen, J., Li, Y., Fan, J., 

Kong, H., Gu, C., Guan, Y., Suzuki, Y., Kawaoka, Y., Liu, L., Jiang, Y., Tian, G., … 

Chen, H. (2014). Genetics, Receptor Binding Property, and Transmissibility in Mammals 

of Naturally Isolated H9N2 Avian Influenza Viruses. PLoS Pathogens, 10(11). 

https://doi.org/10.1371/journal.ppat.1004508 

Li, Y., Reddy, K., Reid, S. M., Cox, W. J., Brown, I. H., Britton, P., Nair, V., & Iqbal, M. 

(2011). Recombinant herpesvirus of turkeys as a vector-based vaccine against highly 

pathogenic H7N1 avian influenza and Marek’s disease. Vaccine, 29(46), 8257–8266. 

https://doi.org/10.1016/j.vaccine.2011.08.115 

Lian, L., Ciraci, C., Chang, G., Hu, J., & Lamont, S. J. (2012). NLRC5 knockdown in chicken 

macrophages alters response to LPS and poly (I:C) stimulation. BMC Veterinary 

Research, 8, 23. https://doi.org/10.1186/1746-6148-8-23 

Liang, J., Fu, J., Kang, H., Lin, J., Yu, Q., & Yang, Q. (2013). Comparison of 3 kinds of Toll-

like receptor ligands for inactivated avian H5N1 influenza virus intranasal immunization 

in chicken. Poultry Science, 92(10), 2651–2660. https://doi.org/10.3382/ps.2013-03193 

Lin, J., Zhang, J., Dong, X., Fang, H., Chen, J., Su, N., Gao, Q., Zhang, Z., Liu, Y., Wang, Z., 

Yang, M., Sun, R., Li, C., Lin, S., Ji, M., Liu, Y., Wang, X., Wood, J., Feng, Z., … Yin, 

W. (2006). Safety and immunogenicity of an inactivated adjuvanted whole-virion 

influenza A (H5N1) vaccine: A phase I randomised controlled trial. The Lancet, 

368(9540), 991–997. https://doi.org/10.1016/S0140-6736(06)69294-5 

Lin, Y. P., Shaw, M., Gregory, V., Cameron, K., Lim, W., Klimov, A., Subbarao, K., Guan, Y., 

Krauss, S., Shortridge, K., Webster, R., Cox, N., & Hay, A. (2000). Avian-to-human 

transmission of H9N2 subtype influenza A viruses: Relationship between H9N2 and 

H5N1 human isolates. Proceedings of the National Academy of Sciences, 97(17), 9654–

9658. https://doi.org/10.1073/pnas.160270697 

Liniger, M., Summerfield, A., Zimmer, G., McCullough, K. C., & Ruggli, N. (2012). Chicken 

Cells Sense Influenza A Virus Infection through MDA5 and CARDIF Signaling 

Involving LGP2. Journal of Virology, 86(2), 705–717. 

https://doi.org/10.1128/JVI.00742-11 

Liu, Q., Mena, I., Ma, J., Bawa, B., Krammer, F., Lyoo, Y. S., Lang, Y., Morozov, I., 

Mahardika, G. N., Ma, W., García-Sastre, A., & Richt, J. A. (2015). Newcastle Disease 



 

 

157 
 

Virus-Vectored H7 and H5 Live Vaccines Protect Chickens from Challenge with H7N9 

or H5N1 Avian Influenza Viruses. Journal of Virology, 89(14), 7401–7408. 

https://doi.org/10.1128/JVI.00031-15 

Liu, Q., Yang, J., Huang, X., Liu, Y., Han, K., Zhao, D., Zhang, L., & Li, Y. (2020). 

Transcriptomic profile of chicken bone marrow-derive dendritic cells in response to 

H9N2 avian influenza A virus. Veterinary Immunology and Immunopathology, 220, 

109992. https://doi.org/10.1016/j.vetimm.2019.109992 

Lone, N. A., Spackman, E., & Kapczynski, D. (2017). Immunologic evaluation of 10 different 

adjuvants for use in vaccines for chickens against highly pathogenic avian influenza 

virus. Vaccine, 35(26), 3401–3408. https://doi.org/10.1016/j.vaccine.2017.05.010 

Lorgeoux, R.-P., Guo, F., & Liang, C. (2012). From promoting to inhibiting: Diverse roles of 

helicases in HIV-1 Replication. Retrovirology, 9(1), 79. https://doi.org/10.1186/1742-

4690-9-79 

Love, M. I., Huber, W., & Anders, S. (2014). Moderated estimation of fold change and 

dispersion for RNA-seq data with DESeq2. Genome Biology, 15(12), 550. 

https://doi.org/10.1186/s13059-014-0550-8 

Lukosaityte, D., Sadeyen, J.-R., Shrestha, A., Sealy, J. E., Bhat, S., Chang, P., Digard, P., & 

Iqbal, M. (2020). Engineered Recombinant Single Chain Variable Fragment of 

Monoclonal Antibody Provides Protection to Chickens Infected with H9N2 Avian 

Influenza. Vaccines, 8(1). https://doi.org/10.3390/vaccines8010118 

Ma, J., Rong, L., Zhou, Y., Roy, B. B., Lu, J., Abrahamyan, L., Mouland, A. J., Pan, Q., & 

Liang, C. (2008). The requirement of the DEAD-box protein DDX24 for the packaging 

of human immunodeficiency virus type 1 RNA. Virology, 375(1), 253–264. 

https://doi.org/10.1016/j.virol.2008.01.025 

Ma, M.-J., Zhao, T., Chen, S.-H., Xia, X., Yang, X.-X., Wang, G.-L., Fang, L.-Q., Ma, G.-Y., 

Wu, M.-N., Qian, Y.-H., Dean, N. E., Yang, Y., Lu, B., & Cao, W.-C. (2018). Avian 

Influenza A Virus Infection among Workers at Live Poultry Markets, China, 2013–2016. 

Emerging Infectious Diseases, 24(7), 1246–1256. 

https://doi.org/10.3201/eid2407.172059 

Macpherson, A. J., & Uhr, T. (2004). Induction of Protective IgA by Intestinal Dendritic Cells 

Carrying Commensal Bacteria. Science. https://doi.org/10.1126/science.1091334 



 

 

158 
 

Maeda, N., Nakamura, R., Hirose, Y., Murosaki, S., Yamamoto, Y., Kase, T., & Yoshikai, Y. 

(2009). Oral administration of heat-killed Lactobacillus plantarum L-137 enhances 

protection against influenza virus infection by stimulation of type I interferon production 

in mice. International Immunopharmacology. 

https://doi.org/10.1016/j.intimp.2009.04.015 

Maldonado Galdeano, C., & Perdigón, G. (2006). The probiotic bacterium Lactobacillus casei 

induces activation of the gut mucosal immune system through innate immunity. Clinical 

and Vaccine Immunology. https://doi.org/10.1128/CVI.13.2.219-226.2006 

Malik, Z. A., Thompson, C. R., Hashimi, S., Porter, B., Iyer, S. S., & Kusner, D. J. (2003). 

Cutting Edge: Mycobacterium tuberculosis Blocks Ca2+ Signaling and Phagosome 

Maturation in Human Macrophages Via Specific Inhibition of Sphingosine Kinase. The 

Journal of Immunology, 170(6), 2811–2815. 

https://doi.org/10.4049/jimmunol.170.6.2811 

Mallick, A. I., Kulkarni, R. R., St. Paul, M., Parvizi, P., Nagy, É., Behboudi, S., & Sharif, S. 

(2012). Vaccination with CpG-Adjuvanted Avian Influenza Virosomes Promotes 

Antiviral Immune Responses and Reduces Virus Shedding in Chickens. Viral 

Immunology, 120418071632002. https://doi.org/10.1089/vim.2011.0085 

Mallick, A. I., Parvizi, P., Read, L. R., Nagy, É., Behboudi, S., & Sharif, S. (2011). Enhancement 

of immunogenicity of a virosome-based avian influenza vaccine in chickens by 

incorporating CpG-ODN. Vaccine, 29(8), 1657–1665. 

https://doi.org/10.1016/j.vaccine.2010.12.046 

Mantis, N. J., Cheung, M. C., Chintalacharuvu, K. R., Rey, J., Corthésy, B., & Neutra, M. R. 

(2002). Selective Adherence of IgA to Murine Peyer’s Patch M Cells: Evidence for a 

Novel IgA Receptor. The Journal of Immunology. 

https://doi.org/10.4049/jimmunol.169.4.1844 

Marques, M., Ramos, B., Soares, A. R., & Ribeiro, D. (2019). Cellular Proteostasis During 

Influenza A Virus Infection—Friend or Foe? Cells, 8(3). 

https://doi.org/10.3390/cells8030228 

Matrosovich, M. N., Krauss, S., & Webster, R. G. (2001). H9N2 Influenza A Viruses from 

Poultry in Asia Have Human Virus-like Receptor Specificity. Virology, 281(2), 156–162. 

https://doi.org/10.1006/viro.2000.0799 



 

 

159 
 

Mattijssen, S., & Pruijn, G. J. M. (2012). Viperin, a key player in the antiviral response. 

