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The work presented in this thesis is an investigation of the use of toll-like receptor 

(TLR) agonists to induce or enhance immunity in chickens against Marek’s disease virus 

(MDV). Initially, synthetic double-stranded (ds) RNA, polyriboinosinic polyribocytidylic 

(poly(I:C)) was administered via different routes to determine the effects of this TLR 

agonist in chickens. It was demonstrated that administration of poly(I:C) can locally and 

systemically induce the expression of innate immune response genes depending on the 

route. To investigate the effects of TLR ligands on enhancing protective efficacy of 

vaccination against MD, chickens were immunized with a vaccine, herpesvirus of turkeys 

(HVT), and treated with poly(I:C) and then, infected with a very virulent strain of MDV 

(RB1B) through the respiratory route. The most reduction in the tumour incidence in 

vaccinated groups was observed in the birds that had received poly(I:C) treatment twice. 

These results indicated that poly(I:C) treatment can enhance the efficacy of HVT vaccine 

and improve protection against MDV. To further explore the role of TLR agonists in 

inducing immunity against MD, chickens were treated with lipopolysaccharide (LPS) as a 



  

TLR4 agonist and CpG oligodeoxynucleotide (ODN) as a TLR21 agonist and infected 

with the RB1B strain of MDV via the respiratory route. The results of this study indicated 

that treatment of MDV-infected chickens with TLR4 and 21 agonists induced the 

expression of type I and II interferons (IFNs) as well as interleukin (IL)-1β and delayed 

the manifestation of MD clinical signs. Finally, the effects of vaccination with HVT and 

infection with RB1B MDV were assessed on lung mononuclear cells, given the 

importance of the respiratory system as the main port of entry for MDV. The findings of 

this experiment revealed the temporal profile of the expression of cytokines such as IFN-

γ, IL-10, and IL-4 by lung mononuclear cells in response to vaccination or infection in 

the lungs. Overall, the studies presented in this thesis unravel the effects of TLRs in 

MDV infection and underline the role of TLR ligands in enhancing immunity against 

MDV. 
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Introduction 

Diseases caused by various pathogenic organisms are controlled by a combination 

of different methods including medication, better management and introduction of more 

resistant individuals as well as vaccination. The application of vaccination can reduce the 

incidence of disease and control the clinical signs. However, vaccines, in most cases, are 

incapable of inducing sterile immunity. Vaccination, on the other hand, may drive the 

target pathogen to evolve into more virulence.  

Marek’s disease (MD) is an important disease of chickens caused by a herpesvirus 

called Marek’s disease virus (MDV). MD has been controlled via incorporation of a wide 

range of methods, including biosecurity, vaccination, and enhancement of genetic 

resistance. Due to the introduction of effective vaccines, the impact of this disease on the 

poultry industry is significantly reduced. However, it is estimated that the annual 

worldwide losses associated with MD are US$1-2 billion (Morrow and Fehler 2004). 

These losses are caused due to carcass condemnation or immunosuppression caused by 

MDV and the ensuing secondary infections. Therefore, there is a need to further 

understand the interaction between MDV, Marek’s disease vaccines and the chicken 

immune system. It is also essential to devise vaccines that are more efficient in curtailing 

the clinical signs and spread of MDV. To this end, different methods are used to enhance 

the efficacy of the current vaccines such as the use of novel adjuvants. 

 Taken together, understanding the components of the chicken immune system as 

well as their interactions with MDV in different phases of the pathogenesis of the virus 

play a pivotal role in developing better vaccines. The immune system of chickens 

consists of innate defence mechanisms and adaptive immune responses. Innate defence 
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mechanisms monitor the microenvironment of the host body by a repertoire of germ-line 

encoded pattern-recognition receptors (PRRs). PRRs are capable of detecting broad range 

of pathogen associated molecular patterns (PAMPs). Toll-like receptors (TLRs) are a 

group of PRRs each of which recognizes a group of similar pathogen associated 

molecular motifs. The activation of TLRs leads to differentiation and maturation of cells, 

proliferation as well as release of several cytokines and chemokines. Therefore, TLRs can 

detect and define type of invading pathogens, initiate a response, and skew the type of 

antigen-specific adaptive immune response. The type of response generated by TLRs 

depends on cell type that expresses the TLRs as well as quality and quantity of 

interaction between TLRs and their ligands. Antigen presenting cells (APCs) that are at 

the interface between innate and adaptive immune responses express several PRRs 

including TLRs. Thus, TLR agonists can be applied to induce immune responses against 

pathogens such as viruses. This raises the possibility to apply TLR ligands in 

prophylactic regimens against cancer, infectious diseases and allergies. In addition, TLR 

agonists can be used to enhance the efficacy and protective immunity conferred by 

vaccines. 

Despite the fact that genes encoding innate defence molecules, including TLR3 

and TLR7 as well as IL-1β and inducible nitric oxide synthase (iNOS), have been shown 

to be up-regulated in the lungs of MDV-infected chickens, little is known with regard to 

the role of innate defence mechanisms in the elicitation of protective immune responses 

against MDV, especially in the lungs. Furthermore, there is no information available on 

the utility of innate defence molecules, such as TLRs and their ligands, for enhancing 

immunity against MD. Therefore, the main objectives of the experiments highlighted in 
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this thesis were to gain a better understanding of the effects of TLR agonists on the 

chicken immune system and to further elucidate the role of TLR agonists in the 

enhancement as well as induction of protective immunity against MDV.  
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Chapter 1. Literature Review  

 

Modified from our published review paper entitled: 

 

Parvizi P., Abdul-Careem M. F., Haq K., Thanthrige-Don N., Schat K. A., Sharif S. 

(2010) Immune responses against Marek’s disease virus. Anim Health Res Rev. 

Dec;11(2):123-34. 

 

And some parts are modified from my Master’s thesis entitled: 

 

 Payvand Parvizi (2008). Cytokine gene expression in CD4
+
 and CD8

+
 T cell subsets of 

chickens infected with Marek’s disease virus. Department of Pathobiology. University of 

Guelph. 
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Marek’s disease 

History  

The first researcher who discovered this disease condition as polyneuritis was the 

Hungarian scientist, Dr. Joseph Marek (Marek 1907). Subsequently, researchers in the 

United States reported that the same disease in the form of paralysis was prevalent in 

poultry farms, but it was not confined to the nervous system. Lymphoid tumours in 

different organs such as ovaries, liver, kidneys, lungs, adrenal glands and muscle were 

demonstrated and the infectious nature of the disease was further investigated. This 

condition was then tentatively named neurolymphomatosis gallinarum by 

Pappenheimer’s group (Pappenheimer et al. 1929 a and b). Though, the disease condition 

was investigated by Kaupp, May, Tittsler and Goodner, Doyle, Van der Walle and 

Winkler-Junius, the natural route of infection could not be established (Pappenheimer et 

al. 1929 a and b). Later, other researchers, who were working on neoplastic diseases, 

decided to classify all lymphoproliferative conditions in chickens as Avian Leukosis 

Complex to unify the terminology in the field for better communication due to the fact 

that lymphoid leukosis was similar to fowl paralysis. In 1960, leukosis and fowl paralysis 

were determined to be completely separate diseases, and Biggs recommended the term 

Marek's disease (MD) for the latter (Biggs 2001). MD may serve as one of the animal 

models to investigate the mechanisms involved in cancer progression and regression as 

well as to dissect the association of genetics with disease resistance or susceptibility 

(Pastoret 2004 and Sarson et al. 2007). 
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Causative agent 

The agent that causes MD was first isolated from chicken kidney cell cultures and 

was defined as a herpesvirus-like particle (Churchill and Biggs 1967). Further research 

both in vitro by seeding chicken kidney cell and duck embryo fibroblast cultures with 

tumor suspensions and blood collected from infected chickens as well as in vivo by 

infecting chickens with cell suspensions generated out of infected cell cultures 

established that a herpesvirus was the causative agent of MD (Churchill 1968; Nazerian 

et al. 1968; Solomon et al.1968; Churchill et al. 1969b). Definitive evidence for the 

identity of the causative agent of MD was provided when passaged herpesviruses were 

used to vaccinate chickens against a challenge with virulent virus (Churchill et al. 1969a). 

The causative agent of MD could not be isolated until proper cell culture techniques were 

developed. Marek’s disease virus (MDV) is now confirmed to be a highly cell-associated 

herpesvirus. Therefore, it was difficult at the time to explain the highly contagious nature 

of MD (Churchill 1968; Churchill et al. 1969b; Solomon et al.1968; Nazerian et al. 1968; 

Osterrieder 2006). It was shown for the first time by two independent research groups 

that enveloped herpesvirus particles can be detected in abundance in the feather follicle 

epithelium (FFE) and that these particels are able to infect both chickens and cell cultures 

(Beasley et al. 1970; Calnek et al. 1970; Nazerian and Witter 1970). 

It was necessary to introduce a proper system of virus classification, due to the 

emergence of MDV isolates with different degrees of virulence, and oncogenicity and 

also the discovery of a non-oncogenic herpesvirus that was antigenically related to MDV 

(such as herpesvirus of turkeys). MDV was, therefore, classified into three serotypes: 

MDV serotype 1 (MDV1) that includes all the pathogenic strains and their derivatives, 
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MDV2 that consists of non-oncogenic strains, and MDV3 that comprises herpesvirus of 

turkeys (HVT), on the basis of data obtained by indirect immunofluorescence and agar-

gel precipitation (Gimeno et al. 2002; Witter 2005). Based on the genomic structure and 

evolutionary research on herpesviruses, MDV is a member of the genus Mardivirus that 

is in turn a member of the subfamily Alphaherpesvirinae. According to more recent 

classifications, there are three species in the genus Mardivirus: MDV (gallid herpesvirus 

type 2, GaHV-2), GaHV-3 (MDV-2), and turkey herpesvirus 1 (meleagrid herpesvirus 

type 1, MeHV-1 or MDV-3) (Davison 2002a; Davison 2002b; Davison et al. 2002; 

Osterrieder and Vautherot 2004). 

MDV serotype 1 (MDV1) has been further classified based on its variable 

pathogenicity or oncogenicity in chickens into four pathotypes that are mild, virulent, 

very virulent, and very virulent plus. A new classification system suggested by the Avian 

Disease and Oncology Laboratory (ADOL) describes neuropathotypes A, B, and C for 

MDV1 as well (Gimeno et al. 2002; Witter 2005). Representative isolates in the MDV1 

group include RB1B, Md5, and JM. SB1 and FC126 are the prototype isolates in MDV2 

and HVT groups, respectively (Izumiya et al. 2001). 

Morphologically, early electron microscopy studies highlighted that the capsid of 

the naked virus is 95 to 100 nm in diameter and consists of 162 capsomeres, but 

enveloped viruses have various diameters (Nazerian and Burmester 1968). The nucleoid 

of the virus is 50-60 nm. The nucleocapsid forms the envelope by budding which also 

obtains host membranes as it exits the cell. The interactions between the oncogenic form 

of MDV and host cells are classified into four phases. In feather follicles of chickens, the 

virus undergoes complete maturation and leaves the cell which results in cell death. This 
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form is called productive infection. In other cases, the viral genome could be expressed to 

generate viral antigens on the cell surface without production of infectious viruses; this 

form is referred to as restrictively productive infection. However, some cells that are 

infected and contain the viral DNA may not express viral antigens on their surface; this is 

called a latent infection. Alternatively, in the transforming infection, some non-structural 

proteins will be generated. This takes place characteristically in lymphoma or 

lymphoblastoid cells (Biggs 2001). 

Further work on the nucleic acid content of the virus indicated that MDV has 

linear double-stranded DNA that is about 178 kb and encodes approximately 103 proteins 

(Lee et al. 1971; Nazerian et al. 1973; Nazerian and Lee 1974; Nazerian 1974; Venugopal 

2000; Baaten et al. 2004). The genomic map of MDV was further dissected by restriction 

enzyme digestion, sequencing, and cloning MDV into a Bacterial Artificial Chromosome 

(BAC). MDV is genetically similar to human herpesvirus 1 (herpes simplex virus type 1) 

and human herpesvirus 3 (varicella-zoster virus). The genome of MDV, GaHV-3 and 

HVT consists of two unique regions (UL and US) which are flanked by terminal and 

internal repeats long (TRL and IRL) and terminal and internal repeats short (TRS and IRS) 

(Cebrian et al. 1982; Fukuchi et al. 1984; Schumacher et al. 2000). 

 

Pathogenesis of Marek’s disease virus  

There are four phases of MDV pathogenesis in susceptible birds: an early 

cytolytic phase (2-7 days post infection, or dpi), a latent phase (7-10 dpi onwards), a late 

cytolytic and immunosuppressive phase and a proliferative phase that can occur at any 

time after the latent phase. This sequential progression of MDV pathogenesis is known as 
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the ‘Cornell Model’ (Baigent and Davison 2004). However, various phases of infection 

could occur on earlier or later days after infection due to the fact that several factors such 

as serotype of the virus, maternal antibodies and genotype of the host contribute to the 

initiation of each phase (Baigent and Davison 2004). Cell-free MDV from the 

contaminated environment enters the respiratory tract from which phagocytic cells such 

as macrophages transfer the virus to lymphoid organs such as the bursa of Fabricius, 

thymus and spleen. Recently, however, it has been indicated that B cells can be directly 

infected with MDV in the lung and transfer the virus to other organs as well (Baaten et al. 

2009). In these organs, ellipsoid-associated reticular cells (EARCs) engulf the virus that 

leads to a productive cytolytic infection in these organs. In the productive cytolytic phase, 

B lymphocytes are mostly the target for MDV that undergo cytolysis upon infection. 

Subsequently, infection in lymphoid tissues switches to latency and viremia. Viremia is 

infection of peripheral blood lymphocytes (PBL) that may occur at this phase. T cells, 

mainly of CD4
+
 phenotype are the target cells in latency. Host innate defense 

mechanisms and adaptive immune responses are essential for induction of latency. PBL 

spread the virus to various organs. Based on the pathotype of the virus and host genotype 

of MD susceptible chickens, a second phase of productive cytolytic infection takes place. 

This phase coincides with permanent immunosuppression associated with lymphoma 

development (Calnek 2001). Although several organs might be infected, only feather 

follicle epithelium (FFE) cells are able to generate cell-free virus that can infect other 

birds. The target cells for the transformation phase are mostly activated T helper cells 

(Calnek 2001; Baigent and Davison 2004). CD4
+ 

CD8
- 
T cells can be transformed into 

neoplastic cells mostly due to the activation of the meq oncogene of MDV. The pathways 



 

 10 

and the interactions between meq and host proteins such as c-Jun have been previously 

investigated (Ross 1999; Levy et al. 2005).  

Several MDV proteins are involved in different phases of MDV pathogenesis. 

There are MDV proteins that take part in lymphomagenesis such as meq and the viral 

homolog of telomerase RNA (vTR) (Osterrieder et al. 2006; Deng et al. 2010).  Meq, 

which is the major MDV oncogene, is a basic leucine zipper protein that can interact with 

other proteins such as c-Jun, JunB, ATF2, and Fos (Lupiani et al. 2004; Nair and Kung 

2004; Osterrieder et al. 2006; Xu et al. 2011). Meq also interacts with the host C-terminal 

binding protein (CtBP) that participates in the regulation of cellular development and 

oncogenesis. Furthermore, meq epigenetically regulates the MDV genome repeats in T 

cells that are transformed (Brown et al. 2012). vTR is speculated to play a role in the 

integration of the viral genome into the host genome, to have anti-apoptotic effects, and 

to aid neoplastic cells to spread to various organs by up-regulating their cell surface 

adhesion molecules (Osterrieder et al. 2006). In addition to meq and vTR, it has been 

reported that other herpesviruses including MDV encode microRNAs that are involved in 

latency and transformation (Pfeffer et al. 2004; Yao et al. 2007; Morgan and Burnside 

2011).  

MDV has several structural proteins that participate in different phases of MDV 

pathogenesis. These proteins are classified into three groups that include nucleocapsid, 

tegument, and envelope proteins. Envelope proteins are various glycoproteins such as gB, 

gD, gC, gH, gL, gE, and gI in various herpesviruses (Lupiani et al. 2001). gB, gD, and 

gH/gL have been implicated, in members of Herpesviridae family, to bind to various cell 

surface receptors such as nectins, human leukocyte antigen (HLA) class II and integrins 



 

 11 

which facilitates the fusion of the virus with host cell membranes (Spear and Longnecker 

2003). gB is one of the glycoproteins that is highly conserved among various 

herpesviruses (Shamblin et al. 2004). The extracellular region of gB consists of antigenic 

epitopes which take part in nuclear membrane fusion, initial attachment, cell membrane 

fusion, virion penetration, egress, cell-to-cell spread, and neutralization alongside other 

glycoproteins such as gH especially in herpes simplex virus (HSV) (Farnsworth et al. 

2007). In case of MDV, gB is one of the late glycoproteins which has 865 amino acids 

with an estimated molecular weight of 95.5 kDa (Lupiani et al. 2001). gB, which is the 

most essential part of the virion envelope, is primarily generated as a glycosylated 

precursor and then cleaved into the functional protein by proteases in the process of 

intracellular transportation. Due to its high immunogenicity, gB might play a role in 

immunity to MDV by inducing the production of neutralizing antibodies in infected birds 

(Lee et al. 2004). Furthermore, a recombinant fowlpox virus (rFPV) that expresses the gB 

gene protects chickens against MDV, confers high concentration of protective 

neutralizing antibody against MDV, promotes the reduction of MDV viremia, and blocks 

tumorogenesis (Lupiani et al. 2001; Nazerian et al. 1992). The same rFPV-gB can also 

induce CTL responses against gB in vaccinated birds (Markowski-Grimsrud and Schat, 

2002). 

 

Consequences of infection  

It takes MDV between two weeks and several months to cause microscopic and 

macroscopic lesions in different tissues in the host. The lymphomatous lesions 

demonstrate regressive or progressive characteristics that lead to blindness, paralysis, and 
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death (Calnek 2001). Some infected chickens might suffer from transient paralysis (TP) 

due to vasculitis that results in brain edema and, subsequently, in flaccid paralysis of neck 

and limbs (Witter and Schat 2003).  

MDV causes various pathologic lesions in different tissues. First and foremost is 

the inflammation that might subsequently lead to a series of degenerative and necrotic 

events. In the eye, inflammation and also proliferating lymphoblasts can spread to the iris 

and produce an ocular disease, known as grey eye. Apoptosis induced by MDV in 

CD4
+
CD8

+
 thymocytes (Morimura et al. 1996; Morimura et al. 1997) as well as necrosis 

in organs that have a central role in the immune system, i.e, bursa and thymus, will result 

in severe immune suppression (Calnek 2001; Heidari et al. 2010) and a condition called 

Early-Mortality Syndrome (EMS). Finally, the characteristic pathologic conditions 

related to MD which have been underscored from the very beginning are the presence of 

type A and B changes in the peripheral nerves which are neoplastic and inflammatory 

changes, respectively. Lymphomas in various visceral organs are common gross lesions 

in cases of oncogenic MDV as well as atherosclerosis that have been observed in some of 

the cases (Calnek 2001). 

Several factors affect the development of MD in the chicken. The most important 

ones include: the serotype and pathotype of the virus, genetic background of the host, 

age, the presence of maternal antibody, and immunity conferred by vaccines (Calnek 

2001; Payne 2004).  
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Genetic resistance to Marek’s disease 

Genetic factors involved in the induction of immunity against Marek’s disease in 

chickens 

The observation that chicken lines may be selected for various degrees of MD 

resistance and susceptibility has been underlined for a long time (Biely et al. 1933; Cole 

1968). MD might be one of the best examples for the association of genetics and 

resistance to an infectious disease in livestock (Gavora and Spencer, 1979). Numerous 

studies have indicated a high degree of heritability of the resistance phenotype against 

MD in chickens (Schat and Davies 2000; Bacon et al. 2001; Bumstead and Kaufman, 

2004). 

Although the mechanisms of genetic resistance to MD are still under 

investigation, the most significant association has been observed between chicken major 

histocompatibility complex (MHC) and disease resistance (Bacon et al. 2001). Due to its 

significant association as well as its pivotal role in the elicitation of immune response, 

numerous studies have been performed to dissect out the underlying mechanisms of 

MHC-mediated MD resistance.  

MHC class I and II molecules play an important role in the elicitation of immune 

responses via presentation of antigens to CD8
+
 T cells and CD4

+
 T cells, respectively. 

The chicken MHC or the B-complex encodes B-F and B-L proteins with functional and 

structural similarity to mammalian MHC class I and II molecules, respectively. Due to 

the importance of MHC in elicitation of both the innate and adaptive components of the 

immune response, it seems conceivable that different chicken MHC haplotypes have a 

high degree of association with susceptibility or resistance of chickens to various 
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infectious diseases, including MD (Kaufman and Salomonsen 1997; Juul-Madsen et al. 

2000; Bumstead and Kaufman, 2004).  

Several observations have indicated that B haplotypes confer various degrees of 

resistance or susceptibility to MD. Briles et al. (1977) indicated that chickens with the B
21

 

MHC haplotype were highly resistant to tumours caused by MDV. In addition, Abplanalp 

et al. (1984) highlighted that chickens with B
2
, B

Q
, and B

21
 MHC haplotypes 

demonstrated more resistance to disease caused by three strains of MDV including JM-

10, GA-5, and RB1B than chickens with other haplotypes. In general, MHC haplotypes 

including B
1
, B

4
, B

5
, B

12
, B

13
, B

15
, and B

19
 have been associated with susceptibility and 

B
2
, B

6
 and B

14
 have been associated with moderate resistance, whereas B

21
 is associated 

with resistance to MD (Hepkema et al. 1993; Bacon et al. 2001; Bumstead and Kaufman 

2004). A classic example is the selection of N and P lines for MD resistance and 

susceptibility, respectively, at Cornell University using a virulent strain of MDV where 

all chickens in the former line possessed the B
21

 MHC haplotype, while 97% of the 

chickens in the latter line possessed the B
19

 MHC haplotype (Bacon et al. 2001). Despite 

several observations that have underscored the influence of MHC in MD resistance, the 

genes within the MHC locus that participate in conferring resistance or susceptibility to 

MD are not well dissected (Kaufman et al. 1999). Hepkema et al. (1993) narrowed down 

the search to the BF/BL region that encodes MHC class I and II molecules, respectively 

(Kaufman et al. 1995).  
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Non-MHC genes and quantitative trait loci (QTL) associated with MD resistance 

Non-MHC genes play a role in resistance or susceptibility to MD (Bacon et al. 

2001). For example, three non-MHC loci, TH1, LY4, and BU1 are associated with 

resistance or susceptibility to MD. These loci contain genes which encode various 

antigens on thymocytes and bursal lymphocytes, respectively (Bacon et al. 2001). 

Moreover, genes that encode mitochondrial phosphopyruvate carboxykinase (PEPCK-M) 

(Li et al. 1998) and vitamin D receptor (Praslickova et al. 2008) may also be involved in 

differential resistance to MD (Bumstead 1998). Furthermore, it has been determined by a 

protein interaction assay that other genes such as lymphocyte antigen, LY6 locus E (Liu et 

al. 2003), growth hormone (GH) (Liu et al. 2001a and b), and lymphotactin (SCYC1) are 

among the candidate genes responsible for MD resistance. However, the role of such 

associations in the context of MDV pathogenesis has yet to be elucidated. Several 

quantitative trait loci (QTL) have been associated with susceptibility or resistance to MD 

(Vallejo et al. 1998; Xu et al. 1998; McElroy et al. 2005) as well.  

In addition to various QTL that are involved in resistance versus susceptibility to 

MD, epigenetic mechanisms, such as DNA methylation, have been implicated as well. 

For example, the role of DNA methylation profiles of DNA methyl transferase genes 

(DNMT3a, DNMT3b, DNMT1) and their association with tumorogenesis in chickens has 

been studied (Yu et al. 2008). The methlylation pattern of DNMT3b in four tissues was 

not significantly different between resistant versus susceptible lines (resistant line 63 and 

susceptible line 72). However, the methylation pattern of DNMT1 was different between 

the two chicken lines. In addition, tissue-specific methylation profile of DNMT1 was 

described. Finally, the association of DNA methylation profiles of DNMT1 and 
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DNMT3a with oncogenesis of MDV in chickens was underscored in MDV-infected 

chickens (Yu et al. 2008). The evidence presented in the preceding section point to the 

complexity of genetics of host-MDV interactions. 

Several studies have investigated the changes in gene expression in response to 

MDV infection irrespective of genetic background of the infected chickens (Morgan et al. 

2001; Sarson et al. 2006). Sarson et al. (2006) reported differential gene expression in the 

spleen of MDV-RB1B infected specific pathogen free (SPF) chickens at 4, 7, 14, and 21 

dpi. Based on their investigation, genes encoding cell surface molecules, transcription 

factors, metabolic mediators as well as cytokine and cytokine receptors were expressed 

differently in infected versus control groups (Sarson et al. 2006). Interestingly, granzyme-

A, which is involved in cytotoxicity mediated by natural killer (NK) cells and cytotoxic T 

lymphocytes (CTLs), was up-regulated in infected groups at different time-points (Sarson 

et al. 2006). In addition to the above studies, a limited number of investigations have 

focused on the differential gene expression between MD-resistant and susceptible 

chicken lines (Liu et al. 2001a; Sarson et al. 2008; Yu et al. 2011). Liu et al. (2001a) 

analyzed gene expression changes in peripheral blood lymphocytes of East Lansing lines 

63 and 72 after infection with a virulent strain of MDV using a microarray that contained 

1200 gene elements (Liu et al. 2001a). Differential expression of cytokines in tissues and 

cellular subsets of resistant/susceptible lines of chickens has also been studied. Using a 

laser capture microdissection approach, it was shown that the tissue microenvironment in 

L6 (resistant) and L7 (susceptible), which have the same MHC haplotype, inclines 

towards a T helper (Th)1 and Th2 microenvironment, respectively (Kumar et al. 2009). 

We have also profiled the expression of cytokines in CD4
+
 and CD8

+
 cell subsets of B

19 
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and B
21

 chickens and while we have noted significant changes in expression of cytokine 

over time in both lines, there was no significant association between these patterns and 

resistance or susceptibility to MD (Parvizi et al. 2009a). 

 

Chicken immune system 

The immune system plays an important role in protecting chickens against various 

pathogens as it does in case of mammals. Immune response as a phenotype is polygenic 

and is comprised of several components. In general, innate defense mechanisms identify 

the pathogens via innate receptors such as toll-like receptors (TLR) on antigen presenting 

cells such as macrophages and confer a response depending on the nature of the antigen. 

The interaction of APCs with CD4
+
 T cells results in differentiation of naïve T cells into 

Th1, Th2, Th3 and Th17 that each can orchestrate an immune response which 

corresponds to the nature of the antigen. Production of pro-inflammatory cytokines such 

as IFN-γ by CD4
+
 T cells along with the presence of cytotoxic CD8

+
 T cells is indicative 

of type I response that is usually associated with immunity against intracellular 

pathogens. On the other hand, CD4
+
 T helper cells induce a type II immune response 

against extracellular pathogens by producing cytokines such as IL-4. 

The chicken immune system is similar to its mammalian counterpart. However, 

there are some differences. For example, the role of MHC molecules in the initiation of 

adaptive immune response in chickens is similar to that of mammals (Kaufman 2000), 

but the structure of MHC loci is different from that of mammals as previously described. 

The chicken T and B cells appear to have similar functions as their mammal counterparts 

(Göbel et al. 1994; Ratcliffe 2006). Although the full repertoire of orthologs of 
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mammalian cytokines has not been found in chickens, avian species seem to express Th1 

and Th2 cytokines leading to polarization of the immune response to type I or type II 

response (Wigley and Kaiser 2003; Giansanti et al. 2006; Degen et al. 2005). However, 

due to the fact that Th1 and Th2 T cell clones have not been isolated in chickens, the 

chicken immune responses associated with Th1 and Th2 cytokines, are referred to as type 

I or Type II response throughout this thesis. 

 

Cytokines 

Structure and function 

Cytokines belong to several families and they are generally a group of small 

soluble proteins or glycoproteins that are secreted by different cells and act in autocrine, 

paracrine, or endocrine fashion. It has been well documented that cytokines are essential 

in orchestrating the innate defense mechanisms as well as adaptive immune responses in 

mammals. Cytokines that are initially generated as part of the innate mechanisms will 

determine the nature of downstream adaptive responses in mammals. Thus, it is highly 

probable that all vertebrates that have complex adaptive immune responses produce a 

portion, if not all, of the cytokines that have been described in mammals. Though, the 

function of these cytokines might vary among different species, they are mostly 

pleiotropic and manifest redundancy (Kaiser et al. 2004; Giansanti et al. 2006). 

Cytokines may be classified based on the cell type that produces them and type of 

immune response that they generate. In general, cytokines are categorized as pro-

inflammatory cytokines such as IL-1β, IL-6, and IL-17 family, type I cytokines 

associated with Th1 immune responses that consists of, IL-2, IFN-γ, IL-12, IL-15, IL-16, 
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and IL-18, type II cytokines associated with Th2 immune responses that include IL-3, IL-

4, IL-5, IL-13 and type III that comprises transforming growth factor beta (TGF-β) and 

also IL-10 that have regulatory functions (Kaiser et al. 2004; Giansanti et al. 2006). In the 

context of the immune system, type I cytokines are mostly secreted against intracellular 

pathogens and type II cytokines orchestrate the immune responses against parasitic 

infections and participate in mediation of allergies (Kindt et al. 2006). 

 

Cytokines in chickens 

Pro-inflammatory cytokines in chickens, IL-1β, Il-6, and IL-17 family have been 

cloned and characterized and their functions have been shown to be similar to those of 

mammals (Weining et al. 1998; Schneider et al. 2001; Min and Lillehoj 2002). Type I 

cytokines have also been described in chickens and their functions are similar to those of 

mammals with slight differences. IL-2 augments the growth of T cells, and also has an 

effect on B cells and macrophages in mammals (Lin and Leonard 2003). IL-18 along 

with IL-12 confers the production of IFN-γ in CD4
+
 T helper cells (Xu et al. 1998), and 

also increases the activity of NK cells in mammals (Okamura et al. 1995; Tsutsui et al. 

1996; Akira 2000). Chicken IL-18 has been cloned and shown to induce the production 

of IFN-γ without the presence of IL-12 in CD4
+
 T helper cells in contrast to mammals 

(Schneider et al. 2000). IL-18 also induces the differentiation of CD4
+
 T cells into Th1 

cells in chicken (Göbel et al. 2003). ChIFN-γ was cloned and characterized from a T cell 

line (Digby and Lowenthal 1995). It has been reported that chIFN-γ gene structure 

closely resembles that of mammals (Kaiser et al. 2004) and that chicken T cells are 

capable of producing IFN-γ (Lowenthal et al. 1995). ChIFN-γ has antiviral activity that is 
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enhanced in combination with chicken type I interferons in response to viral infections 

(Sekellick et al. 1998). Furthermore, chIFN-γ induces the secretion of nitric oxide by 

macrophages (Weining et al. 1996). Although the type II cytokine gene cluster has been 

described in chickens, IL-5 seems to be missing from this cluster (Giansanti et al. 2006). 

The functions of TGFβ and IL-10 family are suggested to be similar to that of mammals 

(Giansanti et al. 2006). For example IL-10 can induce the activation of NK cells and 

meanwhile down-regulate type I response in mammals (Mocellin et al. 2002; Ding et al. 

2003).  

 

Toll-like receptors 

Definition, structure and function 

The innate immune system uses a repertoire of receptors to detect the presence of 

pathogens in the host. These receptors are referred to as pattern recognition receptors 

(PRR) that are capable of recognizing specific molecular motifs in fungi, bacteria, and 

viruses that are classified as pathogen-associated molecular patterns (PAMPs), although 

PRR can also detect endogenous molecules as well. PRRs fall into different families in 

terms of their structure, function and distribution. Toll-like receptors are a set of PRRs 

that are conserved from worms to mammals (Takeda et al. 2003). The prototype of TLRs 

was first discovered as a gene that was essential for the embryonic development of 

Drosophila as well as antifungal response in flies (Lemaitre et al. 1996). TLRs are 

glycoproteins that consist of extra-cellular, trans-membrane, and intra-cellular domains. 

The extra-cellular domain is composed of leucine-rich repeats (LRRs) which interact 

with PAMPs (Bowie and O’Neill 2000; Choe et al. 2005). The cytoplasmic domain 
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which is similar to that of interleukin 1 receptor (IL-1R) is named Toll/IL-1R (TIR) 

domain that recruits adaptor molecules such as myeloid differentiation factor 88 

(MyD88). Recruitment of adaptor molecules results in activation of several transcription 

factors which in turn leads to secretion of pro-inflammatory cytokines, interferons, up-

regulation of MHC class I and II as well as co-stimulatory molecules (Janeway and 

Medzhitov 2002). In mammals, TLRs are expressed in different tissues and cells such as 

antigen presenting cells (APCs), for example, macrophages, dendritic cells as well as B 

and T cells (Kulkarni et al. 2011). APCs which are activated through their TLRs will 

home to lymph nodes and in turn activate naïve T cells which may differentiate into Th1 

or Th2 subtypes (Medzhitov et al. 1997). Moreover, TLR activation mostly leads to Th1 

response (Akira et al. 2001). To date, thirteen TLRs have been discovered in 

mammals.Though, some of them are expressed in certain species and not all mammals 

(Leulier and Lemaitre 2008). For example, TLR1 and 2 recognize lipo-peptides and 

peptidoglycans; TLR3 detects double-stranded RNA; TLR4 recognizes 

lipopolysaccharides; TLR5 can recognize flagellin; and TLR9 detects bacterial and viral 

DNA (Takeda et al. 2003). TLR 1, 2, 3, 4, 5, 7, 15 and 21 have been described in 

chickens (Kogut et al. 2005; Temperley et al. 2008; Jenkins et al. 2009). Chicken TLRs 

(chTLRs) are similar to their mammalian counterparts in terms of their structure, 

function, signal transduction, ligand specificity and distribution with certain species-

specific differences (Iqbal et al. 2005; Boyd et al. 2007; Cormican et al. 2009). For the 

purpose of this review, we will focus on TLR3, TLR4, TLR9 in mammals as well as 

TLR3, TLR4, and TLR21 in chickens.  
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Double-stranded (ds)RNA generated during the replication cycle of viruses can 

induce production of IFNs and improve host resistance to viral infections (Field et al. 

1967). After the discovery of TLRs, the role of TLR3 was elucidated in recognition of 

viral dsRNA as well as synthetic dsRNA molecules, such as polyinosinic-polycytidylic 

acid or poly(I:C) (Medzhitov 2001). TLR3 is expressed by a variety of cells and in 

several tissues. TLR3 is located intracellularly in the endosomes (Matsumoto et al. 2011) 

and can be stimulated by its ligands which results in activation of the TIR-domain-

containing adaptor protein inducing IFN-β (TRIF) pathway (O’Neill and Bowie 2007). 

The activation of TRIF pathway, in turn, stimulates the nuclear factor kappa B (NF-κB) 

and interferon-regulatory factor (IRF) pathways. Activation of NF-κB and IRF pathways 

leads to the production of type I IFN, such as IFN- and IFN- in mammals 

(Alexopoulou et al. 2001; O’Neill and Bowie 2007; Matsumoto and Seya 2008).  

The role of TLR3 in detecting dsRNA, activation of the NF-κB pathway and 

induction of type I IFN production has been described in chickens (Schwarz et al. 2007; 

Karpala et al. 2008). In addition, the transcriptional expression of TLR3 has been 

observed in most of the tissues studied in chickens such as spleen, lungs, and bursa as 

well as cell subsets such as B cells and CD8
+
 T cells (Iqbal et al. 2005). In addition, 

infection of chickens with influenza virus leads to an increase in chTLR3 and IFN-β 

expression in spleen and lung tissues (Karpala et al. 2008). TLR3 expression may be 

induced by infections or treatment with dsRNA. For instance, Abdul-Careem and 

colleagues (2009a) showed that MDV infection up-regulates the expression of chTLR3 

and IL-1β genes in the lungs of infected chickens. On the other hand, leukocytes isolated 

from infected chickens and stimulated with poly(I:C) also up-regulated the expression of 
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chTLR3 and IFN-β (Karpala et al. 2008). More recently, our group showed that 

stimulation of chicken splenocytes with poly(I:C) in vitro led to up-regulation of the 

expression of type I IFN and chTLR3 (Villanueva et al. 2010).  

TLR4, on the other hand, detects lipopolysaccharide (LPS) on the surface of 

gram-negative bacteria in mouse and human (Poltorak et al. 1998). TLR4, however, 

collaborates with several other accessory molecules to recognize LPS. The molecules 

such as myeloid differentiation protein-2 (MD-2), serum LPS binding protein (LPB), and 

CD14 can play a role in TLR4 response to LPS in mammals (Wright et al. 1990; Park et 

al. 2009). In terms of cellular location and tissue distribution, TLR4 is expressed on the 

cell surface and can be found in various tissues and cell subsets (Janeway and Medzhitov 

2002). With regard to signalling pathways, TLR4 engages both MyD88-dependent and 

MyD88-independent (TRIF) pathways upon activation. Therefore, stimulation of TLR4 

which activates the MyD88-dependent pathway results in expression of IL-8 and IL-1β 

(Tanimura et al. 2008). On the other hand, activation of the MyD88-independent pathway 

by TLR4 leads to expression of IFN-β (Tanimura et al. 2008). In addition to LPS, there 

are several other ligands that can be recognized by TLR4. For instance, another ligand 

that can stimulate TLR4 is the adhesion portion of type 1 Fimbria or FimH (Mossman et 

al. 2008). FimH activates the MyD88-dependent pathway by binding TLR4 without a 

need for the presence of CD14 or MD-2 (Mossman et al. 2008). 

In chickens, TLR4 in combination with myleoid differentiation protein-2 (MD-2) 

are required for the recognition of LPS (Keestra and Van Puttan 2008). In addition, other 

accessory molecules, such as CD14, have also been defined in chickens. However, the 

role of CD14 in detecting LPS in chickens is not clear (Wu et al. 2009). In terms of tissue 
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distribution, chicken TLR4 is expressed in spleen and lung as well as cell subsets such as 

macrophages, heterophils, B cells, CD4
+
, and CD8

+
 T cells (Iqbal et al. 2005). 

Functionally, LPS has been demonstrated to induce degranulation of heterphils (Kogut et 

al. 2005), up-regulation of IFN-γ in chicken B cells (Sarson et al. 2007) and an increase 

in the expression of pro-inflammatory cytokines in spleen (Sijben et al. 2003). Moreover, 

administration of LPS to chickens induces an increase in the expression of IFN-γ, IL-10 

and IL-1β in the spleen (St Paul et al. 2011). 

Bacterial and viral DNA with unmethylated CpG motifs are recognized by TLR9 

in mammals. TLR9 is located in endo-lysosomal compartments in mammalian cells 

(Bauer et al. 2001). TLR9 can also be detected in respiratory and genital mucosa as well 

as several cell subsets (Kawai and Akira 2010; Kulkarni et al. 2011). In terms of signal 

transduction pathways activated by this TLR, stimulation of TLR9 results in activation of 

the MyD88 dependent pathway that can elicit the production of type I IFNs (Kawai and 

Akira 2010). As mentioned, viral DNA can also activate TLR9. For instance, DNA of 

Herpes simplex virus 1 (HSV-1) and HSV-2 has several CpG motifs and can be detected 

by TLR9 (Lund et al. 2003; Krug et al. 2004). Activation of TLR9 by herpesvirus DNA 

results in production of inflammatory cytokines and type I IFN (Lund et al. 2003; Krug et 

al. 2004). Moreover, plasmocytoid dendritic cells (pDC) express TLR9 markedly more 

than other DC subsets (Hoshino and Kaisho 2008). As such, pDCs play a key role in the 

host response to herpesviruses in mammals (Krug et al. 2001; Verthlyi et al. 2001). In 

addition to natural bacterial and viral DNA that embed CpG motifs to stimulate TLR9, 

synthetic oligodeoxynucleotides (ODN) have been used to stimulate the immune 
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responses via TLR9 in mammals. In this regard, CpG-ODN have also been classified into 

groups A, B, and C based on their immunological effects (Martinson et al. 2006).  

 Although the TLR9 gene is absent in chicken genome (Temperley et al. 2008), 

TLR21 appears to be the functional homolog of TLR9 in chickens as it is activated by 

CpG-PDN. TLR21 is expressed by a variety of cell types and is located in the endosomes 

similar to TLR9 in mammals (Brownlie et al. 2009; Meade et al. 2009). It has been 

discovered that chicken TLR21 ectopically expressed on mammalian cell line activates 

NFκB pathway via stimulation by ODN (Brownlie et al. 2009). There have been several 

reports of the in vivo activation of TLR21, via the use of CpG-ODN, for conferring 

protection in chickens against bacterial infections (Gomis et al. 2003; He et al. 2007). In 

addition, chicken peripheral blood mononuclear cells (PBMCs) and heterophils can be 

activated by ODN in vitro (Xie et al. 2003; He et al. 2007). Furthermore, CpG can induce 

type I immune responses indicated by the expression of IL-1β and IFN-γ in neonatal 

chicks (Patel et al. 2008) as well as proliferation of chicken B cells in vitro (Wattrang 

2009). As such, administration of CpG to chickens via the intramuscular route leads to an 

increase in the expression of MHC-II, IFN-γ, and IL-10 in the spleen (St Paul et al. 

2011). 

 

TLR agonists as prophylactic agents and vaccine adjuvants 

TLRs, as mentioned above, can recognize different PAMPs and initiate innate 

defense mechanism and shape subsequent adaptive immune responses against pathogens. 

In addition, TLRs play a direct role in various diseases. The absence of TLRs, on the 

other hand, can lead to susceptibility against some diseases and their activation can result 
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in severe inflammation. Therefore, targeting TLRs with their ligands can be a valuable 

clinical tool both for therapeutic measures and as adjuvants in vaccines (Kanzler et al. 

2007). 

TLR agonists were first used as anti-cancer agents. The first TLR agonist was 

Coley’s toxin, which had anti-tumor effects. It is now known that Coley’s toxin, a 

combination of bacterial LPS and DNA, exerts its anti-tumor effects via activation of 

both TLR4 and TLR9 (Rakoff-Nahoum and Medzhitov 2009). Moreover, imiquimod, an 

agonist of TLR7, was one of the first efficient TLR agonists whose anti-tumor and anti-

viral activities were reported (Hemmi et al. 2002). Other compounds such as immune 

modulatory oligonucleotides (IMO) are produced. IMOs are CpG oligonucleotides that 

can activate TLR9 and enhance anti-tumor T cell responses in mouse models (Agrawal 

and Kandimalla 2007; Krieg 2008; Goodchild et al. 2009). IMOs are also used in clinical 

trials in prostate and colorectal cancers (Rakoff-Nahoum and Medzhitov 2009). On the 

other hand, short sequences of DNA that are referred to as immunositmulatory sequences 

(ISSs) are applied to skew the immune response to Th1 and activate dendritic cells. ISSs 

are used to control non-Hodgkin’s lymphomas and other cancers (Vollmer et al. 2004). In 

addition, synthetic dsRNA has been produced and shown to stimulate TLR3 and induce 

the production of type I IFN. One such compound containing dsRNA has been used 

against breast cancer and melanoma (Panter and Jerala 2009). LPS is a TLR4 agonist and 

its bioactive element is lipid A. Synthetic lipid A compounds are used to activate TLR4 

that leads to production of tumor necrosis factor-α (TNF-α) and iNOS which in turn 

result in apoptosis of tumor cells in mice (D’Agostini et al. 2005; Park et al. 2009). 
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In addition to cancer therapy, TLR agonists have also been used against viral and 

bacterial diseases. The use of poly(I:C) as a TLR3 agonist via intra-nasal, intra-peritoneal 

and intra-tracheal routes in mice has been shown to boost immune responses against 

various viral infections (Traynor et al. 2004; Wong et al. 2009). Poly(I:C) has also been 

used to treat hepatitis B and C, HIV, influenza and severe acute respiratory syndrome 

(Ulevitch 2004; Jasani et al. 2009). Moreover, TLR4 agonists have been used against 

Listeria monocytogenes (Cluff et al. 2005) and influenza virus (Shinya et al. 2011) in 

mammals. Furthermore, other compounds such as IMO-2125 have been produced that 

stimulate TLR9 and induce the production of IFN-α and activation of T cells as well as 

natural killer (NK) cells in non-human primates (Agrawal and Kandimalla 2007). This 

TLR9 agonist was used in a phase I clinical trial to treat patients with hepatitis C 

(Agrawal and Kandimalla 2007). 

In addition to cancer and infectious diseases, TLR agonists are used to reduce the 

signs of asthma and allergy in patients. In allergic conditions, the immune response is 

skewed towards a Th2 response. Therefore, the application of TLR agonists can elicit the 

production of cytokines and activate the antigen presenting cells (APCs) that are more 

conducive toward Th1 response. Thus, TLR agonists can alleviate the signs of allergic 

reactions in patients (Kanzler et al. 2007). As such, administration of TLR9 agonists via 

inhalation to monkeys reduces inflammation in airways (Kline and Kreig 2008). Another 

CpG-based TLR9 agonist was assessed in a phase I clinical trial to treat asthma patients 

(Heijink and Van Oosterhout 2006). 

TLR agonists can also be incorporated into vaccines as adjuvants (Dunne et al. 

2011). There are, however, certain differences between animal models such as mouse and 
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the target species, for example, humans in terms of the magnitude of response and cell 

types that respond to TLR ligands (Krieg et al. 2004). Several TLR ligands have been 

tested in terms of their adjuvant effects. For example, intra-nasal administration of 

poly(I:C) along with heamagglutinin (HA)-based influenza vaccine in a mouse model of 

influenza enhances the production of immunoglobulin A (IgA) (Ichinohe et al. 2005). 

The use of poly(I:C) in cancer vaccines has also improved T cell responses (Salem et al. 

2005; Pulko et al. 2009). However, poly(I:C) is degraded by nucleases in primates, which 

leads to reduction in its adjuvant effects (McFarlin et al. 1985). Therefore, derivatives of 

poly(I:C) have been produced that are more resistant to degradation (Levy et al. 1975). 

Poly(I:C)12U is one such derivative, which is more potent than poly(I:C) when used as an 

adjuvant in an influenza vaccine in mice (Ichinohe et al. 2007). In terms of safety, the use 

of poly(I:C) as an adjuvant has some side effects that can be reduced once the dose, route 

and frequency of administration are optimized (Krown et al. 1985; Giantonio et al. 2001; 

Navabi et al. 2009). 

The immune enhancing activity of LPS, as a TLR4 agonist, has been known for a 

long time (Johndon et al. 1956). LPS and its derivatives have been studied and used in 

various human trials as adjuvants (Johndon et al. 1956; Galanos et al. 1985; Rietschel et 

al. 1987). LPS derivatives such as monophosphoryl lipid A (MPLA) (also known as 

AS04) have been produced with much less toxicity but with immune enhancing activities 

similar to LPS (Rietschel et al. 1987). LPS derivatives have been used as adjuvants in 

vaccines against infectious disease and cancer. For instance, MPLA has been used as an 

adjuvant in hepatitis B vaccine (HBV) and tested in immune-compromised and 

hemodialysis patients (Thoelen et al. 1998 and 2001; Tong et al. 2005). The use of 
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MPLA in these vaccines increases antibody production (Boland et al. 2004). There is also 

evidence that MPLA can enhanceTh1 immune responses in mice (Baldridge et al. 2004). 

Furthermore, MPLA has been used in vaccines against human papilloma virus (HPV)-16 

and -18 (Garcon et al. 2007). The use of MPLA in HPV vaccines results in higher 

antibody titer against the virus compared to vaccine formulations without the TLR 

agonist (Giannini et al. 2006). Other LPS derivatives named aminoalkyl glucosaminide 4-

phosphates (AGPs) have been synthesized that have higher purity compared to MPLA 

(Persing et al. 2002). A compound called RC-529 is an AGP that is used as an adjuvant in 

HBV vaccine and results in significantly higher antibody production compared to vaccine 

formulations without the TRL agonist (Dupont et al. 2006). In addition, MPLA has been 

applied in vaccines against melanoma (Mitchell et al. 1990) and lung cancer (Palmer et 

al. 2001). In terms of safety, LPS derivatives have been approved by FDA despite the fact 

that the use of some of the derivatives such as MPLA may lead to side effects such as 

pain, erythema and swelling (Boland et al. 2004). 

TLR9 agonists, as mentioned, can also enhance the immune response and used as 

vaccine adjuvants (Gursel et al. 2002). Synthetic TLR9 mimics such as ODN have been 

produced and integrated into experimental vaccines against infectious diseases and 

cancer. CpG ODN are used in vaccines against protozoan diseases such as malaria 

(Mullen et al. 2008), viral diseases such as hepatitis B (Cooper et al. 2005) and influenza 

(Cooper et al. 2004) as well as bacterial disease such as anthrax (Rynkiewicz et al. 2005). 