Microbes and Infection, 14(5), 419–426. https://doi.org/10.1016/j.micinf.2011.11.015 

McCracken, V. J., Chun, T., Baldeo, M. E., Ahrne, S., Molin, G., Mackie, R. I., & Rex Gaskins, 

H. (2002). TNF-α sensitizes HT-29 colonic epithelial cells to intestinal lactobacilli. 

Experimental Biology and Medicine. https://doi.org/10.1177/153537020222700817 

Medzhitov, R. (2001). Toll-like receptors and innate immunity. Nature Reviews Immunology, 

1(2), 135–145. https://doi.org/10.1038/35100529 

Meyer, L., Leymarie, O., Chevalier, C., Esnault, E., Moroldo, M., Da Costa, B., Georgeault, S., 

Roingeard, P., Delmas, B., Quéré, P., & Le Goffic, R. (2017). Transcriptomic profiling of 

a chicken lung epithelial cell line (CLEC213) reveals a mitochondrial respiratory chain 

activity boost during influenza virus infection. PLOS ONE, 12(4), e0176355. 

https://doi.org/10.1371/journal.pone.0176355 

Mogler, M. A., & Kamrud, K. I. (2015). RNA-based viral vectors. Expert Review of Vaccines, 

14(2), 283–312. https://doi.org/10.1586/14760584.2015.979798 

Monne, I., Fusaro, A., Nelson, M. I., Bonfanti, L., Mulatti, P., Hughes, J., Murcia, P. R., Schivo, 

A., Valastro, V., Moreno, A., Holmes, E. C., & Cattoli, G. (2014). Emergence of a 

Highly Pathogenic Avian Influenza Virus from a Low-Pathogenic Progenitor. Journal of 

Virology, 88(8), 4375–4388. https://doi.org/10.1128/JVI.03181-13 

Montalban-Arques, A., Chaparro, M., Gisbert, J. P., & Bernardo, D. (2018). The Innate Immune 

System in the Gastrointestinal Tract: Role of Intraepithelial Lymphocytes and Lamina 

Propria Innate Lymphoid Cells in Intestinal Inflammation. Inflammatory Bowel Diseases, 

24(8), 1649–1659. https://doi.org/10.1093/ibd/izy177 

Morris, A., Beck, J. M., Schloss, P. D., Campbell, T. B., Crothers, K., Curtis, J. L., Flores, S. C., 

Fontenot, A. P., Ghedin, E., Huang, L., Jablonski, K., Kleerup, E., Lynch, S. V., 

Sodergren, E., Twigg, H., Young, V. B., Bassis, C. M., Venkataraman, A., Schmidt, T. 

M., & Weinstock, G. M. (2013). Comparison of the respiratory microbiome in healthy 

nonsmokers and smokers. American Journal of Respiratory and Critical Care Medicine. 

https://doi.org/10.1164/rccm.201210-1913OC 

Mutua, M. P., Muya, S., & Gicheru, M. M. (2016). Protective roles of free avian respiratory 

macrophages in captive birds. Biological Research, 49. https://doi.org/10.1186/s40659-

016-0090-7 



 

 

160 
 

Nagy, A., Lee, J., Mena, I., Henningson, J., Li, Y., Ma, J., Duff, M., Li, Y., Lang, Y., Yang, J., 

Abdallah, F., Richt, J., Ali, A., García-Sastre, A., & Ma, W. (2016). Recombinant 

Newcastle disease virus expressing H9 HA protects chickens against heterologous avian 

influenza H9N2 virus challenge. Vaccine, 34(23), 2537–2545. 

https://doi.org/10.1016/j.vaccine.2016.04.022 

Nagy, A., Mettenleiter, T. C., & Abdelwhab, E. M. (2017). A brief summary of the epidemiology 

and genetic relatedness of avian influenza H9N2 virus in birds and mammals in the 

Middle East and North Africa. Epidemiology and Infection, 145(16), 3320–3333. 

https://doi.org/10.1017/S0950268817002576 

Nakaya, H. I., Wrammert, J., Lee, E. K., Racioppi, L., Marie-Kunze, S., Haining, W. N., Means, 

A. R., Kasturi, S. P., Khan, N., Li, G.-M., McCausland, M., Kanchan, V., Kokko, K. E., 

Li, S., Elbein, R., Mehta, A. K., Aderem, A., Subbarao, K., Ahmed, R., & Pulendran, B. 

(2011). Systems biology of vaccination for seasonal influenza in humans. Nature 

Immunology, 12(8), 786–795. https://doi.org/10.1038/ni.2067 

Nakaya, T., Cros, J., Park, M.-S., Nakaya, Y., Zheng, H., Sagrera, A., Villar, E., Garcia-Sastre, 

A., & Palese, P. (2001). Recombinant Newcastle Disease Virus as a Vaccine Vector. J. 

VIROL., 75, 6. 

Nayak, B., Rout, S. N., Kumar, S., Khalil, M. S., Fouda, M. M., Ahmed, L. E., Earhart, K. C., 

Perez, D. R., Collins, P. L., & Samal, S. K. (2009). Immunization of Chickens with 

Newcastle Disease Virus Expressing H5 Hemagglutinin Protects against Highly 

Pathogenic H5N1 Avian Influenza Viruses. PLoS ONE, 4(8), e6509. 

https://doi.org/10.1371/journal.pone.0006509 

Nayak, D., Shivakoti, S., Balogun, R. A., Lee, G., & Zhou, Z. H. (2013). Structure, disassembly, 

assembly, and budding of influenza viruses. In Textbook of Influenza (pp. 35–56). John 

Wiley & Sons, Ltd. https://doi.org/10.1002/9781118636817.ch3 

Nerren, J. R., He, H., Genovese, K., & Kogut, M. H. (2010). Expression of the avian-specific 

toll-like receptor 15 in chicken heterophils is mediated by Gram-negative and Gram-

positive bacteria, but not TLR agonists. Veterinary Immunology and Immunopathology, 

136(1), 151–156. https://doi.org/10.1016/j.vetimm.2010.02.017 

Nicholls, J. M., Bourne, A. J., Chen, H., Guan, Y., & Peiris, J. M. (2007). Sialic acid receptor 

detection in the human respiratory tract: Evidence for widespread distribution of potential 



 

 

161 
 

binding sites for human and avian influenza viruses. Respiratory Research, 8(1), 73. 

https://doi.org/10.1186/1465-9921-8-73 

Nochi, T., Jansen, C. A., Toyomizu, M., & Eden, W. van. (2018). The Well-Developed Mucosal 

Immune Systems of Birds and Mammals Allow for Similar Approaches of Mucosal 

Vaccination in Both Types of Animals. Frontiers in Nutrition, 5. 

https://doi.org/10.3389/fnut.2018.00060 

Noh, J.-Y., Park, J.-K., Lee, D.-H., Yuk, S.-S., Kwon, J.-H., Lee, S.-W., Lee, J.-B., Park, S.-Y., 

Choi, I.-S., & Song, C.-S. (2016). Chimeric Bivalent Virus-Like Particle Vaccine for 

H5N1 HPAI and ND Confers Protection against a Lethal Challenge in Chickens and 

Allows a Strategy of Differentiating Infected from Vaccinated Animals (DIVA). PLOS 

ONE, 11(9), e0162946. https://doi.org/10.1371/journal.pone.0162946 

Oh, J. Z., Ravindran, R., Chassaing, B., Carvalho, F. A., Maddur, M. S., Bower, M., Hakimpour, 

P., Gill, K. P., Nakaya, H. I., Yarovinsky, F., Sartor, R. B., Gewirtz, A. T., & Pulendran, 

B. (2014). TLR5-mediated sensing of gut microbiota is necessary for antibody responses 

to seasonal influenza vaccination. Immunity. 

https://doi.org/10.1016/j.immuni.2014.08.009 

Ohshima, N., Iba, Y., Kubota-Koketsu, R., Asano, Y., Okuno, Y., & Kurosawa, Y. (2011). 

Naturally Occurring Antibodies in Humans Can Neutralize a Variety of Influenza Virus 

Strains, Including H3, H1, H2, and H5. Journal of Virology, 85(21), 11048–11057. 

https://doi.org/10.1128/JVI.05397-11 

Okuno, Y., Isegawa, Y., Sasao, F., & Ueda, S. (1993). A common neutralizing epitope conserved 

between the hemagglutinins of influenza A virus H1 and H2 strains. Journal of Virology, 

67(5), 2552–2558. 

Oláh, I., Nagy, N., & Vervelde, L. (2014). Structure of the Avian Lymphoid System. In Avian 

Immunology (pp. 11–44). Elsevier. https://doi.org/10.1016/B978-0-12-396965-1.00002-9 

Opal, S. M., & DePalo, V. A. (2000). Anti-Inflammatory Cytokines(*). Chest, 117(4), 1162. 

Gale Academic OneFile. 

Oshiumi, H., Miyashita, M., Okamoto, M., Morioka, Y., Okabe, M., Matsumoto, M., & Seya, T. 

(2015). DDX60 Is Involved in RIG-I-Dependent and Independent Antiviral Responses, 

and Its Function Is Attenuated by Virus-Induced EGFR Activation. Cell Reports, 11(8), 

1193–1207. https://doi.org/10.1016/j.celrep.2015.04.047 



 

 

162 
 

Ott, G., Barchfeld, G. L., Chernoff, D., Radhakrishnan, R., van Hoogevest, P., & Van Nest, G. 

(1995). MF59 Design and Evaluation of a Safe and Potent Adjuvant for Human 

Vaccines. In M. F. Powell & M. J. Newman (Eds.), Vaccine Design: The Subunit and 

Adjuvant Approach (pp. 277–296). Springer US. https://doi.org/10.1007/978-1-4615-

1823-5_10 

Padilla-Quirarte, H. O., Lopez-Guerrero, D. V., Gutierrez-Xicotencatl, L., & Esquivel-

Guadarrama, F. (2019). Protective Antibodies Against Influenza Proteins. Frontiers in 

Immunology, 10. https://doi.org/10.3389/fimmu.2019.01677 

Park, J.-K., Lee, D.-H., Cho, C. H., Yuk, S.-S., To, E.-O., Kwon, J.-H., Noh, J.-Y., Kim, B.-Y., 

Choi, S.-W., Shim, B.-S., Song, M. K., Lee, J.-B., Park, S.-Y., Choi, I.-S., & Song, C.-S. 

(2014). Supplementation of oil-based inactivated H9N2 vaccine with M2e antigen 

enhances resistance against heterologous H9N2 avian influenza virus infection. 

Veterinary Microbiology, 169(3–4), 211–217. 

https://doi.org/10.1016/j.vetmic.2014.01.001 

Park, K. J., Kwon, H. -i., Song, M.-S., Pascua, P. N. Q., Baek, Y. H., Lee, J. H., Jang, H.-L., 

Lim, J.-Y., Mo, I.-P., Moon, H.-J., Kim, C.-J., & Choi, Y. K. (2011). Rapid evolution of 

low-pathogenic H9N2 avian influenza viruses following poultry vaccination 

programmes. Journal of General Virology, 92(1), 36–50. 

https://doi.org/10.1099/vir.0.024992-0 

Park, M.-S., Steel, J., Garcia-Sastre, A., Swayne, D., & Palese, P. (2006). Engineered viral 

vaccine constructs with dual specificity: Avian influenza and Newcastle disease. 