The use of CpG ODN in these vaccines leads to higher production of protective 

antibodies in vaccinated individuals except in the case of influenza (Cooper et al. 2004 

and 2005; Rynkiewicz et al. 2005; Mullen et al. 2008). CpG ODN increases the 
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immunogenicity of vaccines via activation of APCs and induction of cytokines that 

enhance antigen-specific cytotoxic T cell responses (Klinman et al. 2009). As such, CpG 

ODN has been used in combination with tumor antigens in vaccines used against 

melanoma (Speiser et al. 2005; Fourcade et al. 2008). In terms of safety, CpG ODN has 

less toxicity and may lead to some transient adverse effects such as pain and swelling at 

site of injection (Hartmann et al. 1996). 

 TLR agonists such as CpG have been used to protect chickens against bacterial 

pathogens such as Escherichia. coli (Gomis et al. 2003; Gomis et al. 2004) and 

Salmonella (He et al. 2007; Taghavi et al. 2008) as well as viral pathogens such 

infectious bronchitis virus (Dar et al. 2009) and influenza (Mallick et al. 2011; St. Paul et 

al. submitted for publication). 

 

Host immune response to Marek’s disease 

Innate defence mechanisms 

Upon infection of chickens by MDV, host innate responses are elicited, including 

activation of macrophages and natural killer (NK) cells, secretion of type I interferons 

and pro-inflammatory cytokines. In addition, other components of the innate immune 

system may be triggered, such as Toll-like receptors (TLRs), and antimicrobial peptides 

(AMPs) (Abdul-Careem et al. 2009a), although the role of TLRs and AMPs in induction 

of immune responses to MDV needs further investigation. 

Macrophages have phagocytic, microbicidal, and tumoricidal functions. They can 

also control the outcome of the adaptive immune response by serving as antigen 

presenting cells (APCs) (Qureshi et al. 2000). After being activated, macrophages exert 
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their role in defence mechanisms by internalizing the pathogen via phagocytosis and the 

release of various mediators such as nitric oxide (NO) and cytokines. It is hypothesized 

that macrophages may transport MDV from the respiratory site of infection to primary 

lymphoid organs including the bursa of Fabricius (Calnek et al. 1970; Schat et al. 1982). 

Barrow et al. (2003) detected very virulent (vv) MDV in macrophages and suggested that 

the virus may actually replicate in these cells as well as being transferred from the lungs 

to the bursa of Fabricius. Abdul-Careem et al. (2008a) also reported an infiltration of 

macrophages in the bursa during the early stages post-infection suggesting a role for 

macrophages in virus distribution. Despite the role of macrophages in transfer of MDV to 

lymphoid tissues, these cells do not appear to play a part in transfer of the virus to the 

feather follicle epithelium (FFE), in which the virus can replicate and produce infective 

particles (Calnek et al. 1970; Johnson et al. 1975).  

Production of NO by activated macrophages is an important innate response, 

critical for bactericidal activity of macrophages and inhibition of viral replication 

(Bogdan 2001; Xing and Schat 2000a and b). MDV infection induces the expression of 

iNOS resulting in increased production of NO, which may inhibit MDV replication 

(Djeraba et al. 2002; Xing and Schat 2000a and b; Jarosinski et al. 2002). Up-regulation 

of iNOS by viruses has been linked to the production of proinflammatory cytokines such 

as interferon gamma (IFN-γ). Associations between NO and IFN-γ expression in various 

tissues have been well documented after MDV infection (Xing and Schat 2000a and b; 

Kaiser et al. 2003; Abdul-Careem et al. 2007b and 2008a). However, Jarosinski et al. 

(2005) found that a strong proinflammatory response with high levels of NO production 

could lead to neurological disorder in genetically resistant lines infected with vv+ strains 
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of MDV. In fact, Buscaglia et al. (2009) reported that genetic selection for increased 

levels of NO production increased MD incidence in a pure broiler breeder line. 

NK cells act as a first line of defence by inducing rapid cell death in their targets, 

such as virus-infected or tumour cells, by a serine protease and a pore-forming protein, 

granzyme and perforin, respectively. Although NK cells have not yet been fully 

characterized in chickens and cell markers have not been completely established, studies 

in the early 1980’s have shown an increase in activity of NK-like cells after infection in 

both resistant and infected chicken and after vaccination (Sharma and Okazaki 1981; 

Heller and Schat 1987). Expression levels of mRNA of perforin, granzyme A, and NK-

lysin, an antimicrobial peptide from CTL and NK-like cells, were shown to be 

upregulated at 4 and 7 dpi in infected birds compared to uninfected birds (Sarson et al. 

2008a).  

In chickens, three groups of type I interferons (IFNs), IFN α, β, and λ, have so far 

been identified (Kaiser et al. 2005). IFN α and β have been shown to have antiviral 

activity and when secreted, they act as potent regulators of the innate immune system 

particularly through the enhancement of NK cell cytotoxicity (Biron 1998). Treatment of 

chicken embryo cell cultures with recombinant chicken (rCh)IFN-α inhibited replication 

of the very virulent MDV RB-1B strain in vitro, and oral treatment of chickens with 

rChIFN-α reduced MDV R2/23 replication in vivo (Jarosinski et al. 2001). Transcripts of 

IFN-α and IFN-β genes are present in virus-infected chicken cells suggesting their roles 

in host response to viral infection. Signal transducers and activators of transcription 

(STAT)1 and 2 heterodimers, a family of signal transduction molecules, together with 

interferon response factor (IRF)-9 are involved in type I interferon signalling. The 
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involvement of the STAT signalling pathway in immunity to MD can be elucidated from 

the findings of Sarson and co-workers (2008b), where a higher expression of STAT2 in 

resistant birds was seen at 4 dpi compared to genetically susceptible birds in which the 

expression was only up-regulated at later stages of viral pathogenesis, for example at 14 

and 21 dpi, when the second phase of cytolysis or transformation begin.  

As mentioned, TLRs play an important role in recognition of pathogens, including 

viruses, by activating intracellular signalling pathways that initiate production of various 

cytokines including IFNs. However, information on the interaction of MDV-encoded 

molecular patterns and TLRs that recognize these PAMPs are not available. In mammals, 

antiviral responses primarily involve TLR3, 7, 8 and 9. Using poly(I:C), 

lipopolysaccharide (LPS), single-stranded (ss)RNA, and CpG oligodeoxynucleotides 

(ODN) which are specifically recognized by TLR3, TLR4, TLR7/8, and TLR21, Schwarz 

et al. (2007) have shown that these ligands induce substantial amounts of type I IFN and 

interleukin-6 (IL-6) in freshly prepared chicken splenocytes (Schwarz et al. 2007; St Paul 

et al. 2011) . When expressed in human 293 cells, chicken TLR3 strongly responded to 

poly(I:C) demonstrating that it recognizes the same ligand as the mammalian TLR3. The 

involvement of TLR3 in antiviral immune responses was also shown by the up-regulation 

of chicken TLR3 and IFN-β expression during vaccination with a recombinant vaccine 

carrying hemagglutinin antigen of avian influenza virus (Haghighi et al. 2010). In 

addition, IFN-α and -β readily induce expression of TLR3 (Karpala et al. 2008). It 

remains to be seen what, if any, interactions exist between MDV and these host 

molecules. However, we have recently observed a strong positive correlation between 

MDV replication in respiratory mucosa and expression of TLR3 in this tissue (Abdul-
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Careem et al 2009a). This observation raises the possibility that MDV-derived PAMPs 

may be recognized by chicken TLRs. 

AMPs possess antiviral activities against various viruses including herpesviruses 

(Carriel-Gomes et al. 2007) and play a significant role in host innate immunity. AMPs are 

divided into two main groups: defensins and cathlecidins. In addition to their direct 

antimicrobial activities, defensins have a wide spectrum of other immunological 

functions such as a chemoattractant, induction of dendritic cell maturation, and 

polarization of effector T cells (Selsted and Ouellette 2005). The role of defensins in 

immunity against viruses, especially against enveloped viruses is known (Ganz 2003). 

However, the importance of these molecules against viral infections in chickens, 

including MDV, has not been explored. 

 

Adaptive immune responses 

Adaptive immune responses, which by nature are antigen-specific, encompass 

secretion of antibodies against various MDV proteins by plasma cells, in addition to the 

responses mounted by CD4
+
 T helper or CD8

+ 
CTL against virus-infected or tumour cells 

(Kindt et al. 2007). 

Antibodies are produced against a wide range of MDV proteins such as 

glycoprotein (g)B, gE, and gI among which anti-gB neutralizing antibodies have a known 

protective role via blocking virus entry into host cells (Churchill et al. 1969a; Chen and 

Velicer 1992; Schat and Markowski-Grimsrud 2001). Because MDV is a highly cell-

associated virus, antibody-mediated immune responses are not regarded as important as T 

cell-mediated responses. However, antibodies can play a role in the establishment of 
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immunity against MD (Davison and Kaiser 2004). For instance, presence of maternal 

antibodies reduced clinical signs of MD, tumor formation, morbidity, and mortality, 

although it also interfered with vaccination against MD, especially in the case of cell-free 

vaccines (Calnek 1982).  

Non-neutralizing antibodies were proposed to coat infected cells and abrogate 

cell-to-cell spread of the virus. These antibodies might induce antibody-dependent cell-

mediated cytotoxicity (ADCC) that further aids the lysis of MDV-infected cells (Schat 

and Markowski-Grimsrud 2001). It was also demonstrated that MD lymphomas express 

Hodgkin’s disease antigen CD30 and that anti-CD30 antibodies develop after challenge 

with MDV in genetically resistant chickens (Burgess et al. 2004). The latter observation 

raises the possibility that some antibodies against self-antigens may be involved in 

protection (Burgess et al. 2004). 

Following the induction of innate defence mechanisms and alongside the 

antibody-mediated immune responses, CD8
+
 CTL responses against various envelope 

glycoproteins of herpesviruses in mammals and in avian species play an essential role in 

the control of herpes virus infection (Mester et al. 1990; Mester and Rouse 1991; Omar 

and Schat 1996; Schat and Xing 2000; Markowski-Grimsrud and Schat 2002). 

Lymphocytes derived from MDV-infected chickens could inhibit plaque formation in 

chicken kidney cells (CKC) infected with MDV (Ross 1977) and the absence of CD8
+ 

T 

cells compromised immunity conferred by MD vaccines (Morimura et al. 1997). The 

phenotype of CTL in avian species was determined to be CD3
+
CD4

-
CD8

+
 TCRαβ1 T 

cells, in a series of in vitro assays in which reticuloendotheliosis virus (REV)-infected 

target cells were lysed in an MHC class I-restricted manner by effecter cells obtained 
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from REV-infected chickens (Maccubbin and Schierman 1986; Lillehoj et al. 1988; 

Weinstock et al. 1989; Merkle et al. 1992). The same phenotype of cytotoxic T cells was 

reported in chickens challenged with a non-oncogenic vaccine strain of MDV (Omar and 

Schat 1997).  

To further elucidate the role of CTL in the elicitation of protective immune 

response against MDV, REV-transformed chicken cell lines (RECC) with defined MHC 

haplotypes were developed and transfected with genes encoding various MDV proteins 

(Pratt et al. 1992; Schat et al. 1992; Omar and Schat 1996; Schat and Xing 2000; 

Markowski-Grimsrud and Schat 2002). Then, syngeneic lysis of RECC transfected with 

coding sequences for MDV gB, pp38, meq and ICP4 by effector cells obtained from 

spleens of chickens infected with JM16 (a virulent strain of GaHV-2 or MDV-1), SB-1 

(GaHV-3 or MDV-2) as well as HVT (MeHV-1 or MDV-3) was assessed using 

chromium release assays. gB induced the strongest lysis in all three infection groups 

while meq elicited the weakest lysis compared to other proteins in the first two groups 

(Uni et al. 1994; Omar and Schat 1996). Splenocytes isolated from SB-1 and HVT-

immunized chickens were capable of inducing a CTL response against pp38-transfected 

cells due to the fact that both viruses encode a homologue of pp38 which was previously 

believed to be a GaHV-2-specific protein (Cui et al. 1991; Chen et al. 1992; Ono et al. 

1995; Smith et al. 1995). The epitope of gB recognized by CTL was mapped to the 

carboxyl-terminal 100 amino acids (Schat and Xing 2000). The protective role of CTL 

response against MDV was further confirmed by immunizing chickens with a 

recombinant fowlpoxvirus expressing gB (rFPV-gB). It was demonstrated that 

vaccination with rFPV-gB elicited neutralizing antibodies as well as a CD8
+
 TCRαβ1

+
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CTL response that protected chickens against challenge with virulent strains of MDV, 

including RB1B and GA (Nazerian et al. 1992; Omar et al. 1998). Additional evidence to 

support the involvement of CTLs was provided by Sarson et al. (2008a) who 

demonstrated that the expression of perforin, and granzyme A, which are among the 

effector mediators of CTLs, was upregulated at 4 and 7 dpi in spleens of MDV-infected 

chickens.  

CTL responses play a pivotal role in genetic resistance to MD as well. RECC 

lines with B
19

B
19

 and B
21

B
21

 haplotypes were transfected with MDV ICP4 and viral 

glycoproteins C, D, E, I, K, L, M. CTL responses by MDV-stimulated syngeneic 

splenocytes from the resistant line against ICP4, gC, gK, gH, gL, gM were detected 

which were not present in splenocytes from the susceptible line (Omar and Schat 1996; 

Markowski-Grimsrud and Schat 2002). CD4
+
 helper cells, as mentioned previously, are 

target cells for transformation (Calnek 2001). Further research is needed to map MHC-II-

restricted antigenic epitopes of various MDV proteins and elucidate their roles in the 

initiation of immune response via CD4
+
 T cells as well as the differences among epitopes 

that might play a role in the genetic resistance versus susceptibility to MD. To this end, 

two recent observations have underlined that MDV decreases the expression of MHC 

class II molecules in the spleen of infected chickens (Lian et al. 2010; Thanthrige-Don et 

al. 2010). This might be a mechanism used by MDV to evade the host immune responses. 

Cytokines are important mediators that are involved in induction and regulation of 

immune responses to infection and are secreted by numerous cell types, including NK 

cells, DCs, T cells, B cells, cells of the monocyte/macrophage lineage as well as cells that 

are not typically considered immune system cells, such as endothelial and epithelial cells. 
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A complex milieu of cytokines coordinates innate defence mechanisms as well as 

adaptive immune responses against MD. Engagement of some of the innate receptors 

such as TLRs with PAMPs results in triggering of downstream pathways, including the 

interferon pathway. For instance, the expression of interferon response factor (IRF)-1, 

IRF-3, and interferon-inducible protein genes is altered following MDV or HVT infection 

of chicken embryo fibroblasts (CEF) (Morgan et al. 2001; Karaca et al. 2004). Activation 

of the IRF pathway leads to an antiviral response, mediated by type I IFNs, which are the 

main antiviral cytokines produced by the innate immune system (Mossman and Ashkar 

2005). In relation to MDV infection, the expression of IFN- has been observed in MD 

susceptible chickens (Quéré et al. 2005). In addition to the direct action of IFN- against 

MDV replication, this cytokine enhances the activity of NK cells against MD tumor cells 

(Ding and Lam 1986).  

Several chemokines are relevant to innate host defenses in response to MDV 

infection in chickens. Buza and Burgess (2007) identified two chemokines, CXCL14 and 

RANTES, which are expressed in MD tumor cells. These two chemokines are involved 

in attracting monocyte/macrophages in mammalian species. IL-8 is another chemokine 

that acts as a chemoattractant for neutrophils in mammals (Baggiolini and Clark-Lewis 

1992). IL-8 is upregulated in brain, spleen (Jarosinski et al. 2005), and lungs (Abdul-

Careem et al. 2009a) after MDV infection. MDV also encodes a homolog of chicken IL-8 

(vIL-8) that may function as a chemoattractant for T cells facilitating MDV replication 

cycle (Liu et al. 1999; Parcells et al. 2001; Cui et al. 2004).  

Xing and Schat (2000b) studied the expression of cytokine genes in splenocytes 

following MDV infection in vivo and reported an up-regulation of IFN-, IL-1, IL-2 and 
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IL-8 genes. Similarly, an increase in the expression of IFN- gene was observed 

following MDV infection in splenocytes, predominantly at 7 dpi (Djeraba et al. 2002). 

The expression of cytokine genes in relation to MDV genome load in splenocytes 

isolated from MD-resistant and -susceptible chickens have also been studied (Kaiser et al. 

2003). MDV genome accumulation in splenocytes was associated with the increased 

expression of cytokine genes, such as IFN-, IL-6 and IL-18. Of these cytokines, IL-6 

and IL-18 were found to be associated with susceptibility rather than resistance to 

Marek’s disease (Kaiser et al. 2003). The work of Quéré and colleagues (2005) indicated 

that the expression of IFN- gene is influenced by the genetic background of chickens, 

although Kaiser and co-workers (2003) did not observe a differential IFN- response in 

susceptible and resistant chickens. The expression of cytokine genes in chicken spleen 

and brain could be influenced by the virulence of MDV (Jarosinski et al. 2005). Although 

the expression of IFN-, IL-1, IL-6 and IL-8 is upregulated in response to MDV 

infection, only the expression of IFN-, IL-1 and IL-8 is differentially regulated by the 

genetic background of chickens (Jarosinski et al. 2005). The latter study provides 

evidence that the virulence of MDV as well as the genetic background of the chicken 

influences the expression of cytokine genes in splenocytes. In an attempt to further 

explore the expression of cytokines from different cell populations, we have shown that 

there is a significant up-regulation in the expression of IFN-γ, IL-18, and IL-6 at 4 and 21 

dpi in CD4
+
 and CD8

+
 T cell subsets (Parvizi et al. 2009b). The outcome of the cytokine 

milieu inclined towards the induction of type I immune response at 4 and 21 dpi. (Parvizi 

et al. 2009b).  
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The expression of Th2 (type II) cytokine genes, such as IL-4 and IL-13, is 

upregulated in chickens in response to helminth infections (Degen et al. 2005). Type II 

responses may also be elicited following MDV infection. In a microarray experiment, 

GATA-3 was found to be up-regulated in spleens of MDV-infected chickens (Sarson et 

al. 2006). GATA-3 is a transcription factor that regulates the expression of type II 

cytokines, including IL-4, IL-5 and IL-13 (Maneechotesuwan et al. 2007). Along with 

these observations, the expression of IL-13 and IL-4 genes in response to MDV infection 

is increased during the cytolytic and latent phases of MDV infection (Heidari et al. 2008). 

The expression of regulatory cytokines, specifically IL-10, is also enhanced in chickens 

with MD (Abdul-Careem et al. 2007b). These latter studies indicate that MDV can induce 

type II and regulatory cytokine profiles in the spleen. In support of these findings, the 

proteomic study conducted by Buza and Burgess (2007), using MDV-transformed cell 

lines, showed that cytokines, their receptors and transcription factors belonging to both 

type I (IL-12, IL-18, IRF-3, IRF-4), type II (IL-4), and regulatory (IL-10, IL-10R chain) 

cytokines are expressed by MDV transformed cells. Therefore, MDV may skew cytokine 

expression to type I, type II or regulatory depending on various phases of its replication 

cycle. In addition, the cytokine milieu may vary in a tissue- and MDV strain-dependent 

manner.  

Cytokines expressed in response to MDV in the central nervous system have been 

studied in relation to viral replication and genome accumulation (Jarosinski et al. 2005; 

Abdul-Careem et al. 2006b). Jarosinski and colleagues (2005) found a correlation 

between the expression of cytokine genes IFN-, IL-1, IL-6, and IL-8 and virulence of 

MDV in brains of infected chickens. For example, vv+MDV strains such as RK-1 
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induced significantly higher cytokine expression in brain tissues than JM-16, a vMDV. 

Abdul-Careem et al. (2006b) showed that chickens infected with vvMDV with clinical 

signs of transient paralysis had higher levels of IL-6, IL-12, and IFN- mRNA in their 

brain tissues than asymptomatic MDV-infected chickens). Overall, the above findings 

underscore the importance of cytokines not only in immunity against MDV but also in 

the pathogenesis of infection. 

 

Vaccines against MDV 

Churchill et al. (1969b) reported the use of a live attenuated virus, HPRS-16/Att, 

to immunize chickens against MDV for the first time. A year later, herpesvirus of turkeys 

(HVT) was characterized by Witter’s group (Witter et al. 1970) and used to immunize 

chickens (Okazaki et al. 1970). Since then, HVT has been employed worldwide to protect 

commercial flocks against MD alongside various other vaccines (Bublot and Sharma 

2004). In addition to HVT, several other types of vaccines have been described, including 

CVI988 attenuated serotype I MDV (Rispens et al. 1972a and b) and nononcogenic 

serotype 2 (Schat and Calnek 1978), which are all currently in use with the exception of 

HPRS-16/Att. Currently, combinations of CVI988, HVT, and SB-1 are commonly used 

as bivalent or trivalent vaccines (Bublot and Sharma 2004). MD vaccines were mostly 

administered via subcutaneous route (Witter 2001). However, in ovo vaccination has 

replaced subcutaneous application in broilers in most parts of the world (Gimeno 2008).  

Despite the widespread use of vaccines, MD outbreaks occur in different 

countries (Baigent et al. 2006). The outbreaks take place due to various factors such as 

improper storage or administration, presence of maternal antibodies, suppression of 
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immune system by other pathogens or stress, and emergence of vv or vv+ MDV in the 

field (Baigent et al. 2006). On the other hand, administration of vaccines exerts pressure 

on MDV to evolve into more virulent pathotypes which, in turn, may override immunity 

conferred by vaccination (Schat and Baranowski 2007). 

 

Immune responses induced by vaccines 

Marek’s disease vaccines protect chickens against virus replication and tumour 

formation, but MDV can still spread from vaccinated to unvaccinated birds (Baigent et al. 

2006). Therefore, virulent virus may be shed along with feather dander from infected 

chickens that have been vaccinated (Abdul-Careem et al. 2008b). To gain more insight 

into the process of immune response to MDV in feathers, we have examined the 

expression of host immune response genes and have determined that in addition to MHC-

I, IL-18, IL-6 and IFN- genes are up-regulated in feathers of infected chickens compared 

to uninfected control birds (Abdul-Careem et al. 2008b). This observation points to the 

presence of an active immune response against MDV in feathers, which is clearly 

ineffective in curtailing virus replication and shedding. We have also obtained evidence 

that both HVT and Rispens strains of vaccine virus enter the feathers and can elicit 

immune responses in this tissue (Abdul-Careem et al. 2008c). Despite the aforementioned 

observations, the mechanisms of protection induced by MDV vaccines are not well 

understood. It has been shown that NK cell activity is enhanced due to vaccination 

(Heller and Schat 1987). In addition, T cell-mediated immune responses especially CD8
+
 

T cells play a key role in elicitation of immunity against MDV (Omar and Schat 1997, 

Garcio-Camacho et al. 2003, Gimeno et al. 2004). We have also previously reported that 
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the expression of cytokines such as IL-6, IL-10, and IL-18 is decreased in spleens of 

vaccinated chickens compared to unvaccinated and challenged ones (Abdul-Careem et al. 

2007b). IL-10 and IL-18 can skew the immune response to type II immune response 

(Leite-De-Moraes et al. 2001; Rothwell et al. 2004), raising the possibility that a type I 

response may be correlated with protection and a type II response associated with lack of 

protection. Kano and co-workers (2009) have also reported that vaccinated chickens 

produce higher amount of IFN- in the latent phase of infection compared to 

unvaccinated birds. Therefore, it was concluded that IFN- plays a key role in vaccine-

mediated protection. To this end, we have demonstrated that recombinant chicken IFN-γ 

can improve the protective efficacy of HVT vaccination (Haq et al. 2011). Recently, we 

have reported that the expression of IFN- and IL-10 is increased in the lungs of HVT-

vaccinated and MDV-infected chickens (Haq et al. 2010). There has also been an 

observation that the transcripts of iNOS, IL-1β, IL-18, IL-8, and IL-6 have increased in 

the lung of vaccinated chickens (Gimeno and Cortes 2011). 

Immune response to MD vaccines may be genetically regulated. Bacon and co-

workers have shown that B haplotypes affect the efficacy of the vaccine in both congenic 

as well as commercial chickens (Bacon and Witter 1994b; Bacon and Witter 1995). 

Serotype 2 vaccines, for instance, provided more protection in chickens with B5 

haplotype (Bacon and Witter 1994a). Therefore, it might be essential to choose the 

vaccine based on the B haplotype of the flock (Bacon and Witter 1993). 

Several strategies have been employed to enhance efficacy of MD vaccines, 

including addition of cytokines in vaccine formulations. For example, Djeraba and co-

workers (2002) have shown that chicken myelomonocytic growth factor can improve 
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protection conferred by MD vaccines. Tarpey and co-workers have also used a 

recombinant HVT that expressed chicken IL-2. The recombinant IL-2/HVT was used via 

the in ovo route that resulted in an increase in neutralizing antibodies against HVT. 

However, IL-2 expression did not enhance the protective efficacy of the vaccine (Tarpey 

et al. 2007). Virulent and very virulent strains of MDV have also been modified by cell-

culture passage, back passage in chickens and insertional mutagenesis to enhance their 

efficacy. In terms of efficacy, although the modified strains are protective, their efficacy 

does not significantly exceed that of the currently available vaccines (Witter and Kreager, 

2004). Recently, however, the meq gene has been deleted from an rMd5 virus and the 

mutant virus, rMd5Δmeq, has been used as a vaccine. The protective efficacy of this 

vaccine appears to be higher than the CVI988/Rispens, which is the most protective 

vaccine currently used by the industry (Chang et al. 2011; Lee et al. 2011). 

Due to the fact that evolution of MDV may lead to enhancement of virulence and 

possible disease outbreaks in infected flocks, there is an urgent need to increase the 

efficiency of the current vaccines by using strategies such as the use of cytokines and 

TLR ligands as adjuvants, use of different vaccines, and breeding for resistant flocks 

(Gimeno 2008). 
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Statement of Rationale 

Marek’s disease is an important viral disease that poses threats to the poultry 

industry around the world. Despite the use of various control measures and under the 

selection pressure conferred by vaccination, MDV has evolved into more virulent strains. 

Therefore, further dissection of the interaction between MDV and chicken immune 

system is essential and so is the discovery of new modalities to enhance the protective 

immune responses against this virus.  

TLR agonists have been used to enhance the immunity against viral diseases in 

mice and humans. TLR ligands have also been applied to confer immunity against 

bacterial diseases in chickens. However, the use of TLR agonists as prophylactic agents 

against MDV has not been investigated. Moreover, the application of TLR agonists, as 

vaccine adjuvants, to enhance the immunity against MDV should be further delineated. 
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Statement of hypotheses 

The following hypotheses were tested in the course of the experiments highlighted in this 

thesis: 

1) Administration of TLR agonists via different routes will lead to differential temporal 

and spatial induction of host innate response genes 

2) Administration of TLR agonists with MDV vaccines via the respiratory route can 

improve protective efficacy of vaccines 

3) TLR agonists, when used alone, can induce protective immune responses against 

MDV in a respiratory infection model 

4) Mononuclear cells that infiltrate the lungs after MDV infection or vaccination are the 

source of cytokine expression in this tissue 
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Chapter 2.  
 

 

 

A Toll-like receptor 3 agonist (poly(I:C)) elicits innate host responses in the spleen 

and lungs of chickens 

 

 

 

 

Published in the Canadian Journal of Veterinary Research 



 

 48 

Abstract 

 Double-stranded (ds)RNA interacts with host Toll-like receptor (TLR-3), leading 

to the induction of anti-viral host responses. The present study was designed to compare 

different routes of administration of a synthetic dsRNA (poly(I:C)) for induction of innate 

responses in chicken spleen and lungs. Chickens were treated with poly(I:C) via the 

aerosol, intra-air sac (i.a.s.), and intra-muscular (I.M.) routes. Spleen and lungs were 

collected at 0, 2, 6, 12, and 24 hours post-treatment (h.p.t.) and the expression of innate 

defence genes was quantified by real-time RT-PCR. There was an up-regulation of 

interferon (IFN)-β, TLR3, and TRIF at 6 h.p.t in the spleen via I.M. administration of 

poly(I:C). There was also an increase in the expression of TLR3 and TRIF in the spleen 

at 2 h.p.t. via the i.a.s. route. The expression of IFN-α and TRIF was upregulated at 6 

h.p.t. via the i.a.s. route in the lungs. Overall, our results indicate that administration of 

poly(I:C) can locally and systemically induce the expression of innate response genes 

depending on the route.  
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Introduction 

It has been long known that nucleic acids play a role in induction of anti-viral 

responses leading to control of virus replication (Rotem et al. 1963). The discovery of 

Toll-like receptors (TLRs) in vertebrates and the role of these receptors in the initiation of 

innate defence mechanisms has shed more light on the mechanisms by which synthetic 

double-stranded (ds) RNA molecules, such as polyinosinic-polycytidylic acid or 

poly(I:C), generate their effects on host cells (Medzhitov 2001). The TLR repertoire of 

chickens is somewhat similar to that of mammals where orthologues for mammalian 

TLR1, 2, 3, 4, 5, and 7 have been identified in the chicken genome, although some of the 

mammalian TLRs do not seem to have an orthologue in the chicken (Iqbal et al. 2005; 

Yilmaz et al. 2005). More recently, chicken TLR21 has been identified, whose function is 

similar to that of mammalian TLR9 in binding to unmethylated CpG DNA (Brownlie et 

al. 2009). For anti-viral responses, several TLRs, including TLR3, TLR7, TLR8 and 

possibly TLR9 may play a role for recognition of viruses in mammals. For example, 

dsRNA derived from viruses has been shown to bind to TLR3 and activate the nuclear 

factor (NF)-κB pathway, which leads to the production of type I interferons (IFN), 

including IFN- and IFN- (Alexopoulou et al. 2001). In this process, TLR3 activates 

Toll/IL-1R (TIR)-domain-containing adaptor protein inducing interferon-β (TRIF) that 

results in activation of NF-κB and interferon-regulatory factors (IRFs) (O'Neill and 

Bowie 2007). In turn, type I IFNs induce the expression a family of 2’5’ oligoadenylate 

synthetase (OAS) genes, which induce the activation of RNase L leading to inhibition of 

virus replication (Chakrabarti 2011). It is noteworthy that in chickens, an orthologue of 

human OASL has been identified (Tatsumi 2000). 
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Expression of TLR3 has been confirmed in several chicken tissues (Iqbal et al. 

2005). However, there is little information available about the function of TLR3 in 

chickens, although there is some evidence to suggest that TLR3 is required for 

recognition of dsRNA and elicitation of type I IFN production in chickens (Schwarz et al. 

2007; Karpala 2008). In this regard, poly(I:C) has been employed as a TLR3 ligand to 

address questions related to anti-viral responses in different species, including chickens. 

Earlier reports indicated that chickens can respond to poly(I:C), although the repertoire 

and the underlying molecular mechanisms of these responses were not determined 

(Finkelstein 1972). More recently, in vitro studies showed that chicken cells including 

monocytes and heterophils can respond to poly(I:C) alone or in combination with CpG-

ODN, leading to elicitation of antiviral and antibacterial responses (Kogut et al. 2005; He 

et al. 2007). Furthermore, recent studies clearly showed that poly(I:C) induces the 

expression of type I IFN and TLR3 in chicken splenocytes in vitro (Karpala et al. 2008; 

Villanueva et al. 2011). 

Given the anti-viral activity of poly(I:C), it may be employed as an adjuvant for 

vaccines against viral infections of chickens. However, there is paucity of information 

about the in vivo effects of this compound in chickens. Therefore, the main objective of 

the present study was to determine the effect of route of administration on induction of 

innate responses in systemic (spleen) and local (lung) tissues of treated chickens. We 

hypothesized that administration of poly(I:C) via different routes will lead to differential 

temporal and spatial induction of  expression of innate response genes in chickens. To 

test this hypothesis, we examined the differential expression of type I IFN genes as well 



 

 51 

as TLR3, TRIF and OAS in the spleen and lungs of chickens treated with poly(I:C) via 

three different routes.  

Materials and methods 

Experimental design 

Sixty day-old chicks were randomly divided into three groups. Twenty birds in 

each group were treated with 200 ug/bird of poly(I:C) (P0913; Sigma Aldrich; Onatrio, 

Canada) via intra-muscular (I.M.) (injection was made in the upper third of the right 

pectoral muscle), intra-air sac (i.a.s.) (injection was made immediately posterior to the 

last rib), and aerosol routes on day 14 post-hatch. The dosage of poly(I:C) was chosen 

based on a pilot experiment (unpublished data). At 2, 6, 12, and 24 hrs post-treatment, 

equal numbers of birds from each group (5 birds per treatment at each time point) were 

euthanized by CO2 inhalation according to the University of Guelph Animal Care 

Committee guidelines. Another group of birds (n=10) was kept in a separate room and 

used as negative controls. The results of our pilot experiments indicated that treatment of 

chickens with the poly(I:C) diluent (normal saline) (negative control) via the above routes 

did not result in a significant induction of host response (unpublished data). The spleen 

and lungs of each bird were kept in RNAlater ® solution (Invitrogen, Ontario, Canada) 

immediately after euthanasia until further use. RNA extraction and cDNA synthesis were 

done as described previously (Parvizi et al. 2009). 

Primers 

 Five genes, IFN-α, IFN-β, TLR3, TRIF, and OAS were selected as target genes 

for relative quantification. B-actin, IFN-α, TLR3, and TRIF primers were designed as 

previously described (Parvizi et al. 2009; Wheaton et al. 2007). In case of IFNβ 
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(Accession number# X92479) and OAS (Accession number# NM_205041) primers were 

GCCTCCAGCTCCTTCAGAATACG (F), CTGGATCTGGTTGAGGAGGCTGT (R) 

and AGAACTGCAGAAGAACTTTGT (F), GCTTCAACATCTCCTTGTACC (R), 

respectively. 

Real time assays 

 Each real-time PCR assay was carried out as previously described (Parvizi et al. 

2009a; Abdul-Careem et al. 2009a). The optimum thermal cycling parameters for IFN-β 

and OAS were: denaturation at 95˚C for 10 min; 45 cycles of amplification at 95˚C for 

10s, 64˚C for 5 s (60˚C/5 s for OAS), 72˚C for 10 s; melting curve analysis at 95˚C/1 s , 

65˚C/30 s  and 95˚C/1 s ; cooling at 40˚C/30 s. All real-time assays were conducted using 

a LightCycler® 480 instrument (Roche Diagnostics GmbH, Mannheim, Germany). 

Data analysis 

The efficiency of real-time PCR and relative quantification of target genes was 

calculated based on the methods previously described. The efficiencies ranged from 1.8 

to 2.00. The expression of target genes was calculated relative to the expression of -

actin based on the Pfaffl’s formula (Pfaffl 2001). Subsequently, relative expression of 

genes in polyI:C-treated chickens was compared to that of control chickens and fold 

changes in gene expression were calculated using the REST-MCS program. Fold changes 

were subjected to analysis of variance (ANOVA) using the Minitab software to determine 

the effect of treatment with poly(I:C), route of administration, and time on expression of 

genes. Comparisons were considered significant at P ≤ 0.05, while they considered 

approaching significance when 0.05 <P<0.1. 
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Results 

IFN-α, IFN-β, TLR3, TRIF, OAS relative expression in the spleen 

There was no significant up-regulation of IFN-α in the spleen after treatment with 

poly(I:C). The expression of IFN-β was up-regulated in the spleen at 6 h.p.t. via the I.M. 

route, which approached significance (p=0.08), compared to the other routes of 

administration at the same time point. The up-regulation of IFN-β at 6 h.p.t. in spleen 

through the I.M. route was significantly higher than the other time points (p≤0.05) 

(Fig.1). The expression of TLR3 in the spleen was significantly higher at 2 h.p.t. through 

the i.a.s. route compared to the other two routes of administration and control (p≤0.05) 

(Fig.1). On the other hand, TLR3 expression was significantly higher at 6 h.p.t. via the 

I.M. route compared to other time points in the spleen (p≤0.05) (Fig.1). In the spleen, the 

expression of TRIF was significantly higher at 2 h.p.t. through the i.a.s. route compared 

to the other two routes of administration (p≤0.05) (Fig.1). The increase in TRIF 

expression at 2 h.p.t. through the i.a.s. route was also significantly higher compared to the 

other time points (p≤0.05) (Fig .1). In addition, TRIF expression was higher at 6 h.p.t. via 

the I.M. route compared to control which approached statistical significance (p=0.07) 

(Fig .1). There was no significant effect of poly(I:C) treatment on induction of OAS gene 

expression in the spleen. 

IFN-α, IFN-β, TLR3, TRIF, OAS relative expression in the lungs 

Treatment with poly(I:C) did not result in an increase in expression of TLR3 or 

IFN-β in lungs of treated chickens. The up-regulation of IFN-α expression at 6 (h.p.t.) in 

lungs by the i.a.s. route compared to other routes of administration and control 

approached significance (p=0.068) (Fig.2). The expression of TRIF was up-regulated at 6 
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h.p.t. through the i.a.s. route compared to the other two routes of administration, which 

approached significance (p=0.06) (Fig.2). The up-regulation of TRIF at 6 h.p.t. was also 

significantly higher compared to control birds (p≤0.05) (Fig.2). The increase in OAS 

expression at 2 h.p.t. through the aerosol route was significantly higher compared to the 

other time points (p≤0.05) (Fig.2). On the other hand, there was an up-regulation in OAS 

expression at 2 h.p.t. through the i.a.s. route in lungs which was significantly higher 

compared to 6 and 12 h.p.t. as well as the control group (p≤0.05) (Fig.2). 

 

Discussion 

In this study, we investigated the effects of different routes of administration of 

poly(I:C) on the induction of innate defence genes in the spleen and lungs of chickens. 

Spleen was selected because it serves as an important systemic secondary lymphoid 

tissue in chickens, while the respiratory system is the primary site of infection or port of 

entry for several important poultry viral pathogens, including influenza virus, infectious 

bronchitis virus, Newcastle disease virus, and Marek’s disease virus.  

Among the interferons, we found that IFN-β expression was up-regulated in 

spleens of chickens that received poly(I:C) via the intra-muscular route. The above 

finding is consistent with the reports in other species. For example, intra-nasal 

administration of a vaccine plus poly(I:C) to mice was shown to induce the up-regulation 

of IFNs in the nasal-associated lymphoid tissue (Ichinohe et al. 2005). In addition to 

interferons, we examined the expression of other genes, which may be involved in the 

process of poly(I:C)-mediated activation of the immune system. We noted an up-

regulation in the expression of TLR3 and TRIF in the spleen, which approached 
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significance (P=0.07), at 6 h.p.t. when poly(I:C) was given via the I.M. route. There was 

also an increase in TLR3 and TRIF expression at 2 h.p.t. in the spleen in the the i.a.s. 

group. Karpala and colleagues have highlighted the activation of TLR3 by poly(I:C) 

administration in vitro and concluded that this activation leads to production of IFN-β in 

chicken cell lines (Karpala et al. 2008). Importantly, in our experiments, the up-

regulation of TLR3 and TRIF coincided with an increase in the expression of IFN-β, 

which confirms and extends the report by Karpala and colleagues (2008). On the other 

hand, the up-regulation of TRIF expression in lungs of chickens treated with poly(I:C) 

via the i.a.s. route coincided with the up-regulation of IFN-α in lungs (P=0.068). Others 

have shown that dsRNA activates the TLR3 pathway in lung epithelial cells in vitro 

(Guillot et al. 2005). OAS is an IFN-inducible gene and its up-regulation may indicate 

activation of the IFN pathway. Indeed, we discovered that OAS was up-regulated at 2 

h.p.t., especially in the lungs of chickens that were treated through the aerosol or intra-

airsac routes. In a recent study, we have shown that poly(I:C)-treated chicken splenocytes 

express OAS at 2 and 4 hours post-treatment (Villanueva et al. 2011).  

Among the routes of administration, the aerosol route appeared to be less capable 

of inducing innate defence genes, especially type I IFN and TLR3. Failure to induce the 

expression of the above genes might be due to the size of the droplets that were used in 

the present study. The entrapment of poly(I:C) molecules in the upper respiratory tract 

abrogates the ability of this TLR agonist to activate its receptors in the lungs. On the 

other hand, the direction of airflow in chicken lungs which passes through air sacs, might 

have decreased the amount of available poly(I:C). The I.M. route appeared to be better at 

eliciting the activation of innate defence genes in the spleen compared to aerosol and 
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i.a.s. routes. In contrast, administration of poly(I:C) via the i.a.s. route was associated 

with a significant up-regulation of TLR3 and TRIF genes in the spleen, while in the lungs 

it was associated with up-regulation of and IFN-α and TRIF genes, which only 

approached significance. The latter finding is, to some extent, in agreement with the 

report that administration of poly(I:C) with a vaccine containing the hemagglutinin (HA) 

antigen via the intra-nasal route up-regulated TLR3 and IFN-α genes in nasal-associated 

lymphoid tissues (Ichinohe et al. 2005). In addition, the differences observed between 

responses in lung and spleen could be due to composition of cells that reside in these two 

tissues. Different responses in lung and spleen also highlight the effects of routes of 

administration. Therefore, based on our observations, local and systemic administration 

of poly(I:C) in chickens can induce the expression of innate defence genes that have 

potential anti-viral activities. 

 Finally, based on our observations, the most critical time points in terms of the 

induction of innate defence genes either locally or systemically, are 2 and 6 h.p.t.. This 

observation agrees with the report that polyI:C induces the up-regulation of innate 

defence genes such as IFN-α and IFN-β at 3 and 6 h.p.t in chicken splenocytes in vitro 

(Villanueva et al. 2011).  

In conclusion, we confirmed and extended the previous findings that poly(I:C) is 

immunostimulatory for chickens and induces the expression of several innate defence 

genes in chicken tissues. In addition, we concluded that both the I.M. and i.a.s. routes of 

administration can induce innate defence genes in the spleen and lung of chickens. 

Despite the fact that administration of polyI:C via various routes in chickens warrants 
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further experimentation, the use of TLR3 agonist through I.M. or i.a.s. routes may be 

exploited to boost the immune response against viral infections.  
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Fig. 1. Fold change of innate defence genes IFNα , IFNβ , TLR3 , TRIF, and OAS in 

spleen of chickens treated with poly(I:C) via the aerosol, intra-air sac (i.a.s.), and intra-

muscular (I.M.) routes of administration. Treated chickens were sampled at 0, 2, 6, 12, 24 

hours post treatment (h.p.t.). The relative expression of IFN-α, IFN-β, TLR3, TRIF, and 

OAS in different groups was compared to that of control group and fold changes in gene 

expression were calculated using the REST-MCS program. Fold changes were subjected 

to analysis of variance (ANOVA) using the Minitab and SAS 9.1 softwares. The data 

show the mean ± standard error for five biological replicates at each time point. “a” and 

“c” denote statistical significance (p≤0.05) compared to other time points and compared 

to other treatments in the same time point respectively, whereas “b” denotes a difference 

approaching significance at 0.05<p<0.1 compared to other treatments at same time point.  
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Fig. 2. Fold change of innate defence genes IFNα , IFNβ , TLR3 , TRIF , and OAS in 

lungs of chickens treated with poly(I:C) via the aerosol, intra-air sac (i.a.s.), and intra-

muscular (I.M.) routes of administration. Treated chickens were sampled at 0, 2, 6, 12, 24 

hours post treatment (h.p.t.). The relative expression of IFN-α, IFN-β, TLR3, TRIF, and 

OAS in different groups was compared to that of control group and fold changes in gene 

expression were calculated using the REST-MCS program. Fold changes were subjected 

to analysis of variance (ANOVA) using the Minitab and SAS 9.1 softwares. The data 

show the mean ± standard error for five biological replicates at each time point. “a” and 

“c” denote statistical significance (p≤0.05) compared to other time points and compared 

to other treatments in the same time point respectively, whereas “b” denotes a difference 

approaching significance at 0.05<p<0.1 compared to other treatments at same time point.  
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Chapter 3.  

 

 

 

A Toll-like receptor 3 ligand enhances protective effects of vaccination against 

Marek’s disease virus and hinders tumour development in chickens 
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Abstract 

 Marek’s disease (MD) is caused by Marek’s disease virus (MDV). Various 

vaccines including herpesvirus of turkeys (HVT) have been used to control this disease. 

However, HVT is not able to completely protect against very virulent strains of MDV. 

The objective of this study was to determine whether a vaccination protocol consisting of 

HVT and a Toll-like receptor (TLR) ligand could enhance protective efficacy of 

vaccination against MD. Hence, chickens were immunized with HVT and subsequently 

treated with synthetic double-stranded RNA polyriboinosinic polyribocytidylic 

(poly(I:C)), a TLR3 ligand, before or after being infected with a very virulent strain of 

MDV. Among the groups that were HVT-vaccinated and challenged with MDV, the 

lowest incidence of tumours was observed in the group that received poly(I:C) before and 

after MDV infection. Moreover, the groups that received one single poly(I:C) treatment 

either before or after MDV infection were better protected against incidence of MD 

tumours compared to the group that only received HVT. No association was observed 

between viral load, as determined by MDV genome copy number, and the reduction in 

tumour formation. Overall, the results presented here indicate that poly(I:C) treatment, 

especially when it is administered prior to and after HVT vaccination, enhances the 

efficacy of HVT vaccine and improves protection against MDV.  
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Introduction 

Marek’s disease (MD) is caused by a member of the alphaherpesvirus subfamily. 

Based on a recent classification, Marek’s disease virus (MDV) is classified as gallid 

herpesvirus type 2 (GaHV-2) (Osterrieder et al. 2006). MDV pathogenesis entails four 

phases: early cytolytic, latent, late cytolytic and transformation (Calnek 1986). B cells are 

infected in the early cytolytic phase which occurs 2 to 7 days post-infection (d.p.i.). MDV 

undergoes latency at around 7 to 10 d.p.i. in infected T cells. The last phase of MDV 

pathogenesis encompasses cytolysis and transformation of T cells. Depending on the 

pathotype of the virus, the last phase of the virus cycle occurs around 14 d.p.i. and 

onwards (Baigent and Davison 2004). Transformation of CD4
+
 T cells results in 

lymphomas and cytolysis leads to immunosuppression (Calnek 2001).   

Herpesvirus of turkeys (HVT) vaccine is the first successful vaccine that was 

developed against MD and is currently used worldwide for vaccination of commercial 

flocks (Witter 1970; Bublot and Sharma 2004). In addition, other vaccines such as SB-1 

and Rispens as well as combinations of the above are available and widely used for 

conferring protection. Despite the significant success of MD vaccines, MD outbreaks still 

do take place in various countries (Baigent et al. 2006). These outbreaks are probably due 

to different factors such as stress, suppression of the immune system by other pathogens 

and evolution of the virus (Schat and Baranowski 2007). It is also important to note that 

although vaccines are highly effective at preventing clinical signs of disease, they are less 

capable of controlling virus replication and shedding especially in feathers (Baigent et al. 

2006; Abdul-Careem 2008). 
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Several vaccination protocols have recently been developed that incorporate 

chicken cytokines in order to alleviate some of the shortcomings of the currently 

available vaccines, especially in terms of their efficacy against highly virulent pathotypes 

of MDV. For example, the efficacy of a recombinant HVT vaccine expressing chicken 

interleukin (IL)-2 was evaluated. However, expression of IL-2 failed to improve 

protective efficacy of HVT vaccine (Tarpey et al. 2007). In contrast, the use of chicken 

myelomonocytic growth factor improved the efficacy of Marek’s disease vaccines 

(Djeraba et al. 2002). In addition, co-treatment of chickens with HVT and a plasmid 

construct expressing chicken IFN-γ resulted in enhancement of protection conferred by 

the vaccine (Haq et al. 2011).  

TLRs are innate receptors that recognize pathogen associated molecular patterns 

(PAMPs) (Boyd et al. 2007). TLRs have been characterized in chickens (Boyd et al. 

2007; Jenkins et al. 2009) and TLR3 is speculated to be involved in anti-viral immune 

responses via its activation by viral double-stranded RNA or its analog (such as 

poly(I:C)) (Karpala et al. 2008). TLR ligands have been used successfully as vaccine 

adjuvants in various species, including chickens. For instance, TLR ligands improved 

immunity against influenza viruses in mice and monkeys (Ichinohe et al. 2007; Ichinohe 

et al. 2010) as well as metapneumovirus subtype C in turkeys(Cha et al. 2011). In 

addition, administration of a TLR ligand incorporated into a virosome-based influenza 

vaccine in chickens improved immunogenicity and efficacy of the vaccine (Mallick et al. 

2012). To date, the use of adjuvants such as Toll-like receptor (TLR) ligands in 

conjunction with MDV vaccines has not been investigated. The objective of the present 

study was to determine whether immunization of chickens with HVT along with 
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treatment with poly(I:C) could enhance protective efficacy of the vaccine. Here, we have 

demonstrated that indeed administration of poly(I:C) with HVT can enhance the 

protective efficacy of this vaccine against challenge with a very virulent strain of MDV. 