Proceedings of the National Academy of Sciences, 103(21), 8203–8208. 

https://doi.org/10.1073/pnas.0602566103 

Parvizi, P., Mallick, A. I., Haq, K., Haghighi, H. R., Orouji, S., Thanthrige-Don, N., St. Paul, M., 

Brisbin, J. T., Read, L. R., Behboudi, S., & Sharif, S. (2012). A Toll-Like Receptor 3 

Ligand Enhances Protective Effects of Vaccination Against Marek’s Disease Virus and 

Hinders Tumor Development in Chickens. Viral Immunology, 25(5), 394–401. 

https://doi.org/10.1089/vim.2012.0033 

Pavanelli, W. R., Gutierrez, F. R. S., Silva, J. J. N. da, Costa, I. C., Menezes, M. C. N. D. de, 

Oliveira, F. J. de A., Itano, E. N., & Watanabe, M. A. E. (2010). The effects of nitric 



 

 

163 
 

oxide on the immune response during giardiasis. Brazilian Journal of Infectious 

Diseases, 14(6), 606–612. https://doi.org/10.1590/S1413-86702010000600010 

Payne, S. (2017). Chapter 23—Family Orthomyxoviridae. In S. Payne (Ed.), Viruses (pp. 197–

208). Academic Press. https://doi.org/10.1016/B978-0-12-803109-4.00023-4 

Peacock, T. P., James, J., Sealy, J. E., & Iqbal, M. (2019). A Global Perspective on H9N2 Avian 

Influenza Virus. Viruses, 11(7), 620. https://doi.org/10.3390/v11070620 

Peacock, T., Reddy, K., James, J., Adamiak, B., Barclay, W., Shelton, H., & Iqbal, M. (2016). 

Antigenic mapping of an H9N2 avian influenza virus reveals two discrete antigenic sites 

and a novel mechanism of immune escape. Scientific Reports, 6. 

https://doi.org/10.1038/srep18745 

Peiris, J. S. M., Guan, Y., Markwell, D., Ghose, P., Webster, R. G., & Shortridge, K. F. (2001). 

Cocirculation of Avian H9N2 and Contemporary “Human” H3N2 Influenza A Viruses in 

Pigs in Southeastern China: Potential for Genetic Reassortment? Journal of Virology, 

75(20), 9679–9686. https://doi.org/10.1128/JVI.75.20.9679-9686.2001 

Peralta, M. F., Danelli, M., & Vivas, A. (2016). Rediscovering the importance of Mucosal 

Immune System (MIS) in poultry. Academia Journal of Biotechnology, 4(3), 091–095. 

https://doi.org/10.15413/ajb.2015.0238 

Perčulija, V., & Ouyang, S. (2019). Diverse Roles of DEAD/DEAH-Box Helicases in Innate 

Immunity and Diseases. Helicases from All Domains of Life, 141–171. 

https://doi.org/10.1016/B978-0-12-814685-9.00009-9 

Perez, D. R., Lim, W., Seiler, J. P., Yi, G., Peiris, M., Shortridge, K. F., & Webster, R. G. 

(2003). Role of Quail in the Interspecies Transmission of H9 Influenza A Viruses: 

Molecular Changes on HA That Correspond to Adaptation from Ducks to Chickens. 

Journal of Virology, 77(5), 3148–3156. https://doi.org/10.1128/JVI.77.5.3148-3156.2003 

Perrone, L. A., Belser, J. A., Wadford, D. A., Katz, J. M., & Tumpey, T. M. (2013). Inducible 

Nitric Oxide Contributes to Viral Pathogenesis Following Highly Pathogenic Influenza 

Virus Infection in Mice. The Journal of Infectious Diseases, 207(10), 1576–1584. 

https://doi.org/10.1093/infdis/jit062 

Philbin, V. J., Iqbal, M., Boyd, Y., Goodchild, M. J., Beal, R. K., Bumstead, N., Young, J., & 

Smith, A. L. (2005). Identification and characterization of a functional, alternatively 



 

 

164 
 

spliced Toll-like receptor 7 (TLR7) and genomic disruption of TLR8 in chickens. 

Immunology, 114(4), 507–521. https://doi.org/10.1111/j.1365-2567.2005.02125.x 

Pillai, S. P. S., Pantin-Jackwood, M., Suarez, D. L., Saif, Y. M., & Lee, C.-W. (2010). 

Pathobiological characterization of low-pathogenicity H5 avian influenza viruses of 

diverse origins in chickens, ducks and turkeys. Archives of Virology, 155(9), 1439–1451. 

https://doi.org/10.1007/s00705-010-0727-8 

Pitaksajjakul, P., Lekcharoensuk, P., Upragarin, N., Barbas, C. F., Ibrahim, M. S., Ikuta, K., & 

Ramasoota, P. (2010). Fab MAbs specific to HA of influenza virus with H5N1 

neutralizing activity selected from immunized chicken phage library. Biochemical and 

Biophysical Research Communications, 395(4), 496–501. 

https://doi.org/10.1016/j.bbrc.2010.04.040 

Poh, C. M., Zheng, J., Channappanavar, R., Chang, Z. W., Nguyen, T. H. O., Rénia, L., 

Kedzierska, K., Perlman, S., & Poon, L. L. M. (2020). Multiplex Screening Assay for 

Identifying Cytotoxic CD8+ T Cell Epitopes. Frontiers in Immunology, 11. 

https://doi.org/10.3389/fimmu.2020.00400 

Post, J., de Geus, E. D., Vervelde, L., Cornelissen, J. B., & Rebel, J. M. (2013). Systemic 

distribution of different low pathogenic avian influenza (LPAI) viruses in chicken. 

Virology Journal, 10, 23. https://doi.org/10.1186/1743-422X-10-23 

Potdar, V., Hinge, D., Satav, A., Simões, E. A. F., Yadav, P. D., & Chadha, M. S. (2019). 

Laboratory-Confirmed Avian Influenza A(H9N2) Virus Infection, India, 2019—Volume 

25, Number 12—December 2019—Emerging Infectious Diseases journal—CDC. 25(12). 

https://doi.org/10.3201/eid2512.190636 

Pothlichet, J., Meunier, I., Davis, B. K., Ting, J. P.-Y., Skamene, E., Messling, V. von, & Vidal, 

S. M. (2013). Type I IFN Triggers RIG-I/TLR3/NLRP3-dependent Inflammasome 

Activation in Influenza A Virus Infected Cells. PLOS Pathogens, 9(4), e1003256. 

https://doi.org/10.1371/journal.ppat.1003256 

Qi, X., Tan, D., Wu, C., Tang, C., Li, T., Han, X., Wang, J., Liu, C., Li, R., & Wang, J. (2016). 

Deterioration of eggshell quality in laying hens experimentally infected with H9N2 avian 

influenza virus. Veterinary Research, 47(1), 35. https://doi.org/10.1186/s13567-016-

0322-4 



 

 

165 
 

Qiu, C., Tian, D., Wan, Y., Zhang, W., Qiu, C., Zhu, Z., Ye, R., Song, Z., Zhou, M., Yuan, S., 

Shi, B., Wu, M., Liu, Y., Gu, S., Wei, J., Zhou, Z., Zhang, X., Zhang, Z., Hu, Y., … Xu, 

J. (2011). Early Adaptive Humoral Immune Responses and Virus Clearance in Humans 

Recently Infected with Pandemic 2009 H1N1 Influenza Virus. PLOS ONE, 6(8), e22603. 

https://doi.org/10.1371/journal.pone.0022603 

Rakoff-Nahoum, S., Paglino, J., Eslami-Varzaneh, F., Edberg, S., & Medzhitov, R. (2004). 

Recognition of commensal microflora by toll-like receptors is required for intestinal 

homeostasis. Cell. https://doi.org/10.1016/j.cell.2004.07.002 

Ramos, E. L., Mitcham, J. L., Koller, T. D., Bonavia, A., Usner, D. W., Balaratnam, G., 

Fredlund, P., & Swiderek, K. M. (2015). Efficacy and Safety of Treatment With an Anti-

M2e Monoclonal Antibody in Experimental Human Influenza. The Journal of Infectious 

Diseases, 211(7), 1038–1044. https://doi.org/10.1093/infdis/jiu539 

Ranaware, P. B., Mishra, A., Vijayakumar, P., Gandhale, P. N., Kumar, H., Kulkarni, D. D., & 

Raut, A. A. (2016). Genome Wide Host Gene Expression Analysis in Chicken Lungs 

Infected with Avian Influenza Viruses. PLoS ONE, 11(4). 

https://doi.org/10.1371/journal.pone.0153671 

Ranjan, P., Singh, N., Kumar, A., Neerincx, A., Kremmer, E., Cao, W., Davis, W. G., Katz, J. 

M., Gangappa, S., Lin, R., Kufer, T. A., & Sambhara, S. (2015). NLRC5 interacts with 

RIG-I to induce a robust antiviral response against influenza virus infection. European 

Journal of Immunology, 45(3), 758–772. https://doi.org/10.1002/eji.201344412 

Rao, S., Ghosh, D., Asturias, E. J., & Weinberg, A. (2019). What can we learn about influenza 

infection and vaccination from transcriptomics? Human Vaccines & Immunotherapeutics, 

15(11), 2615–2623. https://doi.org/10.1080/21645515.2019.1608744 

Rauw, F., Palya, V., Van Borm, S., Welby, S., Tatar-Kis, T., Gardin, Y., Dorsey, K. M., Aly, M. 

M., Hassan, M. K., Soliman, M. A., Lambrecht, B., & van den Berg, T. (2011). Further 

evidence of antigenic drift and protective efficacy afforded by a recombinant HVT-H5 

vaccine against challenge with two antigenically divergent Egyptian clade 2.2.1 HPAI 

H5N1 strains. Vaccine, 29(14), 2590–2600. https://doi.org/10.1016/j.vaccine.2011.01.048 

Regev-Shoshani, G., Vimalanathan, S., McMullin, B., Road, J., Av-Gay, Y., & Miller, C. (2013). 

Gaseous nitric oxide reduces influenza infectivity in vitro. Nitric Oxide: Biology and 

Chemistry, 31, 48–53. https://doi.org/10.1016/j.niox.2013.03.007 



 

 

166 
 

Renegar, K. B., Small, P. A., Boykins, L. G., & Wright, P. F. (2004). Role of IgA versus IgG in 

the Control of Influenza Viral Infection in the Murine Respiratory Tract. The Journal of 

Immunology, 173(3), 1978–1986. https://doi.org/10.4049/jimmunol.173.3.1978 

Rescigno, M. (2011). The intestinal epithelial barrier in the control of homeostasis and 

immunity. In Trends in Immunology. https://doi.org/10.1016/j.it.2011.04.003 

Rimmelzwaan, G. F., Baars, M. M. J. W., de Lijster, P., Fouchier, R. A. M., & Osterhaus, A. D. 