 

Materials and methods 

Experimental animals 

Specific-pathogen free eggs were received from the Canadian Food inspection 

agency (CFIA, Ottawa, Canada). The eggs were hatched in Arkell Research Station of 

University of Guelph. Day-old chicks were placed in the Animal Isolation Unit, 

University of Guelph. Experimental protocols were approved by the Animal Care 

Committee, University of Guelph. 

Experimental design 

Seventy-two SPF birds were randomly divided into 6 groups. Cell-free HVT 

vaccine (MD-Vac-CFL, Fort Dodge, United States) was administered at ¼ of the 

recommended dose via the aerosol route using the method described previously (5) on the 

day of hatch. This is the only cell-free Marek’s disease vaccine that is commercially 

available and, therefore, can be potentially used via the respiratory route. We reasoned 

that administration of a vaccine via the respiratory route might elicit mucosal immune 

responses leading to immunity against initial phases of virus entry, because MDV enters 

the host through the respiratory route. A reduced dose of the vaccine was used in the 

present study, because we wanted to observe the full potential of poly(I:C) when used as 

an adjuvant. Furthermore, although this vaccine is not commonly used in Canadian 

hatcheries, other Marek’s disease vaccines are normally used at reduced doses. On  5 
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days post-hatch, 5 groups of chicks were infected with 250 plaque-forming units of 

MDV-RB1B and one group received sham treatment (vaccine diluent +uninfected skin) 

via the respiratory route. On  4 days post-hatch and  14 days post-infection, birds were 

treated with 200 ug/bird of poly(I:C) (P0913;Sigma Aldrich; Onatrio, Canada) via aerosol 

and intra-muscular routes (I.M.), respectively. We reasoned that administration of 

poly(I:C) by  4 days post-hatchmay potentiate the immune response generated by HVT 

and may even steer the response towards a T helper (Th)1 response, as demonstrated in 

other species (Kim et al. 2011). Also, poly(I:C) administered one day prior to virus 

challenge on  5 days post-hatch may exert direct anti-viral activities against the challenge 

virus.  14 days post-infection was selected because this is presumably the time for 

reactivation of MDV from its latency. The dosage of poly(I:C) was chosen based on pilot 

experiments (unpublished data). In the negative control group, chickens were treated with 

HVT diluent and uninfected skin. In summary the groups in the in vivo trial were: group 

1: vaccinated with ¼ dose of HVT (day of hatch) and treated with poly(I:C) ( 4 days post-

hatch) and infected with RB1B ( 5 days post-hatch); group 2: vaccinated with ¼ dose of 

HVT (day of hatch) and treated with poly(I:C) ( 4 days post- hatch) and infected with 

RB1B ( 5 days post- hatch) and additionally treated with poly(I:C) ( 14 days post-

infection via I.M. injection); group 3: vaccinated with ¼ dose of HVT (day of hatch) and 

infected with RB1B ( 5 days post- hatch) and treated with poly(I:C) ( 14 days post-

infection via I.M. injection); group 4: vaccinated with ¼ dose of HVT (day of hatch) and 

infected with RB1B ( 5 days post- hatch); group 5: infected with RB1B ( 5 days post- 

hatch) and finally group 6: treated with HVT diluent and uninfected skin. Feather tips 

were collected on  5, 10, and 21 days post-infection and kept in RNAlater ® (Invitrogen, 
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Ontario, Canada). Birds from each group were euthanized according to the University of 

Guelph Animal Care Committee guidelines. Spleen of each bird was collected on 21 days 

post-infection and kept in RNAlater ® solution (Invitrogen, Ontario, Canada) until 

further use. 

To gain a better understanding of responses of chickens to HVT, we conducted an 

in vitro experiment, which involved stimulation of spleen cells from chickens belonging 

to various treatment groups with inactivated HVT. Briefly, sixty SPF birds were 

randomly divided into three groups. Cell-free HVT vaccine (MD-Vac-CFL, Fort Dodge, 

United States) was administered at ¼ of the recommended dose via the aerosol route 

using the method described previously (Abdul-Careem et al. 2009) on the day of hatch. 

On  4 days post-hatch, a group of birds was treated with 200 ug/bird of poly(I:C) 

(P0913;Sigma Aldrich; Onatrio, Canada) via the aerosol route. In the negative control 

group, chickens were treated with HVT diluent. Birds were euthanized following the 

same protocol as previously mentioned on  4, 10, and 21 days post-infection. Spleens 

were collected and mononuclear cells were isolated and cultured in plates based on the 

methods previously described (Parvizi et al. 2009). Then, mononuclear cells (5x10
6
 

cells/treatment) from each group were treated in vitro with two doses of irradiated HVT 

(dosage was previously determined for in vitro treatments, unpublished data), cell culture 

medium (negative control), or Concanavalin A (Con A) (20 g/treatment) (positive 

control). Cells were collected and resuspended in Trizol® (Invitrogen, Ontario, Canada) 

at 24 hours post-treatment. In summary, the groups were as follows: birds that were 

vaccinated with ¼ dose of HVT and splenic mononuclear cells of these birds were treated 

with medium (HVT+M), irradiated HVT vaccine (HVT+HVT) or ConA (HVT+ConA). 
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Another group of birds were vaccinated with ¼ dose of HVT and treated with poly(I:C) 

on day 4 post-hatch. Splenic mononuclear cells of these birds were treated with medium 

((HVT+poly(I:C))+M), irradiated HVT vaccine ((HVT+poly(I:C))+HVT) or ConA 

((HVT+poly(I:C))+ConA). Finally, the control birds that were treated with HVT vaccine 

diluent isolated splenic mononuclear cells of these birds were treated with medium 

(Control+M), irradiated HVT vaccine (Control+HVT) or ConA (Control+ConA). 

Although the mononuclear cells of all three groups were treated with ConA only the data 

of ConA treated cells from the HVT+ConA group are shown in figures 4, 5, 6. 

DNA and RNA extraction and Reverse transcription 

DNA was extracted from spleen by the method described previously (1). RNA 

was extracted from spleen and splenic mononuclear cells using Trizol® (Invitrogen, 

Ontario, Canada) following the manufacturer’s instructions. The quality as well as 

quantity of RNA was estimated using NanoDrop® ND-1000 spectrophotometry 

(NanoDrop Technologies DE, USA). Reverse transcription of total RNA (500 ng for the 

cells to 1 µg for the tissues) was carried out using Oligo(dT)12-18 primers (SuperScript™ 

First-Strand synthesis System, Invitrogen Life Technologies, Carlsbad, CA, USA) 

following the manufacturer’s instructions.  

Design of primers for innate defence genes 

 Three genes, interferon (IFN)-gamma, interleukin (IL)-10 and viral gene meq 

were selected as the target genes for relative quantification in relation to B-actin in 

spleen. MDV genome copy number was quantified in 100 ng of DNA in spleen and 

feather tips. IFN-gamma, IL-2 and granzyme A expression was relatively quantified in 

relation to B-actin in mononuclear cells in vitro as well. The primer design and relative 
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quantification were done as previously described (Abdul-Careem et al. 2007; Abdul-

Careem et al. 2008). 

Real-time PCR 

 Each real-time PCR assay was carried out with a dilution of the standard that was 

utilized as calibrator. All the real-time PCR assays were conducted in 384-well plates 

(Roche Diagnostics GmbH, Mannheim, Germany) in a final volume of 20 µl of 

LightCycler® 480 SYBR Green І Master (Roche Diagnostics GmbH, Mannheim, 

Germany) that contains FastStart Taq Polymerase, reaction buffer, dNTP mix, SYBR 

Green І dye and MgCl2 in a LightCycler® 480 instrument (Roche Diagnostics GmbH, 

Mannheim, Germany). In addition, the reaction contained 0.25 µM of each gene-specific 

primer and 5 µl of 1:10 dilution of cDNA and 3 µl of PCR grade water.  

The optimum thermal cycling parameters varied according to the gene and 

consisted of denaturation at 95˚C for 10 min; 40 cycles (β-actin, IL-10, and IFN-γ), 45 

cycles (meq, IL-2 and Granzyme A ) of amplification at 95 ºC for 10 s, 64 ºC for 5 s (55 

ºC/5 s for IL-10), 72 ºC for 10 s (72 ºC/7 s for meq and 72 C/5 s for IL-10); melting curve 

analysis at 95 ºC/1 s (95 ºC/5 s for meq) (segment 1), 65 ºC/15 s (65 ºC/1 s for meq) 

(segment 2), and 95 ºC/1 s except for meq that needed 97 ºC/1 s (segment3) and cooling 

at 40 ºC/30 s.  

  

Data Analysis 

The efficiency of real-time PCR and relative quantification of target genes was 

calculated based on the methods previously described. Briefly, the expression of genes 

was calculated relative to the expression of -actin based on the Pfaffl’s formula (Pfaffl 
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2001). The expression ratios of target genes were subjected to analysis of variance 

(ANOVA), two tail student’s t-test, and Fisher’s exact test by Minitab software as well as 

SAS 9.1 (SAS Institute Inc. Cary, NC, USA). These data are presented as comparisons 

between treated and control groups and were considered significant at p ≤ 0.05.  

 

Results 

MD Tumour incidence in poly(I:C)-treated and HVT-vaccinated chickens 

To monitor the presence of MD lymphoma in internal organs, birds were 

euthanized and necropsied at 21 d.p.i.. Ninety one percent of birds challenged with the 

virus which were not vaccinated developed MD tumours (group5), while no MD tumour 

was observed in the control group (Group6; no challenge). The incidence of MD tumours 

in the birds that received HVT and additional poly(I:C) treatments (Group2) was the 

lowest (41%) among the challenged groups (that was significantly lower compared with 

group5 (p=0.02)). MD tumour incidence in the birds vaccinated with HVT only (Group4) 

was 80%. The groups of birds that received poly(I:C) (before or after vaccination; 

Groups1 and 3) plus HVT demonstrated lower tumour incidence (64-66%) than birds 

receiving vaccine only (80%). There was no significant difference in MD tumour 

incidence in the birds receiving poly(I:C) with the vaccine (Group1) or after vaccination 

(Group3) (Figure 1). 

MDV genome copy number in feather follicles 

Since MDV replicates in feather follicles and generates infective cell-free virus in 

this tissue, MDV genome copy number was quantified by measuring the amount of meq 

gene in DNA extracted from feather tips. There was a gradual increase in the MDV 
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genome copy number in feather tips of all infected chickens throughout the course of the 

experiment. There was no significant difference among groups within each time point. 

However, the MDV genome copy number was significantly higher at 21 d.p.i. compared 

to 10 d.p.i. (p< 0.001) (The MDV genome copy number was lower than the sensitivity of 

our test at 4 d.p.i. (The lowest copy number that could be detected by the assay was 340 

copy numbers). Therefore, an arbitrary value (100 copy numbers) that was lower than the 

test’s cut-off point was used) (Figure 2).  

Meq relative expression and meq genome copy number in spleen 

Meq is the major oncogene of MDV and plays a key role in transformation of T 

cells. There was no statistical difference among the infected groups in terms of MDV 

genome copy number and relative expression of meq (Figure 3a and 3b). However, the 

expression of meq and MDV genome copy number was lower in vaccinated group that 

received poly(I:C) twice (Group2). 

IFN-γ and IL-10 relative expression in spleen 

IFN-γ and IL-10 were used as indicators of host response. IFN-γ underlines the 

activation of CD4
+
 and CD8

+
 T cells, whereas IL-10 may indicate the presence and 

activation of regulatory T cells. On the other hand, the expression of IL-10 was 

significantly higher in groups 1, 3, 4, and 5 compared to groups 2 and 6 (p< 0.001) at 21 

d.p.i. (Figure 3c and 3d).  

IFN-γ, IL-2 and Granzyme A expression in splenic mononuclear cells 

IFN-γ and IL-2 expression as an indicator for reactivation of primed CD4
+
 and 

CD8
+
 T cells was assessed. There was no statistically significant difference between 

different groups for expression of IFN-γ. However, a trend was observed in cells from 
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HVT vaccinated groups that were re-stimulated in vitro with irradiated HVT. These cells 

tended to express more IFN-γ compared to cells from control birds that were stimulated 

with HVT or cells from HVT-vaccinated that were treated with medium only. The 

abundance of IL-2 transcripts was increased in the HVT+HVT group at 4, 10, and 21 

d.p.t.. The up-regulation in expression of IL-2 in the HVT+HVT group was significantly 

higher at 4 d.p.t. (p=0.02). On the other hand, IL-2 expression was increased significantly 

in the (HVT+poly(I:C))+HVT group at 21 d.p.t. compared to the (HVT+poly(I:C))+M 

group (p=0.03) (Figure 4b). Moreover, the expression of Granzyme A, as an indicator of 

reactivation of primed CD8
+
 T cells, was increased in the (HVT+poly(I:C))+HVT group 

at 21 d.p.t. that was significantly higher compared to the (HVT+poly(I:C))+M group 

(p=0.04) (Figure 4c). In brief, the difference between (HVT+poly(I:C))+HVT and 

HVT+HVT groups in terms of the expression of IFN-γ, IL-2, and Granzyme A was not 

statistically significant.  

Discussion 

TLR ligands are promising candidates for the development of novel vaccine 

adjuvants. Several TLRs, including TLR3, are known to interact with nucleic acids of 

pathogens. In the case of TLR3, interactions between this receptor and double-stranded 

RNA or its analog, poly(I:C), results in induction of type I interferons in both mammalian 

and avian species (Schroder and Bowie 2005; Karpala et al. 2008). It has also been 

shown that TLR3 ligands, such as poly(I:C) induce dendritic cell maturation, and 

stimulate the release of pro-inflammatory cytokines, a pre-requisite for the initiation of 

adaptive immune responses (Beck et al. 2011; Kovalcsik et al. 2011). In the present 

study, we explored the use of poly(I:C) as an adjuvant to enhance the efficacy of a 
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vaccine against MDV. The results demonstrate that the administration of poly(I:C) in 

combination with HVT improves protection against the incidence of MD tumours in 

vaccinated chickens. Two different mechanisms may be involved in the inhibitory effects 

of poly(I:C) on MD tumour development: (1) poly(I:C) may enhance the quality or/ and 

quantity of antigen-specific immune responses induced by the vaccine (2) anti-viral or 

anti-tumor-activity of poly(I:C) may inhibit viral infection/ replication or tumor growth in 

the treated chicken. Regardless of the mechanism(s) involved in protection, poly(I:C) 

treatment did not inhibit viral shedding from the infected chickens. Moreover, protection 

conferred by poly(I:C)/ HVT vaccine treatment was not associated with an up-regulation 

of IFN-gamma expression in the spleen of the treated chicken.  

The expression of IL-10 was significantly lower in the group that received HVT 

vaccine and additional poly(I:C) treatments. The results demonstrate that a decrease in 

IL-10 expression is associated with lower tumour incidence. IL-10 is a regulatory 

cytokine that inhibits the expression of inflammatory cytokines such as IFN-γ, involved 

in conferring protection against viruses or tumors (Endharti et al. 2005). It is well known 

that IL-10 promotes the development of Th2 type responses both in mammals (Liew 

2002) and chickens (Rothwell et al. 2004), a type of response shown to suppress effective 

anti-viral/ tumour immunity.  In addition, it has been reported that MDV induces the 

expression of IL-10 both in the lytic and latent phases of infection (Heidari et al. 2008; 

Shack et al. 2008). Furthermore, Buza and colleagues hypothesized and provided some 

evidence that the elevation in IL-10 expression in the course of MDV infection is 

probably a strategy used by the virus to elude and hamper Th1 immune response (Buza et 

al. 2007). Therefore, lower expression of IL-10 in our study may be an indicator of a 
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protective immune response against MDV in these chickens. In addition, a decrease in 

IL-10 expression can simply be related to the fact that there is less tumor formation in 

poly(I:C) treated birds. 

Although MDV copy number and replication were numerically lower in Group 2 

(the group with the lowest tumor incidence), the difference with other groups was not 

statistically significant. One possible explanation for this is the possibility that the effects 

of poly(I:C) might have been transient. Based on the available evidence, poly(I:C) has the 

ability to inhibit herspesvirus replication (Gaajetaan et al. 2012). Therefore, it is 

conceivable that poly(I:C) has similar effects on MDV. Another alternative, but not 

mutually exclusive scenario, is the leukopenic effects of poly(I:C). It has been 

demonstrated that administration of poly(I:C) could lead to depletion of T cells (Jiang et 

al. 2005). T cells are the targets for virus-induced transformation. Therefore, it is possible 

that at least one of the effects of poly(I:C) administration was reducing the number of T 

cells, hence reducing T cell transformation and formation of lymphomas without 

influencing virus load and replication. On the other hand, MDV vaccines cannot prevent 

the transmission of the virus via feather dander despite the presence of immune response 

elicited by different vaccines in this tissue (Abdul-Careem et al. 2008a; Abdul-Careem et 

al. 2008b). We also observed that there was no difference in terms of MDV copy number 

in the feather follicles among various groups. Therefore, administration of poly(I:C) with 

the vaccine is not able to prevent the generation of cell-free MDV that leads to spread of 

the virus. However, further work needs to be done to confirm this observation. 

In general, Marek’s disease vaccines can confer partial protection against very 

virulent strains of MDV or nearly complete protection against virulent strains of MDV 
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without curtailing virus replication and shedding from feathers of infected chickens 

(Baigent et al. 2006). Our results support these findings and demonstrate that poly(I:C) 

treatment reduces tumour development without reducing viral replication and load. It has 

been shown that some TLR ligands can directly exert anti-tumor effects. For example, it 

has been demonstrated that poly(I:C) treatment reduces tumour formation in a mouse 

prostate tumour model (Chin et al. 2010). It is possible that poly(I:C) directly inhibits 

MD tumor growth and this effect contributes to the anti-tumour effects of adaptive 

immunity conferred by HVT vaccine. The mechanism(s) involved in the anti-tumour 

effects of poly(I:C) is not fully understood. However, it has been reported that poly(I:C) 

may induce autophagy in tumour cells by expression of inflammatory cytokines or 

apoptosis through a RIP/FADD/caspase-8–dependent pathway (Kaiser and Offermann 

2005). Further studies are required to demonstrate anti-tumour effects of poly(I:C) on 

tumor growth in MDV-infected chickens. 

To further unravel the mechanisms involved in protective immunity elicited by 

poly(I:C) in vaccinated chickens, splenic mononuclear cell responses to in vitro re-

stimulation with HVT was examined. We used IFN-γ, IL-2, and granzyme A expression 

as indicators of re-activation of antigen-specific primed T cells (Chowdhury and 

Lieberman 2008; Guermonprez et al. 2002). Poly(I:C) can act directly via TLR3 (Beck et 

al. 2011; Gibbert et al. 2010) or indirectly through induction of apoptosis in tumour cells 

(Kovalcsik et al. 2011) to promote dentritic cells (DC) maturation in mammals. 

Activation of DCs leads to release of cytokines such as IFN-γ and IL-12 which in turn 

results in activation of antigen-specific CD4
+
 Th1 cells in mammals (Guermonprez et al. 

2002). Activated CD4
+
 T cells can also produce IFN-γ in response to viral infections 
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under the influence of mature DCs and macrophages. We noted an up-regulation of IL-2 

transcripts in the HVT+HVT group at 4 and 10 d.p.t.. The increase in IL-2 expression 

was also noticed in (HVT+poly(I:C))+HVT group at 21 d.p.t. that was higher compared 

to the (HVT+poly(I:C))+M group (Hansell et al. 2007). IL-2 is a key player in the 

expansion of both CD4
+
 (Blattman et al. 2003) and CD8

+ 
(Cheng et al. 2002) T cells. IL-

2 is also essential in formation of memory CD4
+
 (21) and CD8

+
 (Dooms et al. 2004) T 

cells. Taken together, we show here that in vitro restimulation of cells from HVT-

vaccinated birds with inactivated HVT results in cellular activation marked by expression 

of cytokines and, to some extent, granzyme. However, poly(I:C) did not appear to 

significantly enhance cell-mediated immune responses in vitro.  Although cytokine or 

granzyme expression may be regarded as surrogate markers of cell-mediated immune 

responses, it would have been ideal to investigate whether poly(I:C) in conjunction with 

vaccination can enhance cytotoxicity of effector T cells against virus-infected or tumor 

cells. However, there are no reliable or reproducible assays currently available for 

chicken T cells. 

In conclusion, we have demonstrated for the first time an enhancement in 

protection conferred by HVT vaccine when a TLR3 ligand is concomitantly administered 

in chickens. However, understanding the underlying mechanisms by which TLR ligands 

exert their effects needs further experiments. Finally, it is essential to obtain the optimal 

vaccine regimen in terms of time and method of delivery of TLR ligands with MDV 

vaccines. 
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Figure 1.Tumour incidence in different groups at 21 days post-infection (d.p.i.). Tumour 

incidence was calculated by observing gross tumors in visceral organs of birds at 21 

(d.p.i). The groups were as follow: group 1: vaccinated with ¼ dose of HVT (day of 

hatch) and treated with poly(I:C) (day 4 of hatch) and infected with RB1B (day 5 of 

hatch); group 2: vaccinated with ¼ dose of HVT (day of hatch) and treated with poly(I:C) 

(day 4 of hatch) and infected with RB1B (day 5 of hatch) and additionally treated with 

poly(I:C) (day 14 post-infection via I.M. injection); group 3: vaccinated with ¼ dose of 

HVT (day of hatch) and infected with RB1B (day 5 of hatch) and treated with poly(I:C) 

(day 14 post-infection via I.M. injection); group 4: vaccinated with ¼ dose of HVT (day 

of hatch) and infected with RB1B (day 5 of hatch); group 5: infected with RB1B (day 5 

of hatch) and finally group 6: treated with HVT diluent and uninfected skin. The data are 

the percentage of tumour incidence in twelve biological replicates in each group at 21 

d.p.i.. “a” denotes significant difference with other groups (p≤0.05). 
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Figure 2. MDV copy number in feather follicles at 5, 10 and 21 d.p.i.. Meq is major 

oncogene of MDV that was used to calculate the virus copy number. The MDV copy 

number was calculated in 100 ng of DNA. The groups were as follow: group 1: 

vaccinated with ¼ dose of HVT (day of hatch) and treated with poly(I:C) (day 4 of hatch) 

and infected with RB1B (day 5 of hatch); group 2: vaccinated with ¼ dose of HVT (day 

of hatch) and treated with poly(I:C) (day 4 of hatch) and infected with RB1B (day 5 of 

hatch) and additionally treated with poly(I:C) (day 14 post-infection via I.M. injection); 

group 3: vaccinated with ¼ dose of HVT (day of hatch) and infected with RB1B (day 5 

of hatch) and treated with poly(I:C) (day 14 post-infection via I.M. injection); group 4: 

vaccinated with ¼ dose of HVT (day of hatch) and infected with RB1B (day 5 of hatch); 

group 5: infected with RB1B (day 5 of hatch). The data are the mean ± standard error for 

twelve biological replicates at each time point. “a” denotes significant difference with 

other groups (p≤0.05). 
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Figure 3. (a) Meq is major oncogene of MDV that was used to calculate the virus copy 

number. The MDV genome copy number in spleen was quantified in 100 ng of DNA at 

21 d.p.i.. (b-d) Relative expression of meq (Indicative of virus replication), IFN-gamma, 

and IL-10 in spleen at 21 d.p.i.. The groups are as follow: Group 1: 1/4 HVT +Poly(I:C)+ 

challenged; Group 2: 1/4 HVT +Poly(I:C)+ challenged + Poly(I:C); Group 3: 1/4 HVT 

+challenged + Poly(I:C); Group 4: ¼ HVT + challenged; Group 5: challenged; Group 6: 

HVT diluent + uninfected skin. The data represent mean ± standard error for twelve 

biological replicates at each time point. “a” denotes significant difference with other 

groups (p≤0.05). 
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Figure 4. (a-c) Relative expression of IFN-gamma, IL-2 and Granzyme A in spleen cells 

at 24 hours post-treatment with irradiated HVT in vitro. IFN-gamma, IL-2, and 

Granzyme A were quantified in splenic mononuclear cells isolated at 4, 10, 21 days post 

treatment with poly(I:C) and treated with irradiated HVT in vitro. The groups included 

HVT-vaccinated, HVT-vaccinated and poly(I:C) treated as well as diluent-treated. The 

splenic mononuclear cells of each group were treated with culture medium (M), 

irradiated HVT and ConA at different time points in vitro. The groups are as follow: 

group I: HVT+M-24 h; Group II: HVT+HVT-24 h; Group III: (HVT+Poly (I:C))+M-24 

h; Group IV: :(HVT+Poly (I:C))+HVT-24 h; Group V: Control+M-24 h; Group VI: 

Control+HVT-24 h; Group VII: ConA-24 h. The data show the mean ± standard error for 

six biological replicates at each time point. “a” denotes significant difference with other 

groups (p≤0.05). 
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Chapter 4.  