M. E. (1999). Inhibition of Influenza Virus Replication by Nitric Oxide. Journal of 

Virology, 73(10), 8880–8883. 

Roach, J. C., Glusman, G., Rowen, L., Kaur, A., Purcell, M. K., Smith, K. D., Hood, L. E., & 

Aderem, A. (2005). The evolution of vertebrate Toll-like receptors. Proceedings of the 

National Academy of Sciences, 102(27), 9577–9582. 

https://doi.org/10.1073/pnas.0502272102 

Rohde, F., Schusser, B., Hron, T., Farkašová, H., Plachý, J., Härtle, S., Hejnar, J., Elleder, D., & 

Kaspers, B. (2018). Characterization of Chicken Tumor Necrosis Factor-α, a Long 

Missed Cytokine in Birds. Frontiers in Immunology, 9, 605. 

https://doi.org/10.3389/fimmu.2018.00605 

Rojas, J. M., Avia, M., Martín, V., & Sevilla, N. (2017). IL-10: A Multifunctional Cytokine in 

Viral Infections. Journal of Immunology Research, 2017. 

https://doi.org/10.1155/2017/6104054 

Römer-Oberdörfer, A., Veits, J., Helferich, D., & Mettenleiter, T. C. (2008). Level of protection 

of chickens against highly pathogenic H5 avian influenza virus with Newcastle disease 

virus based live attenuated vector vaccine depends on homology of H5 sequence between 

vaccine and challenge virus. Vaccine; Kidlington, 26(19), 2307–2313. 

http://dx.doi.org.subzero.lib.uoguelph.ca/10.1016/j.vaccine.2008.02.061 

Russell, R. J., Gamblin, S. J., & Skehel, J. J. (2013). Influenza glycoproteins: Hemagglutinin and 

neuraminidase. In Textbook of Influenza (pp. 67–100). John Wiley & Sons, Ltd. 

https://doi.org/10.1002/9781118636817.ch5 

Sacks, J., Gillette, K., & Frank, G. (1988). Development and evaluation of an enzyme-linked 

immunosorbent assay for bovine antibody in Pasteurella heamolytica: Constructing an 

enzyme-linked immunosorbent assay titer. American Journal of Veterinary Research, 49, 

38–41. 



 

 

167 
 

Salzman, N. H., Ghosh, D., Huttner, K. M., Paterson, Y., & Bevins, C. L. (2003). Protection 

against enteric salmonellosis in transgenic mice expressing a human intestinal defensin. 

Nature. https://doi.org/10.1038/nature01520 

Samy, A. A., El-Enbaawy, M. I., El-Sanousi, A. A., Nasef, S. A., Naguib, M. M., Abdelwhab, E. 

M., Hikono, H., & Saito, T. (2016). Different counteracting host immune responses to 

clade 2.2.1.1 and 2.2.1.2 Egyptian H5N1 highly pathogenic avian influenza viruses in 

naïve and vaccinated chickens. Veterinary Microbiology, 183, 103–109. 

https://doi.org/10.1016/j.vetmic.2015.12.005 

Sarfati-Mizrahi, D., Lozano-Dubernard, B., Soto-Priante, E., Castro-Peralta, F., Flores-Castro, 

R., Loza-Rubio, E., & Gay-Gutiérrez, M. (2010). Protective Dose of a Recombinant 

Newcastle Disease LaSota-Avian Influenza Virus H5 Vaccine Against H5N2 Highly 

Pathogenic Avian Influenza Virus and Velogenic Viscerotropic Newcastle Disease Virus 

in Broilers with High Maternal Antibody Levels. Avian Diseases, 54(1), 239–241. 

JSTOR. 

Savage, D. C. (1977). Microbial Ecology of the Gastrointestinal Tract. Annual Review of 

Microbiology. https://doi.org/10.1146/annurev.mi.31.100177.000543 

Schairer, D. O., Chouake, J. S., Nosanchuk, J. D., & Friedman, A. J. (2012). The potential of 

nitric oxide releasing therapies as antimicrobial agents. Virulence, 3(3), 271–279. 

https://doi.org/10.4161/viru.20328 

Schmolke, M., & García‐Sastre, A. (2010). Evasion of innate and adaptive immune responses by 

influenza A virus. Cellular Microbiology, 12(7), 873–880. https://doi.org/10.1111/j.1462-

5822.2010.01475.x 

Schröer, D., Veits, J., Grund, C., Dauber, M., Keil, G., Granzow, H., Mettenleiter, T. C., & 

Römer-Oberdörfer, A. (2009). Vaccination with Newcastle Disease Virus Vectored 

Vaccine Protects Chickens Against Highly Pathogenic H7 Avian Influenza Virus. Avian 

Diseases Digest, 4(2), e5–e5. https://doi.org/10.1637/8860.1 

Schuijt, T. J., Lankelma, J. M., Scicluna, B. P., De Sousa E Melo, F., Roelofs, J. J. T. H., De 

Boer, J. D., Hoogendijk, A. J., De Beer, R., De Vos, A., Belzer, C., De Vos, W. M., Van 

Der Poll, T., & Wiersinga, W. J. (2016). The gut microbiota plays a protective role in the 

host defence against pneumococcal pneumonia. Gut. https://doi.org/10.1136/gutjnl-2015-

309728 



 

 

168 
 

Seifert, L. L., Si, C., Saha, D., Sadic, M., de Vries, M., Ballentine, S., Briley, A., Wang, G., 

Valero-Jimenez, A. M., Mohamed, A., Schaefer, U., Moulton, H. M., García-Sastre, A., 

Tripathi, S., Rosenberg, B. R., & Dittmann, M. (2019). The ETS transcription factor 

ELF1 regulates a broadly antiviral program distinct from the type I interferon response. 

PLOS Pathogens, 15(11), e1007634. https://doi.org/10.1371/journal.ppat.1007634 

Seo, B. J., Rather, I. A., Kumar, V. J. R., Choi, U. H., Moon, M. R., Lim, J. H., & Park, Y. H. 

(2012). Evaluation of Leuconostoc mesenteroides YML003 as a probiotic against low-

pathogenic avian influenza (H9N2) virus in chickens. Journal of Applied Microbiology, 

113(1), 163–171. https://doi.org/10.1111/j.1365-2672.2012.05326.x 

Shah, N. P. (2007). Functional cultures and health benefits. International Dairy Journal, 17(11), 

1262–1277. https://doi.org/10.1016/j.idairyj.2007.01.014 

Shanmuganatham, K., Feeroz, M., Jones-Engel, L., Smith, G., Fourment, M., Walker, D., 

McClenaghan, L., Rabiul Alam, S. M., Kamrul Hasan, M., Seiler, P., Franks, J., Danner, 

A., Barman, S., McKenzie, P., Krauss, S., Webby, R., & Webster, R. G. (2013). 

Antigenic and Molecular Characterization of Avian Influenza A(H9N2) Viruses, 

Bangladesh—Volume 19, Number 9—September 2013—Emerging Infectious Disease 

journal—CDC. 19(9). https://doi.org/10.3201/eid1909.130336 

Shi, Y., Wu, Y., Zhang, W., Qi, J., & Gao, G. F. (2014). Enabling the “host jump”: Structural 

determinants of receptor-binding specificity in influenza A viruses. Nature Reviews 

Microbiology, 12(12), 822–831. https://doi.org/10.1038/nrmicro3362 

Shinya, K., Ebina, M., Yamada, S., Ono, M., Kasai, N., & Kawaoka, Y. (2006). Avian flu: 

Influenza virus receptors in the human airway. Nature, 440(7083), 435–436. 

https://doi.org/10.1038/440435a 

Shojadoost, B., Kulkarni, R. R., Brisbin, J. T., Quinteiro-Filho, W., Alkie, T. N., & Sharif, S. 

(2019). Interactions between lactobacilli and chicken macrophages induce antiviral 

responses against avian influenza virus. Research in Veterinary Science, 125, 441–450. 

https://doi.org/10.1016/j.rvsc.2017.10.007 

Silvey, K. J., Hutchings, A. B., Vajdy, M., Petzke, M. M., & Neutra, M. R. (2001). Role of 

Immunoglobulin A in Protection against Reovirus Entry into Murine Peyer’s Patches. 

Journal of Virology. https://doi.org/10.1128/jvi.75.22.10870-10879.2001 



 

 

169 
 

Singh, S. M., Alkie, T. N., Abdelaziz, K. T., Hodgins, D. C., Novy, A., Nagy, É., & Sharif, S. 

(2016a). Characterization of Immune Responses to an Inactivated Avian Influenza Virus 

Vaccine Adjuvanted with Nanoparticles Containing CpG ODN. Viral Immunology, 29(5), 

269–275. https://doi.org/10.1089/vim.2015.0144 

Singh, S. M., Alkie, T. N., Hodgins, D. C., Nagy, É., Shojadoost, B., & Sharif, S. (2015). 

Systemic immune responses to an inactivated, whole H9N2 avian influenza virus vaccine 

using class B CpG oligonucleotides in chickens. Vaccine, 33(32), 3947–3952. 

https://doi.org/10.1016/j.vaccine.2015.06.043 

Singh, S. M., Alkie, T. N., Nagy, É., Kulkarni, R. R., Hodgins, D. C., & Sharif, S. (2016b). 