 

 

 

Toll-like receptor 4 and 21 agonists enhance immunity and delay onset of clinical 

disease in chickens infected with Marek’s disease virus 
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Abstract 

Ligands for Toll-like receptors (TLRs) are known to stimulate immune responses, 

leading to protection against bacterial and viral pathogens. Here, we aimed to establish 

whether TLR ligands improve the efficacy of the vaccine against Marek’s disease in 

chickens. Specific-pathogen free chickens were treated with a series of TLR ligands that 

interact with TLR3, TLR9 and TLR21. In a pilot study, it was determined that TLR4 and 

TLR21 ligands are efficacious, in that they could reduce the incidence of Marek’s disease 

tumors in infected birds. Hence, in a subsequent study, chickens were treated with 

lipopolysaccharide (LPS) as a TLR4 and CpG oligodeoxynucleotides (ODN) as TLR21 

agonists before being challenged with the RB1B strain of Marek’s disease virus (MDV) 

via the respiratory route. The results demonstrated that the administration of LPS or CpG 

ODN, but not PBS or non-CpG ODN, delayed disease onset and reduced MDV genome 

copy number in the lungs and spleens of infected chickens. Moreover, our results showed 

that the treatment of chicken with TLR agonists enhances the expression of cytokines 

such as type I and II IFNs in the lung and spleen of MDV-infected chickens, suggesting 

that these cytokines may be involved in onset of clinical disease. Taken together, our data 

demonstrate that TLR4 and 21 agonists modulate anti-virus innate immunity including 

cytokine responses in MD-infected chicken and this response can only delay, but not 

inhibit, disease progression.  

 

 

Key words: TLR4, TLR21; Cytokines; Marek’s disease; Real-time RT-PCR 
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Introduction  
 

Marek’s disease (MD) is caused by an alphaherpesviurs named Gallid herpesvirus 

type 2 (GaHV-2) or Marek’s Disease virus (MDV) serotype 1 (Osterrieder and Vautherot 

2004). There are several strains within MDV serotype 1, including the RB1B strain that is 

classified as a very virulent (vv) pathotype (Dudnikova et al. 2007). MDV is a highly 

cell-associated virus (Churchill 1968) but cell-free virus particles are produced in feather 

follicles and are the main source of transmission to susceptible chickens (Beasley et al. 

1970). MDV enters the body through the respiratory tract and might be taken to lymphoid 

organs by macrophages and B cells (Barrow et al. 2003; Baaten et al. 2009). The early 

cytolytic phase of MDV pathogenesis that results in B cell death takes place at 2 to 7 

days post-infection (d.p.i.), which could result in atrophy of Bursa of Fabricius (Calnek 

1986). MDV then infects activated T cells and enters its latency phase at around 7 to 10 

d.p.i.. Second cytolytic and transformation phases occur in infected T cells at 18 d.p.i. 

(Calnek 1986). The time points in the present study were selected based on the above 

model to represent different phases of MDV pathogenesis. 

 Immunity against MDV appears to be reliant on both innate and adaptive immune 

mechanisms. However, there is little information available about these mechanisms. 

Among the innate mechanisms, the role of macrophages and natural killer (NK) cells in 

MDV immunity has already been described (Kodama et al. 1979). Toll-like receptors 

(TLR) are one of the key members of innate defense mechanisms. TLRs are pattern 

recognition receptors (PRR) that are expressed in different tissues and cell subsets in 

mammals (Janeway and Medzhitov 2002). TLRs recognize conserved pathogen-

associated molecular patterns (PAMPs) (Medzhitov 2001). TLR4, for instance, detects 
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lipopolysaccharide (LPS) on the surface of gram-negative bacteria in mouse and human, 

FimH (adhesin portion of type 1 fimbria of gram negative bacteria) as well as many other 

molecules (Mossman et al. 2008). Among TLR4 ligands, FimH can directly bind to 

TLR4 and induce a robust innate response without a need for the presence of molecules 

such as myeloid differentiation protein-2 (MD-2) and CD-14 (Sadler et al. 2008). 

Bacterial and viral nucleic acids are sensed by a range of TLRs. For instance, 

unmethylated DNA is sensed by TLR9 in endolysosomal compartments in mammals 

(Bauer et al. 2001). A repertoire of TLRs that are orthologous to their mammalian 

counterparts has been described in chickens (Iqbal et al. 2005; Kogut et al. 2005). TLRs 

initiate innate defense mechanisms via intracellular recruitment of several molecules 

involved in two major signal transduction pathways that result in activating immune 

system cells (Kawai and Akira 2010). Stimulation of the myeloid differentiation factor 88 

(MyD88)-dependent pathway leads to activation of nuclear factor kappa B (NF-κB) 

which in turn results in expression of co-stimulatory molecules, differentiation of antigen 

presenting cells as well as expression of pro-inflammatory cytokines such as IL-1β and 

IL-6 (Takeda et al. 2003). TLRs, such as TLR3 and 4, also signal via a MyD88-

independent pathway that leads to activation of interferon regulatory factor-3 (IRF-3) and 

expression of type I interferons (IFNs) (Kawai and Akira 2010). TLR signal transduction 

pathways appear to be conserved in avian species (Wheaton et al. 2007; Cormican et al. 

2009).  

 The avian orthologue of TLR4 in combination with MD-2 is required for the 

recognition of LPS in chickens (Keestra and van Putten 2008). However, chickens are 

less sensitive to systemic delivery of endotoxin (Keestra and van Putten 2008). The 
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transcripts of chicken TLR4 (chTLR4) have been shown in spleen and the lungs as well 

as cell subsets such as macrophages, heterophils, B cells, CD4
+
, and CD8

+
 T cells (Iqbal 

et al. 2005). It has been reported that LPS induces degranulation of heterophils (Kogut  et 

al. 2005), up-regulation of IFN-γ in chicken B cells (Sarson et al. 2007) and increased 

expression of pro-inflammatory cytokines in spleen (Sijben et al. 2003). Furthermore, it 

has been demonstrated that TLR4 agonists can be used prophylactically to elicit 

immunity against bacterial (Cluff et al. 2005) and viral pathogens in the mouse model 

(Abdul-Careem et al. 2011; Shinya et al. 2011). 

 Bacterial and viral DNA has unmethylated CpG motifs that are recognized by 

TLR9 in mice and humans (Takeda et al. 2003). Synthetic CpG oligodeoxynucleotides 

(ODN) have been used to stimulate immune responses in mouse models. CpG-ODN has 

been classified into groups A, B, and C based on their immunological effects (Martinson 

et al. 2007). It has also been demonstrated that CpG ODN induces the expression of IL-

1β and IFN-γ in avian macrophages (He et al. 2003) and stimulates the proliferation of 

chicken B cells in vitro (Wattrang et al. 2009). The induction of type I immune response 

characterized by expression of IFN-γ has been demonstrated in neonatal chickens in vivo 

(Patel et al. 2008; St Paul et al. 2011). In addition, CpG ODN has been used 

prophylactically to induce protective immunity against Escherichia coli (Gomis et al. 

2004) and Salmonella (Taghavi et al. 2008) infections as well as influenza virus in 

chickens (St. Paul et al. 2012). Although the TLR9 gene is absent in the chicken genome 

(Philbin et al. 2005), a functional ortholog of TLR9 has been identified in the chicken and 

is named TLR21 (Brownlie et al. 2009). Tanscriptional expression of TLR21 has been 

reported in different tissues of chickens (Brownlie et al. 2009). Furthermore, TLR21 has 
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similar endoplasmic reticulum compartmentalization and CpG sequence requirements 

similar to mammalian TLR9 (He et al. 2003; Brownlie et al. 2009). 

 Considering the ability of TLR agonists to induce immune responses in chickens, 

the present study was conducted to test the hypothesis that treating chickens with TLR4 

and 21 agonists can confer immunity against MDV. Here, we have demonstrated that 

TLR4 and 21 agonists elicit type I and II IFNs as well as pro-inflammatory cytokines in 

MDV-infected chickens. Moreover, results are presented to show that treating birds with 

TLR ligands can delay the onset of Marek’s disease.  

 

Materials and methods 

Infection virus strain 

The very virulent (vv) MDV strain, RB1B (passage 9) was used to infect the birds 

via inhalation. The original MDV strain RB1B (passage 9) was kindly provided by Dr. 

K.A. Schat (Cornell University, NY, USA).  

Experimental animals 

Specific-pathogen free chicks were received from the Animal Disease Research 

Institute, Canadian Food Inspection Agency (Ottawa, Ontario, Canada). Chicks were 

placed at the Isolation Unit of Ontario Veterinary College (University of Guelph, Guelph, 

Ontario, Canada).  

TLR ligands 

Lipopolysaccharide (LPS) from E. coli 0111:B4 and poly(I:C) were purchased from 

Sigma–Aldrich Canada (Oakville, Canada). The synthetic class B CpG ODN 2007 [5-

CGTCGTTGTCGTTTTGTCGTT-3] and non-CpG ODN [5-
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TGCTGCTTGTGCTTTTGTGCTT-3] (Brownlie et al. 2009) were purchased from 

Eurofins MWG Operon (Ebersberg, Germany). FimH was kindly provided by Dr. Ali 

Ashkar (McMaster University, Hamilton, Canada). All of the ligands used were re-

suspended in sterile PBS, pH 7.4. 

Preparation of cell-free MDV suspension 

Extraction of cell-free MDV was done following the protocol described 

previously (Calnek et al. 1970) with some modification as described elsewhere (Abdul-

Careem et al. 2009). 

Infection of chickens by inhalation of cell-free MDV 

 A system for generating aerosols from skin suspension originating from MDV-

infected chickens was established as described elsewhere (Abdul-Careem et al. 2009). 

Experimental design 

Two independent trials were performed using 210 day-old chickens in total. The 

first trial was designed to screen several TLR agonists. In the first trial, day old chicks 

(n=100) were randomly divided into ten groups. On day 4 post-hatch, chicks were treated 

with LPS (High dose: 500 ug/bird and low dose 100 ug/bird), CpG ODN 2007 (High 

dose: 10 ug/bird and low dose: 2ug/bird), non-CpG ODN (10 ug/bird), FimH (high dose: 

50 ug/bird and low dose: 10ug/bird), and poly(I:C) (400 ug/bird) via the intra-air sac 

route (i.a.s.). The above doses were chosen based on previous experiments with these 

TLR ligands (Gomis et al. 2004; Abdul-Careem et al. 2011; St Paul et al. 2011; Parvizi et 

al. 2012). We also chose the i.a.s. route of administration because the virus would infect 

the chickens via the respiratory route in our model and we reasoned that elicitation of 

local innate immune response in the air sacs can delay the entrance of the viral particles 
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into the lungs. It is important to note that in avian species, the inhaled air passes through 

air sacs before entering the lungs (Reese et al. 2006).  

In the second trial, 4 day-old birds (n=110) were treated with LPS (500 ug/bird), 

CpG ODN 2007 (10 ug/bird), non-CpG ODN (doses were selected based on our findings 

in the first trial) or diluent (PBS) via the intra-air sac route. At 5 days of age, chickens 

were infected through inhalation of cell-free RB1B strain of MDV (first trial n=78 and 

second trial n=88). Another group of age-matched chickens (first or second trial n=22) 

were treated with un-infected skin extract plus PBS (sham infected group). Chickens in 

the infected group were exposed to aerosols of cell-free RB1B suspension (1280 PFU/ml) 

for 15 minutes. On 14 d.p.i., chickens were treated with the same doses of TLR ligands 

intra-muscularly (I.M.) in pectoral muscle. Day 14 post-infection was selected because 

this is presumably the time for reactivation of MDV from its latency. Based on our 

previous experiments, the I.M. route of administration can induce a better systemic 

response compared to other routes (Parvizi et al. 2012). We also reasoned that by day 14, 

the virus has become systemic, so it was important to induce a systemic response at this 

point of time. 

Birds were monitored three times a day after infection. We used a scoring system 

to assure the humane handling of chicks based on the guidelines provided by University 

of Guelph Animal Care Committee. Therefore, birds were scored based on the clinical 

signs such as ruffled feathers, huddling, droopy wings and paralysis. Birds showing each 

of the first three clinical signs would receive a score of 1. Birds that suffered from 

paralysis for more than 48 hours or had the cumulative score of 3 based on the clinical 

signs that have been already described had to be euthanized by CO2 inhalation, according 
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to the University of Guelph Animal Care Committee regulations. In the first trial, all 

birds were euthanized on day 21 post-infection, regardless of the presence or absence of 

clinical signs. After euthanasia, birds were necropsied and presence of gross tumors and 

enlargement of the sciatic nerve were recorded. The chickens that had at least one gross 

visceral tumor or had an enlarged nerve were considered positive for Marek’s disease. 

Feather tips were collected on 4, 10, and 21 d.p.i. and placed in RNAlater
TM

 (Qiagen, 

Ontario, Canada). Spleens were collected from euthanized chickens and placed in 

RNAlater
TM

 (Qiagen, Ontario, Canada). In the second trial, 6 birds from each group were 

euthanized on day 4 and 10 d.p.i. and the rest of the birds were euthanized upon 

manifestation of MD signs (being on days 21, 27 and 28 d.p.i in different groups) based 

on the above scoring system. The lungs and spleen were collected from euthanized 

chickens and placed in RNAlater
TM

 (Qiagen, Ontario, Canada). The lungs and spleen 

were selected, because these are presumably the sites of induction of local and systemic 

immune responses, respectively. 

RNA extraction 

The lungs and spleen tissues were homogenized in Trizol® (Invitrogen, Ontario, 

Canada) and RNA was extracted following the manufacturer’s instructions. The quality 

as well as quantity of RNA was determined using NanoDrop® ND-1000 

spectrophotometry (NanoDrop Technologies DE, USA). 

Reverse transcription 

Reverse transcription of total RNA (500 ng) was carried out using Oligo(dT)12-18 

primers (SuperScript™ First-Strand synthesis System, Invitrogen Life Technologies, 

Carlsbad, CA, USA) following the manufacturer’s instructions. 
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Primers 

The previously published primers were utilized for the relative quantification of 

the target cytokine genes such as IFN-α, IFN-β, IFN-γ, IL-1β, IL-18 and β-actin that was 

used as the house keeping gene (Abdul-Careem et al. 2008; Brisbin et al. 2010; 

Villanueva et al. 2010).  MDV genome copy number was quantified by measuring MDV 

meq gene copies in 100 ng of DNA extracted from tissues as described previously 

(Abdul-Careem et al. 2006). The primers were synthesized by Sigma-Aldrich Canada 

Ltd. (Oakville, Onatrio, Canada). 

Real time PCR and QRT-PCR 

Each real-time PCR assay was carried out with serial dilutions of the standards 

that were used as calibrators. All the real-time PCR runs were assayed in 384-well plates 

(Roche Diagnostics GmbH, Mannheim, Germany) in a final volume of 20 μl of 

LightCycler® 480 SYBR Green I Master (Roche Diagnostics GmbH, Mannheim, 

Germany) that contains FastStart Taq DNA Polymerase, reaction buffer, dNTP mix, 

SYBR Green 1 dye and MgCl2 in a 480 instrument (Roche Diagnostics GmbH, 

Mannheim, Germany). In addition, the reaction consisted of 0.25 μM of each gene-

specific primer and 5 μl of 1:10 dilution of cDNA and PCR grade water. 

The optimum thermal cycling parameters varied according to the gene and 

consisted of denaturation at 95 ºC for 10 min; 40 cycles (β-actin and IFN-γ), and 45 

cycles (IFN-α, IFN-β, IL-18, and IL-1β) of amplification at 95 ºC for 10 s, 64 ºC for 5 s , 

72 ºC for 10 s ; melting curve analysis at 95 ºC/1 s (segment 1), 65 ºC/15 s (segment 2), 

and 95 ºC/1 s (segment3) and cooling at 40 ºC/30 s. Fluorescence acquisition was done at 
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80 ºC/3 s for β-actin, 84 ºC/3 s for the rest of the genes, depending on the melting 

temperature of the PCR product of the target or the reference genes. 

Data analysis 

LightCycler® 480 relative quantification software (Roche Diagnostics GmbH, 

Mannheim, Germany) was used to calculate the relative expressions. The mRNA 

expression of each cytokine was described relative to β-actin gene expression, which was 

used as the reference gene, in the same sample preparation. Data were subjected to 

analysis of variance (ANOVA) using the Minitab 12 software (Minitab Inc., PA, USA) as 

well as SAS 9.1 (SAS Institute Inc. Cary, NC, USA) to determine the difference of 

expression between groups and between different time points. Comparisons were 

considered significant at P ≤ 0.05. 

 

Results 

 

Mortality and tumor incidence of chickens infected with MDV RB1B 

 In the first trial, 83.3% of RB1B inoculated-birds developed tumors on day 21 

post-infection (Diluent/ RB1B group). The lowest tumor incidence (37.5%) on day 21 

post-infection was noted in the chickens which were administered with the high dose of 

LPS (500 g/ bird) (LPS high dose/RB1B group). The administration of Poly(I:C) or 

FimH only marginally reduced tumor incidence on this day in comparison with the 

control group (Diluent/ RB1B). The administration of non-CpG ODN as well as CpG 

ODN marginally reduced tumor incidence in comparison with diluent/ RB1B group. 

However, this reduction was more pronounced in the birds that received CpG ODN 
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(50%) than the non-CpG/RB1B group (62.5%) (Fig. 1). Further studies were performed 

in the second trial to establish the effects of LPS and CpG ODN on the onset of clinical 

signs and tumor development. In the second trial, all birds in the control groups (non-

CpG/RB1B and diluent/RB1B groups) showed clinical signs of MD by day 21 post-

infection and upon necropsy they all had gross visceral tumors. In contrast, on day 21 

post-infection, no MD clinical signs were observed in the birds administered with LPS or 

CpG ODN. In CpG/RB1B and LPS/RB1B groups, birds remained free of clinical signs 

until day 25 post-infection, at which time the majority of the chickens in these groups 

began to show clinical signs of disease, reaching the cumulative score of 3 at 27 and 28 

d.p.i., respectively, and had to be euthanized. Upon necropsy, all the birds were found to 

have gross visceral lesions consistent with MD tumors (Fig.2.a and b). 

 

Ratio of bursa and spleen weight to body weight 

 In the first trial, the ratio of bursa to body weight was recorded and the results 

demonstrated that this ratio in the non-infected control group was significantly higher 

than the infected groups (p=0.0001). This is in accordance with previous reports 

demonstrating that MD infection reduces the sizes of bursa (Calnek 1986). However, 

there was no significant difference in this ratio among other experimental groups when 

the clinical sings were observed (Fig.3.a). The ratio of spleen to body weight was 

significantly higher in the infected groups compared to the control group (p=0.0001) 

(Fig.3.b). There was no significant difference in this ratio among other experimental 

groups. In the second trial, similar results were obtained with regard to bursa to body 

weight ratio (Fig.4.a) and spleen to body weight ratio (Fig.4.b). There was no difference 
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in these ratios among the infected groups when the clinical signs of MD were observed 

(day 21 for Diluent/RB1B and non-CpG/RB1B groups and day 27-28 for CpG/RB1B and 

LPS/RB1B groups) (Fig.4.a and b).  

 

Absolute quantification of MDV genome load in feathers (First trial) 

 To establish whether the lower tumor incidence in the birds injected with TLR4 or 

TLR21 ligands was associated with MDV genome load in feathers, we analyzed MDV 

genome load at 4, 10 and 21 days post-infection. There was no difference between 

genome copy numbers at 10 and 21 days post-infection in the diluent/RB1B group. In 

contrast, MDV genome load on day 4 and 10 was significantly lower than that on day 21 

post-infection in LPS/RB1B and CpG/RB1B groups (p=0.0001), suggesting that MDV 

propagation was delayed in these groups. There was no significant difference among 

infected groups on day 21 post-infection (Figure.5).  

 

Relative gene expression of cytokines and MDV gB and meq genes as well as absolute 

quantification of MDV genome load in spleen (First trial) 

 In order to establish any associations between tumor incidence and the expression 

of cytokines, we analyzed the expression of IL-10 and IFN-gamma in spleen of all birds 

in Trial 1. The results demonstrated that there was no significant difference among the 

experimental groups, suggesting that expression of these cytokines may not be correlated 

with the TLR agonist-mediated effects on occurrence of Marek’s disease (Figure 6a and 

b). Similarly, there was no significant difference in MDV copy number, MDV 

glycoprotein B (gB) and meq (major MDV oncogene) gene expressions in spleen of 
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infected birds from different experimental groups on day 21 post-infection (Trial 1) 

(Figure 7a, 7b and 7c). Given the fact that we did not find significant associations 

between expression of cytokine and TLR-mediated effects on occurrence at a single time 

point (day 21 post-infection) in trial 1, we examined earlier time points, i.e. 4 and 10 days 

pot-infection, in the second trial. These time points were chosen because they correspond 

with cytolytic phase (4 d.p.i.) and latency (10 d.p.i.) of MDV. 

 

Relative gene expression of cytokines and absolute quantification of MDV genome load 

in the lungs (Second trial) 

 IFN-β expression was significantly up-regulated in LPS/RB1B and non-

CpG/RB1B groups compared to other groups at 4 d.p.i. (p=0.021) (Fig.8.b). IFN-β 

expression was also significantly up-regulated in non-CpG/RB1B group compared to 

other groups at 10 d.p.i. (p=0.002) (Fig.8.b). There was no statistical difference among 

the groups at 4 and 10 d.p.i. with regard to the expression of IFN-α (Fig.8.a). 

IFN-γ expression was significantly up-regulated in all groups at 4 d.p.i. compared 

to the diluent group (p=0.015). In addition, IFN-γ expression was significantly up-

regulated in all the groups at 10 d.p.i. compared to the diluent group (p=0.015). IFN-γ 

expression was also significantly higher in non-CpG/RB1B and diluent/RB1B groups at 

10 d.p.i. compared to other groups (p=0.015) (Fig.8.c). 

IL-1β expression was significantly up-regulated in CpG/RB1B and LPS/RB1B 

groups at 4 d.p.i. compared to other groups (p=0.016) (Fig.8.d). There was no statistical 

difference among the groups at 4 and 10 d.p.i. with regard to the expression of IL-18 

(Fig.8.e). 
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MDV genome load was numerically higher in the diluent/RB1B group compared 

to the rest of the groups at 4 d.p.i., although the difference was not statistically significant 

(p=0.068). In addition, MDV genome load was significantly higher in CpG/RB1B 

(p=0.002) and LPS/RB1B (p=0.05) groups at 10 d.p.i. compared to 4 d.p.i. (Fig.8.f).  

 

Relative gene expression of cytokines and absolute quantification of MDV genome load 

in spleen (Second trial) 

 There was no statistical difference among the groups in the expression of IFN-α 

and IFN-β at 4 and 10 d.p.i. (Fig.9.a and b). 

The expression of IFN-γ was significantly higher at 10 d.p.i. in non-CpG/RB1B 

and LPS/RB1B groups compared to the diluent group (p=0.01) (Fig.9.c). 

The expression of IL-1β in CpG/RB1B, non-CpG/RB1B and LPS/RB1B groups 

was significantly higher at 4 d.p.i. compared to other groups (p=0.02) (Fig.9.d). There 

was no statistical difference among the groups at 4 and 10 d.p.i. in case of IL-18 

expression (Fig.9.e). 

MDV genome load was significantly higher at 4 d.p.i. in non-CpG/RB1B and 

diluent/RB1B groups compared to other groups (p=0.005) (Fig.9.f). 
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Discussion 

TLRs recognize pathogen-associated molecular patterns (PAMPs) and initiate 

innate defense mechanisms, which in turn, result in pathogen-specific adaptive immune 

responses (Akira et al. 2001; Medzhitov 2001). Given the key role of TLRs in initiation 

of innate and adaptive immune responses, TLR ligands have been employed as vaccine 

adjuvants or as stand-alone prophylactic anti-viral compound for control of viral or 

bacterial infections. For example, LPS and FimH, as TLR4 agonists, have been used 

prophylactically against influenza virus in the mouse model and have been shown to 

control morbidity and mortality caused by this virus (Abdul-Careem et al. 2011; Shinya 

et al. 2011). In chickens, LPS, CpG, as a TLR21 ligand, and poly(I:C) have been tested 

for their efficacy as prophylactic compounds against bacterial or viral pathogens. CpG-

ODN has been demonstrated to protect chickens against bacterial pathogens such as E. 

coli (Gomis et al. 2004) as well as viral pathogens such as infectious bronchitis virus (Dar 

et al. 2009). Furthermore, our group evaluated the efficacy of a series of TLR ligands, 

including CpG-ODN, poly(I:C) and LPS, against avian influenza virus infection in 

chickens and concluded that poly(I:C) was the most effective TLR agonist for controlling 

avian influenza virus replication (St. Paul et al. 2012). The present study investigated the 

efficacy of a series of TLR agonists, including poly(I:C), FimH, LPS and CpG, to raise 

immunity against MDV. 