Delivery of an inactivated avian influenza virus vaccine adjuvanted with poly(D,L-lactic-

co-glycolic acid) encapsulated CpG ODN induces protective immune responses in 

chickens. Vaccine, 34(40), 4807–4813. https://doi.org/10.1016/j.vaccine.2016.08.009 

Sjaastad, L. E., Fay, E. J., Fiege, J. K., Macchietto, M. G., Stone, I. A., Markman, M. W., Shen, 

S., & Langlois, R. A. (2018). Distinct antiviral signatures revealed by the magnitude and 

round of influenza virus replication in vivo. Proceedings of the National Academy of 

Sciences, 115(38), 9610–9615. https://doi.org/10.1073/pnas.1807516115 

Skowronski, D. M., De Serres, G., Crowcroft, N. S., Janjua, N. Z., Boulianne, N., Hottes, T. S., 

Rosella, L. C., Dickinson, J. A., Gilca, R., Sethi, P., Ouhoummane, N., Willison, D. J., 

Rouleau, I., Petric, M., Fonseca, K., Drews, S. J., Rebbapragada, A., Charest, H., 

Hamelin, M.-E., … Brunham, R. C. (2010). Association between the 2008-09 seasonal 

influenza vaccine and pandemic H1N1 illness during spring-summer 2009: Four 

observational studies from Canada. PLoS Medicine, 7(4). Gale Academic OneFile. 

http://link.gale.com/apps/doc/A225740748/AONE?u=guel77241&sid=zotero&xid=2de4

7f99 

Sławińska, A., D’Andrea, M., Pilla, F., Bednarczyk, M., & Siwek, M. (2013). Expression 

profiles of Toll-like receptors 1, 2 and 5 in selected organs of commercial and indigenous 

chickens. Journal of Applied Genetics, 54(4), 489–492. https://doi.org/10.1007/s13353-

013-0161-1 

Smith, A. L., Powers, C., & Beal, R. K. (2014). The Avian Enteric Immune System in Health 

and Disease. In Avian Immunology (pp. 227–250). Elsevier. 

https://doi.org/10.1016/B978-0-12-396965-1.00013-3 



 

 

170 
 

Smith, J., Smith, N., Yu, L., Paton, I. R., Gutowska, M. W., Forrest, H. L., Danner, A. F., Seiler, 

J. P., Digard, P., Webster, R. G., & Burt, D. W. (2015). A comparative analysis of host 

responses to avian influenza infection in ducks and chickens highlights a role for the 

interferon-induced transmembrane proteins in viral resistance. BMC Genomics, 16(1), 

574. https://doi.org/10.1186/s12864-015-1778-8 

Song, L., Xiong, D., Song, H., Wu, L., Zhang, M., Kang, X., Pan, Z., & Jiao, X. (2017). Mucosal 

and Systemic Immune Responses to Influenza H7N9 Antigen HA1–2 Co-Delivered 

Intranasally with Flagellin or Polyethyleneimine in Mice and Chickens. Frontiers in 

Immunology, 8. https://doi.org/10.3389/fimmu.2017.00326 

Song, X., Cao, G., Jing, L., Lin, S., Wang, X., Zhang, J., Wang, M., Liu, W., & Lv, C. (2014). 

Analysing the relationship between lncRNA and protein-coding gene and the role of 

lncRNA as ceRNA in pulmonary fibrosis. Journal of Cellular and Molecular Medicine, 

18(6), 991–1003. https://doi.org/10.1111/jcmm.12243 

Spackman, E., Gelb, J., Preskenis, L. A., Ladman, B. S., Pope, C. R., Pantin-Jackwood, M. J., & 

Mckinley, E. T. (2010). The pathogenesis of low pathogenicity H7 avian influenza 

viruses in chickens, ducks and turkeys. Virology Journal, 7(1), 331. 

https://doi.org/10.1186/1743-422X-7-331 

St. Paul, M., Barjesteh, N., Brisbin, J. T., Villaneueva, A. I., Read, L. R., Hodgins, D., Nagy, É., 

& Sharif, S. (2014a). Effects of Ligands for Toll-Like Receptors 3, 4, and 21 as 

Adjuvants on the Immunogenicity of an Avian Influenza Vaccine in Chickens. Viral 

Immunology, 27(4), 167–173. https://doi.org/10.1089/vim.2013.0124 

St. Paul, M., Brisbin, J. T., Abdul-Careem, M. F., & Sharif, S. (2013a). Immunostimulatory 

properties of Toll-like receptor ligands in chickens. Veterinary Immunology and 

Immunopathology, 152(3–4), 191–199. https://doi.org/10.1016/j.vetimm.2012.10.013 

St. Paul, M., Brisbin, J. T., Barjesteh, N., Villaneueva, A. I., Parvizi, P., Read, L. R., Nagy, É., & 

Sharif, S. (2014b). Avian Influenza Virus Vaccines Containing Toll-Like Receptors 2 and 

5 Ligand Adjuvants Promote Protective Immune Responses in Chickens. Viral 

Immunology, 27(4), 160–166. https://doi.org/10.1089/vim.2013.0129 

St. Paul, M., Mallick, A. I., Haq, K., Orouji, S., Abdul-Careem, M. F., & Sharif, S. (2011). In 

vivo administration of ligands for chicken toll-like receptors 4 and 21 induces the 



 

 

171 
 

expression of immune system genes in the spleen. Veterinary Immunology and 

Immunopathology, 144(3–4), 228–237. https://doi.org/10.1016/j.vetimm.2011.09.004 

St. Paul, M., Mallick, A. I., Read, L. R., Villanueva, A. I., Parvizi, P., Abdul-Careem, M. F., 

Nagy, É., & Sharif, S. (2012a). Prophylactic treatment with Toll-like receptor ligands 

enhances host immunity to avian influenza virus in chickens. Vaccine, 30(30), 4524–

4531. https://doi.org/10.1016/j.vaccine.2012.04.033 

St. Paul, M., Paolucci, S., Barjesteh, N., Wood, R. D., Schat, K. A., & Sharif, S. (2012b). 

Characterization of Chicken Thrombocyte Responses to Toll-Like Receptor Ligands. 

PLoS ONE, 7(8), e43381. https://doi.org/10.1371/journal.pone.0043381 

St. Paul, M., Paolucci, S., Barjesteh, N., Wood, R. D., & Sharif, S. (2013b). Chicken 

erythrocytes respond to Toll-like receptor ligands by up-regulating cytokine transcripts. 

Research in Veterinary Science, 95(1), 87–91. https://doi.org/10.1016/j.rvsc.2013.01.024 

St. Paul, M., Paolucci, S., Read, L. R., & Sharif, S. (2012c). Characterization of responses 

elicited by Toll-like receptor agonists in cells of the bursa of Fabricius in chickens. 

Veterinary Immunology and Immunopathology, 149(3–4), 237–244. 

https://doi.org/10.1016/j.vetimm.2012.07.008 

Stark, R., Grzelak, M., & Hadfield, J. (2019). RNA sequencing: The teenage years. Nature 

Reviews Genetics, 20(11), 631–656. https://doi.org/10.1038/s41576-019-0150-2 

Stewart, C. R., Bagnaud-Baule, A., Karpala, A. J., Lowther, S., Mohr, P. G., Wise, T. G., 

Lowenthal, J. W., & Bean, A. G. (2012). Toll-Like Receptor 7 Ligands Inhibit Influenza 

A Infection in Chickens. Journal of Interferon & Cytokine Research; New Rochelle, 

32(1), 46–51. http://dx.doi.org.subzero.lib.uoguelph.ca/10.1089/jir.2011.0036 

Suarez, D. L., & Pantin-Jackwood, M. J. (2017). Recombinant viral-vectored vaccines for the 

control of avian influenza in poultry. Veterinary Microbiology, 206, 144–151. 

https://doi.org/10.1016/j.vetmic.2016.11.025 

Suresh, R., & Mosser, D. M. (2013). Pattern recognition receptors in innate immunity, host 

defense, and immunopathology. Advances in Physiology Education, 37(4), 284–291. 

https://doi.org/10.1152/advan.00058.2013 

Sutejo, R., Yeo, D. S., Myaing, M. Z., Hui, C., Xia, J., Ko, D., Cheung, P. C. F., Tan, B.-H., & 

Sugrue, R. J. (2012). Activation of Type I and III Interferon Signalling Pathways Occurs 



 

 

172 
 

in Lung Epithelial Cells Infected with Low Pathogenic Avian Influenza Viruses. PLoS 

ONE, 7(3). https://doi.org/10.1371/journal.pone.0033732 

Suzuki, K., Okada, H., Itoh, T., Tada, T., Mase, M., Nakamura, K., Kubo, M., & Tsukamoto, K. 

(2009). Association of Increased Pathogenicity of Asian H5N1 Highly Pathogenic Avian 

Influenza Viruses in Chickens with Highly Efficient Viral Replication Accompanied by 

Early Destruction of Innate Immune Responses. Journal of Virology, 83(15), 7475–7486. 

https://doi.org/10.1128/JVI.01434-08 

Swanson, K. V., Deng, M., & Ting, J. P.-Y. (2019). The NLRP3 inflammasome: Molecular 

activation and regulation to therapeutics. Nature Reviews Immunology, 19(8), 477–489. 

https://doi.org/10.1038/s41577-019-0165-0 

Swayne, D. E. (2009). Avian influenza vaccines and therapies for poultry. Comparative 

Immunology, Microbiology and Infectious Diseases, 32(4), 351–363. 

https://doi.org/10.1016/j.cimid.2008.01.006 

Swayne, D. E., Perdue, M. L., Beck, J. R., Garcia, M., & Suarez, D. L. (2000). Vaccines protect 

chickens against H5 highly pathogenic avian influenza in the face of genetic changes in 

field viruses over multiple years. Veterinary Microbiology, 74(1–2), 165–172. 

https://doi.org/10.1016/S0378-1135(00)00176-0 

Swayne, D. E., & Spackman, E. (2013). Current Status and Future Needs in Diagnostics and 

Vaccines for High Pathogenicity Avian Influenza. Vaccines and Diagnostics for 

Transboundary Animal Diseases, 135, 79–94. https://doi.org/10.1159/000325276 

Swinkels, W. J. C., Hoeboer, J., Sikkema, R., Vervelde, L., & Koets, A. P. (2013). Vaccination 

induced antibodies to recombinant avian influenza A virus M2 protein or synthetic M2e 

peptide do not bind to the M2 protein on the virus or virus infected cells. Virology 

Journal, 10(1), 206. https://doi.org/10.1186/1743-422X-10-206 

Taha-Abdelaziz, K., Alkie, T. N., Hodgins, D. C., Shojadoost, B., & Sharif, S. (2016). 

Characterization of host responses induced by Toll-like receptor ligands in chicken cecal 

tonsil cells. Veterinary Immunology and Immunopathology, 174, 19–25. 

https://doi.org/10.1016/j.vetimm.2016.04.002 

Taha-Abdelaziz, K., Astill, J., Kulkarni, R. R., Read, L. R., Najarian, A., Farber, J. M., & Sharif, 

S. (2019). In vitro assessment of immunomodulatory and anti-Campylobacter activities of 



 

 

173 
 

probiotic lactobacilli. Scientific Reports, 9(1), 17903. https://doi.org/10.1038/s41598-

019-54494-3 

Taha-Abdelaziz, K., Hodgins, D. C., Lammers, A., Alkie, T. N., & Sharif, S. (2018). Effects of 

early feeding and dietary interventions on development of lymphoid organs and immune 

competence in neonatal chickens: A review. Veterinary Immunology and 

Immunopathology, 201, 1–11. https://doi.org/10.1016/j.vetimm.2018.05.001 

Takada, A., & Kawaoka, Y. (2003). Antibody-dependent enhancement of viral infection: 

Molecular mechanisms and in vivo implications. Reviews in Medical Virology, 13(6), 

387–398. https://doi.org/10.1002/rmv.405 

Takikawa, O., Habara-Ohkubo, A., & Yoshida, R. (1990). IFN-gamma is the inducer of 

indoleamine 2,3-dioxygenase in allografted tumor cells undergoing rejection. The 

Journal of Immunology, 145(4), 1246–1250. 

Tamura, M., Webster, R. G., & Ennis, F. A. (1994). Subtype cross-reactive, infection-enhancing 

antibody responses to influenza A viruses. Journal of Virology, 68(6), 3499–3504. 

Taschuk, F., & Cherry, S. (2020). DEAD-Box Helicases: Sensors, Regulators, and Effectors for 

Antiviral Defense. Viruses, 12(2). https://doi.org/10.3390/v12020181 

Temperley, N. D., Berlin, S., Paton, I. R., Griffin, D. K., & Burt, D. W. (2008). Evolution of the 

chicken Toll-like receptor gene family: A story of gene gain and gene loss. BMC 

Genomics, 9, 62. https://doi.org/10.1186/1471-2164-9-62 

Tian, W., Zhao, C., Hu, Q., Sun, J., & Peng, X. (2016). Roles of Toll-like receptors 2 and 6 in 

the inflammatory response to Mycoplasma gallisepticum infection in DF-1 cells and in 

chicken embryos. Developmental & Comparative Immunology, 59, 39–47. 

https://doi.org/10.1016/j.dci.2016.01.008 

Tokuhara, D., Kurashima, Y., Kamioka, M., Nakayama, T., Ernst, P., & Kiyono, H. (2019). A 

comprehensive understanding of the gut mucosal immune system in allergic 

inflammation. Allergology International, 68(1), 17–25. 

https://doi.org/10.1016/j.alit.2018.09.004 

Tong, S., Li, Y., Rivailler, P., Conrardy, C., Castillo, D. A. A., Chen, L.-M., Recuenco, S., 

Ellison, J. A., Davis, C. T., York, I. A., Turmelle, A. S., Moran, D., Rogers, S., Shi, M., 

Tao, Y., Weil, M. R., Tang, K., Rowe, L. A., Sammons, S., … Donis, R. O. (2012). A 



 

 

174 
 

distinct lineage of influenza A virus from bats. Proceedings of the National Academy of 

Sciences, 109(11), 4269–4274. https://doi.org/10.1073/pnas.1116200109 

Tong, S., Zhu, X., Li, Y., Shi, M., Zhang, J., Bourgeois, M., Yang, H., Chen, X., Recuenco, S., 

Gomez, J., Chen, L.-M., Johnson, A., Tao, Y., Dreyfus, C., Yu, W., McBride, R., Carney, 

P. J., Gilbert, A. T., Chang, J., … Donis, R. O. (2013). New World Bats Harbor Diverse 

Influenza A Viruses. PLOS Pathogens, 9(10), e1003657. 

https://doi.org/10.1371/journal.ppat.1003657 

Topham, D. J., & Doherty, P. C. (1998). Clearance of an Influenza A Virus by CD4+ T Cells Is 

Inefficient in the Absence of B Cells. Journal of Virology, 72(1), 882–885. 

https://doi.org/10.1128/JVI.72.1.882-885.1998 

Treanor, J. J., Tierney, E. L., Zebedee, S. L., Lamb, R. A., & Murphy, B. R. (1990). Passively 

transferred monoclonal antibody to the M2 protein inhibits influenza A virus replication 

in mice. Journal of Virology, 64(3), 1375–1377. 

Trinchieri, G. (1995). Interleukin-12 and interferon-gamma. Do they always go together? The 

American Journal of Pathology, 147(6), 1534–1538. 

Tsay, T.-B., Yang, M.-C., Chen, P.-H., Hsu, C.-M., & Chen, L.-W. (2011). Gut flora enhance 

bacterial clearance in lung through toll-like receptors 4. Journal of Biomedical Science, 

18(1), 68. https://doi.org/10.1186/1423-0127-18-68 

Underdown, B. J., & Schiff, J. M. (1986). Immunoglobulin A: Strategic Defense Initiative at the 

Mucosal Surface. Annual Review of Immunology. 

https://doi.org/10.1146/annurev.iy.04.040186.002133 

Uyemura, K., Demer, L. L., Castle, S. C., Jullien, D., Berliner, J. A., Gately, M. K., Warrier, R. 

R., Pham, N., Fogelman, A. M., & Modlin, R. L. (1996). Cross-regulatory roles of 

interleukin (IL)-12 and IL-10 in atherosclerosis. Journal of Clinical Investigation, 97(9), 

2130–2138. https://doi.org/10.1172/JCI118650 

Vaishnava, S., Behrendt, C. L., Ismail, A. S., Eckmann, L., & Hooper, L. V. (2008). Paneth cells 

directly sense gut commensals and maintain homeostasis at the intestinal host-microbial 

interface. Proceedings of the National Academy of Sciences, 105(52), 20858–20863. 

https://doi.org/10.1073/pnas.0808723105 

van den Berg, T., Lambrecht, B., Marché, S., Steensels, M., Van Borm, S., & Bublot, M. (2008). 

Influenza vaccines and vaccination strategies in birds. Comparative Immunology, 



 

 

175 
 

Microbiology and Infectious Diseases, 31(2–3), 121–165. 

https://doi.org/10.1016/j.cimid.2007.07.004 

Vander Veen, R. L., Harris, D. L. H., & Kamrud, K. I. (2012). Alphavirus replicon vaccines. 

Animal Health Research Reviews, 13(1), 1–9. 

https://doi.org/10.1017/S1466252312000011 

Veits, J., Wiesner, D., Fuchs, W., Hoffmann, B., Granzow, H., Starick, E., Mundt, E., 

Schirrmeier, H., Mebatsion, T., Mettenleiter, T. C., & Romer-Oberdorfer, A. (2006). 

Newcastle disease virus expressing H5 hemagglutinin gene protects chickens against 

Newcastle disease and avian influenza. Proceedings of the National Academy of 

Sciences, 103(21), 8197–8202. https://doi.org/10.1073/pnas.0602461103 

Verbist, B., Klambauer, G., Vervoort, L., Talloen, W., Shkedy, Z., Thas, O., Bender, A., 

Göhlmann, H. W. H., & Hochreiter, S. (2015). Using transcriptomics to guide lead 

optimization in drug discovery projects: Lessons learned from the QSTAR project. Drug 

Discovery Today, 20(5), 505–513. https://doi.org/10.1016/j.drudis.2014.12.014 

Vidya, M. K., Kumar, V. G., Sejian, V., Bagath, M., Krishnan, G., & Bhatta, R. (2018). Toll-like 

receptors: Significance, ligands, signaling pathways, and functions in mammals. 

International Reviews of Immunology, 37(1), 20–36. 

https://doi.org/10.1080/08830185.2017.1380200 

Vitetta, L., Saltzman, E., Thomsen, M., Nikov, T., & Hall, S. (2017). Adjuvant Probiotics and 

the Intestinal Microbiome: Enhancing Vaccines and Immunotherapy Outcomes. 

Vaccines, 5(4), 50. https://doi.org/10.3390/vaccines5040050 

Wagner, D. K., Clements, M. L., Reimer, C. B., Snyder, M., Nelson, D. L., & Murphy, B. R. 

(1987). Analysis of immunoglobulin G antibody responses after administration of live 

and inactivated influenza A vaccine indicates that nasal wash immunoglobulin G is a 

transudate from serum. Journal of Clinical Microbiology, 25(3), 559–562. 

https://doi.org/10.1128/JCM.25.3.559-562.1987 

Walsh, D., & Naghavi, M. H. (2019). Exploitation of Cytoskeletal Networks during Early Viral 

Infection. Trends in Microbiology, 27(1), 39–50. 

https://doi.org/10.1016/j.tim.2018.06.008 

Wan, H., Sorrell, E. M., Song, H., Hossain, M. J., Ramirez-Nieto, G., Monne, I., Stevens, J., 

Cattoli, G., Capua, I., Chen, L.-M., Donis, R. O., Busch, J., Paulson, J. C., Brockwell, C., 



 

 

176 
 

Webby, R., Blanco, J., Al-Natour, M. Q., & Perez, D. R. (2008). Replication and 

Transmission of H9N2 Influenza Viruses in Ferrets: Evaluation of Pandemic Potential. 

PLOS ONE, 3(8), e2923. https://doi.org/10.1371/journal.pone.0002923 

Wang, C., Forst, C. V., Chou, T., Geber, A., Wang, M., Hamou, W., Smith, M., Sebra, R., 

Zhang, B., Zhou, B., & Ghedin, E. (2020). Cell-to-Cell Variation in Defective Virus 

Expression and Effects on Host Responses during Influenza Virus Infection. MBio, 11(1). 

https://doi.org/10.1128/mBio.02880-19 

Wang, J., Liu, Y., Xia, Q., Chen, R., Liang, J., Xia, Q., & Li, J. (2019). Emerging Roles for 

NLRC5 in Immune Diseases. Frontiers in Pharmacology, 10. 

https://doi.org/10.3389/fphar.2019.01352 

Wang, L., Yassine, H., Saif, Y. M., & Lee, C.-W. (2010). Developing Live Attenuated Avian 

Influenza Virus In Ovo Vaccines for Poultry. Avian Diseases, 54(1), 297–301. JSTOR. 

Wang, Y., Brahmakshatriya, V., Lupiani, B., Reddy, S. M., Soibam, B., Benham, A. L., 

Gunaratne, P., Liu, H., Trakooljul, N., Ing, N., Okimoto, R., & Zhou, H. (2012). 

Integrated analysis of microRNA expression and mRNA transcriptome in lungs of avian 

influenza virus infected broilers. BMC Genomics, 13(1), 278. 

https://doi.org/10.1186/1471-2164-13-278 

Wang, Y., Ghaffari, N., Johnson, C. D., Braga-Neto, U. M., Wang, H., Chen, R., & Zhou, H. 