There were two trials in this study. In the first trial, we screened different TLR 

ligands and doses to identify the optimal ligand and dose that could confer immunity 

against MDV. The second trial was designed to replicate the results of the first trial and 

also to provide further insights into the mechanisms of protection. The results of the first 
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trial revealed that treatment of chickens with high dose of LPS or CpG could lead to 

lower incidence of tumors by 21 d.p.i.. Other ligands also had some protective effects, 

albeit at varying levels. For example, poly(I:C) and FimH were not as effective as other 

ligands in reducing the tumor incidence. The lack of efficacy in case of poly(I:C) and 

FimH could be due to the route of administration or the dose. It is also possible that these 

ligands were degraded before interacting with their receptors. Given the relatively potent 

effects of CpG and LPS at high doses, these two ligands were selected for the subsequent 

trial.   

We then analyzed cytokine responses in chickens belonging to various treatment 

groups on day 21 post-infection. However, the results of our study revealed that there was 

no significant difference among the groups with regard to expression of cytokines at this 

time point. The lack of difference among the groups with regard to cytokine expression 

could be due to the fact that the effects of TLR ligands are transient and occur within a 

short period of time post-treatment (Norton et al. 2010). To gain a better understanding of 

the kinetics of immune response generated in chickens treated with TLR ligands and 

infected with MDV, we decided to evaluate the expression of cytokine genes at 4 and 10 

d.p.i. and include the lung tissue as well, to further dissect the mechanisms involved in 

reduction of tumor incidence in TLR agonist-treated groups.  

We and others have previously shown that vaccination cannot inhibit or 

significantly reduce virus load in feather tips (Abdul-Careem et al. 2008; Gimeno et al. 

2008). However, it was not clear whether TLR ligands might affect virus load and 

shedding. Therefore, we tested the hypothesis that administration of TLR ligands can 

curtail virus load in feathers of infected chickens. However, analysis of DNA from 
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feather tips of chickens in various groups revealed that treatment with TLR agonists has 

no effect on virus load. There are several explanations for the inability of TLR agonists to 

reduce virus load in feathers. Firstly, feather follicle epithelium (FFE) might be a site 

where MDV particles cannot be recognized by the host immune system (Abdul-Careem 

et al. 2008; Baigent et al. 2004). Secondly, MDV might be in inclusion bodies that 

protect viral particles against lysosomal enzymes in keratinocytes. Indeed, human 

papillomavirus that infects keratinocytes uses similar mechanisms to elude the host 

immune responses (Frazer et al. 1999). In addition, it is possible that TLR agonists are 

incapable of inducing a cell-mediated immune response in feathers. Alternatively, there 

may be immune system cells that are capable of killing MDV-infected cells, but they are 

precluded from entering feather follicles where the virus replicates. Moreover, the 

immune responses generated in the feathers by TLR agonists might be transient and 

therefore, not capable of persistently curtailing the replication and shedding of MDV at 

this site. Further work is needed to unravel the role of TLR agonists in the induction of 

immune responses in the feathers. It is noteworthy that in a different context, we have 

also observed that combining Marek’s disease vaccines with poly(I:C) cannot reduce 

virus load and replication in feathers (Parvizi et al. 2012). 

 We replicated the results of the first trial in a subsequent challenge trial (trial 2). 

The results of this trial confirmed that treatment of chickens with CpG and LPS via i.a.s. 

and intra-muscular (I.M.) routes prior to infection with MDV could delay disease onset in 

the treated chickens by 6 and 7 days, respectively, compared to control groups. LPS and 

CpG treatment reduced MDV genome copy numbers in spleen on day 4 post-infection. 

The decrease in MDV genome copy number may be either due to a decrease in the 
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number of virus particles per cell or a decrease in the number of infected cells in spleen. 

Moreover, there was no difference in MDV genome copy number among the groups at 

later time points in the lungs and spleen. This can be due to replication of virus in other 

tissues and ensuing viremia after day 4 post-infection that compensates for the initial 

transient reduction in MDV genome load in spleen. However, understanding the 

mechanisms that are involved in transient reduction of the genome copy number in LPS 

and CpG treated groups in spleen followed by a surge in MDV genome load atlater time 

points needs further work.  

 The expression of IFN-β, a type I interferon, was significantly up-regulated in 

LPS/RB1B group at 4 d.p.i. in the lungs. Interactions between LPS and TLR4 lead to 

activation of the TRIF-dependent (or MyD88-independent) and MyD88-dependent 

pathways (Kawai and Akira 2010). Triggering of these pathways elicits the expression of 

type I IFNs, especially IFN-β (Takeda et al. 2003) and maturation of antigen presenting 

cells, for instance dendritic cells (Akira et al. 2003). Mammalian type I IFNs have potent 

antiviral activity, increase the expression of TLRs (Sadler et al. 2008), and induce T 

helper (Th)1 immune response (Brinkmann et al. 1993). In chickens, type I interferons 

also have anti-viral activities (Sekellick et al. 1998) and we have recently shown that type 

I IFN genes are up-regulated at early hours post-treatment with LPS in chickens (St Paul 

et al. 2011). Therefore, our observation of up-regulatetion of IFN-β at early time points in 

the lungs may be an important contributing factor to immune response generated by LPS 

treatment. Furthermore, the up-regulation of type I IFN at 4 d.p.i. in LPS/RB1B group 

coincided with the early cytolytic phase of MDV in the lungs. Therefore, administration 

of LPS via the i.a.s. route might play a role in eliminating MDV viral particles. This is 
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indicated by the low MDV genome copy number at 4 d.p.i., in the lungs, which might 

have contributed to the delay in the manifestation of clinical and pathologic lesions of 

MD. There was, however, no difference in type I IFN expression in spleen among various 

groups. Our finding could be supported by previous reports that local delivery of TLR 

ligands does not result in measurable production of type I IFN (Gill et al. 2006). 

Moreover, absence of IFN-β secretion has been reported in vaccinia virus infection where 

TLR ligands were used to confer protection (Hutchens et al. 2008).  

Based on our observations, administration of CpG via the i.a.s. route had no effect 

on the transcription of type I IFNs at 4 d.p.i. in the lungs or spleens. This might have 

occurred due to several reasons. Firstly, the expression of TLR21 is very low in the lungs 

compared to other tissues (Brownlie et al. 2009). Secondly, TLR21, similar to its 

mammalian counterpart TLR9, is an intracellular receptor (Brownlie et al. 2009) which 

might have made it inaccessible for at least some of the administered CpG. And thirdly, 

the half-life of CpG in vivo is short (Mutwiri et al. 2004) due to its rapid degradation. 

Finally, class B CpG that was used in our experiments is a poor inducer of type I IFN 

(Krug et al. 2001). On the other hand, non-CpG induced the expression of type I IFNs as 

well as IFN-γ in the lungs. Non-CpG also induced the expression of inflammatory 

cytokines in spleen. The immune stimulatory effects of non-CpG have been noted both in 

mammals and chicken B cells (Senn et al. 2005; Wattrang et al. 2009). However, the 

induction of IFNs and pro-inflammatory cytokines by non-CpG in our experiments had 

no effect on MDV genome load and onset of clinical disease in this group. It is of note 

that in the context of influenza virus, we have shown that non-CpG may even have some 

protective effects (St. Paul et al. 2012). 
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In addition to type I IFNs, IFN-γ and pro-inflammatory cytokines can play a 

pivotal role in elicitation of protective immune responses against MDV (Schat and 

Markowski-Grimsrud 2001). IFN-γ could block MDV replication via production of NO 

(Xing and Schat 2000) and enhance cytotoxic T cell (CTL) responses against MDV 

(Schat and Markowski-Grimsrud 2001). Based on our results, administration of LPS to 

birds resulted in a significant increase in the expression of IFN-γ in the lungs at 4 and 10 

d.p.i. and in spleen at 10 d.p.i.. Previous reports have indicated that E. coli LPS 

stimulates chicken TLR4 which is expressed in various tissues and cell subsets (Iqbal et 

al. 2005; Keestra and van Putten 2008). Moreover, E. coli LPS can induce distinct subsets 

of dendritic cells and macrophages to produce pro-inflammatory cytokines that result in 

the expression of IFN-γ from activated T helper (Th)1 cells in mammals (Akira et al. 

2001). On the other hand, our results indicated that administration of CpG to chickens led 

to a significant increase in IFN-γ expression in the lungs at 4 and 10 d.p.i.. Based on 

previous observations, CpG induces the expression of IFN-γ (Klinman et al. 1996) and 

elicits TH1 immune responses in the murine model (Zimmermann et al. 1998). 

Furthermore, this cytokine up-regulates the expression of nitric oxide and IFN-γ in avian 

macrophages (He et al. 2003). Taken together, induction of IFN-γ expression by LPS and 

CpG in the lungs and spleen may play a role in the development of protective immune 

responses against MDV.  

 Our results demonstrated that the administration of LPS and CpG resulted in a 

significant increase in the expression of pro-inflammatory cytokines such as IL-1β in 

both the lungs and spleens of MDV-infected chickens. This is in agreement with the 

results demonstrating that LPS and CpG stimulate the up-regulation of pro-inflammatory 
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cytokines in chicken cells in vitro (He et al. 2011) and in murine models in vivo (Miyake 

et al. 2004). IL-1β is one of the early innate genes that is up-regulated in response to 

MDV infection. In fact, up-regulation of IL-1β has been noted in the spleen and lungs of 

chickens infected with MDV (Abdul-Careem et al. 2009; Xing and Schat 2000). There is, 

however, little is known about the importance of this cytokine in immunity against 

Marek’s disease.  

In conclusion, administration of TLR agonists such as LPS and CpG enhances 

immunity against MDV. This is based on our observation that by day 21 post-infection 

with a very virulent MDV over 80% of the infected birds had gross lesions, while 

between 30-50% of the chickens treated with LPS and CpG had gross lesions. Although 

all infected chickens eventually developed gross lesions and clinical signs of Marek’s 

disease, administration of LPS and CpG allowed the infected birds to remain free of 

clinical signs for a longer period of time. More work is required to determine whether 

immunity conferred by TLR ligands can be further enhanced, so that birds are fully, or at 

least partially, protected. Also, in the present study, we determined that treatment with 

TLR agonists did not reduce virus burden in feathers. This requires further investigation 

and perhaps better formulations of TLR agonists and delivery systems need to be devised 

to induce immunity against disease and also reduce virus load, especially in the feather. 
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Figure.1. Tumor incidence in different groups at 21 d.p.i. (First trial). Treatment with 

TLR ligands was done via i.a.s route on day 4 post-hatch. Chickens were infected with 

RB1B via respiratory route on day 5 post-hatch. The groups were as follow: group1: 

treated with high dose of CpG and infected with RB1B; group 2: treated with low dose of 

CpG and infected with RB1B; group 3: treated with non-CpG ODN and infected with 

RB1B; group 4: treated with high dose of LPS and infected with RB1B; group 5: treated 

with low dose of LPS and infected with RB1B; group 6: treated with poly(I:C) and 

infected with RB1B; group 7: treated with high dose of FimH and infected with RB1B; 

group 8: treated with low dose of FimH and infected with RB1B; group 9: treated with 

diluent and infected with RB1B; group 10: treated with diluent. The data are the 

percentage of tumour incidence in eight biological replicates in each group at 21 d.p.i.. 

“a” denotes significant difference with other groups (p≤0.05). 
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Figure. 2 a and b. Incidence of clinical signs and tumors in chickens belonging to 

different groups. Birds were euthanized based on the presence of clinical signs, especially 

paralysis (a). Tumor incidence in different groups at 21, 27, and 28 d.p.i.. The data are 

the percentage of tumour incidence in ten biological replicates in each group at 21, 27, 

and 28 d.p.i.. (b) (Second trial). Treatment with TLR ligands was done via i.a.s route on 

day 4 post-hatch. Chickens were infected with RB1B via respiratory route on day 5 post-

hatch. On 14 d.p.i., chickens were treated with the same doses of TLR ligands intra-

muscularly (I.M.) in pectoral muscle. The groups were as follow: group 1: treated with 

CpG and infected with RB1B; group 2: treated with non-CpG and infected with RB1B; 

group 3: treated with LPS and infected with RB1B; group 4: treated with diluent and 

infected with RB1B; group 5: treated with diluent.  
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Figure.3 a and b. Weight of bursa to body weight and weight of spleen to body weight. 

The presence of tumors in all the organs in each bird was recorded. Bursa and spleen 

were weighed and the ratio of the weight of bursa and spleen to body weight was 

calculated (First trial). Treatment with TLR ligands was done via i.a.s route on day 4 

post-hatch. Chickens were infected with RB1B via respiratory route on day 5 post-hatch. 

The groups were as follow: group1: treated with high dose of CpG and infected with 

RB1B; group 2: treated with low dose of CpG and infected with RB1B; group 3: treated 

with non-CpG ODN and infected with RB1B; group 4: treated with high dose of LPS and 

infected with RB1B; group 5: treated with low dose of LPS and infected with RB1B; 

group 6: treated with poly(I:C) and infected with RB1B; group 7: treated with high dose 

of FimH and infected with RB1B; group 8: treated with low dose of FimH and infected 

with RB1B; group 9: treated with diluent and infected with RB1B; group 10: treated with 

diluent. The data are the mean ± standard error for eight biological replicates at each time 

point. “a” denotes significant difference with other groups (p≤0.05). 
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Figure.4 a and b. Weight of bursa to body weight and weight of spleen to body weight. 

The presence of tumors in all the organs in each bird was recorded. Bursa and spleen 

were weighed and the ratio of the weight of bursa and spleen to body weight was 

calculated (Second trial). Treatment with TLR ligands was done via i.a.s route on day 4 

post-hatch. Chickens were infected with RB1B via respiratory route on day 5 post-hatch. 

On 14 d.p.i., chickens were treated with the same doses of TLR ligands intra-muscularly 

(I.M.) in pectoral muscle. The groups were as follow: group 1: treated with CpG and 

infected with RB1B; group 2: treated with non-CpG and infected with RB1B; group 3: 

treated with LPS and infected with RB1B; group 4: treated with diluent and infected with 

RB1B; group 5: treated with diluent. The data are the mean ± standard error for ten 

biological replicates at each time point. “a” denotes significant difference with other 

groups (p≤0.05).  
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Figure.5. MDV genome copy number in the feather tips at 4, 10, and 21 d.p.i. (First trial). 

Treatment with TLR ligands was done via i.a.s route on day 4 post-hatch. Chickens were 

infected with RB1B via respiratory route on day 5 post-hatch. The groups were as follow: 

group1: treated with high dose of CpG and infected with RB1B; group 2: treated with 

high dose of LPS and infected with RB1B; group 3: treated with diluent and infected with 

RB1B. The inset indicates the MDV genome copy number at 4 d.p.i.. The data are the 

mean ± standard error for eight biological replicates at each time point. “b” denotes 

statistical significance for one group compared to other time points for the same group 

(p≤0.05).  
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Figure.6. a. and b. Relative expression of IFN-γ and IL-10 to β-actin in the spleen. The 

expression of the cytokines was calculated relative to β-actin (First trial). Treatment with 

TLR ligands was done via i.a.s route on day 4 post-hatch. Chickens were infected with 

RB1B via respiratory route on day 5 post-hatch. The groups were as follow: group1: 

treated with high dose of CpG and infected with RB1B; group 2: treated with low dose of 

CpG and infected with RB1B; group 3: treated with non-CpG ODN and infected with 

RB1B; group 4: treated with high dose of LPS and infected with RB1B; group 5: treated 

with low dose of LPS and infected with RB1B; group 6: treated with poly(I:C) and 

infected with RB1B; group 7: treated with high dose of FimH and infected with RB1B; 

group 8: treated with low dose of FimH and infected with RB1B; group 9: treated with 

diluent and infected with RB1B; group 10: treated with diluent. The data show the mean 

± standard error of eight biological replicates for each group at 21 d.p.i. 
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Figure.7.a, b and c. Relative expression of MDV gB and meq to β-actin in the spleen. The 

expression of the MDV genes was calculated relative to β-actin (a and b). MDV genome 

copy number. MDV meq gene was quantified in 100 ng of DNA (c). (First trial). 

Treatment with TLR ligands was done via i.a.s route on day 4 post-hatch. Chickens were 

infected with RB1B via respiratory route on day 5 post-hatch. The groups were as follow: 

group1: treated with high dose of CpG and infected with RB1B; group 2: treated with 

low dose of CpG and infected with RB1B; group 3: treated with non-CpG ODN and 

infected with RB1B; group 4: treated with high dose of LPS and infected with RB1B; 

group 5: treated with low dose of LPS and infected with RB1B; group 6: treated with 

poly(I:C) and infected with RB1B; group 7: treated with high dose of FimH and infected 

with RB1B; group 8: treated with low dose of FimH and infected with RB1B; group 9: 

treated with diluent and infected with RB1B; group 10: treated with diluent. The data 

show the mean ± standard error of eight biological replicates for each group at 21 d.p.i. 
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Figure 8.a-e. Relative expression of IFN-α, IFN-β, IFN-γ, IL-1β, IL-18 to β-actin in the 

lungs. The expression of the cytokines was calculated relative to β-actin (second trial). 

Treatment with TLR ligands was done via i.a.s route on day 4 post-hatch. Chickens were 

infected with RB1B via respiratory route on day 5 post-hatch. On 14 d.p.i., chickens were 

treated with the same doses of TLR ligands intra-muscularly (I.M.) in pectoral muscle. 

The groups were as follow: group 1: treated with CpG and infected with RB1B; group 2: 

treated with non-CpG and infected with RB1B; group 3: treated with LPS and infected 

with RB1B; group 4: treated with diluent and infected with RB1B; group 5: treated with 

diluent. The data show the mean ± standard error of six biological replicates for each 

group at 4 and 10 d.p.i.. “a”. denotes statistical significance compared to other groups at 

the same time point. “b” denotes statistical significance for one group compared to other 

time points for the same group. Comparisons were considered significant at p ≤ 0.05. 

Figure 8.f. MDV genome copy number. MDV meq gene (MDV major oncogene) was 

quantified in 100 ng of DNA (Second trial). The data show the mean ± standard error of 

six biological replicates for each group at 4 and 10 d.p.i.. “a”. denotes statistical 

significance compared to other groups at the same time point. “b” denotes statistical 

significance for one group compared to other time points for the same group.. 

Comparisons were considered significant at p ≤ 0.05. 



 

 125 

 

 

 

 



 

 126 

Figure 9.a-e. Relative expression of IFN-α, IFN-β, IFN-γ, IL-1β, IL-18 to β-actin in the 

spleen. The expression of the cytokines was calculated relative to β-actin (second trial). 

Treatment with TLR ligands was done via i.a.s route on day 4 post-hatch. Chickens were 

infected with RB1B via respiratory route on day 5 post-hatch. On 14 d.p.i., chickens were 

treated with the same doses of TLR ligands intra-muscularly (I.M.) in pectoral muscle. 

The groups were as follow: group 1: treated with CpG and infected with RB1B; group 2: 

treated with non-CpG and infected with RB1B; group 3: treated with LPS and infected 

with RB1B; group 4: treated with diluent and infected with RB1B; group 5: treated with 

diluent.  The data show the mean of six biological replicates for each group at 4 and 10 

d.p.i.. “a” denotes statistical significance compared to other groups at the same time 

point. “b” denotes statistical significance for one group compared to other time points for 

the same group. Comparisons were considered significant at p ≤ 0.05. 

Fig.9.f. MDV genome copy number. MDV meq gene was quantified in 100 ng of DNA 

(Second trial). The data show the mean ± standard error of six biological replicates for 

each group at 4 and 10 d.p.i.. “a”. denotes statistical significance compared to other 

groups at the same time point. “b” denotes statistical significance for one group compared 

to other time points for the same group. Comparisons were considered significant at p ≤ 

0.05. 
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Chapter 5 

 

 

 

Cytokine gene expression in lung mononuclear cells of chickens vaccinated with 

herpes virus of turkeys (HVT) and infected with Marek’s disease virus 
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Abstract 
 

Marek’s disease virus (MDV) enters the chicken host through the respiratory 

system. However, little is known about host responses induced by MDV in the lungs. To 

characterize these responses, chickens were vaccinated with herpesvirus of turkeys 

(HVT) and challenged with the RB1B strain of Marek’s disease virus (MDV) via the 

respiratory route. Lung mononuclear cells of vaccinated only, challenged only, and 

vaccinated/challenged groups as well as age-matched controls were isolated at 4, 10, and 

21 days post infection (d.p.i.). Real-time quantitative reverse transcription-PCR was used 

to assess the amount of cytokine transcripts. There was a significant up-regulation in gene 

expression of interferon (IFN)-γ and interleukin (IL)-10 in lung mononuclear cells of 

HVT-vaccinated/challenged or unvaccinated/challenged chickens. However, in chickens 

that were vaccinated with HVT but remained uninfected, there was an up-regulation of 

IL-4 and IL-13 in lung mononuclear cells. Our study indicates that MDV and HVT-

associated cytokines expressed by lung mononuclear cells are temporally regulated and 

that these cytokines may be involved in immunity against the virus. 

 

 

 

Key words: Lung mononuclear cells; Cytokine; Marek’s disease; Real-time RT-PCR 
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Introduction  
 

Marek’s disease (MD) is a lymphoproliferative disease of chickens caused by a 

herpesviurs named Gallid herpesvirus type 2 (GaHV-2) or Marek’s Disease virus (MDV) 

serotype 1 (Davison 2002). There are several strains within MDV serotype 1, including 

the RB1B strain which is classified as a very virulent (vv) pathotype (Izumiya et al. 

2001). MDV is a highly cell-associated virus that infects chickens by the cell-free virus 

particles generated in feather follicles (Beasley et al. 1970; Calnek et al. 1970). MDV 

enters the body through the respiratory tract and is taken to lymphoid organs, presumably 

by macrophages (Lessard et al. 1996; Barrow et al. 2003). The early cytolytic phase of 

MDV occurs in several organs including spleen and bursa of Fabricius (Baigent and 

Davison 2004). In this regard, the presence of MDV phosphoprotein 38 (pp38), 

glycoprotein B (gB), and viral interleukin 8 (vIL)-8 has been noted in the bursa during 

early days post-infection (Abdul-Careem et al. 2008a). Following a burst of 

productive/restrictive infection in B cells, a latent infection in activated CD4
+
 T cells 

occurs approximately 7 d.p.i., which lasts up to two weeks prior to reactivation and 

transformation phases of infection (Schat et al. 1982; Calnek 1986). Based on the above 

model, we selected time points in the present study to represent different phases of MDV 

pathogenesis. 

Macrophages and natural killer cells (NK), as part of the innate host responses, 

are important in the initiation of response to MDV. Moreover, adaptive immune 

responses that lead to the production of antibodies and induction of effector CD4
+
 T and 

cytotoxic T lymphocytes (CTLs) play a pivotal role in immunity against MDV (Schat and 

Xing 2000; Markowski-Grimsrud and Schat 2002). In this regard, cytokines produced by 
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different cell types are involved in the induction of immune response to MDV (Kaiser et 

al. 2003; Abdul-Careem et al. 2009c; Parvizi et al. 2009b). The expression of cytokines 

such as interferon (IFN)-α and IFN-γ in the blood (Quere et al. 2005) as well as IFN-γ, 

interleukin (IL)-10 and IL-6 transcripts in splenocytes (Kaiser et al. 2003; Parvizi et al. 

2009) have been shown to be associated with MDV infection. 

Our group has established a respiratory model to study the initial events post-

infection with MDV in the lungs (Abdul-Careem et al. 2009a). Based on our 

observations, innate defense genes such as Toll-like receptor (TLR)-3 and TLR-7 are up-

regulated in the lung tissue of MDV infected chickens (Abdul-Careem et al. 2009b). 

Vaccination may also result in enhancement of cytokine expression in the lungs of 

chickens. We have noted that IFN-γ and IL-10 are up-regulated in the lung tissue of 

herpesvirus of turkeys (HVT) vaccinated and RB1B infected chickens (Haq et al. 2010). 