(2011). Evaluation of the coverage and depth of transcriptome by RNA-Seq in chickens. 

BMC Bioinformatics, 12(Suppl 10), S5. https://doi.org/10.1186/1471-2105-12-S10-S5 

Wang, Y., Lupiani, B., Reddy, S. M., Lamont, S. J., & Zhou, H. (2014). RNA-seq analysis 

revealed novel genes and signaling pathway associated with disease resistance to avian 

influenza virus infection in chickens. Poultry Science, 93(2), 485–493. 

https://doi.org/10.3382/ps.2013-03557 

Wang, Y., Shan, C., Ming, S., Liu, Y., Du, Y., & Jiang, G. (2009). Immunoadjuvant effects of 

bacterial genomic DNA and CpG oligodeoxynucleotides on avian influenza virus subtype 

H5N1 inactivated oil emulsion vaccine in chicken. Research in Veterinary Science, 86(3), 

399–405. https://doi.org/10.1016/j.rvsc.2008.09.006 

Wang, Y., Yin, Y., Lan, X., Ye, F., Tian, K., Zhao, X., Yin, H., Li, D., Xu, H., Liu, Y., & Zhu, 

Q. (2017). Molecular characterization, expression of chicken TBK1 gene and its effect on 



 

 

177 
 

IRF3 signaling pathway. PLOS ONE, 12(5), e0177608. 

https://doi.org/10.1371/journal.pone.0177608 

Watanabe, K., Fuse, T., Asano, I., Tsukahara, F., Maru, Y., Nagata, K., Kitazato, K., & 

Kobayashi, N. (2006). Identification of Hsc70 as an influenza virus matrix protein (M1) 

binding factor involved in the virus life cycle. FEBS Letters, 580(24), 5785–5790. 

https://doi.org/10.1016/j.febslet.2006.09.040 

Wei, Y., Qi, L., Gao, H., Sun, H., Pu, J., Sun, Y., & Liu, J. (2016). Generation and protective 

efficacy of a cold-adapted attenuated avian H9N2 influenza vaccine. Scientific Reports, 

6(1), 30382. https://doi.org/10.1038/srep30382 

Whittle, J. R. R., Zhang, R., Khurana, S., King, L. R., Manischewitz, J., Golding, H., Dormitzer, 

P. R., Haynes, B. F., Walter, E. B., Moody, M. A., Kepler, T. B., Liao, H.-X., & 

Harrison, S. C. (2011). Broadly neutralizing human antibody that recognizes the receptor-

binding pocket of influenza virus hemagglutinin. Proceedings of the National Academy of 

Sciences, 108(34), 14216–14221. https://doi.org/10.1073/pnas.1111497108 

WHO, W. H. O. (2018, November 13). Influenza (Avian and other zoonotic). The World Health 

Organization. https://www.who.int/news-room/fact-sheets/detail/influenza-(avian-and-

other-zoonotic) 

Wieten, L., Zee, R. van der, Spiering, R., Wagenaar‐Hilbers, J., Kooten, P. van, Broere, F., & 

Eden, W. van. (2010). A novel heat-shock protein coinducer boosts stress protein Hsp70 

to activate T cell regulation of inflammation in autoimmune arthritis. Arthritis & 

Rheumatism, 62(4), 1026–1035. https://doi.org/10.1002/art.27344 

Winarski, K. L., Tang, J., Klenow, L., Lee, J., Coyle, E. M., Manischewitz, J., Turner, H. L., 

Takeda, K., Ward, A. B., Golding, H., & Khurana, S. (2019). Antibody-dependent 

enhancement of influenza disease promoted by increase in hemagglutinin stem flexibility 

and virus fusion kinetics. Proceedings of the National Academy of Sciences, 116(30), 

15194–15199. https://doi.org/10.1073/pnas.1821317116 

Wong, S.-S., & Webby, R. J. (2013). Traditional and New Influenza Vaccines. Clinical 

Microbiology Reviews, 26(3), 476–492. https://doi.org/10.1128/CMR.00097-12 

World Health Organization. (2013). Serological detection of avian influenza A(H7N9) infections 

by microneutralization assay. 



 

 

178 
 

https://www.who.int/influenza/gisrs_laboratory/cnic_serological_diagnosis_microneutrali

zation_a_h7n9.pdf 

World Health Organization. (2015). Influenza at the human-animal interface, Summary and 

assessment as of 3 March 2015. WHO Monthly Human Animal Interface Reports. 

https://www.who.int/influenza/human_animal_interface/Influenza_Summary_IRA_HA_i

nterface_31_March_2015.pdf 

World Health Organization. (2019). Influenza_Summary_IRA_HA_interface_12_02_2019.pdf. 

https://www.who.int/influenza/human_animal_interface/Influenza_Summary_IRA_HA_i

nterface_12_02_2019.pdf?ua=1 

Wu, D., Zou, S., Bai, T., Li, J., Zhao, X., Yang, L., Liu, H., Li, X., Yang, X., Xin, L., Xu, S., 

Zou, X., Li, X., Wang, A., Guo, J., Sun, B., Huang, W., Zhang, Y., Li, X., … Shu, Y. 

(2015). Poultry farms as a source of avian influenza A (H7N9) virus reassortment and 

human infection. Scientific Reports, 5(1), 7630. https://doi.org/10.1038/srep07630 

Wu, P., Lu, J., Feng, L., Wu, H., Zhang, X., Mei, M., Hou, J., Liu, X., & Tang, Y. (2017). 

Antigen-Sparing and Enhanced Efficacy of Multivalent Vaccines Adjuvanted with 

Immunopotentiators in Chickens. Frontiers in Microbiology, 8, 927. 

https://doi.org/10.3389/fmicb.2017.00927 

Wu, Y., Wu, Y., Tefsen, B., Shi, Y., & Gao, G. F. (2014). Bat-derived influenza-like viruses 

H17N10 and H18N11. Trends in Microbiology, 22(4), 183–191. 

https://doi.org/10.1016/j.tim.2014.01.010 

Wu, Z., Rothwell, L., Hu, T., & Kaiser, P. (2009). Chicken CD14, unlike mammalian CD14, is 

trans-membrane rather than GPI-anchored. Developmental & Comparative Immunology, 

33(1), 97–104. https://doi.org/10.1016/j.dci.2008.07.008 

Wu, Z., Rothwell, L., Young, J. R., Kaufman, J., Butter, C., & Kaiser, P. (2010). Generation and 

characterization of chicken bone marrow-derived dendritic cells. Immunology, 129(1), 

133–145. https://doi.org/10.1111/j.1365-2567.2009.03129.x 

Xiaowen, Z., Qinghua, Y., Xiaofei, Z., & Qian, Y. (2009). Co-administration of inactivated 

avian influenza virus with CpG or rIL-2 strongly enhances the local immune response 

after intranasal immunization in chicken. Vaccine, 27(41), 5628–5632. 

https://doi.org/10.1016/j.vaccine.2009.07.023 



 

 

179 
 

Xing, Z., Cardona, C. J., Li, J., Dao, N., Tran, T., & Andrada, J. (2008). Modulation of the 

immune responses in chickens by low-pathogenicity avian influenza virus H9N2. Journal 

of General Virology, 89(5), 1288–1299. https://doi.org/10.1099/vir.0.83362-0 

Xing, Z., & Schat, K. A. (2000). Inhibitory Effects of Nitric Oxide and Gamma Interferon on In 

Vitro and In Vivo Replication of Marek’s Disease Virus. Journal of Virology, 74(8), 

3605–3612. 

Xu, L., Khadijah, S., Fang, S., Wang, L., Tay, F. P. L., & Liu, D. X. (2010). The Cellular RNA 

Helicase DDX1 Interacts with Coronavirus Nonstructural Protein 14 and Enhances Viral 

Replication. Journal of Virology, 84(17), 8571–8583. https://doi.org/10.1128/JVI.00392-

10 

Xu, Z., Anderson, R., & Hobman, T. C. (2011). The Capsid-Binding Nucleolar Helicase DDX56 

Is Important for Infectivity of West Nile Virus. Journal of Virology, 85(11), 5571–5580. 

https://doi.org/10.1128/JVI.01933-10 

Yamane, K., Indalao, I. L., Chida, J., Yamamoto, Y., Hanawa, M., & Kido, H. (2014). 

Diisopropylamine Dichloroacetate, a Novel Pyruvate Dehydrogenase Kinase 4 Inhibitor, 

as a Potential Therapeutic Agent for Metabolic Disorders and Multiorgan Failure in 

Severe Influenza. PLoS ONE, 9(5). https://doi.org/10.1371/journal.pone.0098032 

Yamayoshi, S., Uraki, R., Ito, M., Kiso, M., Nakatsu, S., Yasuhara, A., Oishi, K., Sasaki, T., 

Ikuta, K., & Kawaoka, Y. (2017). A Broadly Reactive Human Anti-hemagglutinin Stem 

Monoclonal Antibody That Inhibits Influenza A Virus Particle Release. EBioMedicine, 

17, 182–191. https://doi.org/10.1016/j.ebiom.2017.03.007 

Yang, W.-T., Yang, G.-L., Shi, S.-H., Liu, Y.-Y., Huang, H.-B., Jiang, Y.-L., Wang, J.-Z., Shi, 

C.-W., Jing, Y.-B., & Wang, C.-F. (2017). Protection of chickens against H9N2 avian 

influenza virus challenge with recombinant Lactobacillus plantarum expressing 

conserved antigens. Applied Microbiology and Biotechnology, 101(11), 4593–4603. 

https://doi.org/10.1007/s00253-017-8230-8 

Yang, Y., Jiang, Y., Yin, Q., Liang, H., & She, R. (2010). Chicken intestine defensins activated 

murine peripheral blood mononuclear cells through the TLR4-NF-κB pathway. 

Veterinary Immunology and Immunopathology, 133(1), 59–65. 

https://doi.org/10.1016/j.vetimm.2009.07.008 



 

 

180 
 

Yasui, H., Kiyoshima, J., & Hori, T. (2004). Reduction of influenza virus titer and protection 

against influenza virus infection in infant mice fed Lactobacillus casei Shirota. Clinical 

and Diagnostic Laboratory Immunology. https://doi.org/10.1128/CDLI.11.4.675-

679.2004 

Ye, J., Yu, M., Zhang, K., Liu, J., Wang, Q., Tao, P., Jia, K., Liao, M., & Ning, Z. (2015). 

Tissue-specific expression pattern and histological distribution of NLRP3 in Chinese 

yellow chicken. Veterinary Research Communications, 39(3), 171–177. 

https://doi.org/10.1007/s11259-015-9641-6 

Yilmaz, A., Shen, S., Adelson, D. L., Xavier, S., & Zhu, J. J. (2005). Identification and sequence 

analysis of chicken Toll-like receptors. Immunogenetics, 56(10), 743–753. 

https://doi.org/10.1007/s00251-004-0740-8 

Yitbarek, A., Alkie, T., Taha-Abdelaziz, K., Astill, J., Rodriguez-Lecompte, J. C., Parkinson, J., 

Nagy, É., & Sharif, S. (2018a). Gut microbiota modulates type I interferon and antibody-

mediated immune responses in chickens infected with influenza virus subtype H9N2. 

Beneficial Microbes, 9(3), 417–427. https://doi.org/10.3920/BM2017.0088 

Yitbarek, A., Astill, J., Hodgins, D. C., Parkinson, J., Nagy, É., & Sharif, S. (2019). Commensal 

gut microbiota can modulate adaptive immune responses in chickens vaccinated with 

whole inactivated avian influenza virus subtype H9N2. Vaccine, 37(44), 6640–6647. 

https://doi.org/10.1016/j.vaccine.2019.09.046 

Yitbarek, A., Taha-Abdelaziz, K., Hodgins, D. C., Read, L., Nagy, É., Weese, J. S., Caswell, J. 

L., Parkinson, J., & Sharif, S. (2018b). Gut microbiota-mediated protection against 

influenza virus subtype H9N2 in chickens is associated with modulation of the innate 

responses. Scientific Reports, 8(1), 13189. https://doi.org/10.1038/s41598-018-31613-0 

Yitbarek, A., Weese, J. S., Alkie, T. N., Parkinson, J., & Sharif, S. (2018c). Influenza A virus 

subtype H9N2 infection disrupts the composition of intestinal microbiota of chickens. 

FEMS Microbiology Ecology, 94(1). https://doi.org/10.1093/femsec/fix165 

Yon Rhee, S., Wood, V., Dolinski, K., & Draghici, S. (2008). Use and misuse of the gene 

ontology annotations. Nature Reviews Genetics, 9(7), 509–515. 

https://doi.org/10.1038/nrg2363 

Yoshida, R., Igarashi, M., Ozaki, H., Kishida, N., Tomabechi, D., Kida, H., Ito, K., & Takada, A. 

(2009). Cross-Protective Potential of a Novel Monoclonal Antibody Directed against 



 

 

181 
 

Antigenic Site B of the Hemagglutinin of Influenza A Viruses. PLOS Pathogens, 5(3), 

e1000350. https://doi.org/10.1371/journal.ppat.1000350 

Yurong, Y., Ruiping, S., ShiMin, Z., & Yibao, J. (2005). Effect of probiotics on intestinal 

mucosal immunity and ultrastructure of cecal tonsils of chickens. Archives of Animal 

Nutrition, 59(4), 237–246. https://doi.org/10.1080/17450390500216928 

Zebedee, S. L., & Lamb, R. A. (1988). Influenza A virus M2 protein: Monoclonal antibody 

restriction of virus growth and detection of M2 in virions. Journal of Virology, 62(8), 

2762–2772. 

Zhang, K., Zhang, Z., Yu, Z., Li, L., Cheng, K., Wang, T., Huang, G., Yang, S., Zhao, Y., Feng, 

N., Fu, J., Qin, C., Gao, Y., & Xia, X. (2013). Domestic cats and dogs are susceptible to 

H9N2 avian influenza virus. Virus Research, 175(1), 52–57. 

https://doi.org/10.1016/j.virusres.2013.04.004 

Zhang, L., Li, P., Liu, R., Zheng, M., Sun, Y., Wu, D., Hu, Y., Wen, J., & Zhao, G. (2015). The 

Identification of Loci for Immune Traits in Chickens Using a Genome-Wide Association 

Study. PLOS ONE, 10(3), e0117269. https://doi.org/10.1371/journal.pone.0117269 

Zhang, Y., Guo, X., Qi, J., Liu, L., Wang, J., Xu, S., Wang, J., & Yin, Y. (2014). Complete 

Genome Sequence of an H9N2 Influenza Virus Lethal to Chickens. Genome 

Announcements, 2(6). https://doi.org/10.1128/genomeA.00929-14 

Zhang, Z., Li, R., Jiang, L., Xiong, C., Chen, Y., Zhao, G., & Jiang, Q. (2016). The complexity 

of human infected AIV H5N6 isolated from China. BMC Infectious Diseases, 16(1), 600. 

https://doi.org/10.1186/s12879-016-1932-1 

Zhao, C., Hsiang, T.-Y., Kuo, R.-L., & Krug, R. M. (2010). ISG15 conjugation system targets 

the viral NS1 protein in influenza A virus–infected cells. Proceedings of the National 

Academy of Sciences, 107(5), 2253–2258. https://doi.org/10.1073/pnas.0909144107 

Zhao, J., Ragupathy, V., Liu, J., Wang, X., Vemula, S. V., El Mubarak, H. S., Ye, Z., Landry, M. 

L., & Hewlett, I. (2015). Nanomicroarray and Multiplex Next-Generation Sequencing for 

Simultaneous Identification and Characterization of Influenza Viruses. Emerging 

Infectious Diseases, 21(3). https://doi.org/10.3201/eid2103.141169 

Zheng, W., & Satta, Y. (2018). Functional Evolution of Avian RIG-I-Like Receptors. Genes, 

9(9), 456. https://doi.org/10.3390/genes9090456 



 

 

182 
 

Zoete, M. R. de, Bouwman, L. I., Keestra, A. M., & Putten, J. P. M. van. (2011). Cleavage and 

activation of a Toll-like receptor by microbial proteases. Proceedings of the National 

Academy of Sciences, 108(12), 4968–4973. https://doi.org/10.1073/pnas.1018135108 

 



 

 

183 
 

Appendices 

Appendix A: Supplementary Table 1 

Description: Gene Expression and statistical results of the comparison between H9N2 AIV-

infected and noninfected chickens in the cecal tonsils at 12 hours post-infection. 

Filename: Alqazlan_Nadiyah_PhD_202012_Supplementary_Table1.csv 

 

Appendix B: Supplementary Table 2 

Description: Gene Expression and statistical results of the comparison between H9N2 AIV-

infected and noninfected chickens in the cecal tonsils at 24 hours post-infection 

Filename: Alqazlan_Nadiyah_PhD_202012_Supplementary_Table2.csv 

 

Appendix C: Supplementary Table 3 

Description: Gene Expression and statistical results of the comparison between H9N2 AIV-

infected and noninfected chickens in the cecal tonsils at 72 hours post-infection 

Filename: Alqazlan_Nadiyah_PhD_202012_Supplementary_Table3.csv 

 

Appendix D: Supplementary Table 4 

Description: Gene Expression and statistical results of the comparison between H9N2 AIV-

infected and noninfected chickens in the ileum at 12 hours post-infection 

Filename: Alqazlan_Nadiyah_PhD_202012_Supplementary_Table4.csv 
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Appendix E: Supplementary Table 5 

Description: Gene Expression and statistical results of the comparison between H9N2 AIV-

infected and noninfected chickens in the ileum at 24 hours post-infection 

Filename: Alqazlan_Nadiyah_PhD_202012_Supplementary_Table5.csv 

 

Appendix F: Supplementary Table 6 

Description: Gene Expression and statistical results of the comparison between H9N2 AIV-

infected and noninfected chickens in the ileum at 72 hours post-infection 

Filename: Alqazlan_Nadiyah_PhD_202012_Supplementary_Table6.csv 

 

Appendix G: Supplementary Table 7 

Description: Functional annotation analysis of gene ontology terms for biological processes 

using PANTHER Overrepresentation Test among upregulated genes in the cecal tonsils at 24 

hours post-infection 

Filename: Alqazlan_Nadiyah_PhD_202012_Supplementary_Table7.csv 

 

Appendix H: Supplementary Table 8 

Description: Functional annotation analysis of gene ontology terms for molecular functions 

using PANTHER Overrepresentation Test among upregulated genes in the cecal tonsils at 24 

hours post-infection 

Filename: Alqazlan_Nadiyah_PhD_202012_Supplementary_Table8.csv 
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Appendix I: Supplementary Table 9 

Description: Functional annotation analysis of gene ontology terms for biological processes 

using PANTHER Overrepresentation Test among upregulated genes in the ileum at 24 hours 

post-infection 

Filename: Alqazlan_Nadiyah_PhD_202012_Supplementary_Table9.csv 

 

Appendix J: Supplementary Table 10 

Description: Functional annotation analysis of gene ontology terms for molecular functions 

using PANTHER Overrepresentation Test among upregulated genes in the ileum at 24 hours 

post-infection 

Filename: Alqazlan_Nadiyah_PhD_202012_Supplementary_Table10.csv 

 

Appendix K: Supplementary Table 11 

Description: Functional annotation analysis of gene ontology terms for cellular components 

using PANTHER Overrepresentation Test among upregulated genes in the ileum at 24 hours 

post-infection 

Filename: Alqazlan_Nadiyah_PhD_202012_Supplementary_Table11.csv 

 

Appendix L: Supplementary Table 12 

Description: Functional annotation analysis of gene ontology terms for biological processes 

using PANTHER Overrepresentation Test among upregulated genes in the ileum at 72 hours 

post-infection 

Filename: Alqazlan_Nadiyah_PhD_202012_Supplementary_Table12.csv 
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Appendix M: Supplementary Table 13 

Description: Functional annotation analysis of gene ontology terms for molecular functions 

using PANTHER Overrepresentation Test among upregulated genes in the ileum at 72 hours 

post-infection 

Filename: Alqazlan_Nadiyah_PhD_202012_Supplementary_Table13.csv 

 

Appendix N: Supplementary Table 14 

Description: Functional annotation analysis of gene ontology terms for cellular components 

using PANTHER Overrepresentation Test among upregulated genes in the ileum at 72 hours 

post-infection 

Filename: Alqazlan_Nadiyah_PhD_202012_Supplementary_Table14.csv 
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