Another study has also demonstrated that MD vaccines administered subcutaneously 

induce IL-1β, IL-18, IL-8 and IL-6 in the lungs of vaccinated chickens (Gimeno and 

Cortes 2011). Genetic resistance to MD also seems to be associated with cytokine 

responses in the lungs. It has been reported that IFN-γ is produced earlier in resistant 

chickens than susceptible ones in the lungs (Baaten et al. 2009). However, the cellular 

source of these cytokines in the lungs is not clear. Thus, the objective of the present set of 

experiments was to characterize the cytokine profiles of infiltrating mononuclear cells in 

the lungs in response to MDV infection, HVT vaccination or HVT vaccination followed 

by MDV infection. 
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Materials and methods 
 

Infection virus strain and vaccine virus 

The very virulent (vv) MDV strain, RB1B (passage 9) was used to infect the birds 

via inhalation. The original MDV strain RB1B (passage 9) was provided by Dr. K.A. 

Schat (Cornell University, NY, USA). Cell-free HVT vaccine was purchased from Fort 

Dodge Animal Health Division of Wyeth (Fort Dodge IA 50501 USA). 

Experimental animals 

Specific-pathogen free eggs were received from the Animal Disease Research 

Institute, Canadian Food Inspection Agency (Ottawa, Ontario, Canada). Eggs were 

incubated in the Arkell Poultry Research Unit, University of Guelph and hatched chicks 

were placed at the Isolation Unit of Ontario Veterinary College (University of Guelph, 

Guelph, Ontario, Canada). All procedures were approved by the Animal Care Committee 

of University of Guelph. 

Preparation of cell-free MDV suspension 

Extraction of cell-free MDV was done following the protocol described 

previously (Calnek et al. 1970) with some modification as described elsewhere (Abdul-

Careem et al. 2009b). 

Infection of chickens by inhalation of cell-free MDV 

 A system for generating aerosols from skin suspension originating from MDV-

infected chickens was established as described elsewhere (Abdul-Careem et al. 2009b). 

Experimental design 

On the day of hatch, chickens (n=36) were exposed to aerosols of cell-free HVT 

vaccine (at the recommended dose by the manufacturer) for 15 minutes. At 5 days of age, 
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chickens were infected through inhalation of cell-free RB1B strain of MDV (n=36). 

Another group of age-matched chickens (n=18) remained uninfected and unvaccinated 

but were treated with uninfected skin extract. For MDV infection, chickens were exposed 

to aerosols of cell-free RB1B suspension (1000 PFU/ml) at the equivalent dose of 250 

PFU/bird for 15 minutes. On 4, 10, and 21 d.p.i., equal numbers of birds (6 birds at each 

time point) from each group were euthanized by CO2 inhalation according to the 

University of Guelph Animal Care Committee regulations. Lungs were collected from 

euthanized chickens and placed in ice cold 1X Hank’s balanced salts solution (HBSS) to 

be used in single cell suspension preparation.  

Preparation of lung mononuclear cells  

The lung tissue was used to prepare single cell suspension as previously described 

(Seo et al. 2002). Briefly, tissue was disrupted by crushing with the flat end of a 

disposable syringe. Then, the lung tissue was immersed in collagenase type I (Invitrogen, 

NY, USA) for 30 minutes. Cells were collected, washed and overlaid on 

Histopaque®1077 in a 15 ml conical tube. After centrifugation at 23º C for 20 minutes at 

400 g, the interface was transferred into 50 ml conical tubes containing growth medium 

(RPMI 450ml, fetal bovine serum 50ml, gentamicin 2.5ml, penicillin/streptomycin 5ml). 

Cells were washed three times in culture medium at 4º C for 10 minutes at 400x g. For 

each group at each time point, there were six biological replicates. The viability of cells 

in single cell suspensions was determined by Trypan Blue exclusion. In addition, T cell 

subpopulations were detected in lung mononuclear cells by flow cytometry (Unpublished 

data). 
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RNA extraction 

Lung mononuclear cells were pelleted and frozen in Trizol® (Invitrogen, Ontario, 

Canada) at -80º C. RNA was extracted following the manufacturer’s instructions. The 

quality as well as quantity of RNA was estimated by using NanoDrop® ND-1000 

spectrophotometry (NanoDrop Technologies DE, USA). 

Reverse transcription 

Reverse transcription of total RNA (500 ng) was carried out using Oligo(dT)12-18 

primers (SuperScript™ First-Strand synthesis System, Invitrogen Life Technologies, 

Carlsbad, CA, USA) following the manufacturer’s instructions. 

Primers 

The previously published primers utilized for the relative quantification of the 

target cytokine genes included IL-2, IFN-γ, IL-6, IL-10, IL-4, IL-13 as well as β-actin 

which was used as the house keeping gene (Abdul-Careem et al. 2006a; Abdul-Careem et 

al. 2007a; Abdul-Careem et al. 2007b; Abdul-Careem et al. 2008a; Brisbin et al. 2010). 

The primers were synthesized by Sigma-Aldrich Canada Ltd. (Oakville, Onatrio, 

Canada). 

Real time PCR and QRT-PCR 

Each real-time PCR assay was carried out with serial dilutions of the standards 

that were used as calibrators. All the real-time PCR runs were assayed in 384-well plates 

(Roche Diagnostics GmbH, Mannheim, Germany) in a final volume of 20 μl of 

LightCycler® 480 SYBR Green I Master (Roche Diagnostics GmbH, Mannheim, 

Germany) that contains FastStart Taq DNA Polymerase, reaction buffer, dNTP mix, 

SYBR Green 1 dye and MgCl2 in a 480 instrument (Roche Diagnostics GmbH, 
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Mannheim, Germany). In addition, the reaction consisted of 0.25 μM of each gene-

specific primer and 5 μl of 1:10 dilution of cDNA and PCR grade water. 

The optimum thermal cycling parameters varied according to the gene and 

consisted of denaturation at 95 ºC for 10 min; 40 cycles (β-actin, IL-10, and IFN-γ), 55 

cycles (IL-6), and 45 cycles (IL-4, IL-13 and IL-2) of amplification at 95 ºC for 10 s, 64 

ºC for 5 s (55 ºC/5 s for IL-10), and 72 ºC for 10 s (72 C/5 s for IL-10); melting curve 

analysis at 95 ºC/1 s (segment 1), 65 ºC/15 s (segment 2), and 95 ºC/1 s (segment3) and 

cooling at 40 ºC/30 s. 

Data analysis 

LightCycler® 480 relative quantification software (Roche Diagnostics GmbH, 

Mannheim, Germany) was used to calculate the relative expressions. The expression of 

cytokines was described relative to β-actin, which was used as the reference gene, in the 

same sample preparation. Data were subjected to analysis of variance (ANOVA) using 

the Minitab 12 software (Minitab Inc., PA, USA) as well as SAS 9.1 (SAS Institute Inc. 

Cary, NC, USA) to determine the difference in expression between groups and between 

different time points. Comparisons were considered significant at P ≤ 0.05. 

 

Results 

Relative expression of IL-2, IFN-γ, IL-6, IL-10, IL-4 and IL-13 

There was no significant difference between different groups for expression of IL-

2 (Fig.1.a). 

IFN-γ expression was significantly up-regulated in the RB1B-infected group at 21 

d.p.i. compared to other groups (p=0.04). IFN-γ expression in the RB1B-infected group 



 

 136 

at 10 d.p.i. was significantly higher than other time points for the same group (p=0.03) 

(Fig.1.b). 

There was an up-regulation in the expression of IL-6 in the RB1B-infected and 

HVT-vaccinated group at 4 d.p.i.. In contrast, IL-6 expression in the RB1B-infected 

group was up-regulated at 21 d.p.i. (Fig.1.c). However, these differences were not 

statistically significant compared to control. 

IL-10 expression was significantly up-regulated in the RB1B-infected group as 

well as in the RB1B-infected and HVT-vaccinated group at 10 d.p.i. compared to other 

groups (p=0.01). A similar up-regulation pattern was seen in these groups at 21 d.p.i. 

(Fig.1.d). 

Expression of IL-4 was significantly higher in the HVT-vaccinated group at 10 

d.p.i. compared to other groups (p=0.04) (Fig.1.e and f). 

There was no significant difference among groups in terms of IL-2 and IL-6 

expression. 

 

Discussion 

Cell-free MDV embedded in feather dander naturally spreads from an infected 

bird to the rest of the flock via the respiratory route (Beasley et al. 1970; Calnek et al. 

1970). There is little information available about the host responses that are induced in 

the lungs of MDV-infected or HVT-vaccinated chickens. It appears that cell-mediated 

immune responses, marked by cellular infiltration, cytokine and innate defense 

mechanisms gene expression occur in the lung tissue of MDV-infected and HVT-

vaccinated chickens (Abdul-Careem et al. 2009a; Baaten et al. 2009; Haq et al. 2010; 
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Gimeno and Cortes 2011). However, the source of cytokines and innate defense genes in 

the lungs of infected chickens is not clear. Therefore, the present study was designed to 

dissect out responses induced by lung mononuclear cells after MDV infection and HVT-

vaccination. In the present study, we concentrated on several key cytokines involved in 

adaptive and inflammatory responses. In general, MDV-RB1B infection in the absence or 

presence of HVT vaccination was able to induce cytokine gene expression. In contrast, 

HVT vaccination alone did not significantly induce cytokine gene expression in lung 

mononuclear cells, except for induction of gene expression of IL-4 and IL-13. Among the 

cytokines studied here, the role of IFN-γ in response to MDV has been reported (Haq et 

al. 2010; Xing and Schat 2000). Here, we also report an increase in expression of IFN-γ 

in lung mononuclear cells in MDV-RB1B infected only and HVT vaccinated and MDV-

RB1B infected groups. In addition, in contrast to the lung tissue (Haq et al. 2010), 

expression of IFN-γ in lung mononuclear cells in RB1B infected only group was higher 

than other groups at 10 d.p.i.. The difference can be attributed to the presence of IFN-γ 

producing cells at 10 d.p.i. that are not a part of lung mononuclear cells. For instance, it 

has been demonstrated that HVT and MDV can infect lung epithelial cells (Philips and 

Biggs 1972; Eidson et al. 1980) and lung epithelial cells can produce IFN-γ in response to 

viral infections (Atmaca and Kul 2012). Others have also shown that lung leukocytes can 

produce IFN-γ following MDV infection (Baaten et al. 2009). However, in contrast to the 

study of Baaten and colleagues (2009), we did not observe a significant up-regulation of 

IFN-γ in early phases of the infection. The difference between our results and those 

previously reported may be due to the route of infection (intra-tracheal versus aerosol) 

and genetic background of birds. Taken together, the cytokine milieu highlighted by the 
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expression of IFN-γ in lung mononuclear cells at 10 and 21 d.p.i. may skew the response 

toward type I immune response in the lungs of MDV infected chickens. 

The expression of IL-10 increased in lung mononuclear cells in MDV-RB1B 

infected only and HVT vaccinated and RB1B infected groups at 10 and 21 d.p.i.. Up-

regulation of IL-10 has previously been reported in the lung and spleen tissue in addition 

to spleen T cell subsets in the course of MDV infection (Heidari et al. 2008; Parvizi et al. 

2009; Haq et al. 2010). Up-regulation of IL-10 in lung mononuclear cells in response to 

MDV infection may be related to the notion that MDV induces a regulatory milieu. IL-10 

is a well-known regulatory cytokine and it has been speculated that MDV-transformed 

cells can modulate host immune responses by production of IL-10 and several other 

regulatory molecules (Shack et al. 2008, Parvizi et al. 2010b). Therefore, it is conceivable 

that induction of the regulatory environment by MDV, for example through the induction 

of IL-10 is a mechanism for evading host immune responses. It is interesting to note that 

IL-10 and IFN-γ were up-regulated in lung mononuclear cells at the same time points. 

This observation is in agreement with the findings by Abdul-Careem and colleagues 

(Abdul-Careem et al. 2008a) who also showed concurrent enhancement of IL-10 and 

IFN-γ expression in the course of MDV infection in the bursa of Fabricius tissue. IL-10 

may also have non-regulatory functions. For example, this cytokine can induce 

differentiation and cytotoxic activity in CD8
+
 T cells and natural killer (NK) cells and 

both of these cell subsets are producers of IFN-γ. Finally, IL-10 can attract CD8
+
 T cells 

to the site of pathogen entry (Redpath et al. 2001). Overall, these observations raise the 

possibility that IFN-γ and IL-10 can play a concerted effort to elicit an immune response 

to MDV.  
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The expression of IL-4 and IL-13 was increased in lung mononuclear cells in 

HVT vaccinated group at 10 d.p.i.. The up-regulation of IL-4 and IL-13 has been reported 

by our group in the spleen tissue of HVT vaccinated chickens (Abdul-Careem et al. 

2007b). The increase in the abundance of IL-13 and IL-4 transcripts in lung mononuclear 

cells can be related to HVT viremia that peaks at around 12 days post vaccination and the 

limited ability of HVT to transform T cells (Witter et al. 1976). IL-13 and IL-4 are 

generated by T cells (Minty et al. 1993; Yoshimoto and Paul 1994) and play a key role in 

development and differentiation of T cell subsets that are capable of eliciting a type II 

immune response (McKenzie et al. 1999). Therefore, HVT vaccination might be able to 

transiently skew the response to type II immune response in the lungs. Type II immune 

response has also been reported in response to MDV infection (Heidari et al 2008b). On 

the other hand, Witter has noted that HVT vaccination induces partial protection against 

very virulent MDV strains (Witter 1997). Taken together, the transient induction of type 

II immune response in the lungs by HVT vaccination might be one of the contributing 

factors to the lower protection conferred by HVT against very virulent MDV strains.  

In conclusion, the findings of our study indicate that the expression of cytokines 

in lung mononuclear cells is temporally regulated after HVT vaccination and MDV 

infection. There was a convergence of various cytokines produced by lung mononuclear 

cells towards a Type I immune response that enables mononuclear cells to exert their 

anti-viral function. Further research is needed to delineate the role of cytokines in 

elicitation of immune response to HVT and MDV in the lungs, especially in T cells that 

infiltrate the lungs after infection. Further elucidation of immune response in the lungs, as 

a route of entry of the virus, will be useful for devising more efficacious vaccines. 
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Figures 1.a-f. Relative expression of IL-2, IFN-γ, IL-6, IL-10, IL-4, and IL-13 in the 

lung mononuclear cells. The expression of the cytokines was calculated relative to β-

actin. The groups were as follow: group 1: RB1B infected; group 2: HVT-vaccinated and 

RB1B infected; group 3: HVT vaccinated; group 4: Uninfected skin. Lung mononuclear 

cells were isolated at 4, 10, and 21 days post-infection (d.p.i.). The data represent the 

mean ± standard error of six biological replicates for each group at each time point. “a” 

Denotes statistical significance compared to other groups at the same time point. “b” 

Denotes statistical significance for one group compared to other time points for the same 

group. Comparisons were considered significant at p ≤ 0.05. 
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Chapter 6. General discussion  

Pathogens are one of the most important threats to the health of the host. The 

incidence of clinical disease caused by pathogenic organisms has been reduced by 

devising different control measures against pathogens. One of the key tools in controlling 

pathogens has been the use of vaccines. Despite the fact that the use of vaccines can keep 

the clinical signs of infectious disease caused by some pathogens in check, pathogens 

evolve into more virulent strains which may result in failure of vaccines to protect the 

host. Therefore, more efficacious vaccines should be designed to control various 

pathogens. As such, there are several methods to increase the efficacy of vaccines. For 

example, incorporating new adjuvants into vaccine formulations that can elicit protective 

immune responses is a promising approach.  

 The health and production of poultry is also threatened by various pathogenic 

organisms. MD, as described previously, is one of the infectious diseases that can cause 

major economic losses to the poultry industry worldwide. There have been several MD 

outbreaks despite the fact that MD has been controlled by vaccination for years (Gimeno 

2004). There has also been a trend in MD outbreaks in vaccinated flocks, which might be 

indicative of the evolution of MDV into more virulent strains (Baigent et al. 2006). 

Therefore, new strategies should be devised to enhance the protective immunity elicited 

by MD vaccines in addition to improving the biosecurity measures. Several methods have 

been used to increase the efficacy of MD vaccines. For instance, attenuated oncogenic 

serotype 1 MD viruses are used to vaccinate chickens. Moreover, mutant MDV strains 

have been generated and used experimentally as vaccines. These viruses have been 

demonstrated to further enhance immunity compared to commercial vaccines. In 
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addition, cytokines and growth factors have been incorporated, as adjuvants, into MD 

vaccines. However, there has not been further investigation into the use of other 

adjuvants such as TLR agonists in MD vaccines. On the other hand, all of the MDV 

vaccines are administered either subcutaneously or in ovo. Whereas, MDV, as described 

before, has a complex life cycle and infects chickens via the respiratory route. The initial 

events post-infection with MDV take place in the lungs. However, there is paucity of 

information about the adaptive and innate immune responses that are elicited by either 

the wild-type or the vaccine viruses in the lungs. 

 To explore the possibility of using TLR agonists as adjuvants for MD vaccines, 

poly(I:C), as TLR3 agonist, was administered via different routes including the 

respiratory route to further broaden our understanding of the effects of TLR agonists in 

chickens. As described in chapter 2, we noted that poly(I:C) administered via I.M. and 

i.a.s. routes elicited the expression of innate defense genes locally and systemically. We 

also found that the expression of innate genes occurred at early time points post-

administration. Therefore, TLR3 agonist can be applied to enhance immune response and 

the effects of this agonist are transient. Furthermore, it is feasible to assess the effects of 

other TLR ligands administered via various routes in the lungs and spleen of chickens. 

Better understanding of the effects of other TLR ligands can open the avenues for 

incorporating these ligands into vaccine formulations against MDV and potentially other 

vaccines. 

 To this end, a TLR3 agonist was administered in combination with HVT vaccine 

to further explore the possibility of enhancing the protective immune responses against 

MDV. As outlined in chapter 3, the use of TLR3 agonist improved the protection elicited 
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by the vaccine. Notably, the expression of IL-10 and IFN-γ was regulated in the spleen. 

Moreover, the addition of TLR3 agonist was incapable of curtailing the spread of the 

virus via feather follicles. However, the mechanisms involved in enhancement of 

protective immunity by TLR3 agonist need further investigation. On the other hand, the 

dose and route of administration as well as the timing of administration of the TLR3 

agonist should be further optimized. It is also possible to investigate the addition of other 

TLR ligands to MDV vaccines and assess their ability in enhancing the protective 

efficacy of these vaccines.  

 In an attempt to discover TLR agonists that can be used as stand-alone 

prophylactic agents to boost the protective immune responses against MDV, TLR4 and 

TLR21 agonists were tested. As it is highlighted in chapter 4, administration of LPS and 

CpG prolonged the survival of chickens infected by MDV. The use of LPS and CpG also 

increased the expression of type I and II IFN in both the lungs and spleen. Therefore, the 

possibility to exploit LPS or CpG as prophylactic agents against MDV was underscored 

for the first time. As such, TLR4 and 21 have the potential to be used in prophylactic 

regimens against MDV. However, the mechanisms by which TLR4 and 21 agonists 

enhance the immune responses against MDV should be further dissected. Furthermore, 

different derivatives of LPS as well as different classes of CpG can be tested in terms of 

their ability to confer protection against MDV.  

 The infection model that was used in our experiments was the respiratory model. 

Due to the lack of information with regard to initial events following MDV infection and 

vaccination in the lungs, we studied the mononuclear cells that infiltrate the lungs of 

vaccinated and infected chickens. As noted in chapter 5, MDV infection elicited the 
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expression of cytokines by lung mononuclear cells that may be indicative of type I 

immune response. On the other hand, HVT vaccination induced the expression of 

cytokines that incline toward type II immune response in the lungs. Understanding the 

mechanisms by which MDV and HVT infect the cells in the lungs and finding the source 

of cytokine expression in the lungs will enable us to devise better vaccines. As such, the 

TLR agonists can be targeted to specific group of cells to enhance the protective immune 

response against MDV. Therefore, it would be worthwhile to identify the cells that 

produce the cytokines post MDV infection or HVT vaccination in future research. 

 The length of the in vivo trials was determined by the regulations of the Animal 

Care Committee of the University of Guelph. Therefore, the in vivo trials could not be 

extended beyond thirty days as described in different chapters. In addition, as previously 

described, the genectic background of chickens can influence the outcome of MDV 

infection. However, the chickens in our experiments were not genetically-defined. For 

future research, chickens with defined genetic background can be used to further unravel 

the effects of genetics on chicken responses to TLR agonists. Furthermore, maternal 

antibodies may affect the outcome of the immune responses to vaccines. However, it 

should be noted that the chickens used in most of our experiments (except for the broiler 

chickens used in chapter 2) were SPF chickens which were negative for the presence of 

maternal antibodies. Despite the fact that there were limitations with the number of birds 

that could be obtained and housed, increasing the sample size in future studies can 

confirm and extend the results presented in this thesis.   

Another important factor that should be taken into consideration was RNA 

stability. The quality and quantity of RNA may vary under different experimental 
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conditions. However, tissue and cells were preserved immediately in RNAlater
®

 and 

Trizol
®
. In addition, various steps of RNA and DNA extraction procedures were done on 

ice based on our optimized protocols. Furthermore, cDNA was made immediately after 

RNA extraction to avoid any variations that might have been caused by mRNA 

degradation. To this end, quality of RNA was also measured by Nanodrop
®
. The ratio of 

optical density at 260 /280 nm was determined by Nanodrop
®
, which in case of all 

samples the ratio was within the acceptable range (approximately 2). Moreover, the 

quality of RNA was confirmed by formadelhyde agarose gel electrophoresis. On the 

other hand, cDNA synthesis was done by oligo (dT) primers to increase the specificity of 

the reactions and also to avoid overestimation of the target mRNA content in the samples. 

In case of quantitative real-time assays, the amplification of specific target gene was 

confirmed by measuring the melting peaks and also running the amplicons on agarose 

gel. A key factor in interpreting the results of transcriptional studies is the mRNA 

turnover in eukaryotic cells. Presence of transcripts that have inherently a short half-life 

can adversely affect the ability to detect and measure these transcripts. There are several 

post-transcriptional mechanisms that affect the stability of mRNA molecules (Parker and 

Song 2004). In this regard, the half-life of most cytokine mRNAs is rather short (Seko et 

al., 2006). As such, the detection and measurement of various cytokines can be hindered. 

 In the present experiments, signal transduction molecules as well as cytokines 

were not measured at the protein level. This was due to the lack of commercially 

available and validated reagents for detection and measurement of these molecules. 

Therefore, it is plausible to speculate that some of the molecules detected in this work at 

the transcript level were not translated and, as a result, did not exert a biological function. 
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The availability of new reagents and techniques for chickens will make it feasible to 

confirm and extend the results of our study at the protein level as well. Moreover, 

cytokines were used as surrogate markers for the induction of the immune responses 

against vaccine and wild type viruses as well as assessement of effects of TLR agonists in 

improving the immune responses. As such, the presence of type I IFN transcripts has 

been interpreted as an indicator of induction of an anti-viral response. Whereas, the 

presence of IFN-γ, pro-inflammatory cytokines such as IL-1β as well as cytokines such as 

IL-2 was indicative of cell-mediated immune responses against MDV. 

 The respiratory model that was used in the present experiments enabled us to 

better understand the events that occur in the lung following vaccination or infection. 

However, the exact dosage of wild type or vaccine virus as well as TLR ligands inhaled 

by each chicken in our model was not measurable. Further research is needed to measure 

the volume and amount of substances inhaled by each individual in our model. 

 As part of the future directions of our research, the dosage and route of 

administration of TLR ligands as prophylactic agents can be further optimized. In 

addition, the droplet size for the administration of TLR ligands via respiratory route can 

be optimized. On the other hand, TLR agonists can be coupled with carriers, such as 

virosomes so that they can reach the target receptor more efficiently. Moreover, multiple 

TLR agonists that have synergistic effects can be applied together to boost the 

prophylactic effects of TLR ligands or to enhance the protective immunity conferred by 

vaccines. To this end, ligands for other PRRs can be combined with TLR agonists to 

increase their effects. Finally, due to the importance of the respiratory route as the natural 

route of infection, the air sac and respiratory epithelial cell lines can be developed so that 
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the receptor(s) that are used by MDV or vaccine virus strains can be discovered. This in 

vitro model can be used to further dissect the interactions between the virus and cells of 

the respiratory tract, including the infiltrating mononuclear cells, as part of the effort to 

elucidate the mechanisms by which protective immune responses are generated.  
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